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Abstract

Adaptive behaviors shaped by prior experience are essential for increasing animal survival. Aversive experiences play a
pivotal role in memory formation and in updating subsequent learning rules. While the negative value of aversive signals,
which are both necessary and sufficient to drive a conditioned response, is considered to be innately specified, it can also be
subject to experience-dependent scaling. Previous reports demonstrated synaptic potentiation in nociceptive pathways
following robust aversive learning. However, the neuronal basis of experience-dependent value updating remains largely
unknown. Recently, we demonstrated that long-term potentiation (LTP) in the parabrachial-central amygdala (PB-CeA)
pathway, an important circuit involved in pain processing and aversive learning, enhances the negative value and thereby
updates future learning rules. Here, we present a protocol that combines behavioral analysis using pathway-specific
optogenetic induction of in vivo LTP with mathematical modeling to examine value modification using Bayesian inference
of the unconditioned stimulus value using the Rescorla—Wagner model. This protocol enables investigation of the
mechanisms underlying experience-dependent value modulation and learning-rule changes in mice. Potentially, this protocol
may provide a framework for understanding learning rules across a wide range of species and for the development of
treatments for stress-related disorders.

Key features

e This protocol enables pathway-specific in vivo LTP induction to investigate the causal relationship between synaptic
plasticity and behavioral outputs.

e The protocol combines behavioral manipulation with computational modeling to interpret value plasticity of the
instructive signal in terms of learning-rule updating via circuit-level plasticity.
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Background

Adaptive behaviors shaped by past experiences are essential for animal survival, as they enable flexible responses to
changing and potentially threatening environments. Noxious stimuli such as pain are commonly used to induce aversive
learning and have been extensively studied as instructive signals. Pavlovian threat conditioning is a well-established
behavioral paradigm to explore the neural mechanisms underlying associative aversive learning [1-3]. In Pavlovian threat
conditioning, sensory signals with negative valence function as an unconditioned stimulus (US) to induce learning when
paired with an emotionally neutral conditioned stimulus (CS). Previous studies have shown that the lateral parabrachial
nucleus (PB) in the pons receives nociceptive signals from the dorsal horn and sends direct projections to the central
amygdala (CeA) [4-6]. This PB-CeA pathway is vital for transmitting aversive signals that act as the US in aversive learning
[7-12].

Long-term potentiation (LTP) of synaptic transmission is widely recognized as a fundamental neuronal mechanism that
drives learning and memory. Synaptic transmission in the PB-CeA pathway is potentiated in rodent pain models, as well as
following repeated exposure to aversive stimuli [13—-23]. However, the specific causal role of the LTP within the US pathway,
the PB-CeA, in associative aversive learning has remained unclear, leaving its physiological significance in adaptive
behavioral regulation unresolved. Recently, we developed pathway-specific in vivo LTP induction methods and
mathematical models. Using this approach, we demonstrated that LTP in the PB-CeA pathway enhances negative value and
thereby updates future learning rules [24].

Here, we present an efficient protocol to combine optogenetic in vivo LTP induction and mathematical modeling to
investigate value plasticity and learning-rule changes in mice. The pathway-specific in vivo LTP protocol enables causal
investigation of the relationship between pathway-specific synaptic plasticity in the PB-CeA pathway and behavioral outputs.
To construct the mathematical model, the Rescorla—Wagner model [25], a framework that describes associative learning in
classical conditioning, was employed. Furthermore, by integrating behavioral data into mathematical models based on the
Rescorla—Wagner model, this approach enables investigations of experience-dependent alterations in emotional value and
learning rules driven by pathway-specific synaptic plasticity. Accordingly, this protocol may serve as a framework for
understanding the value plasticity of the instructive signal in various organisms and for the development of treatments for
psychiatric disorders, such as post-traumatic stress disorder (PTSD).

Materials and reagents

Biological materials

1. C57BL/6J mice (Japan SLC, Inc., Shizuoka, Japan)
Note: Purchase male mice (4-5 weeks old) and house them at 3—5 mice per cage in most experiments.

Reagents

1. AAVI-hSyn-Chronos:GFP  (approximately 10'2 vg/mL, UNC Vector Core, North Carolina, USA,
https://www.med.unc.edu/vectorcore/in-stock-aav-vectors/boyden/)

2. AAVDIJ-Syn-eYFP (approximately 10® ge/pL, Prof. Toshihisa Ohtsuka, University of Yamanashi, Japan)

Note: Store AAVs at -80 °C.

3. Medetomidine hydrochloride (Zenoaq, Fukushima, Japan)

4. Midazolam (Astellas, Tokyo, Japan, catalog number: 4987211762100)

5. Butorphanol tartrate (Meiji Seika Pharma, Tokyo, Japan)

6. Antisedan (Zenoaq, Fukushima, Japan)

Laboratory supplies

1. Hamilton microsyringe (1701RN Neuros Syringe, 33 G, 10 uL, Hamilton Company, Reno, NV, USA)

2. Microsyringe pump (UMP3; UltraMicroPumpll with SYS-Micro4 Controller, UMP2, UMC4, World Precision
Instruments, Sarasota, FL, USA)

3. LED cannula unit (470 nm, TeleLCD-B-4.5-250-6.0, Bio Research Center, Tokyo, Japan); fiber diameter: 0.25 mm; fiber
length: 4.5 mm; fiber spacing: 6.0 mm
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4. TeleTool (Bio Research Center, Tokyo, Japan)
5. Teleopto-receiver (2 g, TeleR-2-P, an infrared-driven wireless LED unit, Bio Research Center, Tokyo, Japan)

Equipment

1. Sound-attenuating box [600 mm (width) x 450 mm (depth) x 650 mm (height)] (O’Hara & Co., Ltd., model: CL-4212C)
2. Chamber for LTP induction [200 mm (width) x 125 mm (depth) x 110 mm (height)] (Context A) (TOYO-LABO Co.,
Ltd., model: TP-107A)

3. Conditioning chamber [170 mm (width) x 100 mm (depth) x 100 mm (height)] (Context B) (O’Hara & Co., Ltd., model:
CL-3002M)

4. Test chamber [170 mm (width) x 100 mm (depth) x 100 mm (height)] (Context C) (O’Hara & Co., Ltd., model: CLT-
3002M)

5. Shock generator (O’Hara & Co., Ltd, model: CL-1010C, SGA-2040)

6. Master-8 (A.M.P.L., Jerusalem, Israel)

7. Infrared-driven remote controller (Teleopto remote controller, Bio Research Center, Tokyo, Japan)

8. Camera for behavioral recording (Watec, model: WAT-902B)

Note: Control the infrared-driven remote controller using a Master-8 during in vivo LTP induction experiments. Set the
light stimulation parameters on Master-8 as follows: light pulse width, 5 ms; frequency, 40 Hz; stimulation pattern, 2 s ON/3
s OFF.

Software and datasets

1. TimeFZ4 software (O’Hara & Co., Ltd., Tokyo, Japan, requires a license)

2. Prism 9 software (GraphPad Software, La Jolla, CA, requires a license)

3. Python (Python Software, free to use)

4. The code for the estimation of US values has been deposited to Zenodo: https://doi.org/10.5281/zenodo.15598908

Procedure

A. Stereotaxic adeno-associated virus (AAV) injection into the PB, followed by LED cannula
implantation to the CeA

1. Fix the anesthetized five-week-old mouse onto a stereotaxic apparatus.

2. Load 0.5 pL of undiluted AAV vector (per hemisphere injection) into a Hamilton microsyringe.

3. Bilaterally microinject the AAV vector into the PB at the following coordinates: 6.4 mm posterior to bregma, 1.25 mm
lateral to the midline, and 3.2 mm ventral to the skull surface. Insert the syringe at a 20° anterior-to-posterior angle to avoid
superficial arteries (the coordinates were not adjusted for the 20° angle).

4. Control the injection speed at 50 nL/min using a microsyringe pump.

5. After completion of the injection, leave the syringe in place for 10 min before withdrawal.

6. Allow mice to recover and maintain them for more than four weeks to ensure sufficient transgene expression.

7. Stereotactically insert the LED cannula unit to target the central amygdala using TeleTool at the following coordinates:
1.3 mm posterior to bregma, 3.0 mm lateral to the midline, and 4.4 mm ventral to the skull surface.

8. Allow mice to recover for several days before behavioral experiments.

Notes:

1. Prepare the anesthetic solution for surgery by mixing the following reagents with saline: medetomidine hydrochloride
(0.75 mg/kg), midazolam (4.0 mg/kg), and butorphanol tartrate (5.0 mg/kg).

2. Administer Antisedan (0.75 mg/kg) dissolved in saline after surgery to facilitate recovery of the mice.

3. Measure the light power at the fiber tip for each LED cannula unit prior to implantation in mice and use units delivering
approximately 5—10 mW.

4. After behavioral experiments, fix the mice, prepare coronal brain sections including the PB and CeA, and verify the
expression of the AAV vectors (Chronos:GFP or eYFP), as well as the placement of the LED cannula unit.
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B. In vivo LTP induction in the PB-CeA pathway

1. Prepare Context A with the following specifications: chamber: TP-107A, 200 mm (width) x 125 mm (depth) x 110 mm
(height); shape: rectangle (lid: acrylic board); floor: white bedding; illumination: 200 lux; background noise: 50 dB white
noise; odor: none. Place the chamber inside a sound-attenuating box (CL-4212C).

2. Design the LED stimulation program using TimeFZ4 software.

3. Control light delivery using a programmable stimulator (CL-1010C and Master-8).

4. Attach the Teleopto-receiver to the LED cannula unit in each awake mouse immediately before the session begins.

5. Place each mouse into Context A and start the session as follows: baseline period (3 min); stimulation period (7 min,
light-pulse width: 5 ms, frequency: 40 Hz, pattern: 2 s ON/3 s OFF).

Notes:

1. Randomly allocate animals to different experimental conditions.

2. Apply blinding during data collection and analysis in behavioral experiments.

3. Perform mouse handling for several days prior to the experiments.

4. Optogenetic stimulation is expected to induce LTP in the PB-CeA pathway by high-frequency activation of Chronos-
expressing PB terminals in the CeA.

C. Weak threat conditioning task for detecting enhanced aversive learning via an increase of US
signals

1. On the day following in vivo LTP induction, prepare Context B with the following specifications (Figure 1): chamber:
CL-3002M, 170 mm (width) x 100 mm (depth) x 100 mm (height); shape: rectangle; wall material: clear acrylic plates;
floor: metal grids; illumination: 200 lux; background noise: 60 dB white noise; odor: ethanol. Place the chamber inside a
sound-attenuating box (CL-4212C).

In vivo LTP induction Weak conditioning Memory retrieval
(Day 1) (Day 2) (Day 3)

Emitter + CS+
JJ Wireless
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/) stimulatio;eceiver \i\%@ » wﬂJ

Figure 1. Schematic of the weak threat conditioning task. In vivo long-term potentiation (LTP) induction (section B) is
performed by delivering high-frequency optogenetic stimulation using the Teleopto wireless system (Bio Research Center,
Tokyo, Japan). Weak conditioning is conducted using conditioned stimulus (CS) (tone) and unconditioned stimulus (US)
(foot shock).

.
U

2. Design the program using TimeFZ4 software.

3. Control footshock delivery using a programmable stimulator (CL-1010C, SGA-2040).

4. Place each mouse into Context B and start the conditioning session as follows: baseline period (270 s) without stimulation;
conditioned stimulus (CS): tone, 10 kHz, 65 dB, 30 s; CS onset times: 270, 440, and 570 s after session start; unconditioned
stimulus (US): footshock, 0.1 mA, 2 s; each CS co-terminates with the US.

Note: Prior LTP induction in the PB-CeA pathway is expected to result in enhanced US value of foot shock.

5. On the day following weak threat conditioning, prepare Context C with the following specifications: chamber: CLT-
3002M, 170 mm (width) x 100 mm (depth) x 100 mm (height); shape: rectangle; wall material: white acrylic plates; floor:
sandpaper; illumination: 200 lux; background noise: 50 dB white noise; odor: peppermint scent. Place the chamber inside a
sound-attenuating box (CL-4212C).

6. Place each mouse into Context C and start the retrieval session as follows: baseline period (270 s) without CS presentation;
CS: tone, 10 kHz, 65 dB, 30 s; CS onset times: 270, 370, 440, 520, 570, and 660 s after session start; US: not delivered.
Note: Prior LTP induction in the PB-CeA pathway is expected to result in a higher freezing ratio during the retrieval session.
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D. Differential threat conditioning task for detecting fear-memory generalization via an increase in
US signals

1. On the day following in vivo LTP induction, prepare Context B and design the program using TimeFZ4 software as
described above.

2. Place each mouse into Context B and start the conditioning session as follows (Figure 2):

Allow an initial observation period of 270 s without stimulus presentation. Conduct differential threat conditioning using
two interleaved auditory CS:

a. CS1 (paired CS): tone type: 4 kHz pure tone; sound level: 65 dB; duration: 30 s; co-terminates with a US footshock (0.3
mA).

b. CS2 (unpaired CS): tone type: 12.5 kHz pulsatile tone; sound level: 65 dB; duration: 30 s; not paired with US footshock.
Present CS1 and CS2 three times each in an interleaved manner according to the following schedule:

CS1 onset times: 270, 440, and 570 s after session start.

CS2 onset times: 370, 520, and 660 s after session start.

In vivo LTP induction Differential conditioning Memory retrieval
(Day 1) (Day 2) (Day 3)
Emitter 'UjJ CS+ JﬂJ CS_ JﬂJ CS+ J‘J'JJ CS—
JJJ yy,-,el,ets_s (w/ shock) (w/o shock) (w/ ‘hock) (w/o shock)

Receiver

\

Figure 2. Schematic of the differential threat conditioning task. In vivo long-term potentiation (LTP) induction (section
B) is performed by delivering high-frequency optogenetic stimulation using the Teleopto wireless system (Bio Research
Center, Tokyo, Japan). Differential conditioning is conducted using CS+ (CS1 tone paired with foot shock), CS— (CS2 tone
without foot shock).

3. On the day following the conditioning, place each mouse into Context C and start the retrieval session.

4. Deliver three interleaved presentations of CS1 and CS2 during the retrieval test:

CS2 onset times: 270, 440, and 570 s.

CS1 onset times: 370, 520, and 660 s.

Duration: 30 s per tone.

5. After the final CS1 presentation, allow the mice to remain in Context C for an additional 30 s before terminating the
session.

Note: Prior LTP induction in the PB-CeA pathway is expected to increase freezing ratio to CS2 during the retrieval session,
indicating that LTP in the PB-CeA pathway promotes generalization of fear memory.

E. Behavioral extinction task for computational modeling

1. Prepare Context B and design the program using TimeFZ4 software as described above.

2. Place each mouse into Context B and start the habituation session as follows (day 1) (Figure 3): baseline period (270 s)
without stimulation within a total session time of 720 s; CS: tone, 10 kHz, 65 dB, 30 s; CS onset times: 270, 370, 440, 520,
570, and 660 s after session start; US: not delivered.
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Figure 3. Schematic of the extinction task. The extinction task is conducted using a conditioned stimulus (CS) (tone) and
an unconditioned stimulus (US) (foot shock).

3. On the day following the habituation session, perform the conditioning session using Context B as follows (day 2):
baseline period (270 s) without stimulation within a total session time of 720 s; CS: tone, 10 kHz, 65 dB, 30 s; CS onset
times: 270, 370, 440, 520, 570, and 660 s after session start; US: footshock, 0.3 mA, 2 s; each CS (onset at 270, 440, and
570 s) co-terminates with the US.

4. On the day following the conditioning session, perform the retrieval session using Context C as follows (day 3): baseline
period (270 s) without stimulation within a total session time of 720 s; CS: tone, 10 kHz, 65 dB, 30 s; CS onset times: 270,
370, 440, 520, 570, and 660 s after session start; US: not delivered.

5. On the day following the retrieval session, perform the extinction session using Context C as follows (day 4): baseline
period (180 s) without stimulation within a total session time of 680 s; CS: tone, 10 kHz, 65 dB, 10 s; CS onset times: 180,
215,250, 285, 320, 355, 390, 425, 460, 495, 530, 565, 600, 635, and 670 s after session start; US: not delivered.

F. Freezing behavior analysis

1. Record mouse behavior at a sampling rate of 2 frames per second throughout the session.

2. Analyze freezing behavior using TimeFZ4 software.

3. Detect mouse movement by performing pixel-to-pixel subtraction between two consecutive frames.

4. For each frame, behavior was classified as freezing when the total number of pixels showing a detectable frame-to-frame
difference was below a predefined threshold.

Critical: Predefined threshold (30 pixels) was pre-optimized by two independent human observers.

5. Calculate the freezing ratio for each tone presentation as follows:
Freezing ratio = (time spent freezing during tone presentation) / (total tone duration)
The freezing ratio ranges from 0 to 1, where 0 indicates no freezing, and 1 indicates continuous freezing.

6. Perform statistical analyses using Prism 9 software.
G. Mathematical model for Bayesian inference of the US value using the Rescorla—Wagner model

1. Describe the model and parameter estimation algorithm using a custom script in Python.
2. Define the Rescorla—Wagner (RW) model for successive threat conditioning as follows:

Wne = Wpeq t a(USGroup - Vn,t—l) (1)
Va1 = Wne—1CS (2)

3. Define the model variables and parameters as follows:

a: learning rate, the same value among all mice.

USGroup: value of the US, the same value for the same experimental group of mice.

CS: value of the CS (1 if the mouse received stimulus or 0 if not).

W, association strength between the US and CS expressed as the synaptic weight in the CS input to the CeA of sample »
at time 7.

Vi predicted US value, expressed as CeA activity of sample # at time ¢.
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4. Formulate the relationship between the variables of the learning process defined in the RW model and the observable
behavioral variable, the freezing ratio.

exp(VM) - exp(—VM)

Zn: = tanh (V) = 3
n,t ( n,t) eXp(Vn_t) +eXp(—Vn_t) ( )
Yt = Zne + a}l;:xpg (4)

5. Define the model variables and parameters as follows:

z,. mean freezing ratio of sample # at time ¢.

e observed freezing ratio of sample # at time .
Exp,
v
&: Gaussian noise with zero mean and unit variance.
Exp = {Extinction, Successive Conditioning}

o noise strength.

6. Infer the US value for each experimental group (Chronos and eYFP) using a two-step estimation procedure.

7. Directly use the freezing ratio data obtained from the weak threat conditioning task or the extinction task processed under
Fasy,.

8. In the first step, analyze freezing ratio data obtained during the fear extinction experiment using a separate cohort of mice
(extinction group).

9. Assume the US value during fear extinction to be USgxsincrion = 0.

10. Assume that the prior distribution of the learning rate («) follows a beta distribution, as defined below.

p(a) = Beta(a|a, b) 5)
11. Assume that the prior distribution of the sample-specific initial CS—US association level follows a Gaussian distribution.

P(Wn,o) =N (wn,0 |0, O-‘EXtinctioI;) ©

12. Estimate the learning rate using Markov chain Monte Carlo (MCMC) sampling with the Metropolis—Hastings (M-H)
method. Use the mean of the posterior samples to estimate the common learning rate (o) across mice. Set the
hyperparameters as follows:

Extinction —
£ 0.1

2
2

Extinction _—
E; =20

c
a
b
o
13. In the second step, analyze freezing ratio data obtained during the threat conditioning test for each experimental group

(Chronos and eYFP). Infer the US value using the learning rate (o) estimated in the first step. Assume that the prior
distribution of the US value follows a Gaussian distribution.

p(US) = N(US|uys, 9s) (7
14. Assume that the sample-specific initial CS-US association parameter follows a Gaussian distribution.
p(w ) — N(W |0 O_Succesive Conditioning (8)
no0) — n,0|YPw

15. Perform parameter estimation using MCMC sampling with the M-H method. Set the hyperparameters as follows:

successive conditioning _ 0.01

y
fus =1
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a’us = 0.0000001

successive conditioning __ 0.1
w - .

16. Formulate the Rescorla—Wagner (RW) model to describe CS1-CS2 generalization, as defined below.

Wyt = Wy +a(US = V_y) (C)]
Vie = W _1CS1 + Wy _,7CS2 (10)
Zn = tanh (V) (11
Ynt = Zne T a}l;:xpg (12)

17. Define the model parameters as follows:

CS1: value of CS1 (1 if the mouse received stimulus or 0 if not).
CS2: value of CS2 (same as CS7).

r: generalization parameter.

Other parameters: the same definitions as described above.

18. Directly use the freezing ratio data obtained from the differential threat conditioning task processed under F as y, .
19. Estimate the US parameter using MCMC sampling, employing the same prior distribution as the one used for estimating
the US parameter in the standard experiment. Set the hyperparameters as follows:

successive conditioning __
; 0.02

,Ltus:6
O'ZUS=0.05
r=1.5

successive conditioning __ 0.1
w - .

20. Perform MCMC sampling using three independent chains. Use one chain to estimate the posterior distributions of
parameters. Collect 100,000 samples from the selected chain for parameter estimation. Discard initial samples as burn-in as
follows: Discard the first 1,000 samples for the standard experiments. Discard the first 30,000 samples for the CS1-CS2
generalization experiment. For MCMC, regard the chain as having converged when the variability in the sampled values is
visually confirmed to be small. Hyperparameters are selected by hand-tuning.

21. Use the remaining two independent chains to assess the reproducibility of parameter estimation.

Validation of protocol

This protocol has been used and validated in the research article [24]. In vivo LTP manipulation in the PB-CeA pathway,
an important nociceptive circuit involved in pain processing and emotional learning, was validated to induce synaptic
potentiation by an electrophysiological approach using acute brain slices (Figure 1). Following in vivo LTP induction,
enhanced aversive learning (eYFP, n = 7; Chronos, n = 8) and increased memory generalization (¢€YFP, n = 6; Chronos, n =
7) were detected in the weak threat conditioning and differential threat conditioning tasks (Figures 2 and 7). These behavioral
experiments were replicated at least once, with consistent results. Although some variability in the data was observed, the
use of at least 6—8 mice per group allows for the detection of statistically significant differences. Furthermore, in vivo LTP
induction in the PB-CeA pathway resulted in enhanced avoidance behavior (Figure 2) as well as increased shock sensitivity,
as assessed by flinching behavior (Supplementary Figure 2). These findings suggest that in vivo LTP induction in the PB-
CeA pathway enhances negative US values, supporting the idea that synaptic plasticity within the US pathway updates future
learning rules. The US values were further evaluated using a mathematical model based on the behavioral data (the code is
available at https://doi.org/10.5281/zenodo.15598908), which revealed that in vivo LTP induction increased the estimated
US values (Figure 8 and Supplementary Figure 5).
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General notes and troubleshooting

General notes

1. Mice were group-housed (3—5 mice per cage in most experiments) and provided with water and food ad libitum on a 12
h light/dark cycle.

2. In pathway-specific optogenetic approaches for in vivo LTP induction, antidromic activation of other target regions could
theoretically occur following stimulation of a single projection target; nevertheless, recent studies indicate that this is not
highly likely for projections from the PB region [4,7].
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