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Abstract

Naturalistic decision-making is most of the time uncertain. Animals must learn to select actions
based on noisy sensory information and incomplete knowledge of the world. To that extent, it has
been proposed that the brain infers a probability distribution, or belief state, given the history of
observations and actions, over hidden states of the environment. In fact, in partially-observable
environments, dopamine (DA) response in the brain is better explained by the traditional temporal
difference (TD) learning model implicating beliefs rather than fully observable states. In addition,
the orbito-frontal cortex (OFC) was found to play a critical role in uncertain decision-making and is
thought to encode belief state representation in the brain. However, whether, and, if such, how belief
states are represented is not clear.

In this project, we use the variable reward delay task to tackle the neural basis of belief state
computation in the OFC during reward learning with state uncertainty. In this classical conditioning
paradigm, the reward is delivered either in 100% (task 1) or 90% (task 2) of the trials. The mice learn
to associate cues to specific reward delays, if reward happens. We recorded neurons in the OFC
for task 1 and interpreted our results at the single-neuron and population levels. Neural activity of
individual neurons showed a large diversity of patterns. Each neuron had a specific pattern of activity
and was tuned to relevant events of the task or to a specific time step. Hence, neurons taken as a
population (1) were able to keep track of time elapsed and (2) showed two attractor-like fixed-points
driving the dynamics of the neural activity, respectively when waiting for reward or in between trials.

We propose that the belief state is encoded in the OFC at the population level, by integrating
explicit signals of the individual neurons. Each is tuned to specific state-relevant elements of the
environment. Further work on task 2 should be performed to assess our proposal.

Keywords: Decision-making, Uncertainty, OFC, Belief state representation, Attractor-like

dynamics



Chapter 1

Introduction

New England’s weather is unpredictable! One day the sun shines and birds are singing, the
next day it is pouring rain or, even worst, snowing. To decide on what to wear, relying only on an
observation of the current weather to predict the weather for the rest of the day is not sufficient.
Dressing to go to work becomes an interesting guessing game, trying to balance between the
weather and temperature forecasts, the current observation on the weather through the window
and one’s unpleasant experience on the previous evening, getting caught in the rain unexpectedly.
On top of that, someone who experienced going home soaked the previous day might be more
precautionary than someone who avoided the rain, by going home later for instance. With experience,
one develops their posterior estimates of the coming weather, i.e. P(rainy_day|observations)
and P(sunny_day|observations) = 1 — P(rainy_day|observations), considering their own prior

experiences, which might differ from one person to the other.

A similar process is thought to be at the origin of most of the common, simple forms of decision-
making in the real world. Animals learn to predict and control future rewards based on past
experiences and current, often unreliable and incomplete, sensory stimuli by associating that
information to the outcome value. In that sense, reinforcement learning (RL) theory provides a
powerful computational framework to understand how the brain solves decision problems [1]. In
particular, human and animal experiments strongly support the hypothesis that the phasic activity of
midbrain dopamine (DA) neurons encodes a reward prediction error (RPE), strikingly similarly to the
errors of the TD learning model [2][3][4]. In that model, RPE - the difference between received and

predicted reward - is used to update predictions and improve their accuracy [5].

However, most RL theories of the DA system assume that the current state of the environment is
fully observable, while this assumption is untenable in the real world. Computational theories propose
that dealing with state uncertainty requires the computation of a so-called belief state: a probability
distribution inferred over all possible states and estimating the current hidden state [6]. Building

on this, previous work has suggested that, when states are uncertain, the RPEs signaled by DA



neurons are calculated with respect to belief state [7][8][9]. Direct empirical evidence for this theory
has been sparse [10][11] and some of the same data can be explained by alternative frameworks
(e.g., Ludvig et al., 2008 [12]; Gershman et al., 2014 [13]). However, two experimental paradigms
recently developed by the Uchida/Gershman labs present evidence that the brain computes RPE
using a belief state [14][15]. Furthermore, medial prefrontal cortex (mPFC) inactivation in Pavlovian
conditioning paradigm involving state uncertainty suggested that this region plays a critical role in
either or both computing and representing belief state [16]. The precise nature of this contribution,

however, remains unclear.

Therefore, there are several outstanding questions as to where belief states are represented in

the brain and how neural circuits can represent them.

In this thesis, we will investigate belief state encoding in the mouse OFC, a region known to be
implicated in state representation. More particularly, we will study the dynamics of those belief states
during a reward learning task with state uncertainty. For that, we will use neuronal activity recorded
in mice during a variable reward delay task [14].

First, we will analyze single-neurons activity in the OFC and compare it to different regions
of the prefrontal cortex, namely the primary motor cortex (M1), secondary motor cortex (M2) and
piriform (PIR) cortex. For that, we will observe individual neurons as they display typical patterns of
activity. Then, we will examine whether external and behavioral variables from the task are encoded
in neuronal activity, using a linear regression model. Variables that are most likely encoded by the
neurons are those that are useful to predict neuronal firing rates in that model. Finally, we will assess
whether neuronal activity resemble beliefs. For that, we will train a linear classifier to predict the most
probable state at a given time step from the neural firing rate and compare performances to the true
belief state.

In the second part, we will investigate the dynamics of neural population activity. A preliminary
study showed that the dynamics of a gated recurrent unit (GRU) network trained on the task to predict
value displayed two fixed-points attractors corresponding to the states of the environment. We will
show the resemblance between the dynamics of such a network and the neural population activity in

the OFC, using an unsupervised dynamical systems framework [17].

1.1 Basis of reinforcement learning (RL) and the Markov deci-

sion process (MDP)

Sutton and Barto define RL as a way to learn what to do to optimally perform a task by maximizing
reward, through trial-and-error [5]. A decision-making agent interacts with its environment by taking
actions in it to achieve a goal. Then, it can use its experiences from past trials to selecting the optimal

action on the current trial and improve performances - i.e. increase reward. This way, it learns - and
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improves constantly - a policy, that defines how the agent will behave in a given state of the world.
A state consists of information about the environment at a given time, such that it is sufficient and
relevant to predict rewards and transitions between states in an optimal way [18]. It can consist
of the place, objects, or time since some previous events, for instance, but it is not a one-on-one
reflection of the physical state of the environment. The type of sufficient and relevant information
will vary depending on the task to achieve. The Markov decision process (MDP) framework (Fig.
1.1) formally defines those interactions in terms of states, actions, transition probabilities and reward

(S,A,T, R), where:

+ Sis a finite state space;

A is a finite action space with A, the set of actions available from state s;

« T'is a state-transition function so that T, (s,s') = Pr(s;41 = §'|s; = s,a; = a) is the probability

that action o taken in state s at time ¢ leads to state s’ at time ¢ + 1.

* Ris the reward function so that R,(s, s') is the intermediate reward received after transitioning

from s to s/, taking action a.

States and rewards are assumed to follow a Markov process, such that state transitions and
rewards are conditionally independent of past events given the current state [5]. The value function

V(s) can consequently be expressed as a recursive expression, known as Bellman’s equation [19]:
V(s) = R(s) +yE[V(s')] (1.1)

with R(s) the immediate reward obtained upon visiting state s, v, a discount factor that down-weights
future rewards exponentially (0 < v < 1), and E[V(s’)] the expected value at next state s’, which
recursively includes expectations of future rewards in its calculation.

Once the context is defined as an MDP, diverse algorithms can be applied to learn the task. One
of them has had a lot of attention in neurosciences: the TD learning model. It is a class of model-

free methods learning both from experience and bootstrapping [20]. The current value is not only

’_| Agent |

state reward action
SI R[ Al
R.,
] .
< Environment |[€¢——

Figure 1.1: The agent-environment interaction in an MDP framework. At each time step ¢, the agent interacts with its environment by
taking an action A, based on the current policy it follows. After transitioning from state S to state S, .1, the agent obtains feedback from the
environment with (1) a reward signal R 1, if reward there is. It will be used to update the value of action A;. And (2) sensory stimuli on the
state S;41 itis now in. Reproduced from Sutton et al. (1998) [5].
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updated considering newest experience but also previous value estimates. More formally, the value
associated to each state V (s;) is defined as the discounted sum of future rewards, and can be written

recursively using Bellman’s equation [19]:

Vi) =37 r(r)

=r(t) +yr(t + 1)+t +2) + 3t +3) + ... (1.2)

=7r(t) + vV (s141)

with s, the state at time ¢, r(¢) the reward at time ¢ and ~ the discount factor. During learning, both
side of equation 1.2 are estimate values of s;. Due to the extra reward r(t), the right-hand side is
a more accurate estimate. The discrepancy between left-hand and right-hand side values or, more

generally, between predictions at consecutive time points, is defined as the TD error § [21]:
() = r(t) + YV (se1) — V(se) (1.3)

Finally the agent can update predicted value for state s;, using TD error according to the following
update rule:

V(siq1) = V(s) + ad(t) (1.4)

with « the learning rate (0 < a < 1).

1.2 The RPE hypothesis

The RPE hypothesis of DA neuron activity proposes that the mesencephalic DA system dis-

tributes a signal that represents TD error [22].

The Rescorla-Wagner (R-W) model for classical Pavlovian conditioning - i.e. the association of
a conditioned stimulus (CS), or cue, to a unconditioned stimulus (US), or reward - first proposed
a link between learning and the changes in associative strength between the CS and US [24]. It
hypothesizes that those changes are directly proportional to the discrepancy between the predicted
and received US level, such that AV = o(V — V), with V and V, respectively the estimated and
actual US, and « the animal’s learning rate (0 < o < 1). Experimental results collected by Schultz
and colleagues show that the R-W model can predict accurately a smaller error signal at time of
a predicted reward (Fig. 1.2.a, Top and Middle) [2]. However, it lacks a timing mechanism within
the trial. Therefore, it cannot capture the cue response or the time-locked negative signal at the
expected reward delivery time on reward omission (Fig. 1.2.a, Bottom). It was proposed that DA

neurons convey TD error signals instead [2].

Indeed, a striking correspondence between error signals encoded by the DA neurons firing rate in
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the midbrain and the ones predicted by TD learning was found [25][23][26]. The neural basis of this
TD error signaling was then further elucidated and confirmed through experiments on the firing activity
of DA neurons in the ventral tegmental area (VTA) and medial substantia nigra pars compacta (SNc)
in rodents [27][28][29][30][31] and humans, looking at the blood oxygen level-dependent (BOLD)
response [32]. RPE signal encoding through phasic DA release in the nucleus accumbens was also
assessed [33][34].

The original model (Schultz et al., 1997) used state features that constitute a complete serial
compound (CSC) [2]. A stimulus is represented as a sequence of sub-states, tracking elapsed time
relative to observable stimuli (Fig. 1.3, Left). The CSC representation considers that an animal in
its environment experiences a sequence of states through time. Each state s; is represented with a
feature z;(t), containing description of the environment such as the cue onset or reward time. The

value function estimate is then modeled as a linear combination of these features:
V(t) = Zwixi(t) = w(t)Tx(t) (1.5)

with w(t), the vector of associative strengths w; associated to each state s; at time ¢. We can now

express the weights update replacing value estimate with its linear combination from 1.2:
w(t+1) = w(t) + ad(t)z(t) (1.6)

with the TD error ¢ defined in Equation 1.4.

However, a CSC TD model cannot provide a complete account of timing. It responds equally to

b)

a ) No prediction
Reward occurs

Reward predicted
Reward occurs

alaksl Lmu-u-mm

Reward predicted ygtdmiaand M

No reward occurs

A A
Cueearly A Cuejate
Cue

0 1 2s
Cue (No R)

Figure 1.2: The reward prediction error (RPE) hypothesis. a. Firing pattern of a midbrain dopaminergic neuron during a classical Pavlovian
conditioning task. Top: Before learning, no conditioned stimulus (CS) and absence of prediction. DA neurons fire for a positive error in the
prediction of reward (unexpected reward). Middle: After learning, the CS (a cue) predicts an unconditioned stimulus (US) (a reward). DA
neurons are expecting a reward, and the reward occurs. No error in the prediction of reward. Bottom: After learning, the cue predicts a reward.
DA neurons are expecting a reward, but the reward is not delivered. The depression in the activity of the DA neurons at the time of the usual
reward indicates an internal time representation of the reward. Original sequences of trials is plotted from top to bottom for the 3 peristimulus
time histogram (PSTH). Adapted from Schultz et al. (1997) [2] b. Effect of reward timing during familiar trials. Following a cue - here being a
correct response to an image selection task - the reward delay is either 0.5s (early), 1.0s (expected) or 1.5s (delayed). DA neurons activity is
depressed when reward is delayed while it increases at the new delayed reward timing and at the earlier reward timing. Adapted from Hollerman
& Schultz (1998) [23].
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each sub-state marking the post-cue time steps, irrespective of the delay time from cue to reward.
The microstimuli TD model is an alternative state features representation that swaps the CSC
representation for Gaussian distributions, whose widths increase over elapsed time (Fig. 1.3, Right)
[12]. Hence, the variance of timing estimation increasing linearly with elapsed time [35]. This model
is consequently a temporally-diffused version of the discrete time markers in the CSC. It makes
it more flexible to variable post-stimulus intervals and able to explain common observation in DA

neurons recordings that were inconsistent with the CSC TD model [13].

The MDP framework and TD learning model as defined above assume a stimulus-bound state
representation in which all relevant information is available to the agent. This is rarely the case in
realistic natural scenarios. In 1998, Hollerman and Schultz trained monkeys on a cue-reward pairing
with constant delay time. They actually observed that, when reward was given earlier than predicted,
DA neurons activity response would be larger while there was no omission response at the time of
the usual reward [23] (Fig. 1.2.b.). This does not fit with either of the CSC or microstimuli TD learning
models. Consequently, a different framework in which the TD model features themselves represent

the inferred state of the environment was proposed [8].

CSC Microstimuli

— N
i /™ \
I'1 /N
'l N\
M M~

0 v v v \
"(:u_f’_l_ _//\_
U 1)-9) | A
5t | | |
> >
t t

Figure 1.3: The CSC versus microstimuli state features representations. Left: The CSC features representation divides the post-stimulus
time steps into a sequence of equally dispersed sub-states. Rigth: The microstimuli features representation is a temporally smeared version
of the CSC, swapping the discrete time markers to Gaussian distributions, whose widths increase over elapsed time. For both representations,
after the stimulus, only one of the sub-states becomes active at a time and the value function estimate is a linear combination of the stimulus
features of each sub-state. Reproduced from Starkweather and Uchida (2020) [36].
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WORLD

Action
Observation

- SE 7T

AGENT

Figure 1.4: The agent-environment interaction in a POMDP framework. The agent can be decomposed into two parts. A state estimator
(SE) is in charge of updating the belief state based on the last action, current observation and previous belief state. A policy = is, as in the MDP,
responsible for generating action, but as a function of the belief state rather than states. Reproduced from Kaelbling et al. (1998) [6].

1.3 The partially-observable Markov decision process (POMDP)

and belief state

When an agent has an incomplete knowledge of the world, it cannot learn the optimal policy.
Instead, it must estimate the current hidden state by combining current noisy observations with
predictions from previous state estimates and actions, using an internal model [6]. Consequently,
we can differentiate two decision-making strategies. The stimulus-bound decision-making strategy,
described above, is deterministic. It relies only on current perceptual information and observable
states to compute value. State representation constitutes either of CSC or microtimuli. Alternatively,
the inference-based decision-making strategy represents the states by inferring the posterior prob-
ability distribution over possible states, forming the belief state [8]. Value is no longer proportional
to the weights associated to each state, such as in Equation 1.2. Instead, it is equal to the weight
associated to each state scaled by the probability that the agent believes it is in that state, over all

the states:

V(t) = Zwibi(t) = w(t)Tb(t) (1.7)

with b(¢), the belief state (i.e. the probability to be in each state) at time ¢ replacing z(t), the feature
vector describing the environment from Equation 1.5. The other elements are similar to those in
Equation 1.5, used to compute value estimates from a CSC features representation. The critical
difference between the two strategies is that in the stimulus-bound representations, only one sub-
state z; becomes active (non-null) at a given time in z(¢). In the inference-based model, the b;
constituting b(t) form a distribution over all states. Thus, they can all be non-null at a given time step,

depending on how certain the agent is at that time step.



15

The partially-observable Markov decision process (POMDP) framework (Fig. 1.4) formally de-
fines the elements needed to the inference-based strategy [6]. It can be described as a tuple
(S,A,T, R,Q,0) where:

* S, A, T and R describe an MDP framework, as in Section 1.1;
+ Q is a finite set of observations that the agent can experience from its environment;

O is the observation function so that O, (s, s') is the probability of making observation o after

transitioning from s to s/, taking action a .

Building on that POMDP framework, several models for neural implementation, using TD error

for learning were theoretically proposed [9][8]. They present the same core elements:

» A policy 7, as a function of belief state, that depends on the task and define the rules for action

selection.

+ A state estimation system, inferring the world’s state using noisy observations and previous
state. It relies on the - critical - notion of belief state. Considering discrete states, the belief
state is modelled as a vector b;, whose size is the number of states. Its i** component is the
posterior probability of state i: b.(i) = P(s; = i|ot, az—1,0¢-1, .., a0, 00). Itis updated recursively

using Bayes’ rule, converting prior beliefs into posterior beliefs:

b(i) o< P(ot|sy = i, a1—1,0¢—1, ..., a0,00)P(sy = ilat—1,0¢—1, ..., @0, 0p)

o P(og|s = 1) ZP(St =i|st—1 = j,ar—1)P(s¢-1 = jlot—1,at—2, ..., ao, 00)
J

o P(o|sy = 1) ZT(j, at—1,1)bi—1(J)

(1.8)

with T', the state-transition function. The Markov property was assumed, so that P(o:|a;—1, 01,
is constant and P(o¢|s; = 4,a¢—1,0t—1, ..., ag, 0p) is proportional to P(o;|s; = ¢). Various models
for neural implementation of Bayesian inference attempt to explain how the belief state could
be computed through the neural circuitry [37]. They rely on a probabilistic graphical model
framework [38] and a message-passing algorithm for inference, such as belief propagation
[39].

» A value prediction system, that uses TD error signals to map estimated state representations
to expected rewards. For a fixed policy 7, the value estimate is defined as the expected sum
of rewards, starting from the current belief state. It can be written recursively from Bellman’s

equation [19], and similarly to equation 1.2:

VT (b) = Ex[Y_ 7 rerrsrlbe = b]
k=0 (1.9)

= Ew[rtJrl + '}/Vﬂ—(bt+1)|bt = b]

By G0,0Q)
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Figure 1.5: Neural implementation of inference-based value estimate and action selection models. a. The value is estimated through a
three-layers network (top to bottom). The input layer receives the belief state .. The hidden layer represents a set of Gaussian basis function
so that each neuron i of the layer is activated in proportion to how close the current input belief state is to its preferred belief point b}. The

firing rate of the it" hidden neuron is such that gi(by) = e~ b b7 ”2/"2. Making the parallel with computational theories, one can see the

preferred belief points as synaptic weights from input to hidden layer, using an exponential activation function. Finally, the output of the network
is the estimate of the value, given by V(bt) = >, v:igi(bs), with v; the synaptic weights from the hidden layer to the single output neuron.
b. The input layer and synaptic weights b; of the action selection network are the same as in the value estimation network (top to bottom).
The output layer represents the set of K possible actions, one of which is being selected in a probabilistic manner at each time step so that
P(aj|bs) = expi 9i)w@D/X 7 with W (i, j) the synaptic weight from hidden neuron i to output neuron 5 and A the coefficient qualifying
the exploitation-exploration trade-off - 0 rendering the policy fully-exploitative and larger values allowing more action exploration. Reproduced
from Rao (2010) [9].

which suggests an online learning rule for value estimation by minimizing the error function:
e = (V™ (bs) = (reg1 +VVa(bes1)))? (1.10)

with e being the squared TD error presented in equation 1.4 [21]. Rao (2010) proposed a
value estimator neural network (Fig. 1.5.a.). The synaptic weights b and v; in this network are

learned through a TD learning model based on belief state [9].

» An action selection system, that uses the trained value estimator outputs to learn an action
selection policy. Rao developed an action selection neural network using the previously defined

value predictor neural network (Fig. 1.4.b.).

Following those theoretical proposals, the Uchida/Gershman labs developed two experimental
paradigms in mice to study how and, if so, where belief states are provided as inputs to the DA
system. Babayan and colleagues (2018) investigated how hidden state inference affects DA neurons
activity responses in the VTA and behavior across trials using the reward inference paradigm. Mice
are trained on two states distinguished by their reward magnitude: small and large rewards. Then,
new intermediate rewards are introduced, with the goal of inducing ambiguity onto which state they
are indicative of [15]. Results were in concordance with predictions from a TD learning model using
belief state. The response of DA neurons was found to be a non-monotonic function of reward size.
When a small intermediate reward, intuitively assigned to the small reward state and perceived as
better than expected, was delivered, DA neurons activity increased. Large intermediate rewards, that
should be assigned to the large reward state and hence perceived as worse than expected, provoked

a decrease in the DA neurons activity.
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Figure 1.6: Neural activity and RPEs patterns predicted by a TD model with CSC and belief state representations on the variable
reward delay paradigm a. Average non-normalized peristimulus time histogram (PSTH) for 30 DA neurons recorded during trials for odor A
(randomized Gaussian distributed reward) in task 1 (left) and task 2 (right). Shaded rectangle indicates ‘odor ON’. RPEs when reward delay
varies decrease as a function of time in task 1, whereas they increase in task 2. b. Predicted RPEs pattern for TD model with CSC state
representation resemble the flipped reward time probability distribution (Gaussian distribution) for both tasks. Plots are averaged from ten
simulations of 5,000 trials each. c. Predicted RPEs pattern for TD model with belief state representation captures the opposing post-reward
firing rate patterns and negative temporal modulation of pre-reward firing rate observable in empirical data for both tasks. Plots are averaged
from one simulation of 3,000 trials for task 1 and 2,700 trials for task 2. Adapted from Starkweather et al. (2017) [14].

The second paradigm, the variable reward delay task (Starkweather et al., 2017, 2018 [14][16]),
was designed to investigate the dynamics of belief state within a trial. It consists of two Pavlovian
conditioning tasks that differed only on whether or not reward was always delivered following a given
stimulus. Reward was always presented in task 1 while there was a 10% probability of reward
omission in task 2 (Fig. 2.1 for the detailed paradigm). We will further refer to the interval between
the odor onset and the reward onset as inter-stimulus interval (ISI) and the interval between the
reward onset of a trial and the odor onset of the next trial as inter-trial interval (ITl). Moreover, early
ITI corresponds to the ITI period following reward, while late ITI, precedes the odor onset. DA
neurons activity responses recorded in the VTA decreased as a function of the ISl in task 1 while they
increased in task 2 (Fig. 1.6.a.). TD model using a CSC state representation could not explain the

empirical data (predicted patterns in Fig. 1.6.b. differ from empirical data in Fig. 1.6.a.). Alternatively,
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Figure 1.7: Representation of the belief state in the variable reward delay paradigm. (a,b) Belief state from one representative simulation
for task 1 (n = 3,000 simulated rewarded trials), for earliest a. and latest b. rewards in task 1. As time elapses following odor onset in task
1, the belief state proceeds through ISI sub-states i1—i14 by sequentially assigning a 100% probability to each sub-state. (c,d) Belief state
from one representative simulation for task 2 (n = 2,700 simulated rewarded trials). As time elapses following odor onset in task 2, the belief
state comprises a probability distribution that gradually decreases for IS| sub-states i1 —i14 while gradually increasing for the ITI sub-state i;5.
Adapted from Starkweather et al. 2017 [14].

a TD model relying on belief state representations, tracking posterior distribution over temporal sub-
states, analogously to the sub-states of the CSC model (Fig. 1.7) was designed. Its predictions
captured the RPEs modulations from the experimental data well (Fig. 1.6c.).

Taken together, these studies, as well as previous and more recent empirical studies, present
complementary evidence that, when a task includes uncertainty, the brain computes RPEs over
the belief state, assuming a limited set of discrete states [40][10][41]. Arising questions are then
where and how the brain is estimating value based on beliefs. Here we will consider two possible
hypotheses as to how beliefs are encoded. First, the brain could estimate value using a two-stage
model. The brain estimates beliefs using observations, and then learns value using those beliefs,
either in the same or in different regions [37], similarly to the POMDP framework presented by
Kaelbling and colleagues (1998) (Fig. 1.4; [6]). Alternatively, the brain could also estimate value
directly from the observations. By only tracking the subspace of beliefs that are relevant to value

prediction, it could use a compressed hidden state that is sufficient for estimating the value.
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1.4 Belief state, mPFC and OFC

Regarding where the belief state might be computed, literature mostly agrees on the prefrontal
cortex. Several studies targeted the mPFC and the OFC [16][42].

A follow-up study on the variable reward delay task used reversible chemogenetic inhibition.
k-opioid receptors (KOR)-DREADD (KORD) in the mPFC were inhibited using a salvinorin B (SalB)
injection [43]. Dopaminergic signaling in task 2 but not in task 1 was affected [16]. The corresponding
RPEs patterns resemble signaling observed in the neural activity in task 1 and the flipped reward
distribution pattern predicted by the stimulus-bound state representation model (Fig. 1.6.b.). mPFC
inactivation froze inferred probability distribution over states that should have evolved over time. This
suggests that the mPFC is required for hidden state inference. However, the ISI and ITI were still
discriminated through observable cues such as reward. A basic representation of the observable

state space remains intact, hinting that it is computed in a different region.

Another line of work suggests that activity in the OFC is at the origin of such a state space
representation [42]. If this is the case, OFC would learn to represent the hidden state space over
which the mPFC would compute a probability distribution, i.e. the belief state [16]. mPFC could also
encode state representation but at a larger scale, for macro-states, i.e. the probability to be in the ITI
or ISIl. The OFC would then encode the detailed beliefs of the micro-states in the ISI, similarly to the
sub-states in the CSC features representation. A brain region should satisfy two conditions to encode
state representation: (1) the representation condition, by representing sufficient information of the
world, meaning all variables relevant to a given task, and (2) the specificity condition, by representing
relevant information of the world, meaning variables irrelevant to the task are not encoded. It also
must be able to deal with partial observability, by combining necessary unobservables, such as past
experiences. Consequently, such a brain region would need to have access to both sensory cortices
and brain areas relevant to memory [42].

The OFC is a large cortical area located at the most ventral surface of the pre-frontal cortex
(PFC), above the orbit of the eyes [18]. Interestingly, it is closely connected to all five sensory areas
as well as to other parts of the frontal cortex and learning and memory structures such as striatum
amygdala and hippocampus [44][45]. Hence, on solely anatomical grounds, the OFC is a candidate
of choice for state representation. In addition, it has been found to be implicated in a wide range
of tasks requiring decision-making and involving hidden states. The OFC encodes variables such
as uncertainty [46], spatial location [47], taste [48], odor [49], cue-outcome associations [50][51][52]
and history of previous outcomes and decisions [53]. Consequently, it was proposed that the OFC
represents partially-observable states of the world. It could encode the current state in a cognitive
map of task space by providing an abstraction of the currently available information, necessary for
the task [42].

Coming back to the necessary conditions to encode state representation, the shift-stay paradigm

asserts the representation condition. In that paradigm, monkeys choose between two options. A
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cue instructs them as to whether the rewarded response is to stay with their last choice or to switch
to the other option. The two states are consequently a combination of the last choice and the cue.
Neural correlates of both these variables were actually found in the OFC [54]. Similarly other studies
showed results consistent with these observations [55][56]. For the specificity condition, changes in
the relevance of task variables should lead to changes in the OFC neurons firing rate. To assess that,
two tasks with similar stimuli - eight odors - but different underlying states were compared. In the first
one, four of the odors predicted a reward, while the four others did not [49]. In the second, reward
occurrence in the current trial depends on whether the odor is similar to the one from the previous
trial [57]. For both tasks, odor is relevant to performance. However, identity of the odor is critical only
in the first one, while the second relies on the matching of consecutive odors. The results showed
that around 77% of the OFC neurons were odor selective when odor identity was relevant, in the first
task. On the second task, only 15% of them were odor selective, while 63% encoded whether the
odor was a match or no [42]. More recent paradigms have found OFC implicated in state-inference
processes [41]. OFC inactivation also reverted animals from an inference-based to a stimulus-bound
decision-strategy but did not impact performances when variables were fully observable [58].
Hence, mPFC and OFC seem to be at the origin of belief state computation. In particular, OFC
neurons encode necessary and sufficient features of the state representations, while being conve-
niently connected to areas potentially required for such a computation. However, the precise neural

basis of how all the task features are combined to form belief states still needs to be investigated.

1.5 Belief state, population analysis and attractor-like dynamics

Individual neurons in the OFC can encode task variables, and more precisely environmental
stimuli required for belief computation. Thus, belief state could be encoded at the population level,
by combining individual neuron activity, encoding the features of such states.

Single-neuron electrophysiology has provided a revolutionary framework to some of the biggest
neurosciences discoveries of the last century, some even leading to Nobel prizes [59]. A common
approach in single-neuron analysis is to find a mapping between activity of individual neurons and
stimuli from the external world, behaviors or internal functions by considering the mean neuronal
response as a function of those variables. Nowadays, with the advent of experimental tools to record
hundreds of neurons at the same time in behaving animals (e.g. Neuropixels, high-density neuronal
recording probes [60]) and powerful machine learning tools to analyze, reduce and interpret high-

dimensional data, neural population level analysis is pervading systems neuroscience [61].

Analytic tools can be regrouped into encoder and decoder models [62]. Encoders use stimulus
features to model brain activity. They describe how dynamic stimulus features are encoded into
patterns of neural activity so that activity = Sw + ¢, where S is the stimulus matrix with each row
corresponding to a time point response and each column corresponding to the feature values at

that time point, w is a vector of model weights and ¢ is a vector of random noise at each time point.
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Figure 1.8: Performances comparison between an MDP and POMDP model using TD learning and GRU network trained on the task
All frameworks were evaluated for odor A trials only, on task 2. (a,b) recurrent neural network (RNN) trained on observation predicts the
same RPE patterns as the POMDP estimations from [14]; a. Estimates of the RPEs for the RNN (solid lines) and POMDP (dashed lines)
frameworks, for odor A trials, with different reward timings, in task 2 (90% rewarded); and b. Averaged mean squared error (MSE) between
estimates of RPEs of POMDP and RNN (red star) and of POMDP and untrained RNNs (grey dot and whiskers; mean + standard error, 100
random RNNs). c,d. RNN activity resembles beliefs; c. Linear decoders trained on RNN activity (red star) or beliefs (black dashed line) to
estimate in which of 15 different states the experiment was at each time step in task 2 (90% rewarded). Decoder performances are quantified
as percent correct. Grey dot and whiskers indicate the decoder performances when untrained (mean + standard error, 10 random RNNs); d.
P(ITT) estimate over 5 trials, using the decoder trained on RNN activity (red) and beliefs (grey dashed) compared to true state (black dots
indicates when true state is ITl). e,f. Hidden activations activity of the RNN for tasks 1 and 2 on odor A encode two fixed points corresponding
to the macro-states, namely ISI andITI. The dynamic is different depending on the reward timing; and e. in task 1, the activity trajectory cannot
return to ITI (left of the odor response) without getting a reward; while f. in task 2, activity returns to the ITI through a circular trajectory if reward
is omitted while reward induces a rapid return to the ITI region of the hidden activation space. Reproduced from Hennig, unpublished work.

On the other hand, decoders use neural features to generate a stimulus output. They allow to infer
the stimulus or experimental properties that were most likely present at each time point so that
s = Xw + ¢, where s is the vector of stimulus feature values over time, X is the activity matrix with

each row a time point and each column a neural feature, w is a vector of model weights and ¢ a
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vector of random noise at each time point.

Tools to reduce and interpret neural population data have already proven their utility. Successful
studies on decision-making unraveled the neural basis of changes of mind [63], subjective decision
[64] or anticipatory choices [65] using those techniques. Population level analysis has the advantage
over single-neuron approaches to allow the investigation of variables encoded at the population level
rather than single-neuron level, for neuronal processing requiring neurons coordination [61]. For
instance, combining both levels of investigation, it was found that a region could show stability at
the population level for a variable despite unstable representation of the same variable at the single-
neuron level [66][67].

Theoretically, RNN are considered to approximate dynamical systems [68]. Consequently, to
investigate neural activity at the population level, it is common to compare the dynamics of an RNN
to those of a biological neural network (i.e. the brain region of interest), trained on the same task. By
comparing the dynamics of their neural activity, one can infer the mechanisms and representations
at play in the biological circuit and elucidate its computational function. However, this requires an un-
derstanding of which elements are comparable and which are variable depending on the architecture
of the network. It was found that the geometry of the neural representations in an RNN can be highly
sensitive to the network’s specific architecture and activation function. However, the topological
structure of fixed-points and transitions between them are shown to be sensitive to the task but mostly
universal across architectures [69]. Consequently, at the population level, one needs to carefully
consider measures performed on representational geometry such as principal component analysis
(PCA) or support vector machines (SVM). One should rather prefer analyses on the dynamics of the
activity, such as fixed-points and their transitions.

Consequently, preliminary works at the Uchida/Gershmann labs (Yamaguchi et al., Hennig et al.;
unpublished works) aimed at investigating belief computation at the population level using artificial
neural network (ANN) modeling. A gated recurrent unit (GRU) network [70][71] consisting of three
hidden units was trained and analyzed by Dr. Jay Hennig (Fig. 1.8), while Takahiro Yamaguch worked
with a uniform 4-layers RNN using standard optimization in time such as feedback alignment [72] or
nonlinear function approximation [73]. Both were trained on the variable reward delay task [14] to
directly learn value by only minimizing TD error from observations, without the explicit objective of

learning beliefs. Several observations were made:

» Outputs of the RNNs trained on task 1 and task 2 can recapitulate the RPEs observed in the
empirical DA neuron firing and the TD model operating with belief state presented in [14] (Fig.
1.8.a. for the GRU network).

 Predictions of the macro-state (ISI or ITl), using the hidden activations of the GRU network,
were as good as using the true beliefs (Fig. 1.8.(c-d)). This suggests that the hidden activity
of the network naturally resembles true beliefs. Hence, while optimizing value, the model

discovered an implicit belief-like representation of the task.
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Figure 1.9: Connections between the three components estimating value on the task. Those connections need to be assessed to elucidate
the neural basis of belief state computation in the brain. The components consist in the POMDP framework using belief-state TD learning, the
GRU network estimating value and the brain (OFC). Connections are (1) The RNN model can recapitulate the estimated values and RPEs of
the POMDP model; (2) To estimate value from observations, the RNN model learns a representation that resembles beliefs; (3) Neural activity
in the OFC/mPFC resembles beliefs. (4) Neural activity resembles the RNN activity.

+ Looking at the hidden activity of the GRU network, i.e. the two activations layers learned at each
time point, the network developed attractor-like fixed-points, corresponding to respectively the
ISI and ITI. In task 1 (100% reward; Fig. 1.8.e.), activity goes quickly from stable ITI to stable
ISI state at cue onset and from stable ISI to stable ITI state at reward. In task 2 (90% reward;
Fig. 1.8.f.), the ISI state is leaky: the activity gradually moves away from the ISI state, towards

the ITI state as time elapsed. When reward is delivered, the activity jumps back to the ITI state.

While artificial, those results provide great insights into the dynamics of the activity that may
underlie the representation of belief states in neural circuits. Figure 1.9 presents the connections
between the components we will investigate and that are capable of estimating value on the task:
the POMDP framework (belief-state TD model), the GRU network and the brain itself. Qualifying
the nature of those connections better will help understand how beliefs are computed. We already
have seen that the RNN can recapitulate the estimated values and RPEs of the POMDP model (Fig.
1.8.(a-b)). Moreover, the RNN model seems to internally learn a representation that resembles belief
in order to estimate value from observations (Fig. 1.8.(c-d)). Consequently, remaining investigations
concern linking neural activity to beliefs and RNN activity.

To address these, we seek to analyze neural activity both at the single-neuron and population
level. We will train a linear classifier to recognize states based on the neural activity, similarly to what
was done with the hidden activations of the GRU network and beliefs of the POMDP. We will also
investigate dynamical trajectories of the neural activity and link it to the fixed-points observed in the

dynamics of the hidden activations of the GRU network.



Chapter 2

Methods

Data collection and preprocessing was performed by student Sandra Romero Pinto (Uchida lab)

and the GRU network design and analysis were completed by Dr. Jay Hennig (Gershman lab).

2.1 Behavioral paradigm and data collection

Data collected for this project consist of neuronal activity in different regions of the brain, recorded
using high-density neuronal recording probes (Neuropixels, [60]), while mice were performing the

variable reward delay task [14].

2.1.1 Mice

We used adult male and female mice (wild-type C57/BL6J). The mice were housed on a 12-h
dark:12-h light cycle (dark from 7a.m. to 7p.m.). We trained mice on the behavioral task at approx-
imately the same time each day. All experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals [74] and were approved by

the Harvard Institutional Animal Care and Use Committee.

2.1.2 Surgery

We performed all surgeries under aseptic conditions with mice that were under isoflurane (1—
2% at 0.5-1.0 liter/min) anesthesia. Analgesic (buprenorphine, 0.1 mg per kg body weight; by
intraperitoneal injection) was administered pre-operatively and at 12-h checkpoints post-operatively.
We performed two surgical procedures. In the first surgery, we implanted a steel head plate. Prior to
surgery, the head plate is pumiced to increase surface area and adhesion strength. It is fixed to the
skull using adhesive luting dental cement (CB-Metabond) applied to all surfaces of the head plate-
skull interface. In addition, a small craniotomy ground pin is inserted into the cerebellum through
a small (0.15 mm) craniotomy. During this surgery, a portion of the skull is left exposed, and it is

marked with a surgical pen on the stereotactic coordinates of future craniotomies, above the brain
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target region to record from. Nine markings were performed in each hemisphere at the level of: 0.6,
1.0, 1.6 mm lateral and 3.2, 2.6, 2mm ventral from bregma. The exposed portion of the skull is then
covered with silicon sealant (KwikCast, World Precision Instruments). After the surgery, mice were
allowed to recover for at least 5 days with free access to water before water restriction and behavioral
training.

In the second surgery, a craniotomy is performed on the animal to create a small window ( 0.6 mm)
in the skull to insert the Neuropixels probe in the brain. As with the head plate surgery, the craniotomy
is carried out under aseptic conditions. Coordinates of the craniotomy are indicated by the previously
made markings. This surgery is performed the night before each recording session. The exposed
portion of the skull including the craniotomy, is then covered with silicon sealant (KwikCast, World

Precision Instruments).

2.1.3 Behavioral training

After 1 week of post-surgical recovery, we water-restricted mice in their cages. Weight was
maintained above 85% of the body weight prior to the water restriction. We habituated and briefly
head-restrained mice for 2—-3 days before training. Animals were then trained on the recording
apparatus for at least two weeks or until demonstration of full task comprehension. The task structure
was kept the same during training and recording sessions. odors were delivered to mice with a
valve driver (Sanworks) using solenoid valves (Lee company). Each odor-emitting compound was
dissolved in mineral oil at 1/10 dilution. 30uL of diluted odor-emitting compound was placed on a
glass fiber filter paper. Filtered air was run through the filter paper to produce a total flow rate of
1 L/min. Odor-emitting compounds included isoamyl acetate, (+)-carvone, 1-hexanol, p-cymene,
ethyl butyrate, 1-butanol, limonene, dimethoxybenzene, caproic acid, 4-heptanone and eugenol.
The combination of these odors differed for different mice. Licks were automatically detected by
measuring breaks in an infrared beam that was placed in front of the water spout. The paradigm
used, the variable reward delay task paradigm, was developed by the Uchida/Gershman labs and
consisting of two Pavlovian conditioning tasks (Fig. 2.1.(a-d)) [14][16]. In the task, rewarded odor A
trials consisted of a 1-s odor presentation followed by a delay sampled from a Gaussian distribution
defined over nine points (1.2s 1.4s, 1.6s, 1.8s, 2.0s, 2.2s, 2.4s, 2.6s and 2.8s; mean = 2s; s.d. =
0.5s) prior to reward delivery and defined as the ISI; rewarded odor B and odor C trials consisted of
a 1-s odor presentation followed by either a 1.2-s or 2.8-s from odor onset prior to reward delivery,
respectively; odor D trials were always unrewarded. In task 1, reward was delivered in 100% of trials
(Fig. 2.1.a.), making the task state fully observable (Fig. 2.1.b.) and the belief state fixed at 100% of
chance of being in the ISI after cue onset and until reward delivery (Fig. 2.1.c.). In task 2, reward was
delivered in 90% of trials (Fig. 2.1.d.), making the task state hidden, with the probability of being in the
ISI after cue onset progressively decreasing as time elapses and until reward delivery or expected
reward time step passes. For all tasks, reward size was kept constant at 3uL. Trial type was drawn

pseudo-randomly from a scrambled array of trial types, to keep the proportion of trial types constant
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between sessions. The ITI between trials was drawn from an exponential distribution (mean=12-14s,

min=4s) to ensure a flat hazard function. Mice performed between 100 and 300 trials per recording

session.
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Figure 2.1: Variable reward delay paradigm For both task 1 and task 2, odor onset happens 2s after trial start. States consists of the ISI, the
interval between the cue and the reward and ITl, the interval between the reward of a trial and the cue onset of the next one. Trials for odor A
have a variable ISI, drawn from a discretized Gaussian distribution defined over nine time points between 3.2s and 4.8s after trial start. Trials
for odors B and C have constant ISls with reward timing at 3.2s and 4.8s respectively from trial start. Trials with odor D are non-rewarded. A
session consists of 100 to 300 trials, randomly selected among the 4 odors. a. In task 1, rewarded odors forecasted a 100% chance of reward
delivery, reward timing would vary; b. the task state (either ISI or ITl is fully observable because it is reliably signaled by sensory observations
(cue and reward); c. belief state is fixed at 100% probability in the IS| state after cue onset. d. In task 2, rewarded odors forecasted a 90%
chance of reward delivery; e. task state is initially fixed at a 90% probability in the ISI at cue onset with the probability progressively decreasing
as time elapses and until either the reward happens or the expected reward timing is passed; f. belief state is initially fixed at 90% of probability
and progressively decreases as time elapses to reach a probability that the trial will be unrewarded, allotting more probability to be in the ITI.
Adapted from Starkweather et al. 2017, 2018 [14][16].

2.1.4 Electrophysiological recordings

The animal is placed in the recording rig and the artificial dura and silicone sealant are removed.
Under a microscope, any emergent scar tissue is removed with sterilized precise forceps. The silicon
probe (Neuropixels 1.0 phase 3A) is then dipped into one of the following dyes: 1,1'-Dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil) or 3,3'-Dioctadecyloxacarbocyanine perchlo-
rate (DiO), dissolved in ethanol. This was done to ensure recovery of the real coordinates at which

the recordings were performed. The probe was then advanced into the brain at a controlled speed of
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0.005 mm/sec using a motorized stage (Thorlabs) aligned to the dorso-ventral axis of the brain. The
probe insertion was made up to a depth of 3.5 mm from the pia surface. The probe was allowed to
settle 20 minutes before beginning the behavioral session and neural recordings. To prevent brain
from drying, a sterile saline cortex buffer solution was applied on the craniotomy. The neural signals
were recorded using an PXle acquisition device (NI PXle-1082 chassis, PXle-8381 interface, National
Instruments) and the SpikeGLX software package. Broadband signals were recorded continuously
at 32 kHz. After recording, the probe was slowly retracted and the craniotomy resealed with sterile
artificial dura and silicone sealant. Recordings were made one time per craniotomy, and lasted 10-20
days after the first craniotomy was performed or unit yield in superficial layers decays substantially

due to degradation of tissue.

2.1.5 Neural signals processing

Raw data within the action potential band (soft high-pass filtered over 300 Hz) was denoised by
common mode rejection (that is, subtracting the median across all channels), and spike-sorted using
Kilosort2 [75]. This software extracts clusters of spike times, based on waveform features, spike
activity across the recording sessions and spatial information of the probe (i.e., electrodes map).
Curation of the clusters for further analysis was done using Phy [76]. This software was used to
classify a cluster as ‘single-unit’ or ‘multi-unit’ activity manually.

The following criteria were considered to classify clusters:

» Waveform amplitude and shape: a cluster reflecting a single-unit should have an amplitude

considerably larger than the baseline noise and a triphasic waveform.

+ Autocorrelogram (ACG): there should be evidence for a refractory period in the cluster's ACG
of spike times. Ideally, for a cluster to be a single-unit, the ACG should be 0 at the centre of

the x-axis corresponding to an extremely low or non existent correlation at lag 0.
In addition, we merged of several clusters into one cluster based on similar criteria:

» Crosscorrelogram (CCG): Only if the CCG showed evidence of a refractory period, then two

clusters could be considered as containing the spike times of the same unit.

» Waveform shape: the waveforms of the clusters should be similar and highly correlated if they

contain spike times of the same unit.

 Location of the clusters in the probe: the spike times should come from close spatial localiza-

tions in the probe if they come from the same unit.

2.1.6 Histology and recovery of probe trajectories

After the recordings, we injected mice with an overdose of ketamine and medetomidine. Mice
were perfused with saline and then with 4% paraformaldehyde. We cut brains in 100-um coronal sec-

tions on a vibrotome and stained brain slices with 49,6-diamidino-2-phenylindole (DAPI; Vectashield)
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to visualize nuclei. We performed wide-field microscopy on the slides (Axio Scan Z.1) to verify the
location of the probe insertions and register them to the brain atlas (see below). Probe trajectories
were reconstructed from histology using publicly available custom code [77]. Probe trajectories were
estimated from wide-field images by manually identifying the probe in the image and transforming
the location into Common Coordinate Frameworks (CCF) coordinates [78]. The CCF coordinates

were then mapped to brain regions in the Allen Brain Atlas.

2.1.7 Data preprocessing

Behavior files consist of experimental and behavioral data on the current session. Neural activity
for each session is contained in single unit data files. Only units qualified as ’single-units’ were
selected for the single-neuron analysis. We also only kept neurons whose presence ratio in the
session recording is higher than 0.7. Presence ratio is the fraction of time during a session in which
a unit is spiking [79]. We included all neurons available for the population analysis.

Data format consists of the time points, with respect to the start of the recording, at which event of
interest happen (odor on, reward on, licking, neuron spiking). Recording licking count is binary, 1 to
indicate licking in the bin, 0 to indicate absence of lick, with an original 33Hz sampling rate (0.03s/bin).

We re-sampled the licking to our sampling rate, i.e. 10Hz (0.1s/bin).

2.2 Data analysis

The code for the analysis can be found at the following GitHub repository:

https://github.com/CeliaBenquet/belief-states.

Unless indicated, the neural data analyzed in the project come from the same recording. Neurons
recorded in the OFC are from the lateral OFC, i.e. ORBI 2/3, 4, 5 and 6a. Neurons in the secondary
motor cortex (M2) corresponded to the MOs 1, 2/3, 5 and 6a. Neurons from the primary motor cortex
(M1) were from a different animal and are mapped in the MOp 1, 2/3, 5, 6a and 6b. Acronyms taken
from the Allen Brain Atlas [78].

2.2.1 Peak activation maps

Neurons were sorted on the timing of their trial-averaged maximum spike count, separately for
each odor type. Sorting was performed on a window of time from 1s prior to odor onset to 1s after
reward onset to compute the peak activations, on half of the trials. Then, we displayed neural activity
for a window of 2s prior to odor onset and 4s after reward onset (4s being the minimum early ITI
before the following trial starts) on the other half.

Neurons were ranked based on the index of the time bin presenting their maximum activity, from

earlier to later peaks. Neurons in the validation set were sorted using the ordering found on the
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training set. Resulting activation map was z-score scaled per neuron across trials (X,,orm = (X —

w)/o) so that the activity pattern is not affected by noise.

2.2.2 Permutation test

For a given cue, we randomly separated available trials into two equally-sized sub-groups. We
found the peak response times of each neuron on the ISI (between odor onset and earlier reward)
for each subset. We ranked neurons from earlier to later peak response in each. We found the
Spearman’s rank correlation between both orderings, using the SciPy Python library [80].

To get the distribution, we reiterated the following process for 1000 random draws of trials from the
recording. To determine if the correlation is significant, we performed a shuffle test. We computed the
probability that the true distribution of the Spearman’ rank coefficient is higher than a null distribution.
For that, we computed the null Spearman’s rank correlation distribution obtained by chance, by
finding the Spearman’s rank correlation between the first subset ordering and the second subset

ordering, shuffled, for all epochs.

2.2.3 Regression matrix and linear regression encoder

We designed a multiple linear regression model between the task variables, as input variables
and the neurons firing count as output variable. We computed the least-square solution w that solves
the equation x x w = y with z, the regression matrix containing the task variables, y, the neurons’
firing rates and w, the weights associated to each task variables. We used the NumPy.linalg Python

library for the implementation [81].

Regression matrix

We investigated the influence of four computational variables on the neural data, i.e. odor,
delay after odor, reward onset, licking. Each variable was convolved to bases to construct the
regressors used to form the regression matrix. The regressors are constructed so that they represent
time-lagged versions of each variable. It allows them to account for the neural signal response to
particular feature patterns in time. Odor onset and delay after odor are regrouped into the same
variable, the ISl variable, starting at cue onset and capturing neural activity between cue onset and
reward onset. Earlier regressors (4 first regressors; 0.8s from cue onset) represent the odor variable.
Later regressors (10 last regressors; from 0.8s after cue onset to reward onset) represent the delay
variables. The reward variable is tuned on reward onset and spans for 3s seconds to capture neurons
activated upon reward. The licking variable spans for 1s after lick onset, capturing neurons tuned to
licking. A nuisance variable spanning the entirety of the recording was added to remove the effect
of drift from the other variables. Parameters for those variables and the geometry of the bases we
designed for each to construct their regressors are summarized in Table 2.1.

For the ISI variable, we designed the bases as a sequence of sub-states marking post-stimulus

time-steps. As time elapses, we considered that the belief state proceeds through the ISI, dividing it
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Variable Event Basis type Basis duration Bases number
ISI Cue unit min 1.2s, max 2.8s 14, cut at reward
Reward Reward unit 3s 15

Licking Licking cosine 1s 5

Nuisance Recording onset cosine Full recording 5

Table 2.1: Predictor variables for the linear regression analysis regression matrix. The regression matrix consists of all or a reduced
combination of the presented explanatory variables, each convolved to their corresponding basis. The ISI variable is tuned on cue onset and
separated into earlier and later regressors for odor and delay variables respectively.

into 14 states of 0.2s each, spanning from cue onset to reward (Fig. 1.7) [14]. Similarly, we designed
the variable to start at cue onset and span on the entirety of the ISI, until reward happens. Bases are
"unit” vectors, where 2 subsequent bins per basis are set to one, similarly to Figure 1.7. Values after
reward are zeroed for all regressors of the variable. The resulting regressors in the matrix form a ramp
following each cue and cropped at reward. We also used the same unit bases to construct the reward
regressors, with 15 bases (grid-search from 5 to 19 bases was performed to assess performances;
Supp. Fig. A.4), spanning time for 3s after reward. We used cosine bases to construct the licking,

odor and nuisance regressors.

Data splitting

Data splitting was performed across trial types. Splitting was performed on full trials with a 70:30
train-test ratio. Validation set always contained all trial types, even when training was performed only
on one type of trial, for instance only odor A and only cue C models discussed when investigating

odor specificity.

Quantifying models predictions

Models were fitted for each neuron. We studied the influence of each variable by observing the
fitted weights and predictions. The fitted models were used to predict spike traces ¢ on validation
data. Models performances were evaluated by computing the adjusted R2-score of these predictions:

(1— R)(N - 1)

djusted R? =1 —
adjuste N_p_1

2.1)

where the R2-score, between the true data y and the predicted data § was computed using the sklearn
Python package [82]. The R2-score is the rate of the variation in the data that is predictable from the

(independent) variables of the model used to obtain the predicted data.

F-test

An F-test between full and reduced models for each of the variables presented in Table 2.1 was
performed. In other words, we tested the significance of a variable in explaining the data by testing
whether a model without the said-variable could predict spike counts statistically as good as the model
with all the explanatory variables. If it could perform as good as the full model, then the variable was

qualified to be non-significantly encoding the neuron, with respect to the full model. We stated the null
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hypothesis H as the reduced model is able to explain as much variance in the data as the full model
and the removed predictor is non-significant while the alternative hypothesis H 4 is the predictor is
significant as the reduced model is not able to explain as much variance in the data as the full model
without it. We trained each of the models and predicted spike trace from the fitted weights. Then we
computed the F-value between each of the full-reduced model combinations:

SSE(R) — SSE(F))/P
SSE(F)/(N—P—1)

F* = ( (2.2)
with 2 the reduced model, F the full model, SSE(m) = >, (y; — 9;)* the sum of squared errors using
model m to get predictions Y, P the number of extra encoding variables in the full model compared to
the reduced model, i.e. here always 1, and N the number of observations. We used the SciPy.stats
Python library to find the F-cumulative distribution function (cdf) associated to the F-value we found.
We deduced the p-value P =1 — ¢df (F*, P, N — P — 1) [80]. If the p-value was small enough (lower
than o = 0.005) then there was statistical evidence to reject the null hypothesis. It meant that the
variable was statistically significant with respect to explaining neural activity as good as the full model.

The F-test only indicated if the variable is significant compared to the full model. Hence, we
made the strong assumption that the full model is, itself, significantly explaining the data. By using
that F-test only, a neuron could be found significantly encoding a particular variable, while the full
model was actually performing poorly in explaining the neural activity. To leverage this assumption,
we re-defined a neuron as significantly encoding a given variable if the reduced model was rejected
on the F-test but also, the adjusted R2-square score on the full model is sufficiently high (threshold
arbitrarily set to 0.05). We summed the neurons found significant for each variable to get the fraction
of neurons significantly encoding it in the studied region. We performed such a test for all full/reduced

models combinations and all regions.

General Linear Model (GLM)

We also performed a GLM analysis [83]. We preferred the linear regression model. It had a
lower computational cost, as it did not require to tune hyperparameters. Moreover, performances
were found qualitatively similar (Supp. Fig. A.6). We implemented an elastic-net Poisson GLM
[84]. Elastic-net is a regularization method that linearly combines L1 and L2 penalties, overcoming
limitations of each penalty, while Poisson GLM is able to model count data such as neuron spike rate,
following the Poisson distribution. We used the pygimnet Python package [85] for the implementation.
Maximum likelihood estimation was used to estimate the regression coefficients. Similarly to the
linear regressor model, we fitted one model per neuron. The GLM hyperparameters were tuned

using cross-validation on the training set.
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2.2.4 States decoder

A multi-class linear classifier was trained on spike counts (R7*?, with T the number of bins and D
the number of neurons) to estimate the true experimental state (R”') at every time step. We used the
sklearn.linear_model Python library [82]. Data consisted in the z-score standardized binned spiking
count (sampling rate of 10Hz). As the animal spent most of a recording in the ITI, the states were first
manually re-balanced so that we had the same number of ITI samples as the number of available
samples in the biggest ISI states (states in early ISI). We split the sampled bins randomly across
trials on bins of same time steps with a splitting ratio of 80:20 train/test. Validation data correspond
to a snippet of 6 trials (20s; 200 bins) on a time window of time from 0.2s prior to odor onset to 0.2s
after reward onset.

We developed two decoders: a macro-state and a micro-state decoder. In the first one, states
were simply the ITl and the ISI. The second one incorporates temporal sub-states, similarly toa CSC
mode, and inspired by Figure 1.7 [14]. Those sub-states were designed so that they parse the ISI
into 14 micro-states while ITl is the 15th state. Performances for the first decoder were evaluated
using an area under the receiver operating characteristic curve (AUROC) metric, which is a measure
of the ability of a classifier to distinguish between two classes, and we plotted the predicted states
against true states. For the second decoder, we computed the confusion matrix, whose rows we
divided by the number of occurrences in each classes. It provides us with the true positive rate (or
recall) on the diagonal, while the sum off-diagonal values per row gives us the false negative rate (or

miss rate). We also computed the predicted states against true states.

2.2.5 Dynamical system model of neural data

We used a recurrent switching linear dynamical systems (rSLDS) model [86] to approximates
the complex non-linear dynamical system formed by the neural population activity. This model
decomposes complex non-linear systems into a set of linear dynamical systems. The ssm Python
library (Linderman lab) provided the framework to implement such a model [87].

The model relates three sets of variables: a set of discrete states z, a set of continuous latent
factors x that captures the low-dimensionality of the neural activity, and the activity of recorded
neurons y. It also allows for external inputs « for which we used the presence of cue and reward in
current time bin, separating cues to one row each if recording includes multiple trial types. At each
time step ¢, the model associates a discrete state z depending recurrently on the continuous latent
factors and external inputs so that z;|u;, z:—1, :—1 is sampled from a probability driven by a logistic

regression on continuous state:

p(ze =i | zi—1 = j,m4—1) xexp (Rxg—1 + Wug_1 + 1) (2.3)

with R, W and r that parameterize a map from the previous discrete state, continuous state and

external inputs to a distribution over the current discrete state, using a softmax link function. The
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discrete state z; specifies a set of linear dynamical systems and determines which one to use to

generate the continuous latent factors so that 2, € RM is defined as:
= A, + Vo up + b, (2.4)

where A, € RP*P is a dynamics matrix and b,, € R” is a bias vector with D the dimensionality of
the latent space. Finally, the activity of the recorded neurons is modelled as a linear noisy Gaussian
observation y; € R™ with NV the number of recorded neurons: y, = Cz; + d, with C € R¥*P and
d ~ N (O, S), a Gaussian random variable.

Overall, the model needs to fit the state transition dynamics, the linear dynamical system matri-
ces and the neuron-specific emission parameters, summarized as iz, = {A.,,V,,,b.,,C,d, R, W, r}.
These parameters are tuned optimizing a maximum likelihood that is using a combination of Laplace
approximation and variational inference methods. The model performance is reported as the evi-
dence lower bound (ELBO) (evidence of lower bound of the log-likelihood; higher is better), equivalent
to the Kullback-Leibler divergence between the estimate and true posterior K L(q(z, z; ¢)||p(z, z|y; 9))
using 5-fold cross-validation [88].

Neural data was always first z-score standardized over the whole recording for each neuron. We
provided neural activity and inputs per trial to the rSLDS, of size (T' x B x N) and (T x B x M)
respectively, with T the number of trials, B the number of bins per trial, V the number of neurons and
M the number of input dimensions. We performed grid-search on K, the number of discrete state,
from 1 to 6, and kept the K for which the average ELBO over 5 fittings was the highest (Supp. Table
A.1). We kept K = 4. We selected 2 as the number of latent variables, as we wanted to be able to

display the resulting latent space in two dimensions.

rSLDS on RNN hidden activations

We made use of the noisy hidden activations generated by the pre-trained GRU network of three
hidden units, when performing T trials of B bins per trial,sampling rate 0.2s, on odor A only. To
make the activation layers noisy, noise was added at weights update during training. To generate the
neural activity for V neurons over T' x B bins, the following generative model was applied: spikes =
A - activations + b. spikes € RN*(T*B) is the neural activity over the session, A € RV*2 is a matrix
randomly generated from a normal distribution N (0,1) corresponding to the factors weighting for
each individual neuron, activations € R?>*(T*B) js the matrix containing the hidden activations and
b € RVN*(TxB) is the noise, that we fix to be null, in order to get neural data as close as possible
from the activation. Inputs v € R?*(T*B) to the rSLDS were the same as the ones provided to the
RNN. They consist in the observable environment, meaning whether odor, reward or no event was
happening at each time point, with one channel for cue and one channel for reward. Data and inputs
were grouped into trials to be fed to the model, their final size being respectively (1" x B x N) and
(T x B x 2).

The model performances were measured using the ELBO metric. We trained the model for a few
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iterations and chose the best one, as initialization of the discrete states and continuous latent factors

varies from one iteration to the other.

Removing drift from the population activity

We studied the evolution of the trial-averaged activity throughout the session recording for all
neurons, using dimensionality-reduction (PCA). We observed that there was a global drift through
the recording, mostly explained by the two first principal components (Supp. Fig. A.14).

Considering y € RT*B)*N the neural data, with 7', the number of trials of B bins each and N,
the number of neurons, we removed the global drift from this z-score standardized neural data set

by applying the following transformation:

Yno_drift = (y - ypsth) X (VnTg_detVno_drift) + Ypsth (25)

with y,sn, € RP*Y the peristimulus time histogram (PSTH) for all neurons over the whole recording
and V,, 4rir+ the principal directions of the data without the two first principal components. We
obtained V,,, q4r:5: by performing a SVD decomposition on the trial-averaged activity for trial and
each neuron, studied previously using PCA, and looking at the resulting V matrix columns. In other
words, we projected the inter-bins activity variation (y — y,s:x) to a dimension without the drift across

trials in time (V. ;. ;,Vio_ariyt) to which we added the mean activity again.

rSLDS on neural population activity

The quality of individual neuron recordings was crucial to the single-neuron analysis. That is why
we previously removed units that were classified as ‘'multi-unit’ from the data and kept only the 'single’
units with a presence ratio higher than 0.7 (see Sec. 2.1.7). Here, however, we were only interested
in the behavior of the population and we consequently included all neurons available. Population
consists of 77 neuron units. We applied drift removal to this set of neural data and fitted an rSLDS
model, similarly to the previous section on the GRU activations. As the dataset includes all four
odors, the input matrix is constituted of five channels, one for each odor plus one for rewards. Again,
we applied grid-search to determine the best discrete states number, which was found to be 4, and

selected 2 as the number of latent spaces.



Chapter 3

Results

To study the dynamics of the belief state, when facing a decision during a reward learning task
with state uncertainty, we trained mice on the variable reward delay task. It consists of two olfactory
Pavlovian conditioning tasks with four cue types. In task 1, reward-predicting odors A, B and C
forecasted reward delivery in 100% of trials. In task 2, odors A, B and C forecasted reward delivery
in 90% of trials. In both tasks, the ISI following odor A was drawn from a discretized Gaussian
distribution (2.0 £ 0.5s, mean % s.d.) defined over nine time points ranging from 1.2s to 2.8s. Trials
for odors B and C had constant ISls of 1.2s and 2.8s, respectively. Odor D trials were never rewarded.

In that paradigm, states could be defined as being in the ITl or ISI. In task 1, cue onset and reward
onset unambiguously signaled the transition between the states (Fig. 2.1.b.). Consequently, a belief
state representation was identical to a CSC state representation. In task 2, reward omission caused
the ITI state to self-transition. It resulted in both ITI-ISI and ITI-ITI generated the same observations,
making the states hidden (Fig. 2.1.e.). Based on previous work on the task, we assumed that the
two macro-states comprise temporal sub-states, or micro-states, similarly to the CSC model [14].
Analogously, we parsed the ISI with 14 sub-states of 0.2s each (sampling rate is 10Hz, 2 bins per
state; Fig. 1.7).

Using Neuropixels 1.0 [60], the activity of individual neurons was recorded in the PFC, and more
specifically the OFC, M1, M2 and PIR cortex, one of the olfactory cortices [89]. Animal training was
assessed based on anticipatory licking, that consistently increased when getting closer to reward
(Fig 3.1.a.).

3.1 Single-neuron activity shows specific task-variables tuning

in the OFC

Before performing pooled population-level analyses, we first studied the tuning of individual neu-
rons in the OFC. We compared it to M1, M2 and PIR cortex. We first analyzed trial-averaged activity
of single neurons in the OFC (Fig. 3.1), PIR cortex, M1 and M2 (Supp. Fig. A.1).

In the OFC, we found numerous patterns of activity from one neuron to the other. We could

35
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Figure 3.1: Licking behavior and example OFC neurons encoding task-relevant variables of the environment. Trial types are separated.
Curves correspond to trial-averaged lick count and firing rates, smoothed with a 1-s window 0.1-step moving average. Time zero corresponds
to odor onset and is indicated by a purple dashed line. Reward onset is indicated by either a grey area or dashed line. a. Lick count per
second. Shaded area corresponds to the s.e.m. b-f Example individual neurons showing a diversity of activity patterns in reaction to the task
components, i.e. cue and reward. Upper plot is the trial-averaged firing rate (Hz) per cue. Lower plot is the spike raster per trial type, with trials
course from bottom to top. For cue A, the trial-averaged firing rate are distinctly calculated for each reward timing and displayed from pink to
blue with pink being the earliest possible reward (3.2s) and light blue the latest possible reward (4.8s). b. Example background neuron, inhibited
in rewarded isi, with activation coming back at fixed time point, differing for each reward timing. c. Example reward-tuned neuron, bursting
at reward timing. We see a clear ordering of reward timings in cue A trials. We do not see specific activity for unrewarded trials (odor D). d.
Example odor-tuned neuron, activated at odor onset, even for unrewarded trials (odor D). Magnitude of the activation varies with the expected
reward delay. For rewarded trials, the later the expected delay is the larger the activity is. e. Example short delay-tuned neuron, activated at
the same time step after cue onset regardless of the reward timing, and inhibited at reward. We do not see such a pattern for odor D trials. f.
Example long delay-tuned neuron, activated at the same time step regardless of the reward timing and staying activated until a fixed time after
reward before going back to background activity. No such pattern of activity is visible for odor D trials.
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qualitatively classify the neurons into sub-groups. We distinguished four main sub-groups of pattern
of activity: odor-tuned, reward-tuned, delay-tuned and background-tuned neurons. Background-
tuned neurons (Fig. 3.1.b.) were inhibited at rewarded cue onset and reactivated after reward onset.
The reward-tuned neuron showed (Fig. 3.1.c.) a typical burst of activity right after reward onset. We
also observed neurons tuned to reward that rather gradually decayed back to background activity
and some that got inhibited at reward. Odor-tuned neurons (Fig. 3.1.d.) got activated upon odor
onset, with the activity magnitude that varied depending on the trial type and neuron. Delay-tuned
neurons showed specific activity in the 1SI for rewarded odors but not for the unrewarded odor. We
observed neurons bursting rapidly (Fig. 3.1.d.) at a specific post-cue onset time step, consistently
across rewarded trials and decaying either rapidly or gradually until reward onset. We also noticed
neurons whose activity was sustained at a high firing rate plateau before decaying once reward was
delivered (Fig. 3.1.f).

We consequently observed the trial-averaged activity across all neurons. We constructed activity
maps, in which neurons were ordered by the timing of their peak responses (Fig. 3.2). We used half
of the trials to sort neurons based on the timing of their peak response. Then, we plotted the z-score
standardized spike count for the other half, using the same neuron sorting. Of interest, the OFC
neurons in the ISI activated in sequence, following the cue onset and spanning the entirety of the ISI
(Fig. 3.2.a). Bursting neurons got activated in the early ISI, gradually replaced by the sub-population
of neurons showing sustained activity until reward onset. There was no such sequential activity of
the neurons’ peaks activation in unrewarded trials (odor D). This indicates that it might span the ISI
to keep track of time elapsed before reward delivery. It makes it a key-element to represent states,
and remembering CSC or even microstimuli features representation.

Such a sequential activity was visible in M2 (Fig. 3.2.b.) while not in the PIR cortex (Fig. 3.2.c.)
and M1 (Fig. 3.2.d.).

We further quantified the sequential activity that we observed. Based on our observations,
neurons that are part of the sequence should consistently peak at their own time step after cue onset.
Hence, in a region where sequential activity is present, the sorting we obtain from one randomly-
drawn set of trials to the other should not vary much. Spearman’s rank correlation coefficient is
a measure of strength and direction of association between two variables. To quantify sequential
encoding in the ISI, we calculated the Spearman’s rank correlation coefficient on the neurons
orderings obtained on two subsets of data. We re-itered for 1000 random-drawings to obtain the
Spearman’s rank correlation distribution. Then, we compared the true distribution obtained to a null
distribution (ordering on the first subset against randomly shuffled ordering on the second). As we
observed sequential activity exclusively in the I1SI, we bounded the sorting to time steps in the ISI
only. To exclude a contribution of reward-tuned neurons, we also only used time periods before the
earliest reward for all odor-A trials. Consistently with our observations, neurons in the OFC present

a significantly similar ordering across trials (P < 0.001) for all rewarded odors.
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Figure 3.2: Activity maps with neurons ordered per peak response. For each brain region (rows), trial types are separated (columns) and
the trial-averaged activity per neuron was computed. Time zero corresponds to odor onset, indicated by a black dashed line. The reward onset
is indicated by either a red shaded area or dashed line. For each brain region, neurons are sorted based on the timing of their peak responses
from 1s before cue onset to 2s after reward onset. Sorting was performed on half of the trials for each trial type. We display averaged activity
on the other half on a larger time window from 2s before cue onset to 4s after reward onset. Neurons are sorted using the ordering found on
training activity, from top to bottom. Supplementary Figure A.2 displays the activity map on the training data. For each region, we display
neuron activity for respectively n = 59, 51, 60, 60 neurons for a. OFC; b. M2; c. PIR cortex; and d. M1. We confirm the sequential activity in
the OFC and M1 by displaying neural activity in those regions for a different animal in Supplementary Figure A.3 Color code on the z-score
values is bounded from -4 to 4, with values above 4 or below -4 thresholded to those bounds.

3.2 OFC encode variables that are essential to belief state rep-

resentation

We next analyzed which information individual neurons encoded using a linear regression model.
We also constructed a commonly-used approach with a GLM. Here, we presented results obtained
with the linear regressions for simplicity and because performances on both models were found
qualitatively similar (Supp. Fig. A.6). Briefly, we regressed the spike count of each neuron by
a set of variables, including external cues (odor onset and reward timing), conditioned behavioral
responses (lick count) and intrinsic baseline drift across time. We included time-lagged versions of
each variable to account for the neural signal response to particular feature patterns in time. Those
shifted versions were referred to as the set of regressors for each variable (Table 2.1 for detailed

structure of the regressors).

Z-score
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Figure 3.3: Spearman’s rank correlation coefficient distribution on the neuron peak response in the ISI. We computed the Spearman’s
rank correlation between two randomly sampled trials subgroups and applied a permutation test by comparing the true distribution to a
randomized distribution per cue type. We consider time points only in the ISI meaning starting at cue onset and ending one bin before (earlier)
reward timing. Distribution was computed from 1000 resamplings, for neuron population in a. OFC; b. motor areas (MO)s (M2); c. PIR cortex;
d. MOp (M1). One-tailed shuffle test, * = P < 0.05, ** = P < 0.01, ** =P < 0.001.

Variables considered in the linear regression were odor onset, reward onset and licking (Fig.
3.4). We designed one set of regressors per cue type and corresponding reward type. The variable
capturing activity following cue onset, that we referred to as the /S/ variable, was further considered as
accounting for two types of neuronal sub-population, i.e. the neurons tuned to odor and those tuned
to a specific delay after odor onset. For that, we considered early regressors and late regressors of
the odor variable (respectively 4 regressors, 0.8s and 10 regressors, 2s) respectively corresponding
to an odor variable and a delay variable.

We designed the bases used to construct the I1SI regressors so that they represent the sequence
of sub-states in the ISI, marking the post-cue time steps (Fig. 1.7). We aimed at capturing the
sequential neural activity observed in the previous section (Fig. 3.1). Thus, we tiled the odor-stimuli
vector with unit bases so that each one picked out the neural activity structure at the specific moment
it was reacting to, post-stimulus. The resulting set of regressors equally parsed time bins, forming
a ramp along the ISI (Fig. 3.4, top). We constructed the reward regressors similarly, so that the

regressors formed a ramp after reward, in the early ITI.

The regression model was used to find the fraction of neurons encoding for each of the designed
variables in each region (Fig. 3.5). For that, we designed reduced models, in which we removed
one of the variables from the regression matrix. Then, we compared performances to the full model,

using a F-test to find the fraction of neurons that are significantly encoding each of the variables.
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Figure 3.4: Example snippet of the regression matrix containing all variables, corresponding firing rate and prediction across 11 trials
for an example neuron (short-delay-tuned; Figure 3.1.e.). The trial type is indicated above the regression matrix. The matrix was z-score
standardized and we added an extra regressor for the offset variable. Variables are depicted on the left. Bottom plot displays the firing rate
(black) and the corresponding prediction (blue) for the example neuron.

The incentive was that, if the reduced model performed significantly worst than the full model and
the full model was performing well, then the removed variable was significantly important to the
model performances and so the neuron was encoding the information captured by this variable.
Overall, in OFC, a majority of neurons were found to encode each of the variables we tested, and
that, significantly more than in all the other regions. Consistent with the individual neurons analysis,
neurons are encoding for odor and delay. This analysis also confirmed observations on individual
neurons described above: M2 also encodes variables important to the task and PIR cortex mostly

encodes odor, while M1 is not tuned to the tested variables.

Hence, the diversity of task-relevant activity patterns, from one neuron to the other in the OFC,
reinforced with the observation on our linear regression model, provided strong indication that this
brain region is representing task-relevant variables. It was also the only region studied to show
both odor-tuned activity and delay-tuned neurons. In fact, those independent task-relevant variables
are also relevant to define the state of the task. In task 1 (100% of rewards delivered in rewarded
trials), the animal could fully deduce whether and, if so, when, it would receive a reward from odor
type while reward delivery indicated the transition between the trials. Thus individual neurons are
encoding state-relevant variables. Taking them at the population-level, they could represent the full

belief state.
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Figure 3.5: Fraction of neurons significantly encoding each variable (see Sec. 2.2.3) listed in the legend for brain region in the
horizontal axis. A neuron was defined as significant if (1) its adjusted R?-square score was good enough (threshold was set to 0.05; see Supp.
Fig. A.5) and (2) the reduced model was rejected when performing an F-test between full model and reduced model in which the variable was

removed. Error bar is the standard error obtained from the binomial mean variance: se = 4/ @ with p, the rate of significant neurons and
n, the total number of neurons for each group.

3.3 OFC population activity is sufficient to predict states

Based on observations at the single-neuron level, we proposed that a full state representation, if it
is indeed encoded in the OFC, is encoded considering the whole neural population. Next, we built up
on the idea that OFC might encode micro-states, while mPFC would rather encode a form of macro-
state by computing the probability distribution over information from the OFC [16]. Considering the
belief state representation in which global states comprised temporal sub-states (Fig. 1.7; [14]),
we asked if we could find correspondences to that model in the OFC neural activity. If we could
decode states, both at the global and sub-states level, given neural activity nearly as good as true
experimental beliefs, it would be evidence that neural activity at the population level is belief-like and

that in that sense, the neuronal population encodes estimates of hidden states.

To that end, we designed two multi-class linear classifiers based on neural activity in the OFC.
The first one predicted the global states (either the ISI or ITI), while the second one predicted the
sub-states. We referred to the macro-states for the first classifier, while this second one, for which
we separated the I1S| into 14 micro-states of 0.2s each (2 bins per state) and the ITI as the 15th state
(Fig. 1.7), was referred to as the micro-states decoder.

Both macro- and micro-states decoders performed better, using neural activity in the OFC,
compared to the other regions (Supp. Fig.A.8; Supp. Fig.A.9; Supp. Fig.A.10). The decoder on
M2 activity performed as good as on OFC activity in early ISI but performances decreased more
than OFC as states got closer to reward. Performances on PIR cortex activity were good on the first
states and rapidly decreased for the second part of the ISI, which was consistent with the region
being tuned to odor. The normalized confusion matrices of the micro-states decoders (Fig. 3.6

Top) showed good performances in predicting accurately the states, mostly at the beginning of the
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Trial type OFC M2 PIR M1
Al 097 089 080 061
Cue A 097 0.88 0.82 065
CueB 098 091 091 0.73
CueC 098 090 0.84 0.64

Table 3.1: AUROC of the macro-state linear classifier per trial type and brain region. Values were consistently higher for classifier based
on the OFC neural activity than on the other brain regions.

ISI and for the ITI. For late I1SI, the models lost in accuracy even if they were mostly still predicting
states adjacent to the true one in that case. This could be a reflection of the presence of delay-
tuned neurons showing a sustained activity waiting for reward in late I1SI (Fig. 3.1.f.). Predictions
on snippets of the session (Fig. 3.6 Middle-Bottom) showed good performances except on the
transitions between the states, especially visible in the macro-state decoder plot (Fig. 3.6 Bottom).
Those noisy predictions at transition could be the sign of a change in the overall activity from one
stable signature population activity for one of the macro-states to another stable signature activity
in the other state. This strongly indicated that the underlying activity of the population contained the

necessary components to differentiate between both global states and sub-states.

We consequently further analyzed the population activity, applying PCA dimensionality-reduction
to the trial-averaged activity, per trial type. Looking at the resulting low-dimensional representations
of the neural activity (Fig. 3.7), we distinguished two regions of the space where population activity
seemed to stabilize. The first one corresponded to the beginning of the trial, for the whole duration

of the late ISI and until cue onset happened. The second one was at the end of the ISI. It was more
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Figure 3.6: State classifier performances from neuron population in the OFC. Per column, we trained the decoders on (1) all rewarded
cues, (2) only cue A trials, (3) only cue B trials, and (4) only cue C trials. The same analysis was performed for all groups. (Top) Confusion
matrix normalized by number of occurrences per state (each cell is divided by the sum on values in its row). Values on the diagonal correspond
to the sensitivity (TPTJ:}N ) for each state. Data evaluated is the testing set. (Middle) Most probable state through time (purple dots) against
true state (green) on an example snippet of the session. Most probable state was evaluated by taking the state with the maximum probability
for each time point for the micro-state classifier. (Bottom) Most probable state through time (purple dots) against true state (green) on an
example snippet of the session. Most probable state was evaluated by taking the state with the maximum probability for each time point for the
macro-state classifier. As one session mostly consists of ITl, the states were first manually re-balanced in the dataset used for training/testing
(same number of ITI samples as the maximum available number of samples in an ISI state. Validation data, used for plots in the middle and
bottom rows correspond to 6 trials (20s; 200 bins) for 0.2s prior to odor onset to 0.2s after reward onset.
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Figure 3.7: Dimensionality-reduction of the trial-averaged neural activity per trial type in the OFC. PCA was applied on trial-averaged
neural activity. We displayed the resulting two first principal components. b-d Low-dimensional representation of the trial-average neural activity
pertrial. Late ITI (pre-cue) in pink, cue in dark blue, ISl in blue, reward in red (either point or line), early ITl in violet. For a. odor-A trials, computed
distinctively per reward type. Purple trajectories represent earlier rewards trials (from 3.2s) and light blue trajectories are later rewards trials (up
to 4.2s). Trajectories are noisier than the other plots as the number of samples to fit the PCA were lower; b. odor-A trials, reward timings taken
all together (from 3.2s to 4.8s); c. odor-B trials (reward at 3.2s); d. odor-C trials (reward at 4.8s).

visible for longer ISI, i.e. odor-C trials (Fig. 3.7), than for shorter ISI such as odor-B trials (Fig. 3.7).

Finally, we observed that the neural activity from cue onset spent an important fraction of the ISI to

transition from one region of the plane to the other, before stabilizing. Similarly, in the early ITI the

activity goes back gradually to the late ITI region. This reinforced the idea that there were periods of

time for change in neural activity at the transitions between the global states.

The decoder performances and the geometrical representation analysis visually corroborated

the observations made on the GRU network presented in Fig. 1.8. It learned value estimation by

developing two hidden activation layers resembling true beliefs (Fig. 1.8.(a-d)). The trajectory of

those hidden activations also showed a consistent spatial separation between bins in the ITl and ISI

(Fig. 1.8.(e-f)), similarly to our observations on the low-dimensional space of neural activity in OFC

(Fig. 3.7). More importantly, they showed that this geometrical representation is only a description

of the underlying topological structure, which consisted of two fixed-points attractors. Those fixed-

points were found in place of the ITI and ISl in the plane.
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We showed the similarity between the geometrical representation of the neural activity in the OFC
and the hidden activations of the GRU network. Moreover, the low-dimensional activity trajectory
seemed to stabilize in the two regions of the space corresponding to ITI and ISI, hinting that the dy-
namics of the activity could also be driven by fixed-points in those regions. However, dimensionality-
reduction does not provide the quantification needed to assess the underlying temporal dynamics.
Instead, we fitted a linear dynamical system model to discover the dynamical units of the neural

activity in a trial.

3.4 Population dynamics in the OFC show two fixed-points cor-

responding to states

As the dimensionality-reduction analysis indicated two separated regions in the low-dimensional
space, we next investigated the presence of fixed-points in the temporal dynamics of the population
neural activity, at time of the ISI and ITI. To that extent, we fitted a linear dynamical system model
to uncover the dynamical units, i.e. the patterns of ensemble activity, constituting the neural activity
observed in our experiment. By analyzing the fit dynamical system, we could infer what type of neural
network mechanisms could generate the observed neuronal activity.

The recurrent switching linear dynamical systems (rSLDS) model is a hierarchical, recurrent,
and input-driven linear dynamical system model. It approximates complex nonlinear dynamical
systems using a composite of linear dynamical systems [86]. It can learn both a flexible non-linear
generative model and how to parse the data into coherent discrete units. Thus, once fitted, it provides
the dynamic units of the neural activity as well as the relationship of the dynamical switching to
environmental stimuli. We used it to uncover the topology of the neural activity space.

We determined the hyperparameters of the model similarly to a previous work from Nair and
colleagues (2022) [17]. The number of discrete states was evaluated to maximize the likelihood of
the data, using cross-validation. We fixed the number of latent variables to 2, to be able to observe the
latent space in a two-dimensional plot. To ensure that the model converged to a global minimum, we

reinitialized and retrained the model repeatedly and kept the model with the best loss (highest ELBO).

To comparing the underlying dynamical systems of the GRU network to our empirical data, we
first fitted the rSLDS model to the two hidden activation layers of the trained GRU network. For that,
we first generated higher-dimensional data, from the two-dimensional internal activity of the GRU
network and fitted the model. Note that we had to augment the dimension of our data because the
implementation of the rSLDS is such that the dimension of the observations must be strictly higher
than the dimension of the latent space. The true activations presented a cyclic temporal dynamic (Fig.
3.8.a.), in which the cue and reward onsets both caused a response in the activity. Stimulus drove
the activity from one state to the other. Reward response drove the trajectory to abruptly stop its

progression towards the ISI fixed-point in earlier reward delivery timings. In later ones, the trajectory



a)

0.2 4

0.0 4

45

b)
7 E—}
10 Odor . i:
Rewar(il y response ~ -—1
response 7 b — 18
s ////"Q( -
response | —— 22
1 o [} — 23
< 0] I —— 2
f — 25
! — 26
f — 27
s ! -~ 28
g — 29
AP /| / — 30
/f s — 3
= -
= - 101 ; %
37
. - . . :
-0.2 0.0 . 0.2 0.4 0.6 -10 -5 0 5 10
x
d) e)

\
[

-5

f ITI fixed-point

-5

-100 -75 =50 -25 00 25 5.0

IS fixed-point “ 0 ISI fixed-point O -10 ISI fixed-point
r - T o

10.0 -8 -6 -4 -2 0 2 4 6 8 -100 -75 =50 -25 0.0 25 50 75 10.0
X x1 X1

Figure 3.8: GRU activations trajectories and neural activity dynamics. a. Trial-averaged true GRU activations, per reward timing, plotted
against each other. We see the two fixed-points right before odor response and right before reward response. Reward timings are distinguishable
as early reward responses cut the activity trajectory before reaching the ISl fixed-point, while for later rewards, the activity stays at the fixed-point
until reward happens. b. Trial-averaged latent trajectory resulting from the high-dimensional data generated from the activations, per reward
timing, obtained using an rSLDS model. Flow field correspond to the 4 linear models used to fit the data, each one corresponding to a discrete
state. Legend corresponds to the bin number in the trial at which the reward happens, sampling rate is 0.2s. Trials consist of a 2s-late ITI,
followed by the ISI, of varying size, from 2.8s (14 bins) to 7.4s (37 bins), randomly chosen, following a Gaussian distribution, followed by a
one-bin (0.2s) early ITI. c-e Example individual trials, with difference size of I1SI, sampled randomly from the recording. Flow field corresponds
to the most likely dynamics in the plane, with each color representing one of the 4 linear systems fitted (one per discrete state) and arrows show
the direction and rate of change of activity at each point. Fixed-points are identified as the regions of the flow field showing zero-length arrows.
ITI and ISI fixed-points are identified in the plan by the respectively blue and turquoise circles. Model showing the best loss was kept.

reached the fixed-point and stabilized there until reward. The corresponding rSLDS latent space
trajectories (Fig. 3.8.(b-e)) showed the same characteristics. We could appreciate the difference in
the trajectory velocity and length in the ISI, depending on the reward delivery timing (Fig. 3.8.d. for
earlier timings; Fig. 3.8.(c,e) for later ones). The underlying flow field also assessed the presence
of fixed-point attractors in place of the ITl, before the odor response, and ISI, before the reward

response.

Next, we fitted the rSLDS model to the OFC neural activity. The averaged spiking count per
trial across the session showed a consistent drift in the population activity as time passed, mostly
on the two first principal components (Supp. Fig. A.14). As it could not be explained by the task,
we removed the drift from the z-score scaled neural data, by projecting it to a lower dimensional
space, from which we removed the 2 first dimensions. We fitted the model for around 100 iterations

and selected the best fitted model (highest ELBO; Fig. 3.9). Observations were similar to what we
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observed in the dynamics of the activations layers of the GRU network.

The latent dynamical space for the best fitted model showed two fixed-points that drove the
trajectory, during the ITI in the purple linear space, and ISl in the blue linear space, respectively. In
the ISI, we saw a change of velocity in the dynamics of the activity, depending on the estimated time
of reward delivery. The trajectories for earlier reward delivery trials were faster to move to the ISI
fixed-point than for later reward delivery trials, when responding to odor onset (Fig. 3.9.b., Cue B
trials against; Fig. 3.9.b., Cue C trials; trajectory was more or less on the inside of the loop). We also
observed the same dynamics as for the GRU activations regarding the ISl fixed-point. For Cue A
trials, activity trajectories for each reward delivery timing responded to reward in order, from earlier
to later reward delivery timings. Later reward delivery timing trajectories stabilized in the fixed-point.
Earlier ones were driven to it but stopped when reward delivery happened (Fig. 3.9.a.; Cue A).
Finally, early ITI did not seem to be coming back to the ITI fixed-point region, where the trajectory
was stabilized before cue response. We confirmed this observation with Supplementary Figure A.16,
in which dynamics were such that the the early ITl is "recaptured” by the ISI fixed-point. However,
dynamics in the the early ITI in Supplementary Figure A.17 did go back to the initial late ITI. Hence,

it might have been due to the short period of the early ITI that we provided to the model.

We showed that the neural population activity in the OFC displayed an attractor-like dynamic,
constituted of two fixed-point in place of the two macro-states in our task. Moreover, the neural activity
dynamics were similar to those found on the hidden activation of GRU network that were found to be

belief-like. Overall, we have strong evidence that the OFC is encoding state representation.
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Figure 3.9: Latent trajectories per cue type for best fitted rSLDS model on OFC neural activity. a. Trial-averaged latent trajectory for
cue A trials, per reward timing, from 3.2s to 4.8s. Legend corresponds to the time at which the reward happens for each averaged trajectory.
b. Trial-averaged latent trajectory for cue B trials, for reward at 3.2s. c. Trial-averaged latent trajectory for cue C trials, for reward at 4.8s.
Flow field corresponds to the most likely dynamics in the at each point, with each color representing one of the 4 linear systems fitted (one per
discrete state) and arrows show the direction and rate of change of activity at each point. Fixed-points are identified as the regions of the flow
field showing zero-length arrows. For all plots, part of the trajectory before the odor response is the late ITI, part between odor and reward
responses is the ISI and part following reward response is the early ITI. ISI fixed-point is identified in the blue linear system, and ITI fixed-point
is identified in the purple linear system.



Chapter 4

Discussion

The OFC is thought to play an important role in decision-making in uncertainty. More specifically,
it seems to encode for various variables, crucial to belief state computation. Consequently, it has
been highlighted as an interesting candidate to hold belief state representation. In this project, we
examined neuronal encoding and underlying dynamics in the OFC to investigate the neural basis of
belief state computation during a reward learning task with state uncertainty. The variable reward
delay task has the advantage of presenting a rather simple paradigm to observe how varying cue-
reward intervals change the underlying population dynamics as well as how the transition from one

state to the other is computed in the brain.

Delay-tuned neurons and sequential encoding in the OFC Our findings on individual neuron
activity strengthen the evidence on the OFC being central to encoding state-inferring variables. OFC
was found to encode consistently for odor, delay after odor when expecting a reward delivery and
reward. All of these are key elements to the belief state representation in the variable reward delay
task. If such a process takes place in the brain, the evidence shown here supports a population-level
encoding, where single-neuron information is integrated to infer the belief state.

The sequential activity showed patterns of activation similar to time cells in the hippocampus [90].
Thus, the sub-population of neurons in the sequence could be encoding time after cue. However,
the fact that sustained neuronal activity stopped at reward for rewarded trials and the sequential
activity was not visible for unrewarded trials indicates that the OFC is not just encoding time. A
part of the system, most probably the neurons at the origin of the sequential activity, had to infer
the trial value (rewarded or not) as well as the reward delay associated to the observed cue. In
line with those observations, latent dynamics of the neural population, obtained from the rSLDS
analysis, showed different trajectory velocity in the ISI across odors with different expected delays
before reward delivery. Thus, sequential activity could constitute the input to an integrator model
predicting value and timing of the reward. In addition, two sub-populations of neurons: the later
delay-tuned neurons, with sustained activity from the end of the sequential activity to reward delivery,

and the background-tuned neurons, inhibited from cue to reward, could, together be encoding the
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probability of being in the ISI and the ITI, respectively. The transition of the neural activity from one
sub-population to the other would mark the transition between the two macro-states.

Hence, we propose that the OFC neurons individually encode parts of the abstract belief state
representation. Neurons could be tuned to different sub-states of the ISI state to be able to track
the transitions between the macro-states. Information integrated at the population-level forms the
dynamics at the population level. In task 1, transitions are unambiguously signaled by either cue
onset or reward onset, making the belief state representation similar to a CSC. Further work should
be performed to analyze neural activity in the OFC in task 2. For our proposal to hold, the sequential
activity should progressively disperse as probability of state transition increases over the course of
the ISI. We expect background-tuned neurons to progressively start firing again while delay-tuned

neurons progressively get back to baseline activity before the end of the ISI.

Parallel to the POMDP framework Building on our proposal, we sought to relate neural activity to
the POMDP framework (Fig. 1.9). Starkweather and colleagues (2017) provided evidence supporting
the TD learning model using belief states operating in the brain [14]. However, for simplicity, it was
assumed that the only source of uncertainty in the variable reward delay task is whether the reward
was delivered. Consequently, all belief sub-states were weighted similarly across the ISl in task 1 (Fig.
1.7). To account for time uncertainty increasing as time passes, a representation model combining
microstimuli and belief state representations was proposed. Belief state representation is sensitive to
the task structure. Hence, by conceiving microstimuli as derived from the belief state, the microstimuli
shape could vary to adapt to the task structure and encode progression in the I1SI. Thus, by combining
both the representation would be more flexible than the belief state representation alone. Plus,
microstimuli could be thought as the neural realizations of the abstract-state representation implied
by the belief-state model and the brain would encode abstract belief state through neurons whose
temporal-receptive fields resemble microstimuli [14].

Various results from our analyses reinforce this theory. Neurons part of the sequential activity,
both peaking at a specific moment in time or showing sustained activity, actually mirrored the evo-
lution of sub-states in the microstimulus model (Fig. 1.3). As time elapses, the model incorporates
neural timing noise that accrues for longer intervals. This fits with our micro-states decoder show-
ing decaying performances as time passed in the ISI. Further increasing the resemblance, latent
dynamics of the neural activity showed a variable velocity of the activity trajectory at odor response,
depending on the reward delay. It goes in pair with the expectation that the microstimuli adapt their
shapes to fit with the task structure.

Subsequent analysis would consist of designing the ISI and reward variable bases in our encoder
similarly to microstimuli representation. If the OFC is encoding sub-states as microstimuli, such an
encoder should capture more of the neural activity than our current implementation, resembling CSC
representation with a ballistic sequence of equally dispersed sub-states. Analysis on task 2 should

also be performed.
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Neural population activity decoding macro- and micro-states Neural population activity was
shown to be sufficient to decode states. The decoder on micro-states performed better on earlier I1SI
states with accuracy decreasing as time elapsed in the ISI. We can safely reject the possibility that
the difference of performances between the early and late states of the ISI were caused by a lack
of samples for the later states, due to how we re-balanced the data. Indeed, the performances also
degraded in the later states for cue C, in which the number of samples was similar for all states. We
rather hypothesize that the difference is due to the sustained activation of neurons in the late ISI. It
makes the overall activity more similar from one adjacent state to the next.

In light of the dynamics of the neural population, the micro-states in the early ISI might be more
distinct compared to those in the later ISI because their neural activity is not yet stabilized at the
fixed-point. Those states consist of the activity transitioning from the ITI to the ISI fixed-point. In that
sense, the OFC neural activity contains the dynamics needed to differentiate macro-states: activity
is differentiable in both macro-states, with baseline activity for the ITI and neurons sustaining a high
activity in the late ISI. Transitions are equivalent to the trajectory going from one macro-state to the
other in the dynamical space, and the neural activity at that time is distinct from one sub-state to the
next.

An interesting follow-up would be to compare classifiers, trained on only odor-A and odor-C trials
respectively, on this late ISI period, in task 2. We expect the prediction to be more accurate after cue
C for which the animal knows until expected time of reward that it cannot be in the ITI already. After
cue A, the animal is in constant uncertainty about the state until the last possible reward delivery

timing happens.

Functional heterogeneity in the OFC New data were recorded on 4 extra animals trained on
task 1 and task 2. We did not have the time to analyze them carefully in the time frame of this
project. However, until now, neural data was recorded in the lateral part of the OFC. Some of those
new sessions recorded neurons in the OFC in different sub-regions, i.e. from the ventro-lateral and
medial parts. Preliminary results indicated that neurons recorded in different sub-regions might not
be tuned to the same task features as what we observed in this project (Supp. Fig. A.18). Especially
neural activity recorded in the ventro-lateral and medial OFC does not seem to show tuning to reward
delivery.

And indeed, the medial and lateral OFC have distinct connectivity and such difference has been
assumed to have functional implications [18]. Based on a lesion study, Noonan and colleagues (2010)
proposed a distinct division between mOFC and IOFC, in term of their function. The mOFC would
focus on reward-guided decision making and value comparison. In comparison, the IOFC'’s role
would be in reward-guided learning, encoding the credit assignment problem [53] - i.e. attributing
a reward to the corresponding action for learning the value of said-action [91]. However, if those
functions were artificially differentiated in order to be investigated, they are not necessarily opposed
in natural settings. They might rely on the same states representations: the agent learns a task,

using credit assignment to improve states representation and can later take decisions based on its
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improved state representation. With this hypothesis, states representation would actually be the link
between the two initially distinct functions.

Investigation on the new data needs to be performed to understand the discrepancy in neuronal
tuning better. In light of those studies and considering that the task we used is a reward learning
task, the task would require mostly lateral OFC rather than medial OFC. Thus, it would make sense

that we observe different patterns of activations between those two sub-regions.

Delay-tuned neurons in the M2 Interestingly, we found that the M2 neurons presented delay-
tuned neurons, showing sequential activity along the ISI duration, similar to the ones in the OFC.
Moreover, our models trained on M2, both the linear regression model (Supp. Fig. A.5) and the
linear classification (Supp. Fig. A.9), had performances comparable to the ones trained on the OFC
neural activity. However, contrary to neurons in the OFC, no odor-tuned neurons were observed.

This corroborates a previous study on the involvement of M2 in decision-making, and more
precisely in the initiation of action [92]. Using a task in which rats had to decide when to abort waiting
for a delayed tone, the authors observed two types of neural populations in the M2. Neurons in the
first population would ramp to a constant threshold, at rates proportional to the waiting time, while the
second population fired in sequences in time until waiting is over. In light of the integration-to-bound
mechanism, they associate the first population to the integrator output, identifying the timing of the
initial intention to act, while the second would represent the inputs to the integrator.

Similarly, we could relate the neurons temporal alignment observed in the ISI to the input to an
integrator model from the cue to the reward. This way, no integration is needed in unrewarded trials,

as the animal has no interest in keeping track of time knowing that no reward will follow.

Odor specificity of the belief state representation Both the POMDP presented by Starkweather
and colleagues [14] and the following project did not investigate differences in neural encoding across
different odors. It could provide insights on the generalization of the encoding taking place in the brain.
Multiple possibilities exist. Beliefs for each odor could share the same ITI state representation but
otherwise be separated, meaning a same time point after cue in trial would be represented differently
depending on the odor. Alternatively, state representation could be as common as possible, relying on
the downstream value readout process to differentiate them. Finally, considering that (1) regardless
of the odor, the neural network relies on the same dynamics but (2) different odors have different
values, we could envision a mixture of the above where a dynamical state representation is common
to all odors but the representation differs regarding the value each state encodes.

For simplification, most of our analysis were presented while separating the trial types. Yet, when
comparing our findings between trial types, the OFC neurons showed similar activity patterns across
odors. For instance the low-dimensional spaces obtained with the PCA analysis for each trial type
showed similar geometrical representations from one another (Fig. 3.7). Preliminary investigation
also constructed a linear regression model trained on a regression matrix with a unique variable for

all the different odors. Performances were found to be as good as the model for which the regression
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matrix has one variable per cue type (Supp. Fig. A.19, Top). Additionally, a model trained only on
odor A trials could predict the spiking rate in the other trial types almost as good as the full linear
regression model, and similarly for a model trained on odor C trials only (Supp. Fig. A.19, Bottom).
However, the dynamics of the neural activity showed variations in velocity in the I1SI, depending on
the odor onset. It hints that there is still a difference regarding the value each state encodes.
Hence, preliminary results on odor specificity indicates that a common dynamical state repre-
sentation that differs regarding the value each state encodes might be the process in place. More

analyses should be performed to reinforce this idea.

comments and possible improvements on the rSLDS modeling Using the rSLDS on neural
data is a new analytic method and there are still a few points that could be improved for further work
and that would have been investigated if time would have allowed it.

First of all, we only displayed the latent space for the best fitted model, out of around a hundred
model fittings. The rSLDS optimizatipn process being nonconvex, reinitialization is needed to ensure
that the model did not converge to a local mimum rather than a global one. We still investigated the
dynamics of the sub-optimal fitted models and they actually showed a great variability. Of interest,
some did not succeed in capturing both fixed-points (Supp. Fig. A.15; no clear ISI fixed-point when
looking at the flow field). Many also displayed a line attractor dynamic rather than two fixed-points
attractors (Supp. Fig. A.17). In that last case, the late ITI (before odor response) and late I1SI (before
reward response) were found both on the line, each on one side. Hence, even if results might not
have been as striking for the other fittings, we want to emphasize that the main findings were always
captured.

Second, we could have improved the trajectory of the early ITI not systematically displayed as
coming back to the ITI fixed-point. We observed that the trajectory in late ITI even converged back
to the ISI fixed-point in some sub-optimal fitted models (Supp. Fig. A.16). This is probably due to
the short duration of the early ITl. We saw in our individual neuron analysis that some reward-tuned
neurons might take a few seconds to come back to baseline activity after reward. Here, we selected
trials, cutting the ITI 4s after reward only, as it is the minimum ITI duration in the trial and we didn’t
want to have trials overlapping. If the model did not get enough samples to infer the "end of the
loop”, once the reward response is over, it makes sense that it is wrongly estimating the trajectory.
Designing the experiment with a longer minimal ITI duration or processing trials with varying lengths
could be a solution.

Finally, we investigated more specifically the presence of fixed-points in the two-dimensional
plane. In order to implement the model faster, we made the assumption that two latent dimensions
were sufficient to describe the system. However, Nair and colleagues performed a factor analysis
on the neural data to tune the number of latent dimensions. They took the minimum number of
dimensions that explains at least 90% of the observed variance [17]. We also performed such an
analysis (Supp. Fig. A.20) and 6 was found to be the minimum number of latent space. As we

still find a two-dimensional space in line with what we were expecting, we can consider that our
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models provided a reasonable approximation of neural activity already. However, further work on
the dynamics matrix for instance should be performed on models with a well-tuned number of latent

dimensions.
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Figure A.1: Licking behavior and example PIR, M2 and M1 neurons. Trial types are separated. Curves correspond to trial-averaged lick
count and firing rates, smoothed with a 1s-window 0.1-step moving average. Time zero corresponds to odor onset. The cue onset is indicated
with a purple dashed line and reward onset with either a grey area or dashed line. a. Lick count per second. Shaded area corresponds to the
s.e.m.. b-g Example individual neurons in PIR, M2 and M1. Upper plot is the trial-averaged firing rate (Hz) per cue. Lower plot is the spiking
raster per trial type, with trials ordered from bottom to top. For cue A, the trial-averaged firing rate are distinctly calculated for each reward
timing and displayed from pink to blue with pink being the earliest possible reward (3.2s) and light blue the latest possible reward (4.8s). b.
Example PIR odor-tuned neuron, activated at odor onset, regardless of the reward timing and even for unrewarded trials (odor D). c-f Example
M2 neurons. c¢. Example reward-tuned neuron, bursting at specific reward timing in the trial. We see a clear ordering of reward activation in
cue A trials from earlier to later reward timings. We do not see activity for odor D. d. Example delay-tuned neuron, activated at the same time
point regardless of the reward timing, and inhibited at reward. We do not see such a pattern for odor D trials. e. Example long delay-tuned
neuron, activated at the same time point regardless of the reward timing and staying activated until a fixed time after reward before gradually
going back to background activity. No such pattern of activity is visible for odor D trials. g. Example M1 neuron, showing no specific tuning to
any of the events in the trial.
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Figure A.2: Training activity maps with neurons ordered per peak activity timing. For each brain region (rows), trial types are separated
(columns) and the trial-averaged activity per neuron was computed. Time zero corresponds to odor onset, indicated by a black dashed line.
The reward onset is indicated by either a red shaded area or dashed line. For each brain region, neurons are sorted based on the timing of their
peak responses from 1s before cue onset to 2s after reward onset. Ordering was computed on half of the trials available for each trial type and
we display the - ordered - training set. For each region, we display neuron activity for respectively n = 59, 51, 60, 60 neurons for a. OFC; b.
M2; c. PIR; and d. M1. Color code on the z-score values, in the color bar is bounded from -4 to 4, with values above 4 or below -4 thresholded

to those bounds.

0 1.2 28

Time (s)

e

SRy LN

Cue B

C

W
-

o
i

i

'.Al
i =
- -'-.: "t:
-: -
oy
6.8 -2 0

5.2

- Ere".
i R
-
T
s '
N |
0 2.8
Time (s)

b
o

6.8 -2

Cue D

Time (s)

Figure A.3: Activity maps with neurons ordered per peak response timing for a different mouse. For each brain region (rows), trial types
are separated (columns) and the trial-averaged activity per neuron was computed. Time zero corresponds to odor onset, indicated by a black
dashed line. The reward onset is indicated by either a red shaded area or dashed line. For each brain region, neurons are sorted based on the
timing of their peak responses from 1s before cue onset to 2s after reward onset. We display averaged activity on the other half on a larger time
window from 2s before cue onset to 4s after reward onset. Neurons are sorted using the ordering found on training activity, from top to bottom.
For each region, we display neuron activity for respectively n = 49, 60 neurons for a. OFC; and b. M2. Color code on the z-score values, in
the color bar, is bounded from -4 to 4, with values above 4 or below -4 thresholded to those bounds.
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Figure A.4: Grid-search on the length of the reward bases of the linear regression. The linear regression model was fitted with reward
bases varying from 1s to 4s (minimum duration of the early ITI, to avoid overlapping with next trial) after onset. We selected 3s because we
wanted a round number, close enough to the length of the ISI bases (4.8s) and asserted that performances were good enough compared to

other lengths. Best performances were reached for lengths of 2.8s and 4s.
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Figure A.5: Distribution of the adjusted R?-square score across neurons for the LSTSQ linear regression model, trained for full and
regressed regression matrices. Left: Model containing all the variables tested, i.e. licking, reward, odor and delay. Then, Right: each of
the following models are reduced models in which one of the variables was removed. Consequently, the importance of the removed variable is
correlated to the performance difference to the full model. Middle line of the box plots is the median score across neurons in the region. We do

not display the outliers.
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-1.045

Table A.1: Grid-search optimization of the number of discrete states K in the rSLDS model. For K € [1, 6], we reinitialized/retrained
each model 5 times, compared the average model performances (ELBO) and selected the best K.
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on a regression matrix containing all the regressors (ISI, reward, licking) were compared using the adjusted R2-square score. We see that
performances did not get significantly better using the computationally more heavy GLM model. We decided to keep the LSTSQ model as it
does not require hyperameters fitting. It took us around 6h to tune one model (one regression matrix format for one region) with the GLM for
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Figure A.7: Distribution of the adjusted R?-square score across neurons for the GLM model, trained for each regression matrix and
each region. Left: Model containing all the variables tested, i.e. licking, reward, odor and delay. Then, Right: each of the following models
are reduced models in which one of the variables was removed. Consequently, the importance of the removed variable is correlated to the
performance difference to the full model. Middle line of the box plots is the median score across neurons in the region. We do not display the
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Figure A.8: State classifier performances from neuron population in the PIR cortex. Per column, we trained the decoders on (1) all
rewarded cues, (2) only cue A trials, (3) only cue B trials, and (4) only cue C trials. The same analysis was performed for all groups. (Top)
Confusion matrix normalized by number of occurrences per state (each cell is divided by the sum on values in its row). Values on the diagonal
correspond to the sensitivity (%) for each state. Data evaluated is the testing set. (Middle) Most probable state through time (purple
dots) against true state (green) on an example snippet of the session. Most probable state was evaluated by taking the state with the maximum
probability for each time point for the micro-state classifier. (Bottom) Most probable state through time (purple dots) against true state (green)
on an example snippet of the session. Most probable state was evaluated by taking the state with the maximum probability for each time
point for the macro-state classifier. As one session mostly consists of ITI, the states were first manually re-balanced in the dataset used for
training/testing (same number of ITI samples as the maximum available number of samples in an IS| state. Validation data, used for plots in the
middle and bottom rows correspond to 6 trials (20s; 200 bins) for 0.2s prior to odor onset to 0.2s after reward onset.
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Figure A.9: State decoder performances from neuron population in the M2. Per column, we trained the decoders on (1) all rewarded cues,
(2) only cue A trials, (3) only cue B trials, and (4) only cue C trials. The same analysis was performed for all groups. (Top) Confusion matrix
normalized by number of occurrences per state (each cell is divided by the sum on values in its row). Values on the diagonal correspond to
the sensitivity (%) for each state. Data evaluated is the testing set. (Middle) Most probable state through time (purple dots) against
true state (green) on an example snippet of the session. Most probable state was evaluated by taking the state with the maximum probability
for each time point for the micro-state classifier. (Bottom) Most probable state through time (purple dots) against true state (green) on an
example snippet of the session. Most probable state was evaluated by taking the state with the maximum probability for each time point for the
macro-state classifier. As one session mostly consists of ITI, the states were first manually re-balanced in the dataset used for training/testing
(same number of ITI samples as the maximum available number of samples in an IS state. Validation data, used for plots in the middle and
bottom rows correspond to 6 trials (20s; 200 bins) for 0.2s prior to odor onset to 0.2s after reward onset.
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Figure A.10: State decoder performances from neuron population in the M1. Per column, we trained the decoders on (1) all rewarded
cues, (2) only cue A trials, (3) only cue B trials, and (4) only cue C trials. The same analysis was performed for all groups. (Top) Confusion
matrix normalized by number of occurrences per state (each cell is divided by the sum on values in its row). Values on the diagonal correspond
to the sensitivity (%) for each state. Data evaluated is the testing set. (Middle) Most probable state through time (purple dots) against
true state (green) on an example snippet of the session. Most probable state was evaluated by taking the state with the maximum probability
for each time point for the micro-state classifier. (Bottom) Most probable state through time (purple dots) against true state (green) on an
example snippet of the session. Most probable state was evaluated by taking the state with the maximum probability for each time point for the
macro-state classifier. As one session mostly consists of ITI, the states were first manually re-balanced in the dataset used for training/testing
(same number of ITI samples as the maximum available number of samples in an IS state. Validation data, used for plots in the middle and
bottom rows correspond to 6 trials (20s; 200 bins) for 0.2s prior to odor onset to 0.2s after reward onset.
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Figure A.11: Dimensionality-reduction of the trial-averaged neural activity per trial type in the M2. PCA was applied on trial-averaged
neural activity. We displayed the resulting two first principal components. b-d Low-dimensional representation of the trial-average neural activity
pertrial. Late ITI (pre-cue) in pink, cue in dark blue, ISl in blue, reward in red (either point or line), early ITl in violet. For a. odor-A trials, computed
distinctively per reward type. Purple trajectories represent earlier rewards trials (from 3.2s) and light blue trajectories are later rewards trials (up
to 4.2s). Trajectories are noisier than the other plots as the number of samples to fit the PCA were lower; b. odor-A trials, reward timings taken
all together (from 3.2s to 4.8s); c. odor-B trials (reward at 3.2s); d. odor-C trials (reward at 4.8s).
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Figure A.12: Dimensionality-reduction of the trial-averaged neural activity per trial type in the PIR. PCA was applied on trial-averaged
neural activity. We displayed the resulting two first principal components. b-d Low-dimensional representation of the trial-average neural activity
per trial. Late ITI (pre-cue) in pink, cue in dark blue, ISl in blue, reward in red (either point or line), early ITl in violet. For a. odor-A trials, computed
distinctively per reward type. Purple trajectories represent earlier rewards trials (from 3.2s) and light blue trajectories are later rewards trials (up
to 4.2s). Trajectories are noisier than the other plots as the number of samples to fit the PCA were lower; b. odor-A trials, reward timings taken
all together (from 3.2s to 4.8s); c. odor-B trials (reward at 3.2s); d. odor-C trials (reward at 4.8s).
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Figure A.13: Dimensionality-reduction of the trial-averaged neural activity per trial type in the M1. PCA was applied on trial-averaged
neural activity. We displayed the resulting two first principal components. b-d Low-dimensional representation of the trial-average neural activity
per trial. Late ITI (pre-cue) in pink, cue in dark blue, ISl in blue, reward in red (either point or line), early ITl in violet. For a. odor-A trials, computed
distinctively per reward type. Purple trajectories represent earlier rewards trials (from 3.2s) and light blue trajectories are later rewards trials (up
to 4.2s). Trajectories are noisier than the other plots as the number of samples to fit the PCA were lower; b. odor-A trials, reward timings taken
all together (from 3.2s to 4.8s); c. odor-B trials (reward at 3.2s); d. odor-C trials (reward at 4.8s).
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Figure A.14: PCA analysis of the averaged spiking count on trials across session. We computed the average spike count for each neuron
and applied PCA. We considered time bins a. across the whole trial. Mean activity per trial varies a lot depending on the trial type, mostly on
the second principal component. And time bins b. on the late ITI only. It is more stable from trial to trial. We see less variation on the second
principal component. For both, most of the variation is on the first component, and it drifts across the whole recording. c. The explained
variance for each component shows that most of the variation is explained by the two first principal components. Overall, if variation on the
second principal dimension in a. is explained by the structure of the paradigm, variation along the first dimension is general over the whole
recording and corresponds to drift along time.
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Figure A.15: Latent trajectories per cue type for rSLDS model fitted on OFC neural activity, in which no fixed-point for ISl is visible in
the inferred dynamics. a. (Left) Trial-averaged latent trajectory for cue A trials, per reward timing, from 3.2s to 4.8s. Legend corresponds to
the time at which the reward happens for each averaged trajectory. (Right) Three example individual trials, with difference size of ISI, sampled
randomly from the recording. b. (Left) Trial-averaged latent trajectory for cue B trials, reward at 3.2s. (Right) Three example individual trials,
with difference size of ISI, sampled randomly from the recording. c. Trial-averaged latent trajectory for cue C trials, for reward at 4.8s. Flow
field corresponds to the most likely dynamics in the plane, with each color representing one of the 4 linear systems fitted (one per discrete state)
and arrows show the direction and rate of change of activity at each point.
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Figure A.16: Latent trajectories per cue type for rSLDS model fitted on OFC neural activity, in which the lat ITI converges to the ISI
fixed point. a. (Left) Trial-averaged latent trajectory for cue A trials, per reward timing, from 3.2s to 4.8s. Legend corresponds to the time at
which the reward happens for each averaged trajectory. (Right) Three example individual trials, with difference size of I1SI, sampled randomly
from the recording. b. (Left) Trial-averaged latent trajectory for cue B trials, reward at 3.2s. (Right) Three example individual trials, with
difference size of ISI, sampled randomly from the recording. c. Trial-averaged latent trajectory for cue C trials, for reward at 4.8s. Flow field
corresponds to the most likely dynamics in the plane, with each color representing one of the 4 linear systems fitted (one per discrete state) and
arrows show the direction and rate of change of activity at each point.
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Figure A.17: Latent trajectories per cue type for rSLDS model fitted on OFC neural activity and showing line-attractor dynamics. a.
(Left) Trial-averaged latent trajectory for cue A trials, per reward timing, from 3.2s to 4.8s. Legend corresponds to the time at which the reward
happens for each averaged trajectory. (Right) Three example individual trials, with difference size of ISI, sampled randomly from the recording.
b. (Left) Trial-averaged latent trajectory for cue B trials, reward at 3.2s. (Right) Three example individual trials, with difference size of ISI,
sampled randomly from the recording. c. Trial-averaged latent trajectory for cue C trials, for reward at 4.8s. Flow field corresponds to the
most likely dynamics in the plane, with each color representing one of the 4 linear systems fitted (one per discrete state) and arrows show the
direction and rate of change of activity at each point.
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Figure A.18: Trial-averaged neural activity for different sub-regions of the OFC per trial type for task 1. New data were recorded in
sub-regions different from the one studied in this project. Trial-averaged neural activity for odor A (blue), odor B (green) and odor C (orange)
were compared on a time-scale relative to reward delivery. a. Lateral OFC neurons activity recording from the dataset analyzed in the following
project. b. Lateral OFC neurons activity recording from the newly recorded dataset. Neural activity in trial type A does not display an odor
response, further investigation showed that the animal did not seem to have licked neither in the task. c. Ventro-lateral OFC neurons activity
recording from the newly recorded dataset. Neurons do not seem to be activated upon reward. d. Medial OFC neurons activity recording from
newly recorded dataset. Neurons do not seem to be activated upon reward. Plots produced by Dr. Jay Hennig.
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Figure A.19: Distribution of the adjusted R2-square score across neurons for the LSTSQ linear regression model, trained for each
regression matrix and each region on a model with all cue types represented in the same regressors and models only trained on
specific cues. Top: Comparison of a model trained on a regression matrix in which each cue type and corresponding reward had its own set
of regressors, compared to a model for which the regression matrix had a unique set of regressors for all cues and all rewards. Bottom: From
left to right, models were trained with all regressors, on only one cue type, either Cue A trials or Cue C trials and adjusted R2-square scores for
individual trial types are displayed, from left to right, Cue A, Cue B and Cue C. Middle line of the box plots is the median score across neurons
in the region. We do not display the outliers. Legend holds for all plots.
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Figure A.20: Cumulative variance of the OFC neural activity explained along the sorted principal factors of a factor analysis. Factor

analysis model applied to the neural data for all cues together. Previous work takes the minimum number of principal factors to explain 90% of
the variance in the data as the number of latent spaces for the rSLDS model fitting [17].
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