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SUMMARY

A major challenge for neuroscience, public health, and evolutionary biology is to understand the effects of
scarcity and uncertainty on the developing brain. Currently, a significant fraction of children and adolescents
worldwide experience insecure access to food. The goal of our work was to test in mice whether the transient
experience of insecure versus secure access to food during the juvenile-adolescent period produced lasting
differences in learning, decision-making, and the dopamine system in adulthood. We manipulated feeding
schedules in mice from postnatal day (P)21 to P40 as food insecure or ad libitum and found that when tested
in adulthood (after P60), males with different developmental feeding history showed significant differences in
multiple metrics of cognitive flexibility in learning and decision-making. Adult females with different develop-
mental feeding history showed no differences in cognitive flexibility but did show significant differences in
adult weight. We next applied reinforcement learning models to these behavioral data. The best fit models
suggested that in males, developmental feeding history altered how mice updated their behavior after nega-
tive outcomes. This effect was sensitive to task context and reward contingencies. Consistent with these re-
sults, in males, we found that the two feeding history groups showed significant differences in the AMPAR/
NMDAR ratio of excitatory synapses on nucleus-accumbens-projecting midbrain dopamine neurons and
evoked dopamine release in dorsal striatal targets. Together, these data show in arodent model that transient
differences in feeding history in the juvenile-adolescent period can have significant impacts on adult weight,
learning, decision-making, and dopamine neurobiology.

INTRODUCTION

Food insecurity is defined as uncertain or limited access to suf-
ficient, nutritionally adequate, and safe food, and is distinguished
from starvation and malnutrition.”” Before the COVID-19
pandemic, approximately 14.5 million households with children
in the United States and over 2 billion people worldwide experi-
enced food insecurity in their daily lives.>* After COVID-19,
numbers have increased worldwide.”

The epidemiological literature shows that children and
adolescents who have experienced food insecurity are at
higher risk for a number of mental health and behavioral prob-
lems,>"" including internalizing and externalizing behav-
iors”'%12 and issues with self-control.'®'® Food insecurity is
also associated with differences in learning,'* lower 1Q met-
rics,’® and worse math, reading, and vocabulary scores.'®"”
A functional brain imaging study of children who had

experienced food insecurity found that they performed worse
than children who were food secure in a task based on reac-
tion time and showed lower fronto-striatal white matter
integrity.'®

The effects of food insecurity on human development are often
confounded with other factors associated with poverty and adver-
sity. While researchers can statistically control for these variables
in carefully designed human studies, it is particularly hard to fully
isolate childhood food insecurity from parental stress and depres-
sion.®'9?° It is also of great interest to understand the effects of
feeding history on brain development from the perspective of
evolutionary biology.?'"2° These factors motivated us to develop
a mouse model of juvenile and adolescent food sinsecurity to
explore effects on behavioral and brain development while con-
trolling genetic and other environmental factors.

Systems that control learning and decision-making evolved in
large part to support foraging strategies. Foraging strategies can
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be considered behavioral phenotypes. Phenotypes that affect
survival will be under selective pressure. An individual at birth
may be capable of expressing multiple possible adult pheno-
types, but the phenotypes ultimately expressed may be informed
by the environment encountered by each individual during devel-
opment.?" In evolution and ecology, this complex developmental
interaction of genes and environment has been termed adaptive
developmental plasticity and encompasses ideas from life his-
tory theory.?*" In theoretical, lab, and field work, it has been
shown to be advantageous for organisms to make use of
abundance and scarcity cues experienced in development to
promote the expression of a phenotype optimized for these
conditions in the adult environment.?’?®?° It is thought that
when environments are relatively consistent across time, infor-
mation acquired during development can be used to trigger a
predictive adaptive response.”’***° These ideas have been
well established in evolutionary biology and may be bridged
with studies of experience-dependent plasticity and sensitive
periods in neuroscience.”>*°

When forming our hypotheses about the effects of food inse-
curity on learning and decision-making, we considered both hu-
man epidemiology and adaptive developmental plasticity frame-
works. Based on human epidemiology, one might be inclined to
predict that mice that experienced food insecurity, when
compared with those that always experienced ad libitum access
to food, would show worse cognitive performance in learning
and decision-making tasks. However, when considering adap-
tive developmental plasticity, we may also anticipate observing
gains in performance in specific contexts in animals that experi-
enced food insecurity. One recent study reported that increased
past exposure to uncertainty was associated with greater cogni-
tive flexibility in human subjects but only when subjects were
tested in conditions of uncertainty, which possibly match or
mimic a more unstable developmental environment.®’

Here, we present the paradigm we used to manipulate devel-
opmental juvenile-adolescent feeding history in mice from post-
natal day (P)21 to P40. We present results showing how these
differences in feeding history affected weight, behavioral per-
formance, and neurobiological measures in adulthood after
P60.

RESULTS

We manipulated the juvenile-adolescent feeding schedule in
both male and female mice between P21 and P40, when mice
either had ad libitum access to food (AL group) or had fluctu-
ating, uncertain, and limited amounts of food, (FI group). After
P41, all mice had ad libitum access to food (Figures 1A-1C).

Feeding history in development affected adult weight in
females but not males

During P21-40, FI mice were significantly lighter than AL mice
(Figure 1D; treatment: F(1, 1028) = 41.17, p < 0.0001; age:
F(19, 1028) = 163.5, p < 0.0001; interaction: F(19, 1028) =
3.24, p < 0.0001; post hoc Sidak’s multiple comparison: P37:
p = 0.0023, P39: p < 0.0001, P41: p < 0.0001). The P21-40
weights of the FlI mice were comparable to mice that were
food restricted with a stable but limited amount of food during
P21-40 (FR) (Figure S1) that allowed them to maintain 80%-
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90% of the average weight of P21-40 AL mice (see
Figures S1A and S1B for more on FR group mice). After P40,
the FI mice regained weight quickly and were comparable to
the same sex AL mice by P43; the first weight measurement af-
ter FI mice were returned to ad libitum food (Figure 1D, P43:
p > 0.99, Figure S1B).

In adulthood, male FI mice maintained weights comparable to
male AL mice (Figure 1E, treatment: F(1, 261) = 2.07, p = 0.15,
age: F(11, 261) = 42.83, p < 0.0001, interaction: F(11, 261) =
1.13, p = 0.34; Figure S1C). Female FI mice grew significantly
heavier than female AL mice (Figure 1F, treatment: F(1, 300) =
75, p < 0.0001, age: F(11, 300) = 31.65, p < 0.0001, interaction:
F(11, 300) = 2.98, p = 0.0009; P110: p = 0.054, P120: p =
0.0004, p130: p < 0.0001, P140: p = 0.0003, P150: p = 0.0003;
Figure S1D). These data are in line with findings in human litera-
ture that females are at higher risk to develop obesity with FI
experience.*>3*

In male mice, feeding history affected reversal learning
in adulthood

We next used a 4-choice odor-based foraging (4COF) task®> %
(Figure 2A) to test how juvenile-adolescent feeding history
affected capacity for learning and cognitive flexibility in adult-
hood. The mice were tested in discrimination and reversal
learning phases in which a reward was obtained by digging
selectively in one of four pots with different scented shavings.
The spatial location of the pots was shuffled in each trial. To
meet the criterion in each phase, mice needed to make 8 correct
choices out of 10 consecutive trials. In the discrimination phase,
adult (P60-70) male AL and FI mice took similar numbers of trials
to reach criterion (Figure 2B, t(20) = 0.33, p = 0.75; Figure S2A)
and made a similar number of total errors (Figure 2C, t(20) =
0.97, p = 0.34; Figure S2B), indicating that feeding history in
development did not affect the capacity for initial associative
learning in adult male mice.

In the reversal phase, we found clear group differences in male
mice. Adult male FI mice showed less cognitive flexibility, taking
significantly more trials to reach criterion (Figure 2D, t(20) = 5.29,
p < 0.0001; Figure S2C) and made more total errors (Figure 2E,
t(20) = 4.98, p < 0.0001; Figure S2D) compared with male AL
mice. When the error types were examined, adult male FI mice
made significantly more reversal errors (odor 1, O1 errors; Fig-
ure 2F, 1(20) = 4.49, p = 0.0002). The majority of these O1 errors
were perseverative errors (perseverative O1), defined as errors in
choosing O1 before making the first correct choice (Figure 2F,
t(20) = 2.88, p = 0.0092). There was no significant difference in
regressive errors (regressive O1), defined as errors in choosing
O1 after making the first correct choice, yet the data show a
possible trend-level difference (Mann-Whitney U = 31, p =
0.054). There were no differences in irrelevant errors, defined
as choosing the never-rewarded odor (O3) (t(20) = 1.98, p =
0.061) or novel errors defined as choosing a newly added odor
04’ (U = 45.5, p = 0.29). Both groups also had approximately
the same number of omission trials in which no digging choice
was made within a 3-min time limit (Figure 2F, t(20) = 0.25, p =
0.80).

In two further cohorts of male mice, we replicated these 4COF
behavioral results (Figures S2E-S2L). As a further control, we
also performed comparisons between Fl and AL mice and a third
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Figure 1. Food insecurity feeding paradigm, experimental timeline, and mouse weight gain
(A) Mice were assigned to 2 different groups, ad libitum (AL) or food insecurity (FI) at P21. After P41, both AL and FI mice were fed ad libitum until testing.

Behavioral or neurobiological testing was performed after P60.

(B) Schematic illustrates the P21-P40 treatment differences. AL mice had free access to food daily while Fl mice received food in alternating “feast and famine”

days.

(C) Food was delivered to the FI mice with variable ratio (with a 5.0 g total baseline delivered every 48 h).
(D) FI mice showed transient disruption of weight gain during the P21-40 (n(AL) = 30, n(Fl) = 25).
(E) Male mice weight (n(AL) = 16, n(FI) = 12) showed no group differences in weight gain in adulthood. Note, all mice underwent food restriction for 4COF task in the

P60s.

(F) Female mice (n(AL) = 14, n(Fl) = 13) showed significant differences in weight gain in adulthood. **p < 0.01, **p < 0.001, ***p < 0.0001.

(D-F) Data are represented as mean + SEM.
See also Figure S1.

stable food-restricted FR group. The male FR mice were inter-
mediate between AL and FI mice in terms of reversal perfor-
mance (Figures S2A-S2H), suggesting that Fl treatment has
effects beyond those of FR with daily feeding.

These results indicated that juvenile-adolescent feeding his-
tory had robust effects on reversal learning in adult male mice
(Figure 2; Figure S2A-S2L). A history of P21-40 Fl was associ-
ated with more perseverative choices in reversal learning in the
deterministic context of the 4COF task.

Feeding history affected cognitive flexibility by altering
learning rates in adult male mice

To better understand the differences found in the 4COF task,
we used reinforcement learning (RL) models to fit the trial-by-
trial data (Figure 2). Comparing multiple submodels
(Table S1), we found that our RL5 model with 5 parameters
had the lowest average Akaike information criterion (AIC)
score®® and good simulation recovery of mouse behavioral
data (Figures S3A-S3D). The parameters in the RL5 model

were f4s and ags for the discrimination phase and B,
Qrevpos (@ + ), and arevneg (@ — ) for the reversal phase, where
inverse temperature parameters capture stochasticity of the
actions and action selection policy and « parameters capture
learning rates in response to outcomes in each phase of the
4COF task.

In the discrimination phase, we found no significant differ-
ences between male AL and FI groups in either B4 (Figure 2G,
U =49, p = 0.50, median [MED](AL) = 0.059, MED(FI) = 0.081) or
learning rate ag;s (Figure 2H, U = 50, p = 0.54, MED(AL) = 0.063,
MED(FI) = 0.047). In the reversal phase, we found that feeding
history differentially affected learning rates weypos (@ +) and
revneg (@ —) (Figure 2J, 1(20) = 2.01, p = 0.058; Figure 2K, U =
17, p = 0.0034, MED(AL) = 0.23, MED(FI) = 0.080), but did not
affect B, (Figure 21, t(20) = 0.96, p = 0.35). The drevneg (@ —)
in response to unrewarded outcomes, or negative prediction
error, in adulthood was significantly smaller in the FI group, likely
contributing to the less flexible and perseverative performance in
the reversal phase.
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Figure 2. In male mice, developmental feeding history affected adult cognitive flexibility in reversal learning
RL modeling suggests that this effect was driven by differences in the learning rate in response to negative outcomes.
(A) Schematic of the 4COF task. O1 was rewarded in the discrimination phase and unrewarded in the reversal phase. Previously unrewarded O2 became re-

warded in the reversal phase.

(B and C) Discrimination performance was similar between the adult male AL (n = 10) and FI (n = 12) mice.

(D and E) The FI mice took significantly more trials than the AL mice to reach criterion in the reversal phase, driven by a greater number of errors.
(F) The FI mice made significantly more reversal errors (O1 error), especially perseverative O1 errors.

(G and l) Inverse temperatures in both phases, 84 and 8,.,, were similar between the AL and FI mice.
(H) Learning rate, ag;s, in the discrimination phase were comparable.

(J and K) In reversal phase, learning rates areypos (e +) were not significantly different between groups, but learning rates in response to negative outcomes,
Qrevneg (@ — ), were significantly smaller in the Fl group. **p < 0.01, **p < 0.001, ***p < 0.0001. Data are represented as mean + SEM.

See also Figures S2 and S3 and Table S1.
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Figure 3. In female mice, developmental feeding history did not affect adult cognitive flexibility in reversal learning

(A) Schematic of the 4COF task.

(B and C) Discrimination phase, (B) trials to criterion (t(21) = 0.72, p = 0.48) (C) total numbers of errors (t(21) = 0.72, p = 0.48).

(D-F) Reversal phase. (D) Trials to criterion (t(21) = 0.40, p = 0.70), (E) total numbers of errors (t(21) = 0.46, p = 0.65), (F) O1 errors (t(21) = 0.61, p = 0.55),
perseverative O1 error (U = 56.5, p = 0.61), regressive O1 error (t(21) = 0.0035, p = 0.99), irrelevant error (t(21) = 0.41, p = 0.69), novel error (U = 62.5, p = 0.89), and
omission (t(21) = 0.79, p = 0.44). n(AL) = 10, n(Fl) = 13. Unpaired two-tailed t test or Mann-Whitney two-tailed test. Data are represented as mean + SEM.

See also Figures S2 and S3 and Table S1.

In female mice, feeding history did not affect reversal
learning in adulthood

We next examined the effects of juvenile-adolescent AL and FI
feeding history (Figures 1A-1C) on the adult performance of fe-
male mice in the 4COF task (Figure 3A). We found that FI during
P21-40 did not affect performance in discrimination and reversal
learning in adulthood in any metric (Figures 3B-3E; Figures S2M-
S2P). We also applied the RL models to this female data and
again found that there were no differences between groups for
all parameters in our RL5 model (Figure S3Q-S3U). Together,
these data show that juvenile-adolescent feeding history does
not affect initial associative learning or cognitive flexibility in
reversal learning in a deterministic context in adult female mice.

Feeding history had no impact on measures of palatable
food consumption behavior in adulthood in males and
had weak effects in females

While our study did not focus on feeding behavior, we did
perform a small study of consumption of high-fat food (HFF) in
both adult male and female mice. We tested HFF intake in three
different consumption test conditions—baseline, restricted, and
re-sated condition, followed by 3 weeks of 2-h access on an
intermittent schedule (Figure S1L). We found no differences be-
tween adult male AL, FR, and Fl mice in all of these consumption

tests (Figures STF-S1K, S1T, and S1V). In adult female mice, we
found a significant increase in the resated session (Figure S1W),
relative to the baseline session 3 in FI mice compared with AL
mice, but no significant group differences in other consumption
tests (Figures STN-S1S and S1U).

In male mice, feeding history affected flexibility under
probabilistic and volatile reward conditions in adulthood
We next tested male AL and FI mice in a probabilistic 2-armed
bandit task (2ABT).*° This task also tests cognitive flexibility
but differentially taxes decision-making systems due to a prob-
abilistic reward contingency and experience of repeated switch-
ing over hundreds of trials. Water was used as a reinforcer, and
no discrimination cues were provided in this task.

To probe behavior under different conditions of uncertainty,
mice were trained in three phases with different reward contin-
gencies: phase 1—-75%, phase 2—-90%, and phase 3—-
65% (Figures 4A-4D). Mice initiated a trial by poking at the center
initiation port and chose either the left (L) or right (R) peripheral
port. In the L-port rewarded blocks of phase 1, there was a
75% chance of reward delivery when mice made a correct deci-
sion at the L-port and always 0% chance of reward delivery when
mice made a R-port choice (Figure 4A). Volatility came from
block switching, i.e., a change from the L-port-rewarded to the
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Figure 4. In male mice, developmental feeding history affected adult cognitive flexibility and the learning rate in response to negative out-
comes in the probabilistic 2-armed bandit task

(A) Schematic of the 2ABT.

(B-D) Comparing to adult male AL mice (n = 8), FI mice (n = 8) took significantly fewer trials to switch in phase 1 and phase 3 (when the context was more
probabilistic, 75% and 65% respectively). Groups did not differ in phase 2 (90%).

(E-G) After a reward block switch, performance drops and then recovers. The FI mice reached 0.5 fraction of correct choice faster after a switch trial in phase 1
and phase 3. This difference was present but less prominent in phase 2.

(H) Within both groups, mice reached 0.5 fraction of L-choice faster in phase 3.

(I-L) RL model with 4 parameters, 8, apos (@ + ), and aneg (@ — ), and st in phase 1. The Fl group had significantly greater apeg (2 — ) and smaller st values than the
AL group. *p < 0.05, **p < 0.01, ****p < 0.0001. Dotted line at trial O indicates the reward block switching. Note the trial before the switch was always rewarded.
Data are represented as mean + SEM.

See also Figures S4 and S5 and Table S1.
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R-port-rewarded side in all phases, which occurred every 15 + 8
rewards.

One of our primary outcome measures in the 2ABT was the
number of trials mice took to switch their chosen side when
the action-outcome contingency changed at a block switch.
During phase 1—-75%, we found that adult male Fl mice, on
average, took significantly fewer trials to switch than the AL
mice (Figure 4B, t(14) = 3.93, p = 0.0015, AL: 3.08 + 0.09, FI:
2.50 + 0.11). This was again found in phase 3—-65% (Figure 4D,
t(14) =2.67, p=0.018, AL: 3.00 + 0.083, FI: 2.58 + 0.13). Howev-
er, the two groups took a comparable number of trials to switch
in phase 2—-90% (Figure 4C, t(14) = 0.76, p = 0.46, AL: 2.15 +
0.048, FI: 2.04 + 0.13).

When we examined the switching behavior more closely (trial
by trial after a switch), we again found that adult male FI mice
switched significantly faster than the AL mice in phase 1—-
75% (Figure 4E, treatment: F(1, 182) = 20.11, p < 0.0001, trials
relative to switch: F(12, 182) = 877.6, p < 0.0001, interaction:
F(12, 182) = 8.10, p < 0.0001). Adult male FI mice reached the
fraction of correct choice equaling 0.5 faster, and the fraction
of correct choice was significantly higher at first, second, and
third trials after the switch (Figure 4E, Sidak’s: 1% p = 0.014,
2" p < 0.0001; 3% p < 0.0001). A similar behavioral difference
between groups was observed in phase 3—-65% (Figure 4G,
2" p < 0.0001, 3 p = 0.027; treatment: F(1, 182) = 3.48, p =
0.064, trials relative to switch: F(12, 182) = 777, p < 0.0001, inter-
action: F(12, 182) = 3.61, p < 0.0001). In phase 2—-90%, this
trial-by-trial difference was also significant but was less
prominent (Figure 4F, 15% p = 0.0013, treatment: F(1, 182) =
0.31, p = 0.58, trials relative to switch: F(12, 182) = 717.9,
p < 0.0001, interaction: F(12, 182) = 2.45, p = 0.006). Together,
these data suggest that adult male mice with juvenile-adolescent
FI feeding history can show significantly more flexible behavior
than their AL counterparts when the reward contingency and
context are more uncertain and probabilistic (< 75%). For further
analyses, see supplemental information and Figure S5.

Feeding history affected switching behavior in adult
male mice by altering learning rates and “sticky choice”
We again turned to RL models to better understand the latent
variables contributing to performance differences in the 2ABT
(Figure 4). We found that a model (RL2a1b1s) that included 8
for inverse temperature, apos (@ +) for learning rate associated
with positive outcomes, and ey (@ — ) for learning rate associ-
ated with negative outcomes, and st for “stickiness” (a param-
eter that accounts for staying with a previous choice affecting
the policy stage) had the lowest average AIC scores (Figure S4A).
Adult male AL and Fl groups showed similar inverse tempera-
ture 8 parameters in all phases (Figure 41, phase 1: t(14) = 0.58,
p = 0.57, Figures S4C and S4G, phase 2: t(14) = 0.19, p = 0.85,
phase 3: t(14) = 0.95, p = 0.36) and apos (a +)) (Figure 4J, phase
1:t(14) = 0.36, p = 0.73, Figures S4D and S4H, phase 2: t(14) =
0.079, p = 0.94, phase 3: t(14) = 0.63, p = 0.54). Differences be-
tween groups emerged in apeg (@ — ). Adult male FI group
showed significantly greater learning rate aney (@ —) than the
AL group in phase 1 (Figure 4K, t(14) = 2.46, p = 0.028). There
were no significant differences between groups in phase 2 or 3
(Figures S4E and S4l). AL and FI groups also showed significant
differences in st in phase 1 (Figure 4L, t(14) = 2.7, p=0.017) and

¢ CellP’ress

OPEN ACCESS

phase 3 (Figure S4J, U = 4, p = 0.0019, MED(AL) = 0.15,
MED(FI) = 0.096), in which the FI group had smaller values.
This suggests the Fl group was less perseverative in the 2ABT
(stayed with a previous choice less) than the AL group when
reward probability was equal or less than 75% but not 90%.
Measures of integration of reward history using a logistic regres-
sion analysis (Equation 6) suggested the AL and FI mice consis-
tently differed in their integration of unrewarded trials in all three
phases of the 2ABT (Figures S5E-S5G).

Together, our modeling analyses support the interpretation
that juvenile-adolescent feeding history affects updating of
behavior, particularly after negative outcomes in adult male
mice.

In female mice, feeding history did not affect flexibility
and learning rates under probabilistic and volatile
conditions in adulthood

We also ran female mice in the 2ABT to test whether juvenile-
adolescent feeding history affected the behavioral processes
engaged by this task in females (Figure 5).

Comparing adult female AL and FI mice, there were no differ-
ences in trials to switch in phase 1, 2 or 3 on average (Figures 5A-
5C, t(14) < 0.77, p > 0.45), or when trial events were aligned to the
switch trial (Figures 5D-5F, phase 1-3: treatment: F(1,
182) < 0.20, p > 0.65, trials relative to switch: F(12, 182) > 672,
p < 0.0001, interaction: F(12, 182) < 0.72, p > 0.73). We further
applied the same RL modeling and logistic regression analyses
to these female 2ABT. Results suggested that there was no dif-
ference in B, apos (@ +), aneg (@ — ), Or St parameters between
adult female AL and Fl groups in any of the three phases
(Figures S4K-S4V). Female AL and FI groups also showed
similar logistic regression weights of both past rewarded and
past unrewarded trials, indicating past rewarded and unre-
warded trials, suggesting that the two groups integrated trial out-
comes comparably in all phases (Figures S5H-S5J).

Together, these data suggest that juvenile-adolescent feeding
history did not affect cognitive flexibility or updating to either
positive or negative outcomes in a probabilistic context in adult
female mice.

Feeding history affected synaptic strength of excitatory
synapses onto mesolimbic dopamine neurons in adult
male mice

We next turned to examine the neurobiology of dopamine neu-
rons in adult male mice with different feeding history to investi-
gate possible sources of their differences in cognitive flexibility.
We first targeted dopamine neurons of the ventral tegmental
area (VTA) identified via retrobeads injected into the nucleus ac-
cumbens (NAc) core region. In ex vivo slices, we measured excit-
atory postsynaptic currents (EPSCs) in labeled VTA neurons
evoked by local electrical stimulation (Figure 6A). The dual
EPSCs mediated by both a-amino-3-hydroxy-5-methyl-4-isoxa-
zole propionic acid receptors (AMPARs) and N-methyl-D-
aspartate receptors (NMDARs) were recorded while neurons
were held at a membrane potential of +40 mV. The NMDAR
antagonist D-2-amino-5-phosphonopentanoate (D-AP5) was
then applied to block NMDAR and isolate the AMPAR-mediated
EPSCs (Figure 6B). We found that the AMPAR/NMDAR ratio in
NAc core-projecting VTA dopamine neurons was significantly
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Figure 5. Developmental feeding history had no impact on performance in the 2-armed bandit task in adult female mice
(A-C) Adult female AL (n = 8) and FI mice (n = 8) did not differ in the number of trials to switch in all phases.
(D-F) The female AL and FI groups did not differ in fraction of correct choice in all phases. Data are represented as mean + SEM.

See Figures S4 and S5 and Table S1.

smaller in slices from the FI group (0.335 + 0.045, n = 10)
compared with the AL group (0.523 + 0.051, n = 11) (Figure 6C,
t(19) =2.72, p = 0.014). These data suggest that juvenile-adoles-
cent feeding history can modulate the strength of glutamatergic
inputs onto VTA dopamine neurons in adulthood (in the absence
of any training on a task).

We also examined the AMPAR current (l)-voltage (V) relation-
ship (Figure 6D) and calculated the rectification index (Equa-
tion 7). We found a trend-level difference in AMPAR-mediated
EPSCs at +40 mV in the FI group (Figure 6D, post hoc Tukey:
p = 0.096), but the rectification index did not significantly differ
between the two groups (Figure 6E, t(16) = 0.9775, p = 0.34,
AL:2.12+£042,n=9,Fl: 1.64 £+ 0.27,n =9).

To assess potential changes in glutamatergic presynaptic
release probability in these neurons, we delivered pairs of stimuli
at different time intervals and calculated the paired-pulse ratio.
We found no significant differences between groups in the
paired-pulse ratios (Figures 6F and 6G, treatment: F(1, 50) =
0.78, p = 0.38, paired-pulse interval: F(2, 50) = 2.18, p = 0.12,
interaction: F(2, 50) = 0.21, p = 0.81; interval: 50 ms: AL =
1.14 £ 0.12, FI = 1.11 + 0.18, 100 ms: AL = 1.10 + 0.08, FI
0.95 + 0.09, and 200 ms: AL = 0.93 + 0.04, FI = 0.89 + 0.08).

These electrophysiology data together suggest that differ-
ences found in the AMPAR/NMDAR ratios between the male
AL and FI groups (Figure 6C) possibly result from differences in
AMPAR signaling and composition of AMPAR subunit expres-
sion without differences in presynaptic release probability. The
changes in AMPAR/NMDAR ratios also suggest that the
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excitatory synapses onto VTA dopamine neurons were “weaker”
in the FI group than in the AL group (even after 20 days of ad /i-
bitum feeding had resumed for the FI group).

Feeding history affected evoked DA release in the
nigrostriatal system in adult male mice

We next used fast scan cyclic voltammetry (FSCV) to investigate
dopamine release in multiple striatal subregions, including dor-
somedial striatum (DMS), dorsocentral striatum (DCS), dorsolat-
eral striatum (DLS), central striatum (CS), ventrolateral striatum
(VLS), ventromedial striatum (VMS), and NAc core (Figure 7A).
We found that peak dopamine concentration ([DA],) in the DLS
evoked by a single stimulation (1p) was significantly lower in
the FI group (in uM: 0.71 + 0.08) compared with peak [DA], in
the AL group (1.05 + 0.09) (Figure 7B, t(19) = 4.31, p = 0.0004,
paired two-tailed t test). Electrically evoked peak [DA], was
comparable between groups in other striatal regions (NAc core
[t(31) = 1.11, p = 0.28], DMSJt(19) = 0.69, p = 0.50], DCS[t(18) =
0.54, p = 0.60], CS[t(19) = 1.27, p = 0.22], VLS[t(16) = 1.36, p =
0.19], VMS[t(19) = 0.77, p = 0.45], paired two-tailed t test).

We also measured dopamine release evoked by a short train
of high frequency stimuli (4 pulses at 100 Hz, 4p) to simulate a
burst firing state. Again, we found that peak [DA], evoked by
4p stimulation was significantly lower in the DLS of the Fl group
(in uM: 1.35 + 0.19) compared with peak [DA], in the AL group
(1.81 £ 0.26, t(9) = 2.43, p = 0.038). The 4p stimulation produced
no significant difference between groups in other striatal subre-
gions (Figure 7C).
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Figure 6. In male mice, developmental feeding history affected AMPAR/NMDAR ratio in mesolimbic dopamine neurons in adulthood

(A) Retrobeads were injected into the NAc core, and recordings were made from the VTA in naive male AL and FI mice at P61-70.

(B) Example of evoked EPSC traces before and after application of D-AP5. The dual components of AMPAR-mediated and NMDAR-mediated EPSCs were re-
corded. D-AP5 was applied to isolate AMPAR-mediated currents.

(C) The AMPAR/NMDAR ratio was significantly reduced in the Fl group (n = 10) compared with the AL group (n = 11).

(D and E) AMPAR-mediated EPSC(l)-voltage(V) relationship curve. There was a trend-level difference in current at +40 mV in the slices from the FI group (treat-
ment: F(1, 90) = 1.367, p = 0.25, voltage: F(4, 90) = 56.56, p < 0.0001, interaction: F(4, 90) = 1.105, p = 0.36, post hoc Tukey at +40 mV: p = 0.096). There was no
significant difference in rectification index between the AL(n = 9) and FI (n = 9) groups.

(F and G) Paired-pulse ratios were not significantly different between groups at 50, 100, and 200 ms intervals. *p < 0.05. Data are represented as mean + SEM.

We calculated and compared the ratio of peak [DA], evoked DISCUSSION
by a 4p 100 Hz train to 1p stimulation as a measure of presynap-
tic release probability. The ratio of 4p/1p peak [DA], was signif-
icantly lower in the DMS in the Fl group (n = 5 mice) compared

In this work, we generated a mouse model of developmental
food insecurity to investigate the impact of juvenile-adolescent

with that in the AL group (n = 5 mice) (Figure 7D, t(4) = 2.81,
p = 0.04, paired two-tailed t test, AL: 1.68 + 0.10, Fl: 1.38 +
0.02), suggestive of increased release probability.

These data show that there are differences in evoked dopamine
release within the dorsal striatum of adult males that experienced
differntial feeding history during the juvenile-adolescent period.

feeding history on adult learning and decision-making with a
focus on metrics of cognitive flexibility. We also investigated
weight, food consumption, and the neurobiology of striatal-pro-
jecting dopamine neurons.

We found that male mice with different juvenile-adolescent
feeding history (P21-40) did not show a difference in adult weight

Current Biology 32, 1-14, September 12, 2022 9



Please cite this article in press as: Lin et al., Transient food insecurity during the juvenile-adolescent period affects adult weight, cognitive flexibility, and
dopamine neurobiology, Current Biology (2022), https://doi.org/10.1016/j.cub.2022.06.089

¢? CellPress

OPEN ACCESS

Current Biology

A B
15.6 nA |
= osw_ el
—F Average 1p Peak evoked [DA],

|
0.5s -0.7V +1.3V 55
Dorsocentral striatum ]
- . 2.04 o AL
DotEamadiEl SHiatif Dorsolateral striatum § ) ; CEI
[}
N st g
_ , Central striatum Q T I
Ventromedial striatum :
0.0 T T T T T T T
O DO 9 H 9D WO
QQ QO QY U7 QV“AQ
Nuclues accumbens Ventrolateral striatum
(o D
Average 4p 100Hz 4p/1p Ratio
Peak evoked [DA], B
* . A ] A " N
2.0 . o H
= ; T . 4
= . i et tamd IIII-I§I
= (O ° = . A 4 7 . N
= 2 i I i I © 1.0 © ’ .
g, Pod
— 0.5
ot+trb—v—r—r—-— 0.0 v r r : v r r
O H 9 H 9D W0 © DMS DCS DLS CS VLS NAc VMS
0@ QO Q¥ O7 e?‘ A@

Figure 7. In male mice, developmental feeding history affected evoked dopamine release in the dorsal striatum in adulthood
(A) Evoked dopamine release [DA], in striatal subregions showing single pulse (1p) data. Inset, cyclic voltammogram shows characteristic dopamine waveforms.
(B) Quantification of peak [DA], by 1p stimulation. n = 17-32 transients per site from 5 mice per group. The evoked peak [DA], in the DLS was significantly lower in

the FI group compared with the AL group.

(C) Peak [DA], by a 4p train 100 Hz stimulation. n = 9-16 transients per site from 5 mice per group. The evoked peak [DA], in the DLS was significantly lower in the

FI group.

(D) Ratio of 4p/1p peak [DA],. The 4p/1p ratio in the DMS was significantly lower in the FI group compared with the AL group.

See also Figure S6. Paired two-tailed t test. Slices were paired such that one FI and one AL brain were recorded using the same electrode on the same day.
*p < 0.05, *p < 0.01, **p < 0.001. DMS, dorsomedial striatum; DCS, dorsocentral striatum; DLS, dorsolateral striatum; CS, central striatum; VLS, ventrolateral
striatum; NAc, nucleus accumbens; VMS, ventromedial striatum. Data are represented as mean + SEM.

(Figure 1E; Figure S1C), high-fat diet consumption (Figures ST1E-
S1W), or simple discrimination learning but did have significant dif-
ferences in cognitive flexibility in a foraging task (4COF) (Figure 2;
Figure S2) and a probabilistic 2ABT task (Figure 4). Effects on
cognitive flexibility in the 4COF task were replicated in two addi-
tional cohorts (Figure S2). In female mice, the experience of Fl at
P21-40 significantly increased adult weight (Figure 1F; Figure S1D)
and had some effect on HFF consumption (Figure S1) but did not
have significant impacts on learning and cognitive flexibility in
adulthood in the two tasks used here (Figures 3 and 5).

Effects of feeding history on weight and high-food fat
food consumption

In previous human studies, researchers have found that devel-
opmental and adult food insecurity is associated with increased
weight gain and greater risk of developing obesity and that this
phenomenon is more pronounced and more consistent in fe-
males.®** It is thought that increased body weight after a his-
tory of food insecurity or other harsh circumstances and

10 Current Biology 32, 1-14, September 12, 2022

increased HFF consumption after experience of acute restriction
may serve caloric and somatic preparedness for reproduction,
especially for females.””*"**? Future work will be needed to
investigate the biological mechanisms resulting in the sex spec-
ificity of increased adult body weight in FI versus AL females.

Effects of feeding history on cognition and sensitivity to
negative outcomes

Our male mouse behavioral data are consistent with literature
on human development, suggesting that food insecurity can
affect cognition. The experience of food insecurity has been
associated with negative impacts on academic performance
and mental health.'®17#3%5 Stydies that specifically isolate
food insecurity and the cognitive domain, however, are rare.
Aurino et al. found that chronic food insecurity through devel-
opment as well as acute, early, and more punctuated episodes
of food insecurity in the later juvenile period impaired academic
performance at age 12.'° Dennison et al. also found that people
with childhood adversity had altered reward processing and
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responses in a monetary incentive delay task.'® By controlling
for multiple factors, they determined that these differences
were mediated by the experience of food insecurity, but not
by other forms of adversity such as neglect and abuse. More
general studies from early life adversity in humans have also
shown that the experience of early life adversity can result in
reduced cognitive flexibility, but without explicit report of sex
differences.*®°° Notably, one study suggests that effects of
adversity on flexibility may be positive in specific contexts: Mit-
tal et al. found when testing human subjects that had experi-
enced greater uncertainty in their past and “controls” that
lacked this exposure, their performance was comparable
when in a neutral context but more flexible when testing in an
uncertain context.®’

Using RL modeling analyses, we were able to more closely
investigate the trial-by-trial behavior to examine how learning
from rewarded and unrewarded outcomes contributed to task
performance. We found that juvenile-adolescent feeding history
affected (a — ) learning from unrewarded outcomes, in both
tasks (Figures 2 and 4). Interestingly, while cognitive flexibility
and sensitivity to negative outcomes were significantly lower in
the FI group in the deterministic 4COF task, the effects observed
in the probabilistic 2ABT were in a different direction. Adult male
FI mice switched faster and used a largera — than the AL mice
when tested in a 75% reward contingency (phase 1) but showed
more comparable behavior when tested in a 90% reward contin-
gency (phase 2) (Figure 4; Figure S4). These data suggest that
the male mice with FI history do not just have a simple impair-
ment in updating in response to negative outcomes but that
feeding history interacts with testing context (including reward
probability within the 2ABT) to elicit this ability. Thus, cognitive
flexibility is differentially gated by uncertainty in the AL and FI
groups.

Other recent studies in humans have revealed that learning
rates are not intrinsic to a subject but instead are sensitive to un-
certainty and volatility and perhaps further aspects of task
context.®"°? Uncertainty may be a particularly influential contex-
tual factor because it is known to affect the dopamine
system.%%5

Feeding history in development can generate

detectable neurobiological differences in adulthood

In our neurobiological studies, we found that VTA dopamine neu-
rons that project to the NAc core had areduced AMPAR/NMDAR
ratio in the Fl group compared with the AL group (Figure 6). We
also found that regulation of dopamine release from dopamine
terminals in the dorsal striatum was affected by feeding history
(Figure 7). These data suggest that FI mice differed from AL
mice in adulthood at least two ways: the strength of glutamater-
gic inputs onto VTA dopamine neurons were weaker, and
dopamine release in the dorsal striatum was also likely lower (if
neurons were firing similarly). VTA and substantia nigra pars
compacta (SNpc) dopamine neurons have been implicated in
signaling reward prediction error,>>*® reward probability, and
uncertainty in RL,°>" and uncertainty associated with reward
probabilities in a probabilistic environment.*®* In addition, two
studies that manipulated activity and signaling of dopamine neu-
rons and used the same 4COF task in adult animals also found
effects on cognitive flexibility in reversal phase.**° We posit
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that complex interplay of differences in firing patterns, and intra-
cellular signaling on the timescales of seconds to minutes, as
well as hours and days, could lead to functional differences in
dopamine neurons and cortico-striatal circuits, that result in
behavioral differences in flexible updating in the tasks (see Lin
et al. for a working model®?).

Our neurobiological data are consistent with other studies of
FR and diet induced obesity in adult rodents. A previous study
found that adult rats that experienced 3-4 weeks of FR had lower
AMPAR- and/or NMDAR-mediated currents compared with rats
that were fed AL.%" Food and feeding experience in adult animals
have also been found to affect dopamine release at axonal termi-
nals in both ventral and dorsal striatum.®>~°° Our study adds to
these existing data by showing that feeding history during devel-
opment can generate changes in the mesolimbic and nigrostria-
tal dopamine systems that can be observed in adulthood,
20 days after Fl experience has ended.

Limitations of the study and future directions

In our study, we found differences in neurobiology that could
plausibly cause the different behavioral phenotypes,*®°° but
we did not test this connection with further manipulations or
in vivo measurement. In addition, we only took neurobiological
measures from adult male mice. Future studies in females are
required to determine whether changes in neurobiology were
sex-specific and to understand how females are resilient to
cognitive effects. Finally, we do not yet know what specific role
may be played by food restriction (and possibly transient mal-
nourishment) versus experience of uncertainty alone. Future
study designs may better isolate uncertainty and/or measure ef-
fects of restriction.

Conclusions and public health relevance

Our results suggest that the experience of FI during the juvenile-
adolescent period impacts cognitive flexibility and responsive-
ness to negative outcomes in adult male mice and impacts
weight gain and HFF consumption in adult female mice. Our
data are consistent with epidemiological studies of human sub-
jects that find relationships between food insecurity and depres-
sion, substance abuse, academic outcomes, and obesity. While
mice may not fully model human biology, they may help under-
stand the mechanisms that lead to these major public health is-
sues in humans.

Our data also reveal that increased cognitive flexibility can
occur in mice with a history of Fl when they are tested in more
uncertain contexts. This suggests that feeding history does not
simply stunt the capacity for flexible updating but rather affects
how flexible updating is recruited in a context-dependent
manner. Drawing from theoretical work, we posit that the flexi-
bility we observe in the context of uncertainty may be a predic-
tive adaptive response to scarcity or adversity.

We hope our study will inform public health decision-mak-
ing and galvanize efforts to provide secure access to food
for all children and adolescents. Our data show that feeding
history in the juvenile-adolescent period is a major variable
that can significantly impact adult weight and behavior. These
data suggest that feeding programs not only reduce hunger
but also likely affect longer term metabolic and cognitive
function.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

We used C57BL/6N mice from Taconic Biosciences, Inc. All mice used in experiments were born in the animal facility of University of
California, Berkeley. We chose to use Taconic mice (C57BL/6N) to avoid a mutation in the metabolism relevant nuclear-encoded,
mitochondrial protein Nnt gene. An Nnt mutation can be found in C57BL/6J mice from Jackson laboratory.”® Nicholson et al. found
that the C57BL/6J mice with Nnt mutation had higher non-fasting level of glucose in plasma and more severe glucose intolerance
compared to C57BL/6N.”"

Mice were housed on a 12h/12h reverse light-dark cycle (lights off at 10 AM). Teklad Global 18% Protein Rodent Diet 2918 (Envigo)
was used as the standard diet in all feeding experience experiments and regular rearing. All animals received nesting materials and
water ad libitum in their home cages. Behavioral testing was conducted after P60 and during the dark cycle period. Animals were
assigned into two or three different experimental groups, ad libitum (AL), Food Insecurity (Fl), and Food Restriction (FR). There
were 39 males (AL=16, FI=12, FR=11) and 40 females (AL=14, FI=13, FR=13) used in the weight monitoring experiment. In the
4COR task, 33 males (AL=10, FI=12, FR=11) and 36 females (AL=10, FI=13, FR=13) were used. In the two replications of the
4COR tasks, a total of 53 male mice (1! replication: AL=6, FI=7, FR=7; 2" replication: AL=17, FI=16) were used. In the 2ABT
task, a total of 32 mice were used (n=8 per group per sex). In the electrophysiology experiment, 10 male mice (AL=5, FI=5) were
used. In the fast-scan cyclic voltammetry experiment, a total of 10 male mice were used (AL=5, FI=5). All procedures were approved
by the UC Berkeley Animal Care and Use Committee.

METHOD DETAILS

Food insecurity and ad libitum feeding paradigm

Mice were weaned, individually housed, and assigned into 2 or 3 different groups at P21. Mice in the ad libitum (AL) group (AL mice)
had abundant access to standard rodent chow, while mice in the food insecurity (FlI) group (FI mice) experienced food scarcity from
P21 to P40 at level of 80-90% average weights of the AL mice. In pilot and some control experiments (shown in Figures S1 and S2) we
also included a food restricted (FR) group which was fed a stable and restricted amount daily from P21 to P40 to achieve a level of
~85% average weights of the AL mice. In the 20-day treatment period, FI mice received variable food delivery with alternating high
versus low amounts. Food amount was set at 5.0g for 48-hour as baseline. All mice were weighed every two days to track their
growth. AL mice weights were used to adjust 48-hour (2-day) total food amounts from the baseline 5.0g to be given to Fl and FR
mice to keep Fl and FR mice at ~85% average weights of the AL mice. However the delivery of this 48h amount to Fl mice was varied;
the daily fed amounts of food for Day1 and Day?2 in each 48h period of P21-40 followed a ratio 100%:0%, 80%:20%, and 90%:10 (for
Day1:Day? ratio), respectively (Figure 1; Figure S1). Note, for FI mice high and low amounts varied with predictable regularity, but zero
food days were more rare and unpredictable. At P41, all Fl and FR mice were placed back on ad libitum food, and thereafter feeding
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was matched among groups. Nesting materials and water were always provided and freely available in their homecages. All behav-
ioral and neurobiological experiments were performed after P60.

High fat food consumption test

To test adult food consumption, adult mice were given access to the high fat food (HFF, Oreo cookies, original chocolate flavor) for 2
hours in each consumption session between 9 amto 1 pm. The cookies were crushed into powder using a hand blender, placed into a
plastic cup, and covered with a metal feeder top to prevent spill. In the HFF consumption test, adult mice were given 3 baseline
consumption sessions (session 1-3) with standard rodent chow ad libitum on Day 1-3. On Day 4 and 5, mice were food restricted
to 80-90% of ad lib weight. On Day 6, mice were given a consumption session under the food restricted condition. After the
2-hour food-restricted consumption session, mice were returned to food ad libitum for 2 days (Day 6-8). On Day 9, mice were given
a consumption session with food ad libitum under the resated condition. After the HFF consumption test, mice were given access to
HFF for 2 hours in the intermittent consumption schedule on Mondays, Wednesdays, and Fridays for 3 weeks. Mice body weights
were taken before the consumption session. Weights of HFF container were measured before and after the 2-hour consumption
session to measure HFF intake.

4-choice odor-based foraging (4COF) task

The 4-choice odor-based foraging (4COF) task has been described in previously published work.>>" In the task, all mice (all
groups) were first mildly food restricted for two days to get to a target of ~80-90% of their ad libitum fed weight at that age.
Mice were then habituated to the testing arena with four ceramic pots containing a piece of cheerio reward (HoneyNut Cheerios,
General Mills) for three 10-min sessions in the next day. The testing arena was a 12”’x 12” x 9” square maze with four clear trans-
parent acrylic walls partially dividing the arena into four quadrants. On the following day, mice learned to dig to retrieve cheerio
reward buried in a pot with gradually increased levels of unscented Aspen wood shavings (Kaytee Products, Inc) with a total of 12
trials. The location of the pot was pseudo-randomly shuffled, allowing each quadrant to be rewarded equally. On the behavioral
testing day, mice went through both discrimination and reversal phases in which four pots with scented shavings (with 4 unique
odors O1-4) were present at the four corners of the arena. In each trial, mice had a maximum of three minutes to make a choice by
digging in one of the four ceramic pots (O1, 02, O3, 04). Once the first bimanual digging choice was made, mice were gently
locked into the selected quadrant using a central cylinder. All pots were sham-baited with a cheerio under a mesh screen, to con-
trol for the odor of cheerio rewards. The location of the scented pots was pseudorandomized at the four quadrants in each trial.
The same odor never appeared in the same quadrant in consecutive trials. In the discrimination phase, O1 was rewarded while O2,
083, and O4 were not rewarded. Discrimination learning was considered complete when mice reached a criterion 8 out of 10
consecutive trials correct. Mice then immediately began the reversal testing phase in the next trial. In the reversal phase, the pre-
viously unrewarded odor O2 became rewarded and O1 was no longer rewarded. We also replaced O4 with a novel odor (O4’) to
test if a novel odor in the environment was sampled more heavily by any group. Anise extract (McCormick) undiluted was used as
odor O1 at 0.02 ml/g of shavings. Essential oils clove and litsea (San Francisco Massage Supply Co) diluted 1:10 in mineral oil
were used as 02 and O3, respectively, at 0.02 ml/g of shavings. Thyme was made from Thymol diluted 1:20 in 50% ethanol
was used as O4 at 0.01 ml/g of shavings. Essential oil eucalyptus (San Francisco Massage Supply Co) diluted 1:10 in mineral
oil was used as the novel odor in the reversal phase (04’) at 0.02 ml/g of shavings. Choice made by digging, entries in each quad-
rant, and latency to dig in each trial were recorded.

2-armed bandit task (2ABT)

After completion of the 4COF task and return for all groups to ad libitum food, mice were trained in the 2-armed bandit task (2ABT)
(starting at ~P110). In this 2ABT,"° mice were trained to nose poke for a water reward with probabilistic nature and reward location
periodically alternating at random intervals. Mice were mildly water restricted 1-2 days prior to the training sessions to motivate
learning (all groups). During the training sessions, mice were placed in an operant chamber with 3 different ports on the same
wall. To self-initiate the trial, mice needed to poke their nose into the center initiation port and then indicate a decision by poking
one of the two peripheral ports, left (L) or right (R) port, for probabilistic reward water delivery. White LED lights, indicating a Go
cue, would be turned on at both peripheral ports when mice poked and held at the center port long enough to initiate a trial. Water
reward was only delivered at one peripheral port at a time. Infrared photodiode and phototransistor pairs (Island Motion) were used
for detecting port entries and exits. Water reward delivered by water valves (Neptune Research) was calibrated to a constant volume
(2 ul) for rewarded choices.

In our version of the 2ABT, there were three training phases. In the first training phase, the correct choices were rewarded at
75% while the incorrect choices were always unrewarded (75% vs 0%). The side of the rewarded port was switched every 15+8
rewarded trials, depending on the total number of rewards delivered in each block. The reward probabilities for the correct choice
in second and third training phases were changed to 90% vs 0% and 65% vs 0%, respectively. Male and female mice were
trained for at least 3 sessions in each phase (Phase 1 - 75%: 6 - 10 sessions, Phase 2 - 90%: 3 - 6 sessions, Phase 3 - 65%:
5 - 15 sessions). The total numbers of trials per mouse included for analysis were 11847+1207 in Phase 1, 5264+272.3 in Phase
2, and 11032+579.2 in Phase 3.
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Retrograde labeling and electrophysiology

Male AL and FI mice were unilaterally injected with red retrobeads (100 nl; LumaFluor Inc.) into left NAc core (bregma +1.1 mm,
lateral 1.4 mm, ventral -4.4 mm from skull) 2 days before electrophysiology experiments at P61-70. Mice were deeply anaesthe-
tized with pentobarbital (200 mg/kg i.p.; Vortech). After intracardial perfusion with ice-cold artificial cerebrospinal fluid (ACSF),
200 pum coronal midbrain slices were prepared. ACSF solutions contained in mM: 2.5 glucose, 50 sucrose, 125 NaCl, 2.5 KClI,
25 NaHCOg, 1.25 NaH,PO,, 0.1 CaCl,, and 4.9 MgCl,, and oxygenated with 95% O/ 5% CO.,. After 90 minutes of recovery, slices
were transferred to a recording chamber and perfused continuously with oxygenated ACSF containing in mM: 11 glucose, 125
NaCl, 2.5 KClI, 25 NaHCO3,1.25 NaH,PO,, 1.3 MgCl,, and 2.5 CaCl,. Patch pipettes (3.8-4.4 MQ) were pulled from borosilicate
glass (G150TF-4; Warner Instruments) and filled with internal solution containing in mM: 117 CsCH3SO3, 20 HEPES, 0.4 EGTA,
2.8 NaCl, 5 TEA, 4 MgATP, 0.3 NaGTP, 5 QX314, and 0.1 Spermine, pH7.3 (270-285 mOsm). D-AP5 (50 nM) was applied to block
NMDA receptors.

Electrophysiological recordings were made at 30-32° C using a MultiClamp700B amplifier and acquired using a Digidata 1440A/
1550 digitizer, sampled at 10kHz, and filtered at 2 kHz. A concentric bipolar stimulating electrode was placed 100-300 um lateral to
the recording electrode, controlled by an ISO-Flex stimulus isolator (A.M.P.l). All data acquisition was performed using pPCLAMP soft-
ware (Molecular Devices). Labeled neurons in the VTA of the midbrain slices were identified by retrobead labeling, where majority of
VTA neurons projecting to the NAc core are dopaminergic.’?

Fast scan cyclic voltammetry (FSCV)

Dopamine release was monitored using FSCV in acute coronal slices containing striatum.*®’® Separate cohorts of male AL and Fl
mice at P61-70 were anesthetized with isoflurane and decapitated. Following decapitation, the brain was removed. Coronal slices
with 275 pm thickness were cut on a vibratome (Leica VT1000S) in ice-cold high Mg®* ACSF containing in mM: 85 NaCl, 25
NaHCO3, 2.5 KCI, 1.25 NaH,PO,4, 0.5 CaCl,, 7 MgCl,, 10 glucose, 65 sucrose, oxygenated with 95% 0,/5% CO,. Slices
between +1.5 mm and +0.5 mm from bregma containing dorsal striatum and NAc were used for experimentation.”* Slices were
then placed in ACSF containing in mM: 130 NaCl, 25 NaHCO3, 2.5 KClI, 1.25 NaH,PQO,, 2 CaCl,, 2 MgCl,, 10 glucose at room tem-
perature during 1 hour recovery and at 32° C in recording chamber.

Striatal DA release following electrical stimulation with a bipolar concentric stimulating electrode (2 ms, 600 pA) was monitored with
fast cyclic voltammetry at carbon-fiber microelectrodes (CFMs). Electrical stimulation was controlled by a Isoflex stimulus isolator
(A.M.P.1.) that was delivered out of phase with voltammetric scans. A triangular waveform was applied to CFMs scanning from
-0.7V to +1.3V and back, against the Ag/AgCl reference electrode at a rate of 800 V/s.

CFMs were approximately 100 pm away from the stimulating electrode. Evoked dopamine transients were sampled at 8 Hz, and
data were acquired to 50 kHz using AxoScope 10.2 (Molecular Devices).

Electrical stimulation was delivered in the following sequence: single pulse, pulse train of 4 pulses at 100 Hz, and single pulse. Each
pulse or pulse train was delivered 2.5 minutes apart. Slices from different treatment slices were recorded with the same CFMs for
every treatment pair. There were two release events per recording site per slice for single-pulse data, while 4-pulse data consisted
of one release event per recording site per slice. Sampling subregions included dorsomedial striatum (DMS), dorsocentral striatum
(DCS), dorsolateral striatum (DLS), central striatum (CS), ventrolateral striatum (VLS), ventromedial striatum (VMS), and nucleus ac-
cumbens core (NAc).

QUANTIFICATION AND STATISTICAL ANALYSIS

Group values were reported as mean (M) + standard error of mean (SEM) or median (MED). Data were tested for normality and then
analyzed using two-tailed t-tests or ANOVAs with post-hoc analysis. Data with non-normal distribution were analyzed with nonpara-
metric tests. GraphPad Prism 7 was used for statistical analysis. MATLAB 2016a was used for reinforcement learning model fitting
and simulation and logistic regression modeling and analysis.

RL modeling of the 4COF task
Reinforcement learning (RL) models were used to further examine the impact of different juvenile-adolescent developmental feeding
experiences on latent processes underlying learning, updating, and decision making. Classic RL algorithms assume that subjects
learn information in the environment by updating their value estimates of different cues and/or actions (options) incrementally through
iterative trial-and-error processes.”>’® The RL models use prediction error (6) to update the estimated expected value (Q) of each
available option (i.e. the 4 different odors in each phase of the 4COF task), where the prediction error (6) is the difference between
the current feedback value (1) obtained from outcome and expected value of action a, (Q(a)).

In our RL models for the 4COF task, the feedback value (1) was set as 100 for rewarded choices and set as 0 for unrewarded
choices. The value updating from the prediction error (6) was scaled by a learning rate parameter («), with 0 < o < 1 (Equation 1).

Q@) = Qi_1(@)+ax &(a), (@) =1 — Q-+1(a) (Equation 1)

The action probability P(a), or the relative probability of selecting each action, for each trial was calculated by transforming the
expected action value of action a, Q(a), to relative probability using the softmax function.”® The inverse temperature parameters
(8) in the function indicates the stochasticity of the actions and action selection policy, with 0 < 8 < 1 (Equation 2).
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(Equation 2)

We fit the discrimination and learning behavioral data with several alternative classic RL models (Table S1). The basic RL model
(RL2) had 1 « and 1 B parameters, assuming the agent had the same learning rate and action selection policy in both phases of
the task. We also set up the RL models (RL3, RL4) with two separate learning rate parameters, ags and e, for discrimination and
reversal phases, respectively. In RL3, there was one inverse temperature, 8, assuming the mice had the same selection strategy
in both phases of the 4COF task. In the RL4, we had separate inverse temperature parameters, (4s and 8., for discrimination
and reversal phases, respectively, to examine if the learned experience of the task structure in the discrimination phase changed
the learning rate and selection strategy in the reversal phase. It is possible that different mechanisms support learning from rewarded
and unrewarded outcomes, therefore we also set up RL model (RL5) with separate learning rates for positive and negative prediction
€ITors, treypos @Nd arevneg respectively, in the reversal phase.

According to the error type analysis in the reversal phase, we also considered another alternative family of RL models, adding a
single sticky parameter, st, in both phases of the task (Table S1). The sticky parameter st act on the level of transforming expected
value Q(a) to action probability P(a), with 0 < st < 1 (Equations 3 and 4).

When sticky parameter st equals one, the estimated action value of previously selected action a applied to the softmax function
U(a) is increased by a hundred (Equation 3), suggesting agents will be more likely to choose the same previous action in the current
trial (Equation 4).

Uy = Qt, Us(@) = Qi(a) +100 x st (Equation 3)

egli@

P(a) = S e <Ui@)

(Equation 4)

The RL model with lowest Akaike Information Criterion (AIC) score was selected as the current working RL model, which was the
RL5 composed of 5 parameters, agis, Bis, Qrevposs Qrevneg, aNd By, . IN the 4COF task, there were 5 total odors available. Mice had their
subjective values in response to each of the 5 odors (01, 02, O3, O4, O4’) as innate preferences at the beginning of the task. We
calculated the percentage of choosing each odor in the first 4 trials in the discrimination phase for each mouse and used the averages
of these percentages multiplied by 100 as the initial values for each odor option or associated action. Similar methods to identify the
initial values were used and published.’” The initial values were set to be Q(01)=35.48, Q(02)=12.86, Q(03)=1.19, and Q(04)=50.48.
In the reversal phase, the initial values for O1, 02, O3 were the same as the values in the very last trial of the discrimination phase and
the value for O4’ was calculated by using the same method as described above (Q(04°)=0.7).

RL modeling of the 2ABT

Four different standard RL models with different numbers of parameters were employed and compared for the 2ABT behavioral data
(Table S1). The RL1a18 had one learning rate that accounted for all outcomes, while the RL2a18 separated the learning rate for re-
warded (apos) and unrewarded (aneg) outcomes. The feedback value (1) was similarly set as 1 for rewarded choices and set as 0 for
unrewarded choices in the 2ABT. The learning rate parameter («) was constrained with 0 < « < 1 (Equation 1). The inverse temper-
ature parameters (8) was constrained with 0 < 8 < 10 in this task (Equation 2). Suggested from the logistic regression results (Fig-
ure S5), we also added a single sticky parameter, st, to the models, RL1a161s and RL2«181s for model comparison (Figure S4). The
st again act on the level of transforming expected value Q(a) to action probability P(a), with 0 < st < 1 (Equations 3 and 4) but with
slightly modification in Equation 3, which is shown as Equation 5. The initial values for the two options (L-port and R-port) were set as
0.5.

U = @y, U(a) = (@) +1 xst (Equation 5)

Logistic regression analysis of the 2ABT

We also employed the multivariate logistic regression model analysis*° to analyze the behavioral data from the 2ABT. The logistic
regression model (Equation 6) can be used to determine the relative contribution of past rewarded and unrewarded outcomes on
a trial-by-trial basis to predict upcoming choice behavior.

n n
ijﬁewarded(YL(i _ j) _ YR(i _ ])) + ZV\/}Unrewarded(NL(i _ ]) _ Nﬁ,(i — j))+Wo

=1 =1

(Equation 6)

Py (i) is the probability of choosing the L port. The variables Y; or Yz indicate if a water reward is received (1) or not received (0) at
the L or R port, respectively, while N, or Ny indicate the absence of water reward (1 or 0) at either the selected L or R port, respec-
tively. i indicates that the event happened in the ith trial. The variable n represents the number of trials in the past that were included in
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the model (n=4). The regression coefficients WRewarded gnd |y Unrewarded rapresent the contribution of past rewarded history and past
unrewarded history, respectively, and W, represents the intrinsic bias of choosing the L or R port of the animal.

Electrophysiology data analysis

AMPAR/NMDAR ratio at +40 mV was calculated from values obtained from average of excitatory postsynaptic currents (EPSCs)
before and after application of D-AP5, where NMDAR-EPSCs were calculated by the digital subtraction of average EPSC with
D-AP5 from average EPSC without D-AP5.”® Rectification index (RI) was calculated by plotting average EPSCs at -70, -50,
0, +20, and +40 mV and taking the ratio of the slopes between currents (/) at different potentials (V) by the formula shown below
(Equation 7).77°

pr = [l =Dl 7 (Equation 7)
lo — I_79 4

Fast scan cyclic voltammetry data analysis

Two recording sites within the NAc core were averaged together for analysis. FSCV data were first processed using the AxoScope
10.2 software and analyzed using excel and GraphPad Prism. Peak-evoked dopamine release levels were compared. Peak [DA], by
1p stimulation was calculated from 17-32 transients per site from 5 mice per treatment group. Peak [DA], by a 4p train 100 Hz stim-
ulation per subregion was calculated from n= 9-16 transients per site from 5 mice per treatment group.
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