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Fig. 1 Homeostatic behavior according to the homeostatic reinforcement learning (HRL) model.

(A)Schematic drawing of the computational process of the HRL model. (B) In an assumed animal behavior, sodium-depleted mice were
able to lick saltwater. (C) Definition of a state and two actions in Simulations 1 and 2. (D) Example of homeostatic behavior. Changes in
internal sodium state (H), the value of each action (Q-value), selected actions (a), probability of sodium intake [P(Intake)], and magnitude
of reward (R) over time are plotted. The solid lines represent the results of a trial, and the light-colored error ranges represent the mean =+ 2
SD of 100 trials. The dotted line in the panel of the internal state indicates the ideal point (H**= 50) of sodium taste. In the panel related to
actions (a), action 1 represents “Intake behavior,” and action 0 indicates “do nothing.” At the beginning of the simulation, the internal
sodium state and Q-values for each action were set to 0. After several random selections of action, the Q-value of sodium intake was
increased, and the internal sodium state quickly reached the ideal point, maintaining homeostatic regulation of behavior.



3.2 EROORRRELEFDEREDHE

HRL O#EAEENIIUNT, control #EE IG infusion #E1Z
KRERFZEFI RN 5T, — 5, control FELDE oral #f
OFEFITRIEIZAR F LTz (Fig. 2D), FRIT A ED
HBAAEL T control BETIX, B /AKEIROATEMME A K Z
< EFHL T (Fig. 2E) , 1G infusion £, TR LAY
T (Hy = HY2) LTOREEZ M HNRAEL L C, RHhKIE
B oofiifie % K &< EH &8 7 (Fig. 2F) , Oral stimulation
BT, b LAV TE L RIK IO ™7 D178 TH
ERE R (PN ERIR REHIN D MAFFHED) 28 B 7L, #3556
T2, b LRV T8 & R K B OAT BN g2 75
D3ONN o7 (Fig. 2G) .

3.3 ZRAANEBIKAED HRL I2& % two-bottle
preference test D HIF

HRL OFERELT, T _XTORICEWT, B EHRE
AR DfE RN S5 7 (Fig. 3C, D, E) , HRL OWNHRIR
REDHERS , LAT BB O HER 2o~ LT= ((Fig. 3F-1), /K/F
MY AR RRETHE, KEBIETND AR O 5 O17E)
7S _E5H LTz ((Fig. 3F) , TR AR ERETIE,
B KB OAMEZ T2 EF-L Tz ((Fig. 3G) , AR
JERETIE, AKEBEEFND AEE O OMifED _EH- LT
W72 ((Fig. 3L) . AEAREEDZ2\W N control HETIX, WiHFD
BEEATEOMEIME FL Tz ((Fig. 31) , X TORE
DOWNEBIRREIE, iz E L Tz ((Fig. 3F-1),

A Action ~ Action value E F G
selection 50 §) fme=mmmmmmm e
Drive
: I
0 P it =
intake Change Intemal 2
internal state state
B 05
a
-, O, B oo ,
&y \m Strong salty
M -- e - taste @ 1 emme—————
LA I—l WA, during test A @ 0
| re———
Control IG infusion Oral stimulation 25
~ ;
D - ————e
€ _ 800y x - e
) e =
e} : a9 0
< 6004 150+
2 . 2
E 1 1
$ o 1004 x| N s B
= 2000 |2 * 501 -1 e ——— o
L . 0257 021 0251
0 & | Doy nadig I [
& . i
P 5§ 0.00 00 0.00
S o 0 00 Oral 10
& o 1 . : 0 ra 100
™ Behavior “Simulation Control % G infusion 1% stimulation

Fig. 2 Homeostatic behavior according to the homeostatic reinforcement learning (HRL) model.

(A) Schematic illustration of Simulations 2 and 3: Taste perception (K*) was a predictor of an increase in the internal state. (B) Three
groups for the behavioral tests. (C) The results of the behavioral experiment(6). *P < 0.05. (D) The results of the computational model.
Intragastric infusion did not change the level of sodium intake, while oral stimulation decreased intake. (E-G) Transitions of the
simulation. (E)The control group exhibited an increased Q-value for intake. (F) A congenial increase in the Q-value was observed in the
IG-infusion group. (G) The values of “do nothing” and “intake” were reinforced in the oral-stimulation group. (E-G) The solid lines
represent the results of a trial, and the light-colored error ranges represent the mean + 2 SD of 100 simulated agents.
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Fig. 3 Multi-dimensional homeostatic reinforcement learning (HRL) model as a suitable explanation of findings in the two-
bottle preference test.
(A) Definition of a state and three actions in Simulations 3 and 4. (B) Schematic drawing of Simulation 3 (two-bottle preference test).
(C)Comparison of behavioral data(7) and simulated data in the control (all-satisfied) and water/sodium-depleted groups. Control groups
exhibited minor intake, and both depleted groups demonstrated copious volumes of intake in both sets of data. (C—E) Data averaged over
100 simulated agents. **P < 0.01. (D) In the sodium-depleted group, water intake was slight, while saltwater intake was increased. (E) The
water-deficient groups exhibited abundant water intake and non-negligible saltwater intake. (F-I) Transitions of the HRL models. (F) The
water/sodium-deficient HRL model exhibited strong increases in the values of water and saltwater intake. (G)The action value for sodium
intake soared in the sodium-depleted model. (H) The water-depleted model exhibited increased values for water and saltwater intake. (I)
The control model refused both intakes. (F—I) The solid lines represent the results of a trial, and the light-colored error ranges represent the

mean £ 2 SD of 100 simulated agents.
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Summary

Animals prefer low concentrations of salt and dislike high concentrations of salt. However, it is known that
extreme salt reduction leads to a preference for high salt concentrations. The brain basis for these salt
concentration-dependent changes in preference has not been clarified.

The basal ganglia control not only motor balance but also reward and aversive behavior, and decision-making.
The projection from the striatum and the nucleus accumbens (NAc) to the substantia nigra consists of two main
pathways, the direct and the indirect pathway, in the basal ganglia circuit. The direct pathway controls reward
behavior, while the indirect pathway controls aversive behavior. In addition, it has been shown that switching
between the direct and indirect pathways is due to plasticity induced by dopamine signaling. We have established
the licking operant task for mice and showed that the concentration-dependent preference for salt was shown to
depending on the internal environment. This can be regarded as a homeostatic mechanism that tries to maintain
a constant internal environment. Therefore, this year, we conducted a mathematical model analysis using
homeostatic reinforcement learning to theoretically reconstruct the concentration-dependent preference for salt.

First, we used homeostatic reinforcement learning, and showed that homeostatic reinforcement learning is a
valid computational theory for salt craving behavior in mice. Next, by treating oral sensation as a predictor of
internal state change, we showed that the direct injection of saline solution into the stomach is not a reward for
desalinized mice, which can explain the salt craving behavior. In addition, we reproduced the two-bottle choice
experiment by using homeostatic reinforcement learning of multidimensional internal states.

As a future work, we will continue the analysis using mathematical models based on homeostatic
reinforcement learning and aim to theoretically reconstruct the dopamine fluctuations in the nucleus accumbens

involved in the salt concentration-dependent preference.



