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Rewarding‑unrewarding 
prediction signals under a bivalent 
context in the primate lateral 
hypothalamus
Atsushi Noritake 1,2* & Kae Nakamura 3

Animals can expect rewards under equivocal situations. The lateral hypothalamus (LH) is thought to 
process motivational information by producing valence signals of reward and punishment. Despite 
rich studies using rodents and non‑human primates, these signals have been assessed separately 
in appetitive and aversive contexts; therefore, it remains unclear what information the LH encodes 
in equivocal situations. To address this issue, macaque monkeys were conditioned under a bivalent 
context in which reward and punishment were probabilistically delivered, in addition to appetitive 
and aversive contexts. The monkeys increased approaching behavior similarly in the bivalent and 
appetitive contexts as the reward probability increased. They increased avoiding behavior under the 
bivalent and aversive contexts as the punishment probability increased, but the mean frequency was 
lower under the bivalent context than under the aversive context. The population activity correlated 
with these mean behaviors. Moreover, the LH produced fine prediction signals of reward expectation, 
uncertainty, and predictability consistently in the bivalent and appetitive contexts by recruiting 
context‑independent and context‑dependent subpopulations of neurons, while it less produced 
punishment signals in the aversive and bivalent contexts. Further, neural ensembles encoded context 
information and “rewarding‑unrewarding” and “reward‑punishment” valence. These signals may 
motivate individuals robustly in equivocal environments.

Animals, including humans and non-human primates, may expect and evaluate rewards even under situations in 
which rewards and punishments can both be outcomes. As such situations are bivalent and equivocally interpret-
able, they may induce different approaching and avoiding behaviors. When animals are concerned about negative 
outcomes, they may devalue bivalent situations compared to those in which rewards alone are obtained. This 
bias results in a reduction in the frequency of approaching behavior. Conversely, when animals focus on posi-
tive outcomes, they may overestimate the value of bivalent situations compared to those in which punishments 
alone are obtained, thereby reducing in the frequency of avoiding behavior. Alternatively, they may integrate 
information on both outcomes and show compromised behavior. These differences in perspective reflect the 
processing of rewarding and punishing information, which motivates animals under such equivocal situations.

The lateral hypothalamus (LH) is thought to function as a node in the processing of information related to 
approaching motivation for food and water and avoiding motivation such as escaping predators, in addition to 
arousal and energy  homeostasis1–8. Anatomically, the LH has direct and indirect reciprocal connections with 
regions essential for reward- and punishment-information processing such as the ventral tegmental  area5,9,10, 
nucleus accumbens  shell11,12, ventral  pallidum11,13,14,  amygdala15,16, lateral  habenula17–19, and periaqueductal gray 
 matter20,21, and the forebrain system processing arousal and attention signals by cholinergic modulation such 
as the  septum22–24 and locus  coeruleus9,25,26. Therefore, the LH is one of suitable neural substrates underlying 
behaviors in such bivalent situations.

Indeed, rodent studies suggest that the LH encodes reward-punishment valence  signals27. Studies using non-
human primates also demonstrated that LH neurons carry signals related to reward and punishment prediction 
including expectation, appreciation, and uncertainty and respond to punishing  events28–30. Despite such a rich 

OPEN

1Division of Behavioral Development, Department of System Neuroscience, National Institute for Physiological 
Sciences, National Institutes of Natural Sciences, Okazaki 444-8585, Japan. 2Department of Physiological 
Sciences, School of Life Science, The Graduate University for Advanced Studies (SOKENDAI), Hayama 240-0193, 
Japan. 3Department of Physiology, Kansai Medical University, 2-5-1, Shinmachi, Hirakata, Osaka 573-1010, 
Japan. *email: noritake@nips.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-33026-0&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2023) 13:5926  | https://doi.org/10.1038/s41598-023-33026-0

www.nature.com/scientificreports/

literature, previous studies assessed neuronal activity separately in reward and aversive contexts in which rewards 
alone (appetitive block) or punishments alone (aversive block) were used. It remains unclear how behaviors and 
neuronal activity in the LH are influenced in bivalent situations when rewards and punishments may occur with 
equal frequency in the same context (bivalent block).

To address these issues, we introduced macaque monkeys to a bivalent block under a Pavlovian trace proce-
dure in which rewards and punishments could occur with equal frequency in the same block with probability, 
in addition to appetitive and aversive blocks in which rewards and punishments alone occurred, respectively.

Results
Conditioning. Two macaque monkeys were conditioned under appetitive, aversive, and bivalent blocks 
(Fig. 1a–c). The procedures in the appetitive and aversive blocks were described in detail  elsewhere28. A bivalent 
block consisted of cued and uncued trials, as did the appetitive and aversive blocks. In the cued trials (Fig. 1b, 
cued trials), a water or juice reward was delivered with a 100%, 50%, or 0% probability, each of which was associ-
ated with one of three different conditioned stimuli (CSs) (Fig. 1c, center). When the reward was not received 
on the 50% and 0% trials, an airpuff was delivered instead. This differed from the delivery of a tone used in the 
appetitive and aversive blocks when an unconditioned stimulus (US; a reward or an airpuff) was not delivered. 
Accordingly, the probabilities in the bivalent blocks indicate the frequencies of reward, not punishment. In the 
uncued trials, a reward or an airpuff was delivered at the time corresponding to that of outcome delivery in the 
cued trials to manipulate the degree of reward and punishment predictability (Fig. 1b, uncued trials). These cued 
and uncued trials were presented pseudorandomly in a block (Methods). The appetitive and aversive blocks were 
always conducted before the bivalent blocks so that the experience of these blocks could serve as the basis for the 
valuation of the rewards and punishments in the bivalent blocks.

Behavioral valuation of CSs. We assessed anticipatory licking and blinking frequency during the last 
250 ms of the trace period as positive and negative evaluations, respectively, of the CSs. In the bivalent blocks, 
anticipatory licking frequency increased as the reward CS probability increased (Fig. 1e, left, blue), similarly to 
that in the appetitive blocks (Fig. 1e, left, gray). Anticipatory blinking frequency increased in the bivalent blocks 
as the punishment probability increased (Fig. 1e, right, red), similarly to that in the aversive blocks (Fig. 1e, right, 
gray); however, mean blinking frequency was significantly lower. These results suggest that in the bivalent blocks, 
predicting an airpuff did not influence anticipatory approaching behavior (i.e., anticipatory licking) for appeti-
tive CS valuation, whereas predicting a reward reduced avoidance behavior (i.e., anticipatory blinking) for aver-
sive CS valuation. Thus, the bivalent blocks did not alter reward valuation, but lowered punishment estimation.

Activity modulation in the LH among the three blocks. A total of 244 neurons (monkey F, n = 127; 
monkey S, n = 117) in the LH (Fig. 1d) were tested in the bivalent blocks, which were the task-related neurons 
(n = 308) analyzed in a previous  study28 (Methods). We first analyzed activity modulation at the population level 
among the three blocks. Activity peaked after CS onset in the three blocks similarly (one-way analysis of vari-
ance [ANOVA], p < 0.05). According to the reward-punishment valence coding  hypothesis31, neurons respond 
to both reward and punishment, and these results support the notion that the LH encodes reward-punishment 
valence. Notably, activity modulation during the last 400  ms of the trace period was significantly higher in 
the bivalent blocks than in the aversive blocks, but not in the appetitive blocks (ANOVA and post-hoc Tukey–
Kramer test, p < 0.05; Fig. 1f). This activity might function as positive motivation to reduce blinking behavior in 
the bivalent blocks compared to the aversive blocks and retain similar licking behavior between the bivalent and 
appetitive blocks. These results suggest that the LH also encode rewarding-unrewarding valence with a different 
time course at the population level. However, this activity did not explain the graded behavior that was depend-
ing on the associated outcome probabilities.

Figure 1.  Pavlovian trace conditioning procedure and behaviors. (a) Experimental setting. Licking spout and 
airpuff tube were set toward the mouth and right lateral canthus, respectively. (b) Sequence of the Pavlovian 
trace-conditioning procedure. (c) Conditioned stimulus (CS) and outcome matrix in the appetitive (left), 
bivalent (center), and aversive (right) blocks. (d) Recording sites. Schema of the left hemisphere from the left 
view (upper left), coronal section of a magnetic resonance image (upper right; monkey S), and Nissl-stained 
section (bottom; scale bar, 1 mm; monkey S) for the area indicated by the green rectangle. Red arrows, 
electrolytic microlesions made in the lateral hypothalamus (LH). The distance between microlesions is 500 µm. 
Yellow arrow, electrolytic microlesion at 1-mm lateral to the grid coordinate made at the entry point into the 
LH. GPi, internal globus pallidus; IC, internal capsule; OPT, optic tract. (e) Licking behavior in the bivalent 
and appetitive blocks (left) and blinking behavior in the bivalent and aversive blocks (right). Means ± standard 
error of the mean of the normalized frequency during the last 250 ms of the trace period in monkeys F and 
S. *p < 0.05/3; **p < 0.01/3, Wilcoxon signed-rank test with Bonferroni’s correction. **Statistically significant 
differences in blinking frequency between the aversive and bivalent blocks (F[1,1778] = 63.4, p = 2.94–15, two-
way analysis of variance). (f) Population activity comparison among the three blocks during the conditioned 
stimulus (CS) and trace periods. Each dot depicts the mean normalized activity of the 244 neurons in a time bin 
in the appetitive (blue), bivalent (red), and aversive (black) blocks. Each bin has a 200-ms duration and moves 
in 50-ms steps from CS onset to the end of trace period. Data were plotted at the half time of the duration. 
Significant lower activity in the aversive blocks than that in the appetitive and bivalent blocks was represented by 
asterisks (p < 0.05, one-way ANOVA and post-hoc Tukey–Kramer test).
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Graded responses to CS values with bidirectional responses. To capture the graded responses to 
CS values associated with reward probability in parallel with the graded approaching behaviors, we applied 
correlation testing between CS values and the mean CS activity (201–400 ms after CS onset). In the appetitive 
blocks, 36% (87/244) of neurons exhibited responses that were correlated with the CS values (“CS value-coding” 
neurons). Among them, 48% (42/87) had a positive correlation (“positive type;” representative example, Fig. 2a; 
population, Fig. S1a,b), while the remaining 52% (45/87) had a negative correlation (“negative type;” representa-
tive example, Fig. 2d; population, Fig. S1d,e). The activity of these neurons did not clearly differentiate the CS 
values predictive for airpuffs (punishment CS values) (representative examples, Fig. 2c,f; population, Fig. S1c,f). 
In the bivalent blocks, 26% (64/244) of the same population were classified as CS value-coding neurons. The 
proportion of positive and negative types was similar to that in the appetitive blocks (positive type: 32/64; nega-
tive type, 32/64). A subset of the tested neurons exhibited graded activity consistently between the bivalent and 
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Figure 2.  Conditioned stimulus (CS) value-coding neurons in the lateral hypothalamus. (a–f) Representative 
responses of a positive CS value-coding neuron in the appetitive (a), bivalent (b), and aversive (c) blocks and 
a negative type in the appetitive (d), bivalent (e), and aversive (f) blocks in the rasters (left) and histograms 
(right). TC, timing cue. Horizontal black bars indicate the analysis time window. (g) Number of CS value-
coding neurons in the appetitive and bivalent blocks. The labels indicate the CS value-coding neurons with 
significantly correlated activity according to reward probability only in the appetitive blocks (blue), only in 
the bivalent blocks (red), and in both blocks (green), respectively. Colored and white areas depict positive 
and negative types, respectively. Digit on the border between the colored and white areas is the number of 
neurons with different correlation signs between the blocks. (h) Consistent sensitivity of CS values between the 
appetitive and bivalent blocks (p = 1.86–20, ρ = 0.55, Spearman’s correlation test). Each dot represents a single 
lateral hypothalamus neuron. Dot colors depict neuron types in g. (i,j) Preferred responses of CS value-coding 
neurons with significant CS value-dependent activity in the appetitive (i) or bivalent (j) blocks. The responses 
were indexed by the area under the curve (AUC) value during the test window (201–400 ms after CS onset) 
relative to the responses for the last 500 ms before timing cue (TC) onset (**p < 0.01/3, Wilcoxon signed-rank 
test with Bonferroni’s correction; **p < 0.01, Spearman’s correlation test). (k–l) Larger response modulation of 
the appetitive-bivalent (APP-BIV) neurons than that of the appetitive-only (APP-only) and bivalent-only (BIV-
only) neurons (k) and mean values during 201–400 ms after CS onset (gray areas in k) for the positive (left) 
and negative (right) types (l). Normalized activity (z-score) was computed by using the activity during the last 
500 ms before TC onset. The activity in the 100% trials was compared between the blocks for the positive types 
(left), while that in the 0% trials was compared for the negative types (right). *p < 0.05, one-way ANOVA and 
post-hoc Fisher’s least significant difference test.
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appetitive blocks (“appetitive-bivalent” neurons, n = 35; representative examples: Fig. 2a,b and d,e; population, 
Fig. 2g, green); however, different subsets exhibited context-dependent graded responses either in the appetitive 
(“appetitive-only” neurons, n = 52; Fig. 2g, blue) blocks or bivalent (“bivalent-only” neurons, n = 29; Fig. 2g, red) 
blocks.

To examine the relationship of response sensitivity to CS values between the appetitive and bivalent blocks, we 
plotted the correlation coefficients of individual neurons between the CS response and CS values in the bivalent 
blocks against those in the appetitive blocks (Fig. 2h). There was a significantly positive correlation between the 
blocks (p < 0.01, Spearman’s correlation test), indicating that the more discriminative the neurons were for CS 
values in the appetitive blocks, the more discriminative they were in the bivalent blocks. Moreover, the neurons 
with correlations in the appetitive blocks (appetitive-only and appetitive-bivalent types) differentiated the CS 
values in the appetitive blocks more than those in the bivalent blocks (Fig. 2i, left and center). In contrast, the 
neurons with correlations in the bivalent blocks (bivalent-only and appetitive-bivalent types) differentiated the 
CS values in the bivalent blocks more than those in the appetitive blocks (Fig. 2j, left and center). These neurons 
did not differentiate punishment CS values (Fig. 2i,j, right). Further, the neurons with a significant correlation 
in the appetitive and bivalent blocks (appetitive-bivalent neurons) had a significantly larger response than those 
with a significant correlation in either block (appetitive-only neurons and bivalent-only neurons) in the 100% 
trials for the positive-type neurons (Fig. 2k,l, left) and the 0% trials for the negative-type neurons (Fig. 2k,l, right). 
Thus, the LH produced similar bidirectional responses to reward-predicting cues in the bivalent and appetitive 
blocks. These consistent responses, albeit with different outcome ranges, were accomplished by recruiting shared 
and context-dependent subpopulations of neurons.

We also quantified how many of the neurons that could be classified by CS value-dependent responses in 
the aversive blocks exhibited similar correlated responses in the bivalent blocks. A small but notable number of 
neurons exhibited significant response modulation that was dependent on punishment CS values (27/244; posi-
tive type: 6/27; negative type: 21/27). In addition to the reward CS-value coding neurons, this activity supports 
the notion that the LH encodes reward-punishment valence. Since the bivalent blocks were equivocally inter-
pretable in the opposite manner such that the probability of an airpuff being delivered increased as the reward 
probability decreased, the responses of the punishment CS value-coding neurons might be similar to those of 
the negative-type neurons in the bivalent blocks. Approximately 52% of neurons (14/27) showed a significant 
correlation in the aversive and bivalent blocks, and 51% (8/14) of them encoded graded punishment CS values 
consistently between the aversive and bivalent blocks (positive type: n = 2; negative type: n = 6). This was in con-
trast with the observation that most of the neurons (Fig. 2h; 32/35) consistently encoded the graded reward CS 
values between the appetitive and bivalent blocks. In addition, there was no significant correlation between the 
bivalent and aversive blocks at the population level (p = 0.87, Spearman’s correlation test). These results suggest 
that the LH predominantly encodes the opposing rewarding-unrewarding valence of the CS values, in addition 
to the reward-punishment valence, at the cellular and population levels after CS onset.

Graded responses to reward predictability with bidirectional responses. To assess the neural 
valuation of outcomes depending on their predictability, we compared how well response modulation to rewards 
(201–400 ms) correlated with the predictability of reward delivery (100%, 50%, and free rewards). In the appeti-
tive blocks, 35% (85/244) of the tested neurons exhibited a significant correlation (“reward predictability-cod-
ing” neurons). Approximately 47% (41/85) of them exhibited increased activity as the unpredictability of reward 
delivery increased (“unpredicted reward-preferring” neurons, 100% < 50% < free rewards; representative exam-
ple, Fig. 3a; population, Fig. S2a–c), while the other 53% (44/85) exhibited increased activity as the predictability 
of reward delivery increased (“predicted reward-preferring” neurons, 100% > 50% > free rewards; representative 
example, Fig.  3d; population, Fig. S2d–f). In the bivalent blocks, 29% of the same population (71/244) was 
significantly modulated by reward predictability; 39 and 32 neurons were classified as unpredicted and pre-
dicted reward-preferring neurons, respectively. A subset of these neurons exhibited consistent reward-predicta-
bility coding between the appetitive and bivalent blocks (37/71; representative examples, Fig. 3a,b [unpredicted 
reward-preferring neuron] and 3d,e [predicted reward-preferring neuron]; population, Fig. 3g, green), but not 
in the aversive blocks (Fig. 3c,f). The other reward predictability-coding neurons encoded reward predictability 
in a context-dependent manner, either in the appetitive (48/85; appetitive-only type; Fig. 3g, blue) blocks or 
bivalent (34/71 in the bivalent blocks; Fig. 3g, red) blocks.

We also assessed the relationship of response sensitivity to reward predictability between the appetitive and 
bivalent blocks. A continuous cluster with a positive correlation was obtained (p < 0.01, Spearman’s correlation 
test; Fig. 3h), suggesting that reward-predictability coding was consistent between the appetitive and bivalent 
blocks at the population level. The neurons with significant correlations in the appetitive blocks (appetitive-
only and appetitive-bivalent types) differentiated reward predictability more than those in the bivalent blocks 
(Fig. 3i, left and center), while the neurons with significant correlations in the bivalent blocks (bivalent-only and 
appetitive-bivalent types) exhibited more differential activity in the bivalent blocks compared to the appetitive 
blocks (Fig. 3j, left and center). These neurons did not differentiate the predictability of airpuff delivery (Fig. 3i,j, 
right). Further, the appetitive-bivalent type of the unpredicted reward-preferring neurons was largely involved 
in producing activity preference in the uncued-reward trials during the bivalent blocks (Fig. 3k,l). These results 
suggest that different subsets of neurons were recruited in a shared and context-dependent manner, which might 
contribute to the production of consistent reward-predictability signals with different outcome ranges.

We also quantified how many of the neurons responded consistently between the aversive and bivalent blocks 
depending on the predictability of airpuff delivery. A small but significant number of neurons (n = 22) were clas-
sified as punishment predictability-coding neurons (100% < 50% < free airpuff or 100% > 50% > free airpuff) in the 
aversive blocks. Approximately 36% (8/22) of them also showed significant correlations in the bivalent blocks, 



6

Vol:.(1234567890)

Scientific Reports |         (2023) 13:5926  | https://doi.org/10.1038/s41598-023-33026-0

www.nature.com/scientificreports/

although the bivalent blocks could be interpretable with airpuff predictability. In contrast to the observation that 
all neurons consistently encoded reward predictability between the appetitive and bivalent blocks with the same 
correlation coefficient sign (Fig. 3h), two neurons (2/8) exhibited such consistency between the aversive and 
bivalent blocks (one for each type). These results suggest that the LH mainly encodes the valence of rewarding-
unrewarding predictability, in addition to that of reward-punishment predictability.

Uncertainty coding during the trace period with bidirectional responses. Encoding reward 
uncertainty is one of the key features of the  LH28, but it remains unknown how LH neurons respond in a biva-
lent context. The coding manner of reward (or punishment) uncertainty would generate a U-shape or inverted 
U-shape activity pattern as the reward (or punishment) probability increased in both appetitive (or aversive) and 
bivalent  blocks28. To identify these activity patterns, neuronal activity was assessed during the last 500 ms of the 
trace period when the population activity was in parallel with the anticipatory licking and blinking behaviors. 
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Figure 3.  Reward predictability-coding neurons in the lateral hypothalamus. (a–f) Representative responses 
of an unpredicted reward-preferring neuron in the appetitive (a), bivalent (b), and aversive (c) blocks in the 
rasters (left) and histograms (right) and a predicted reward-preferring neuron in the appetitive (d), bivalent (e), 
and aversive (f) blocks. US, unconditioned stimulus. (g) Number of reward predictability-coding neurons in the 
appetitive and bivalent blocks. The labels indicate the reward predictability-coding types (appetitive-only type: 
blue; bivalent-only type: red; appetitive-bivalent type: green). Colored and white areas depict the unpredicted 
and predicted reward-preferring neurons, respectively. h) Consistent sensitivity of reward predictability between 
the appetitive and bivalent blocks (p = 2.65–24, ρ = 0.59, Spearman’s correlation test). Each dot indicates a single 
lateral hypothalamus neuron. The same dot colors as in g were used to depict neuron types. (i–j) Preferred 
responses of reward predictability-coding neurons classified by their reward-predictability responses in the 
appetitive (i) or bivalent (j) blocks. The responses were indexed by the area under the curve value (AUC) during 
the test window (201–400 ms after US delivery) relative to the responses for the last 500 ms before timing 
cue (TC) onset (*p < 0.05/3, **p < 0.01/3, Wilcoxon signed-rank test with Bonferroni’s correction; **p < 0.01, 
Spearman’s correlation test). (k–l) Larger response modulation of the appetitive-bivalent (APP-BIV) type 
than that of the appetitive-only (APP-only) and bivalent-only (BIV-only) type (k) for the unpredicted reward-
preferring neurons (left) and mean values during 201–400 ms after US onset (gray areas in k) for the positive 
(left) and negative (right) types (l). Normalized activity (z-score) in the free-reward trials was compared between 
the blocks for the unpredicted reward-preferring type (left), and that in the 100% trials was compared for the 
predicted reward-preferring type (right). **p < 0.05, one-way ANOVA and post-hoc Fisher’s least significant 
difference test. The same conventions are used as in Fig. 2.



7

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5926  | https://doi.org/10.1038/s41598-023-33026-0

www.nature.com/scientificreports/

First, we confirmed the presence of such uncertainty-coding neurons in the appetitive and bivalent blocks. In 
the appetitive blocks, 24% of neurons (58/244) exhibited the highest (“50%-highest” type, 33/58; representative 
example, Fig. 4a; population, Fig. S3a–c; inverted U-shape-like activity) or lowest (“50%-lowest” type, 25/58; 
representative example, Fig. 4d; population, Fig. S3d–f; U-shape-like activity) activity in the 50% trials during 
the last 500 ms of the trace period (“uncertainty-coding” neurons). A subset of uncertainty-coding neurons 
showed consistent activity between the appetitive and bivalent blocks (appetitive-bivalent type, n = 23; represent-
ative examples, Fig. 4a,b and d,e), but not in the aversive blocks (Fig. 4c,f). Compared to the uncertainty-coding 
neurons defined in the appetitive blocks, a smaller number of neurons (51/244) encoded uncertainty in the 
bivalent blocks (50%-highest type: 35/51, 50%-lowest type: 16/51). We also found that different subsets of these 
uncertainty-coding neurons were recruited in a context-dependent manner, either in the appetitive (appetitive-
only type, n = 35; Fig. 4g, blue) blocks only or bivalent (bivalent-only type, n = 28; Fig. 4g, red) blocks only. These 
context-dependent uncertainty coding-neurons were larger subpopulations than the shared uncertainty-coding 
neurons (appetitive-bivalent type, n = 23; Fig. 4g, green). Unlike the coding of CS values and US predictability, 
these uncertainty-coding neurons selectively contributed to the production of similar response modulation in 
the appetitive (Fig. 4h) and bivalent (Fig. 4i) blocks.

In the aversive blocks, 5% (12/244) of neurons encoded the punishment uncertainty signals (50%-highest 
type, 5/12; 50%-lowest type, 7/12). This was detected statistically by chance. Thus, the neuronal activity in the 
LH during the trace period primarily encodes rewarding-unrewarding uncertainty.

Consistent signals between the appetitive and bivalent blocks. To assess how long the similar 
responses between the appetitive and bivalent blocks were preserved after CS onset at the population level, we 
measured the sensitivity of all individual neurons to the graded CS values (i.e., correlation coefficient) during 
the CS and trace periods using a sliding window technique (200-ms duration with a 10-ms step) and calcu-
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Figure 4.  Responses of uncertainty-coding neurons in the lateral hypothalamus. (a–f) Representative 
responses of a 50%-highest neuron in the appetitive (a), bivalent (b), and aversive (c) blocks in the rasters (left) 
and histograms (right) and a 50%-lowest neuron in the appetitive (d), bivalent (e), and aversive (f) blocks. 
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(appetitive-only type: blue; bivalent-only type: red; appetitive-bivalent type: green). (h–i) Preferred response 
modulation of the 50%-highest and 50%-lowest neurons that were defined by their activity in the appetitive (h) 
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period relative to that during the last 500 ms before TC onset. *p < 0.05/3, **p < 0.01/3, Wilcoxon rank-sum test 
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lated the correlation coefficients between the blocks at the population level. We found a significantly positive 
correlation between the appetitive and bivalent blocks until the end of the trace period (Fig. 5a, blue), but not 
between the aversive and bivalent blocks (Fig. 5a, gray) or between the appetitive and aversive blocks (Fig. 5a, 
black). After outcome delivery, we also measured the independent sensitivity of each neuron to US predictability. 
Consistent significant correlations in US predictability were obtained only between the appetitive and bivalent 
blocks (Fig. 5b). These results suggest that the LH encodes rewarding-unrewarding valence signals consistently 
throughout a trial.

Such temporal preservation was verified by principal component analysis (PCA; Fig. 5c). PCA was applied to 
a data matrix consisting of the mean activity of each neuron in the 100% and 0% trials during the CS and trace 
periods in all blocks and transformed values in the feature space of the first and second principal components. In 
this space, the values among the three blocks were differentiated immediately after the CSs appeared (Fig. 5c, left). 
Consistent with the results of the CS value-coding neurons in regression analysis, the trial types in all blocks were 
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Figure 5.  Consistent activity throughout a trial between the appetitive and bivalent blocks. (a, b) Consistent 
conditioned stimulus (CS) value-coding during CS and trace periods (a) and outcome predictability coding 
(b). Each dot represents the correlation coefficient between the appetitive and bivalent blocks (blue), between 
the aversive and bivalent blocks (gray), and between the appetitive and aversive blocks (black) at the population 
level. Spearman’s correlation test was applied in each test window with a 200-ms duration moving in 10-ms 
steps. The circles represent statistical significance (p < 0.05). Dots and circles were aligned at the initial time 
point of the test window. All neurons were used for the calculation. US, unconditioned stimulus. (c) Clear 
differentiation among trial types and blocks in the principal component feature space (1–200 ms after CS onset, 
left; 201–400 ms after CS onset, center; 501–1,000 ms after trace onset, right). For feature-space production, the 
first and second components of principal component analysis (PCA) were used. Data used in PCA were the 
two-dimension matrix of all neurons (n = 244) × averaged firing rates of 540 bins in total in the 100% and 0% 
trial types during the appetitive-bivalent, and aversive blocks (90-time bins × 2 trial types × 3 blocks). Each bin 
had a 100-ms duration and moved from CS onset to the end of the trace without overlap for each block. Black 
lines linking cue-trial types in the same block were added for better recognition. (d) Valid representation of 
uncued and cued outcome values in the principal component feature space. Despite using only the CS and trace 
activity in the 100% and 0% trials, the feature space well represents the values of the uncued outcomes: large 
blue, green, and red circles with the black edge depict free reward in the appetitive block, free reward in the 
bivalent block, and free airpuff in the aversive blocks, respectively; small black dots with the blue, green, and red 
edges illustrate free tone in the appetitive block, free airpuff in the bivalent block, and free tone in the aversive 
blocks, respectively.
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also clearly separated after 200 ms (Fig. 5c, center). These clear differentiations among the blocks and probabilities 
in each block indicate that the LH can encode rewarding-unrewarding valence signals (appetitive vs. bivalent 
blocks) and reward-punishment valence signals (appetitive [bivalent] vs. aversive blocks) at the population level. 
Moreover, such separation in the bivalent blocks was paralleled by that in the appetitive blocks, which was pre-
served at even 500 ms after trace-period onset (Fig. 5c, right), while the separation of punishment probabilities 
in the aversive blocks was diminished. Notably, this feature space also well represented the responses to outcomes 
in the appetitive and aversive blocks, despite using only the CSs and trace responses in the 100% and 0% trials 
for feature-space construction (Fig. 5d). This suggests a consistent representation of the rewarding-unrewarding 
valence signals throughout a trial. Although neuronal activity was not recorded simultaneously, PCA revealed 
the predominant processing of rewarding-unrewarding valence signals and context signals throughout a trial, 
in addition to reward-punishment valence signals.

Baseline activity and TC activity. As the LH is thought to process motivational and arousal components, 
different types of neuronal activity can be observed at the context level in the baseline and TC  activity28. A 
comparison of these types of activity (baseline activity: last 1,000 ms; TC activity: 101–500 ms) among the three 
blocks revealed that a sufficient number of neurons exhibited differential response modulation among the blocks 
at the cellular level (baseline activity: 70% [171/244]; TC activity: 54% [131/244]; p < 0.05, one-way ANOVA). 
However, there was no significant activity at the population level (baseline activity: F[2,731] = 0.04, p = 0.96; TC 
activity: F[2,731] = 0.25, p = 0.78; one-way ANOVA), and a comparable number of neurons with significant dif-
ferential activity between two different blocks was obtained (baseline activity: n = 102 [appetitive vs. aversive 
blocks], n = 110 [appetitive vs. bivalent blocks], n = 114 [aversive vs. bivalent blocks]; TC activity: n = 72 [appeti-
tive vs. aversive blocks], n = 74 [appetitive vs. bivalent blocks], n = 84 [aversive vs. bivalent blocks]; p < 0.05/3, 
Welch’s t-test with Bonferroni’s correction). These results suggest that the LH reflects context information, pre-
sumably including motivational and arousal signals, at the cellular level, but not at the population level. These 
observations also indicate that a variety of neuron types in the LH may be recruited for the consistent baseline 
and TC responses among the blocks.

Discussion
The present study assessed how behavioral and neuronal responses in the primate LH were modulated under a 
bivalent situation. Behaviorally, the animals sustained reward valuation and attenuated punishment valuation 
in the bivalent blocks against the possibility that they could have a lower reward valuation in the bivalent blocks 
than in the appetitive blocks. The mean population activity in the LH was correlated with these approaching and 
avoiding behaviors. Further, we found that the predominant coding manner of “rewarding-unrewarding” valence 
signals was related to prediction such as expectation, predictability, and uncertainty with bidirectional responses. 
These valence signals were preserved consistently throughout a trial at the population level. PCA revealed that 
the LH encoded information on context and valence among different contexts. Thus, in addition to the notion 
of “reward-punishment” valence coding in the LH, our data suggest predominant “rewarding-unrewarding” 
valence coding for motivational impact on graded behaviors in bivalent contexts.

The positive type CS value-coding neurons presumably reflected reward expectancy. The 50%-highest and 
unpredicted reward-preferring neurons were associated with reward uncertainty and prediction-error signals, 
respectively. However, the negative type CS value-coding neurons in the bivalent blocks may represent the pun-
ishment and unrewarding probability or merely flip the activity of the positive type CS value-coding neurons. 
Correspondingly, it remains unclear whether the predicted reward-preferring neurons in the bivalent blocks 
encoded reward predictability or the unpredictability of punishment. For the uncertainty-coding neurons, it is 
also ambiguous whether they encoded the reward uncertainty or the certainty of punishment in the bivalent 
blocks. Therefore, it is important to clarify how these neuron types process punishment prediction signals. By 
comparing neuronal responses to prediction-related events among the three blocks, we confirmed that the LH 
predominantly processes opposing valences of fine rewarding-unrewarding valence signals, i.e., how likely and 
unlikely rewards will be delivered, how uncertain and certain animals are that they will obtain rewards, and 
how well the received rewards are unpredicted or predicted, in addition to reward-punishment valence signals.

The LH has been proposed to process positive (i.e., reward) and negative (i.e., punishment) motivational 
 signals28,32,33. The positive motivational signals are plausibly mediated by the circuit of the LH with the ventral 
tegmental area (VTA). In particular, dopaminergic neurons in the VTA respond to cues predicting reward and 
unpredictable reward delivery, indicating that they carry reward prediction (error)  signals34. In the present 
study, the LH exhibited a similar activity pattern such as the positive-type CS-value coding neurons and the 
unpredicted reward-preferring type. This neuronal activity may contribute to producing or reflecting dopamin-
ergic activity in the  VTA32,35. For the negative motivational signals, the LH-VTA circuit plays an essential role. 
Further, the interactions of the LH with the lateral  habenula36, globus  pallidus37, and  amygdala38 may mediate 
aversive signals and negative motivational signals. Similarly to lateral habenula  neurons39, the subpopulations 
of LH neurons responded to punishing and unrewarding conditioning events with or without dependency on 
punishment probability. These neurons might be involved in the graded anticipatory blinking. Recruiting these 
neurons in concert with other types of neurons in the LH and those in the VTA, lateral habenula, globus pal-
lidus, and amygdala can facilitate the processing of a wide range of motivational signals in the LH for adaptive 
approaching and avoiding behaviors.

Indeed, the feature space of principal components well captured such positive and negative motivational 
signals, including context information (Fig. 5b,c). Despite the lack of the simultaneous recording of these neu-
rons, these findings suggest that the LH processes signals ranging from rewards to punishments with a high 
sensitivity to rewards by discriminating its probabilities. This led to the apparently different notions that the LH 
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encodes rewarding-unrewarding and reward-punishment valence signals. These signals may provide adaptive 
motivational signals against different contexts. Such a manner of coding might be beneficial for shaping robust 
motivational signals in different contexts, particularly under equivocal situations, by evaluating the valence of 
good and bad outcomes via attenuating negative valence or regarding negative valence as neutral valence (i.e., 
rectification) for downstream  neurons40.

A caveat is that such neuronal activity might merely reflect arousal or the salience of task events. However, 
this cannot fully explain our findings, in particular, the observation that a smaller number of neurons in the 
LH carried punishment probability or predictability information in the aversive blocks than those for reward 
probability or predictability information. If the neuronal responses to rewarding and punishing events had 
reflected arousal or salience, more neurons would have responded in the bivalent blocks than in the appetitive 
and aversive blocks, which was not the case at least at the population level. These findings support the notion 
that the LH encodes motivational valence. Another caveat is that we used airpuffs as a punishment but did not 
examine behaviors and neuronal activity using different intensities of airpuffs or procedures such as tail pinch 
or electric foot shock frequently conducted in rodent studies. These might result in a different coding manner 
for aversive prediction signals in the LH.

The bivalent blocks were always conducted after the appetitive and aversive blocks in our procedure. Recently, 
an optogenetics study revealed that gamma-aminobutyric acid neurons in the LH are critically involved in 
aversive learning after reward  learning33. That study suggested that past experience shapes the neural circuits 
recruited for future valence learning, including appetitive, aversive, and conceivably bivalent situations. This effect 
may be mediated by a different mechanism from trial-based hysteresis such as the impact of prior outcomes on 
subsequent responses (Supplementary information). Further studies are necessary to elucidate this mechanism 
by manipulating context order (i.e., past experience) and memory effects before, during, and after learning.

Moreover, little is known about how these prediction signals are used by downstream neurons to integrate 
specific internal demands and link them to motivational  behaviors7,27, especially in multivalent and dynamic 
contexts such as social  situations41,42. Advanced new tools such as optogenetics and designer drugs will be use-
ful for associating prediction signals with electrophysiological properties (Table S1) and specific contributable 
circuits for these behaviors. For example, the 50%-highest neurons had different electrophysiological aspects 
compared to the other types. This type might receive reward certainty or uncertainty information from upstream 
neural circuits, including the lateral and medial prefrontal  cortex43,44 and  septum44,45. Thus, our findings are a 
foundation to reveal what neuronal information in the LH drives adaptive approaching and avoiding behavior 
in bivalent contexts.

Method
General. The procedures, except the bivalent blocks, are described in detail  elsewhere28. Briefly, we recorded 
single-unit activity from the LH in three hemispheres of two male cynomolgus monkeys (Macaca fascicularis; 
monkey F, 5 kg, left hemisphere; monkey S, 5 kg, both hemispheres). Water intake was mildly restricted, and they 
were therefore thirsty during the experiments. All experimental procedures were performed in accordance with 
the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and approved by the 
Institutional Animal Care and Use Committee at Kansai Medical University. This study is reported in accordance 
with ARRIVE  guidelines46.

The experimental setting was the same as described previously (Fig. 1a)28. Visual stimuli were rear-projected 
onto a fronto-parallel screen that was placed 68 cm in front of the monkey at eye level by a projector (ELP-505; 
EPSON, Nagano, Japan). Licking was monitored by a vibration sensor attached to a reward spout (AE-9922; 
NF Corporation, Kanagawa, Japan), and eye position was collected by an infrared video camera set below the 
screen at a time resolution of 360 Hz with a spatial resolution of 0.1° (EYE-TRAC6; ASL, Bedford, MA, USA). 
Neuronal signals were amplified and filtered (50 or 100 Hz–10 kHz; MEG-5100; Nihon Kohden, Tokyo, Japan). A 
template-matching spike discriminator was used to isolate single-unit activity at a time resolution of 50 or 40 kHz 
for waveform matching and spike  sampling47 (Alpha-Omega, Nazareth, Israel; or OmniPlex system; Plexon, Inc., 
Dallas, TX, USA). Isolated spike timing, licking behavior, and eye positions were eventually sampled at 1 kHz. 
A data acquisition system (Tempo; Reflective Computing, Olympia, WA, USA) controlled the aspects of stimuli 
presentation, monitoring of eye movements and neuronal activity, and reward delivery.

Pavlovian procedure. The animals were conditioned with a Pavlovian trace procedure in three distinct 
blocks of trials: appetitive, aversive, and bivalent blocks (Fig. 1c). Each block consisted of cued and uncued tri-
als (Fig. 1b). In the cued trials in each block, three different visual images (10° of the visual field) were used as 
CSs. Each CS was associated with the delivery of a US consisting of a water or apple juice reward (0.1 mL) in the 
appetitive blocks or an airpuff (0.01–0.05 MPa) as a punishment in the aversive blocks with a probability (100%, 
50%, or 0%). In the bivalent blocks, both were used. A trial started with the presentation of a TC (white dot, 12° 
of the visual field) for 1.2 s at the center of the screen to obtain the animal’s attention. After the disappearance of 
the TC, one of three CSs was presented for 1 s, followed by a 1-s trace period with a black screen. The outcome 
was then delivered for 100 ms. When the USs (i.e., rewards or airpuffs) were not delivered in the 50% or 0% 
trials in the appetitive and aversive blocks, a tone was delivered instead. During the bivalent blocks, an airpuff 
was delivered instead of the tone. Thus, the 100%, 50%, and 0% trial types in the bivalent blocks indicate the 
probability of reward delivery. In the uncued trials, a reward (free reward) or a tone (free tone) alone was deliv-
ered during the appetitive blocks, and an airpuff (free airpuff) or a tone alone was delivered during the aversive 
blocks. In the bivalent blocks, a reward or an airpuff alone was delivered. The free outcome was delivered at the 
time corresponding to that of outcome delivery in the cued trials. A block comprised 80 trials with a fixed pro-
portion of trial types (each CS, 20 trials; free reward, free tone, or free airpuff, 10 trials). The cued and non-cued 



11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5926  | https://doi.org/10.1038/s41598-023-33026-0

www.nature.com/scientificreports/

trials were presented pseudorandomly with an inter-trial interval of 3–5 s. The appetitive and aversive blocks 
were conducted in a roughly random order on each experimental  day28, while the bivalent blocks were always 
conducted after these blocks on the same day.

Identification of the LH. The recording chambers were installed over the frontoparietal cortices, laterally 
angled at 20° (monkey F) or 35° (monkey S) to access the LH. Recording sites were confirmed by overlaying 
penetration record maps on magnetic resonance images (0.3 T, AIRIS; Hitachi, Tokyo, Japan; Fig. 1d). The LH is 
located at 1 mm anterior and 7 mm posterior to the anterior commissure, ventrally adjacent to the internal cap-
sule, globus pallidus, and zona incerta, and medially adjacent to the substantia nigra pars  reticulata48. To identify 
the LH, we referred to these regions as useful  landmarks28. Electrolytic microlesions were made in the recording 
sites in the LH of monkey S and verified that the neurons were recorded from the  LH28. To assess whether the 
encountered neurons were located in the LH, we also examined neuronal responses to the sight of food pieces 
and the unexpected delivery of juice or an airpuff before the  recordings28,29,49–52.

Analysis of behavioral data. Anticipatory licking and blinking were analyzed to assess the animals’ valu-
ation of CSs as behavioral measures of reward expectancy and punishment avoidance, respectively. Licking and 
blinking data were normalized as X/Max, where X was the mean frequency during the 250 ms before outcome 
delivery in a particular condition, and Max was the maximum frequency in each recording session. Most antici-
patory licking and blinking were observed in the analyzed period. Statistical analysis was performed using the 
Wilcoxon signed-rank test with Bonferroni’s correction (p < 0.05/3; Fig. 1e). We used two-way ANOVA with 
probabilities and contexts as factors to detect differences in blinking frequency between the aversive and bivalent 
blocks.

Analysis of neuronal activity. We examined the responses of 244 neurons (127 in monkey F, 117 in mon-
key S) in the LH during three different outcome contexts among the task-related neurons (n = 308) identified in a 
previous  study28. The task-related neurons were responsive to at least one of the conditioning events in either the 
appetitive or aversive block or  both28 (one-way repeated measures ANOVA, p < 0.01). Since the 244 neurons ana-
lyzed in the current study were a subset of task-related neurons in a previous  study28, they had the electrophysi-
ological properties of neurons in the LH. We combined neuronal data in two monkeys as in our previous  study28.

For population activity comparison among the three blocks, the activity during the CS and trace periods was 
normalized (z-score) using the activity for the last 500 ms before TC onset in individual neurons for each block. 
The population activity of 244 neurons was compared among the three blocks independently in each window 
(200-ms duration with a 50-ms step) in which one-way ANOVA and post-hoc Tukey–Kramer test were applied to 
detect significantly lower activity in the aversive blocks compared to the appetitive and bivalent blocks (p < 0.05).

Linear regression analysis was performed to determine whether neuronal activity reflected the probability, 
uncertainty, and predictability of outcome  delivery28. To analyze the CS values, how well the CS responses 
(201–400 ms from CS onset) were graded depending on the values associated with US probabilities (CS values) 
was determined in each neuron. Predictability of outcome delivery was estimated by assessing how well the US 
responses (201–400 ms) were modulated in each neuron by the predictability of US delivery (i.e., 100%, 50%, 
and free USs). Outcome uncertainty was evaluated to analyze the association between the last 500 ms of activity 
during the trace period and the degree of US uncertainty (100% and 0% trials vs. 50% trials). These time win-
dows captured the primary response modulation of neurons in the LH. To examine the temporal relationship 
of activity between two blocks, we applied regression analysis to the sensitivity to CS values (i.e., correlation 
coefficient; Fig. 5a) and outcome predictability (Fig. 5b) between the bivalent and appetitive blocks, between 
the bivalent and aversive blocks, and between the appetitive and aversive blocks for all neurons in each analyzed 
window (200-ms duration and 10-ms steps).

In PCA, we used two-dimension matrix data (neurons [n = 244] × averaged firing rates in the 100% and 0% 
trial types in the appetitive-bivalent, and aversive blocks, which were concatenated [540 bins in total: 90-time 
windows × 2 trial types × 3 blocks]). Each time bin had a 100-ms duration and moved in 100-ms steps from CS 
onset to the end of the trace. The first and second components were used to construct the feature space and 
transform the values of the CS (Fig. 5c, left and center), Trace (Fig. 5c, right), and US (Fig. 5d) responses.

Analysis of the electrophysiological characteristics of neurons. We analyzed the baseline activity 
and spike-wave shape of the sampled neurons to characterize their physiological properties. We calculated the 
mean spike duration from the first sharp trough to the peak of the second long-duration positive deflection 
measured in the whole appetitive block for each neuron. All measures were compared between each neuron 
type and neurons without statistical significance (n.s. type) using the Wilcoxon rank-sum test with Bonferroni’s 
correction (p < 0.05/6).

Data availability
All data needed to evaluate the conclusions in the paper are presented in the paper.

Received: 6 December 2022; Accepted: 6 April 2023

References
 1. Anderson, R. I., Moorman, D. E. & Becker, H. C. Contribution of dynorphin and orexin neuropeptide systems to the motivational 

effects of alcohol. Handb. Exp. Pharmacol. 248, 473–503 (2018).



12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:5926  | https://doi.org/10.1038/s41598-023-33026-0

www.nature.com/scientificreports/

 2. Harris, G. C., Wimmer, M. & Aston-Jones, G. A role for lateral hypothalamic orexin neurons in reward seeking. Nature 437, 
556–559 (2005).

 3. Stuber, G. D. & Wise, R. A. Lateral hypothalamic circuits for feeding and reward. Nat. Neurosci. 19, 198–205 (2016).
 4. Gonzalez-Lima, F., Helmstetter, F. J. & Agudo, J. Functional mapping of the rat brain during drinking behavior: A fluorodeoxy-

glucose study. Physiol. Behav. 54, 605–612 (1993).
 5. Mahler, S. V., Moorman, D. E., Smith, R. J., James, M. H. & Aston-Jones, G. Motivational activation: A unifying hypothesis of 

orexin/hypocretin function. Nat. Neurosci. 17, 1298–1303 (2014).
 6. Tyree, S. M., Borniger, J. C. & de Lecea, L. Hypocretin as a hub for arousal and motivation. Front. Neurol. 9, 1–16 (2018).
 7. Qualls-Creekmore, E. & Münzberg, H. Modulation of feeding and associated behaviors by lateral hypothalamic circuits. Endocri-

nology 159, 3631–3642 (2018).
 8. Harris, G. C. & Aston-Jones, G. Arousal and reward: a dichotomy in orexin function. Trends Neurosci. 29, 571–577 (2006).
 9. Tyree, S. M. & de Lecea, L. Lateral hypothalamic control of the ventral tegmental area: Reward evaluation and the driving of 

motivated behavior. Front. Syst. Neurosci. 11, 1–9 (2017).
 10. Taylor, S. R. et al. GABAergic and glutamatergic efferents of the mouse ventral tegmental area. J. Comp. Neurol. 522, 3308–3334 

(2014).
 11. Urstadt, K. R. & Stanley, B. G. Direct hypothalamic and indirect trans-pallidal, trans-thalamic, or trans-septal control of accumbens 

signaling and their roles in food intake. Front. Syst. Neurosci. 9, 1–18 (2015).
 12. Sharf, R., Sarhan, M. & DiLeone, R. J. Orexin mediates the expression of precipitated morphine withdrawal and concurrent activa-

tion of the nucleus accumbens shell. Biol. Psychiatry 64, 175–183 (2008).
 13. Groenewegen, H. J., Berendse, H. W. & Haber, S. N. Organization of the output of the ventral striatopallidal system in the rat: 

Ventral pallidal efferents. Neuroscience 57, 113–142 (1993).
 14. Castro, D. C., Cole, S. L. & Berridge, K. C. Lateral hypothalamus, nucleus accumbens, and ventral pallidum roles in eating and 

hunger: Interactions between homeostatic and reward circuitry. Front. Syst. Neurosci. 9, 1–17 (2015).
 15. Reppucci, C. J. & Petrovich, G. D. Organization of connections between the amygdala, medial prefrontal cortex, and lateral hypo-

thalamus: A single and double retrograde tracing study in rats. Brain Struct. Funct. 221, 2937–2962 (2016).
 16. Giardino, W. J. et al. Parallel circuits from the bed nuclei of stria terminalis to the lateral hypothalamus drive opposing emotional 

states. Nat. Neurosci. 21, 1084–1095 (2018).
 17. Sheth, C., Furlong, T. M., Keefe, K. A. & Taha, S. A. The lateral hypothalamus to lateral habenula projection, but not the ventral 

pallidum to lateral habenula projection, regulates voluntary ethanol consumption. Behav. Brain Res. 328, 195–208 (2017).
 18. Lecca, S. et al. Aversive stimuli drive hypothalamus-to-habenula excitation to promote escape behavior. Elife 6, 1–16 (2017).
 19. Poller, W. C., Madai, V. I., Bernard, R., Laube, G. & Veh, R. W. A glutamatergic projection from the lateral hypothalamus targets 

VTA-projecting neurons in the lateral habenula of the rat. Brain Res. 1507, 45–60 (2013).
 20. Li, Y. et al. Hypothalamic circuits for predation and evasion. Neuron 97, 911-924.e5 (2018).
 21. Celio, M. R. et al. Efferent connections of the parvalbumin-positive (PV1) nucleus in the lateral hypothalamus of rodents. J. Comp. 

Neurol. 521, 3133–3153 (2013).
 22. Carus-Cadavieco, M. et al. Gamma oscillations organize top-down signalling to hypothalamus and enable food seeking. Nature 

542, 232–236 (2017).
 23. Deller, T., Leranth, C. & Frotscher, M. Reciprocal connections of lateral septal neurons and neurons in the lateral hypothalamus in 

the rat: A combined phaseolus vulgaris-leucoagglutinin and Fluoro-Gold immunocytochemical study. Neurosci. Lett. 168, 119–122 
(1994).

 24. Parent, A., Gravel, S. & Boucher, R. The origin of forebrain afferents to the habenula in rat, cat and monkey. Brain Res. Bull. 6, 
23–38 (1981).

 25. Mosqueiro, T., de Lecea, L. & Huerta, R. Control of sleep-to-wake transitions via fast aminoacid and slow neuropeptide transmis-
sion. New J. Phys. 16, 115010 (2014).

 26. Saper, C. B., Scammell, T. E. & Lu, J. Hypothalamic regulation of sleep and circadian rhythms. Nature 437, 1257–1263 (2005).
 27. Tye, K. M. Neural circuit motifs in valence processing. Neuron 100, 436–452 (2018).
 28. Noritake, A. & Nakamura, K. Encoding prediction signals during appetitive and aversive Pavlovian conditioning in the primate 

lateral hypothalamus. J. Neurophysiol. 121, 396–417 (2019).
 29. Ono, T. & Nakamura, K. Learning and integration of rewarding and aversive stimuli in the rat lateral hypothalamus. Brain Res. 

346, 368–373 (1985).
 30. Hassani, O. K., Krause, M. R., Mainville, L., Cordova, C. A. & Jones, B. E. Orexin neurons respond differentially to auditory cues 

associated with appetitive versus aversive outcomes. J. Neurosci. 36, 1747–1757 (2016).
 31. Nieh, E. H. et al. Decoding neural circuits that control compulsive sucrose seeking. Cell 160, 528–541 (2015).
 32. Nieh, E. H. et al. Inhibitory input from the lateral hypothalamus to the ventral tegmental area disinhibits dopamine neurons and 

promotes behavioral activation. Neuron 90, 1286–1298 (2016).
 33. Sharpe, M. J., Batchelor, H. M., Mueller, L. E., Gardner, M. P. H. & Schoenbaum, G. Past experience shapes the neural circuits 

recruited for future learning. Nat. Neurosci. 24, 391–400 (2021).
 34. Schultz, W. Predictive reward signal of dopamine neurons. J. Neurophysiol. 80, 1–27 (1998).
 35. Tian, J. et al. Distributed and mixed information in monosynaptic inputs to dopamine neurons. Neuron 91, 1374–1389 (2016).
 36. Matsumoto, M. & Hikosaka, O. Representation of negative motivational value in the primate lateral habenula. Nat. Neurosci. 12, 

77–84 (2009).
 37. Hong, S. & Hikosaka, O. The globus pallidus sends reward-related signals to the lateral habenula. Neuron 60, 720–729 (2008).
 38. Rorick-Kehn, L. M. & Steinmetz, J. E. Amygdalar unit activity during three learning tasks: Eyeblink classical conditioning, Pavlovian 

fear conditioning, and signaled avoidance conditioning. Behav. Neurosci. 119, 1254–1276 (2005).
 39. Matsumoto, M. & Hikosaka, O. Lateral habenula as a source of negative reward signals in dopamine neurons. Nature 447, 1111–

1115 (2007).
 40. Aston-Jones, G., Smith, R. J., Moorman, D. E. & Richardson, K. A. Role of lateral hypothalamic orexin neurons in reward process-

ing and addiction. Neuropharmacology 56, 112–121 (2009).
 41. Padilla-Coreano, N. et al. Cortical ensembles orchestrate social competition through hypothalamic outputs. Nature 603, 667–671 

(2022).
 42. Noritake, A., Ninomiya, T. & Isoda, M. Social reward monitoring and valuation in the macaque brain. Nat. Neurosci. 21, 1452–1462 

(2018).
 43. Jezzini, A., Bromberg-Martin, E. S., Trambaiolli, L. R., Haber, S. N. & Monosov, I. E. A prefrontal network integrates preferences 

for advance information about uncertain rewards and punishments. Neuron 109, 2339-2352.e5 (2021).
 44. Monosov, I. E. & Hikosaka, O. Selective and graded coding of reward uncertainty by neurons in the primate anterodorsal septal 

region. Nat. Neurosci. 16, 756–762 (2013).
 45. Monosov, I. E., Leopold, D. A. & Hikosaka, O. Neurons in the primate medial basal forebrain signal combined information about 

reward uncertainty, value, and punishment anticipation. J. Neurosci. 35, 7443–7459 (2015).
 46. Percie du Sert, N. et al. Reporting animal research: Explanation and elaboration for the ARRIVE guidelines 20. PLoS Biol. 18, 

e3000411 (2020).



13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5926  | https://doi.org/10.1038/s41598-023-33026-0

www.nature.com/scientificreports/

 47. Wörgötter, F., Daunicht, W. J. & Eckmiller, R. An on-line spike form discriminator for extracellular recordings based on an analog 
correlation technique. J. Neurosci. Methods 17, 141–151 (1986).

 48. Martin, R. F. & Bowden, D. M. A stereotaxic template atlas of the macaque brain for digital imaging and quantitative neuroanatomy. 
Neuroimage 4, 119–150 (1996).

 49. Ono, T., Nakamura, K., Nishijo, H. & Fukuda, M. Hypothalamic neuron involvement in integration of reward, aversion, and cue 
signals. J. Neurophysiol. 56, 63–79 (1986).

 50. Fukuda, M., Ono, T., Nishino, H. & Nakamura, K. Neuronal responses in monkey lateral hypothalamus during operant feeding 
behavior. Brain Res. Bull. 17, 879–883 (1986).

 51. Rolls, E. T., Burton, M. J. & Mora, F. Hypothalamic neuronal responses associated with the sight of food. Brain Res. 111, 53–66 
(1976).

 52. Ono, T., Sasaki, K., Nishino, H., Fukuda, M. & Shibata, R. Feeding and diurnal related activity of lateral hypothalamic neurons in 
freely behaving rats. Brain Res. 373, 92–102 (1986).

Acknowledgements
We thank Y. Tokimoto for performing magnetic resonance imaging, Y. Ueda and K. Tokita for discussions, Y. 
Kobayashi, R. Matsuzaki, and K. Nakao for help with the experimental setup, and K. Shiomi, H. Kuland, and 
M. Habiro for technical assistance. This work was supported by JSPS KAKENHI Grant (25780449, 22H05081, 
and 21H00966 for A.N.; 19K22582, 19H05230, and 19H03540 for K.N.) and MEXT Grant-in-Aid for Scientific 
Research on Innovative Areas (21H00216 for K.N.).

Author contributions
Both authors contributed to the conceptualization, methodology (designing the experiments), and writing of 
the paper. A.N. conducted the experiments and data analysis.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 33026-0.

Correspondence and requests for materials should be addressed to A.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-33026-0
https://doi.org/10.1038/s41598-023-33026-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Rewarding-unrewarding prediction signals under a bivalent context in the primate lateral hypothalamus
	Results
	Conditioning. 
	Behavioral valuation of CSs. 
	Activity modulation in the LH among the three blocks. 
	Graded responses to CS values with bidirectional responses. 
	Graded responses to reward predictability with bidirectional responses. 
	Uncertainty coding during the trace period with bidirectional responses. 
	Consistent signals between the appetitive and bivalent blocks. 
	Baseline activity and TC activity. 

	Discussion
	Method
	General. 
	Pavlovian procedure. 
	Identification of the LH. 
	Analysis of behavioral data. 
	Analysis of neuronal activity. 
	Analysis of the electrophysiological characteristics of neurons. 

	References
	Acknowledgements


