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Abstract

In humans and other mammals, the unexpected loss of a resource can lead to emotional conflict.
Consummatory successive negative contrast (CSNC) is a laboratory model of reward devaluation
meant to capture that conflict. In this paradigm, animals are exposed to a sharp reduction in the
sucrose concentration of a solution after several days of access. This downshift in sucrose content
leads to behavioral responses such as the suppression of consumption and physiologic responses
including elevation of corticosterone levels. However, response heterogeneity in cSNC has yet to
be explored and may be relevant for increasing the validity of this model, as humans demonstrate
clinically meaningful heterogeneity in response to resource loss. The current analysis applied
latent growth mixture modeling to test for and characterize heterogeneity in recovery from cSNC
among rats (N = 262). Although most animals exhibited recovery of consummatory behavior after
a sharp drop in consumption in the first postshift trial (Recovery class; 83%), two additional
classes were identified including animals that did not change their consumption levels after
downshift (No Contrast class; 6%), and animals that exhibited an initial response similar to that of
the Recovery class did not recover to preshift consumption levels (No Recovery class; 11%). These
results indicate heterogeneity in recovery from reward loss among rats, which may increase the
translatability of this animal model to understand diverse responses to loss among humans.
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The loss or reduction of key resources such as food, mates, and shelter results in
physiological and behavioral responses crucial for survival [42,44]. Neurocircuitry
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associated with survival functions involve evolutionarily conserved homologous
mechanisms, allowing for animal research into functional similarities across several key
levels of analysis [27,43]. For example, in the case of threat detection and response,
important connections between environmental danger, memory, and fear that are highly
relevant to the understanding of stress and anxiety have been extensively characterized at
genetic [23], neurochemical [36], neurocircuitry [56], and behavioral [8] levels through the
use of Pavlovian threat (fear) conditioning paradigms. However, the contribution of reward
or resource loss to the understanding of anxiety, depression, and resilience, has received
relatively little attention [26].

Human responses to loss of resources are complex. For example, significant financial and
material losses are associated with stress and life dissatisfaction [21,61]. Even in the context
of significant trauma exposure, loss of resources can outweigh event-specific predictors of
clinical outcome such as the nature of the trauma itself [20,30]. Similarly, distress and
depression following the loss of a significant other is influenced by loss of access to
resources previously facilitated by one’s spouse [4,15]. Importantly, significant
heterogeneity has been observed in response to resource loss. In the context of bereavement,
for example, only a minority of individuals develop clinically relevant depression
symptoms, and among those many are able to recover; the majority, on the other hand,
demonstrate resilience characterized by a healthy psychological adaptation to resource loss
[3,15].

While humans follow diverse and clinically distinct patterns of response to loss, a limitation
of animal models of human phenomena is that they typically examine mean-level responses
based on the assumption of population homogeneity. Recent research utilizing data analytic
methods for identifying heterogeneous populations has characterized divergent behavior
patterns in human psychiatric populations as well as in animal models of such conditions.
For example, patterns of extinction after threat (fear) conditioning in animals are similar to
observed trajectories in the symptoms of posttraumatic stress disorder (PTSD) in recently
traumatized individuals [14,16]. This approach helped increased translatability of such
models for studying neurobiological causes and correlates of stress and anxiety across
distinct subpopulations [29]. However, response heterogeneity in an animal model of
surprising reward loss has yet to be explored with the same statistical methods that are being
applied in other animal models. The data presented here provide a key step in the translation
of animal models of reward loss to human phenomena.

Consummatory successive negative contrast (CSNC) is a model of reward devaluation in
which animals are exposed to a sharp decrease in the concentration of a sucrose solution
(typically from 32% to 4% sucrose, an 8-to-1 reduction in magnitude) after several days of
access to the higher reward [10]. The performance of downshifted animals is compared to
that of unshifted controls always given the lower sucrose concentration. Although various
emotional terms have been applied to describe the reaction of nonhuman animals to reward
decrement, including anxiety [11], anger [58], depression [5], disappointment [57],
frustration [1], and psychological pain [49], it is important to acknowledge that no animal
model can fully capture the complexity of emotions experienced by humans who have
endured a meaningful loss. However, LeDoux [27] recently suggested that much of the
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Method

Subjects

neurocircuitry underlying responses to significant environmental stressors, such as loss of
access to key resources, is highly conserved across species. As such, common
neurobiological responses are both accessible for research across species and provide
information directly translatable for understanding human responses to stressors brought on
by threats to survival. The cSNC effect has potential to provide information on basic
processes related to reward loss. For example, cSNC leads to consummatory suppression
[60], raises levels of stress hormones [31,50], and can be manipulated by targeting opioid
[7,55], cannabinoid [17], serotonergic [37], and GABAergic [12,39] neurotransmitter
systems. Reward devaluation has also been shown to affect sexual behavior [13], aggressive
behavior [33], and to induce hypoalgesia [34]. In turn, peripheral pain [38] and restraint
stress [41] were shown to enhance the effects of reward devaluation on behavior. Taken
together, these results are consistent with an emotional interpretation of the cSNC effect that
posits a significant weight on the role of brain circuits relevant to anxiety, depression, and
stress responses [22,51]. Since individual variability plays a role in these diverse responses,
as shown by selective breeding studies [10,40], mean-level analyses of the cSNC paradigm
may not provide a complete picture.

The current study applied latent growth mixture modeling (LGMM) to test for heterogeneity
in recovery from reward reduction in rats. This statistical method identifies heterogeneous
latent classes displaying qualitatively distinct patterns of change by determining both the
quantity and shape of trajectories that best characterize the data [9]. The LGMM technique
provides data on individual differences complementing research using selective breeding.
This approach was applied to a pooled sample of a substantial number of untreated (i.e.,
control) animals from experiments applying very similar conditions to test the hypothesis
that rats exposed to reward devaluation in the cSNC situation would exhibit heterogeneous
profiles of recovery.

Data from adult male and female rats (Long-Evans and Wistar) from 21 experiments
completed between 2004 and 2014 under very similar conditions were included in the
analysis. Extensive research with these strains and published comparisons among rat strains
[10] show no detectable differences in terms of the cSNC effect. Therefore, animals were
pooled together for the purpose of the present analyses. One set of animals was exposed to a
32-t0-4% sucrose downshift, with 32% sucrose on Trials 1-10 and 4% sucrose on Trials
11-15 (175 males; 87 females), whereas other animals were unshifted controls exposed to
4% sucrose throughout the 15 trials (140 males; 53 females). Unequal sample sizes by
contrast condition were caused mainly by a single experiment involving only the
downshifted condition; the unequal sample sizes by sex were caused by the majority of
selected experiments involving only males. Typically, these animals were those assigned to
the control conditions of experiments involving psychobiological or behavioral manipulation
(e.g., saline controls in psychopharmacological experiments). Rats were either purchased
from Harlan Labs or bred in the TCU vivarium from adults purchased at Harlan Labs
(Indianapolis, IN), and housed in individual, wire-bottom cages at around 40 days of age
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until the end of the experiment. In more recent experiments, a dark red Plexiglas rodent
retreat (BioServ, Frenchtown, NJ) measuring 15x9x9 cm (LxHxW) was placed in each cage
for enrichment. Animals were deprived to 81-84% of their ad libitum weight; food
deprivation started when rats were at least 90 days old. Training started when animals were
95-100 days of age. Water was continuously available throughout the experiment. The
colony room was kept at a constant temperature (around 22-23 °C) and humidity (40-60%),
and under a 12:12 light:dark cycle (lights on at 07:00 h).

Apparatus

Behavioral training was conducted in conditioning boxes (MED Associates, VT) made of
aluminum and Plexiglas (29.4x28.9x24.7 cm, LxHxW). The floor of each box consisted of
steel rods. A tray with corncob bedding was placed below the floor to collect feces and
urine. A hole in the feeder wall (1 cm wide, 2 cm high, and 4 cm from the floor) allowed the
insertion of a sipper tube (1 cm in diameter). When fully inserted, the sipper tube was 1 cm
inside the box (early experiments) or flush against the wall (later experiments). Diffuse light
was provided by a house light located in the upper part of a wall opposite to the sipper tube
(early experiments) or in the back wall. A computer located in an adjacent room controlled
the presentation and retraction of the sipper tube, and recorded the rat’s contact with it.
When the rats made contact with the sipper tube, a circuit involving the steel rods in the
floor and the sipper was closed, and the signal was recorded by the computer. This provided
a measure of cumulative contact with the sipper tube, called goal-tracking time, measured in
0.05-s or 0.01-s units in different experiments, and transformed to seconds for the current
analysis. Goal-tracking time correlates positively and significantly with fluid intake for both
32% and 4% sucrose concentrations [32], and it leads to essentially the same results as lick
frequency [53] and amount of fluid intake [47]. Each conditioning box was placed in a
sound-attenuating chamber that contained a speaker to deliver white noise and a fan for
ventilation (combined noise: 80.1 dB, scale C).

Procedure

There were some variations in training procedures. A minority of the animals
(approximately 10% of the total sample) received two 5-min trials of habituation to the
conditioning boxes before training started; no solution was provided during these trials.
Most other animals started directly with the first training trial. Training involved one trial
per day for 15 consecutive days. The preshift phase involved 10 trials (Trials 1-10) during
which animals had access to a 32% sucrose solution; the postshift phase involved 5 trials
(Trials 11-15) during which the solution was downshifted to 4% sucrose. In most
experiments, for each 32-t0-4% sucrose downshift group there was an unshifted control
exposed to 4% sucrose in all trials. Solutions were prepared weight/weight by mixing 32 g
(or 4 g) of sucrose for every 68 g (or 96 g) of distilled water. Animals were transported from
the colony room to a waiting room in a transport rack in groups of 4-8, in their own cages,
before being placed in the conditioning box. At the start of each trial, the house light was
turned on and a variable 30-s pretrial interval (range: 15-45 s) was initiated before the
presentation of the sipper tube. Each trial lasted 5 min counting from the rat’s first recorded
contact with the sipper tube. At the end of the 5 min, the sipper tube was withdrawn and a
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variable 30-s posttrial interval (range: 15-45 s) was introduced before relocating the animal
to its cage. Animals were then moved to the waiting room or directly to the colony room. In
all the experiments, animals were given additional food in their cages at least 15 min after
the end of the training trial. Conditioning boxes were wiped with a damp paper towel after
each trial. All inputs (e.g., sipper-tube contacts) and outputs (e.g., sipper presentation and
withdrawal) were controlled by a computer located in an adjacent room via MED interface
with a program written in MED Notation (MED Associates, VT).

Data Analysis

Results

To characterize the cSNC effect, the goal-tracking times for the sample of 32-to-4%
(downshifted) animals were compared to the sample of animals exposed to 4% sucrose
through the entire procedure (unshifted controls). A mixed within-between analysis of
variance (ANOVA) was used to examine differences between groups across trials in the
preshift stage (Trials 1-10) and in the postshift stage (Trials 11-15). Post-hot tests derived
from the main analysis and based on Bonferroni adjustments were used for pairwise
comparisons. The effects of the main analysis and post-hoc tests were considered significant
at a < 0.05 level.

Trajectories of recovery from cSNC were identified with LGMM using Mplus 6.12 [35]. To
facilitate model convergence given the relatively small sample size for this modeling
technique, the number of parameters for estimating trajectories was reduced to only the five
postshift trials (i.e., Trials 11-15, the recovery phase). The goal-tracking time for each
subject, in each postshift trial, was subtracted from the goal-tracking time in the last preshift
trial (Trial 10). This adjustment allowed for the modeling of trajectories of change in goal-
tracking behavior relative to the last preshift trial. It also served to standardize
measurements across animals from several experiments where systematic differences may
have influenced raw measurements. Individuals were allowed to vary in their slope and
intercept (random effects). Three indices of information criteria (i.e., Akaike, Bayesian, and
sample size adjusted Bayesian), the Lo-Mendel-Rubin likelihood ratio test (LRT), and
entropy were all considered in the evaluation of model fit, as well as interpretability and
parsimoniousness [24]. Improvement in model fit is characterized by lower values of
information criteria, significant LRT, high entropy, and classes containing no fewer than 2%
of the sample. Posterior probabilities of class assignments were exported to SPSS 22 (IBM)
for additional post-hoc analyses examining differences in acquisition and recovery between
the three classes. All analyses were considered significant at a < 0.05 level after Bonferroni
adjustment for multiple comparisons.

Figure 1 shows the performance of the combined set of animals in the 32-to-4% sucrose
downshift condition and in the 4% sucrose unshifted controls. Both groups increased their
consummatory behavior across trials, but animals with access to 32% sucrose produced
consistently higher goal-tracking times than those with access to 4% sucrose. These data
were analyzed with Group (32-4%, 4-4%) x Trial ANOVA separately for the preshift (Trials
1-10) and postshift (Trials 11-15) phases. For the preshift, there were significant main
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effects for both factors and for their interaction, Fs > 2.45 ps < 0.009, partial n2s > 0.005.
Bonferroni adjusted pairwise tests derived from the main analysis indicated that rats with
access to 32% sucrose displayed higher goal-tracking times than those with access to 4%
sucrose on all trials, Fs(1, 447) > 7.24, ps < 0.008, except Trial 5, F(1, 471) = 2.48, p> 0.11.
The phenomenon of interest is illustrated by the difference between groups during postshift
Trials 11-15. On these trials, all the animals receive access to 4% sucrose, thus any
differences in behavior reflect differential history with the reward. The cSNC effect is
defined in terms of the distinct behavioral trajectories during these postshift trials of
downshifted vs. unshifted groups. The effect is transient, as animals recover from the initial
disruption to reach a level of performance similar to that of unshifted controls. The statistical
analysis indicated that both main effects and their interaction were significant for postshift
trials, Fs > 67.74, ps < 0.001, partial n2s = 0.13. Bonferroni pairwise comparisons indicated
that downshifted animals contacted the sipper tube significantly less than unshifted controls
on Trials 11-14, Fs(1, 477) > 19.09, ps < 0.001, but not on Trial 15, F < 1. Therefore, the
sample used in the following analysis, aimed at identifying how behavioral profiles during
recovery from reward devaluation, corresponds to a set of animals that had shown evidence
of the cSNC effect after a 32-t0-4% sucrose downshift.

A single-solution unconditional LGMM was identified to compare the relative fit of
successive models. The 3-class model provided the best fit, with a significant LRT (p =
0.05), lower scores on two of the three information criteria, an increase in entropy relative to
the 2- class solution (0.75 vs. 0.65), and an advantage in interpretability. The 4-class
solution provided a poorer overall fit, with increases across all information indices, lower
entropy (0.52), and a nonsignificant LRT (p = 0.56); thus, the 3-class solution was selected.
An examination of the plot shown in Figure 2 revealed three distinct trajectories of recovery
from cSNC (i.e., Recovery, No Recovery, No Contrast). In this figure, the performance of
each animal on each postshift trial was subtracted by its performance on Trial 10 (the last
preshift trial). Most subjects (83%) were characterized by a sharp drop in goal-tracking time
in the first postshift trial relative to the last preshift trial (ESTintercept = —93.72, SE = 4.68, p
< 0.001) followed by increases (i.e., recovery) in subsequent trials (ESTgjope = 24.74, SE =
1.23, p< 0.001). A second class (11%) was identified that also decreased their
consummatory behavior in the first postshift trial (ESTintercept = —117.19, SE=12.82, p<
0.001). However, their slope was less than one third of the Recovery class’s slope,
indicating slower rate of recovery (ESTgjope = 7.24, SE = 2.59, p = 0.01). Compared to the
other two trajectories, the No Contrast trajectory (6%) was characterized by a nonsignificant
change in consummatory behavior in the first postshift trial (ESTintercept = —10.37, SE =
21.90, p=0.64) and continued increase in the remaining trials (ESTgjope = 24.34, SE = 2.66,
p < 0.001).

Raw data depicting the 3-class model over the complete procedure are plotted in Figure 3.
The performance of the group of animals given always access to 4% sucrose (Group 4) is
added as a reference. A post-hoc mixed within-between ANOVA was conducted to examine
differences between the three classes in the preshift phase, Trials 1-10. Six cases (< 2.3%)
with missing data on some of the acquisition trials could not be included. There was a main
effect of trial F(9, 253) = 110.76, p < 0.001, partial n2 = 0.30, and class, F(2, 253) = 5.75, p
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= 0.004, partial 2 = 0.04, as well as a trial-by-class interaction, F(18, 253) = 2.73, p <
0.001, partial n2 = 0.02. Bonferroni adjusted post-hoc pairwise comparisons of acquisition
trials demonstrated lower mean goal-tracking time in the No Contrast class compared to the
Recovery class on Trials 7, 9, and 10 (all M differences < -39.77, ps < 0.03), between the
No Contrast and No Recovery classes on Trials 9 and 10 (all M differences < —60.59, ps <
0.001), and between the Recovery and No Recovery classes on Trial 10 (M differences =
-27.45, p=0.01). Thus, in the final preshift trial, animals in the No Recovery class
displayed greater goal-tracking time relative to the Recovery class, whereas animals in the
No Contrast class displayed reduced goal-tracking time relative to the Recovery class.

Examination of the first postshift trial (Trial 11) with one-way ANOVA suggests the three
classes were not significantly different in their goal-tracking behavior at the onset of the
recovery stage, F(2, 259) = 1.72, p = 0.18. To better characterize differences between the
three classes at the end of the recovery stage, two independent analyses were calculated.
First, a within-subject analysis comparing the final postshift trial (Trial 15) to the final
preshift trial (Trial 10) with a post-hoc mixed within-between ANOVA. This analysis
examines the degree of change for each animal in the three recovery classes, but compares
conditions that differ in the concentration of sucrose available (4 vs. 32%) and in the amount
of training (15 vs. 10 sessions). There was no main effect of Trial, F < 1, but an effect of
Class, F(2, 259) = 7.74, p < 0.001, partial n2 = 0.06), as well as a Trial-by-Class interaction,
F(2, 259) = 159.48, p < 0.001, partial n2 = 0.55). Bonferroni adjusted matched-pairs t-tests
(Trial 15 vs. Trial 10) demonstrate that by the final recovery trial the Recovery group’s goal-
tracking time on the 4% solution was not significantly different than goal-tracking time on
the final acquisition trial (i.e., 32%) prior to the downshift, t < 1, indicating full recovery.
The No Contrast class, which did not exhibit a reduction in goal-tracking time after the
downshift in sucrose concentration, also had significantly greater goal-tracking time by the
end of the recovery stage, M difference = 97.42, t(14) = 12.83, p < 0.001, indicating
continued increase in consumption beyond preshift levels, despite the decrease in sucrose
concentration. Although the No Recovery trajectory was characterized by a significant
positive slope in the LGMM, this class maintained significantly lower goal-tracking time at
the end of the recovery stage, M difference = -101.53, t(29) = -15.29, p < 0.001,
demonstrating that they did not recover to preshift levels of goal-tracking behavior.

Second, a one way ANOVA comparing the last postshift trial (Trial 15) between the three
recovery classes of downshifted rats as well as the unshifted sample revealed significant
differences between these four groups, F(3, 475) = 17.46, p < .001. This comparison equates
sucrose concentration and the number of trials across the four groups irrespective of
behavioral change. Post hoc analyses with Bonferroni adjustment indicate that in the last
trial of the recovery phase, the No Recovery class had significantly lower goal-tracking time
than each of the three other groups (Recovery class: M difference = -79.09, SE = 11.20, p<
0.001; No Contrast class: M difference = -87.72, SE = 18.19, p < 0.001; unshifted controls:
M difference = —76.07, SE = 11.20, p < 0.001). No other differences were observed between
groups.

Finally, sex distributions between the three classes were examined. Male rats (n = 175) were
primarily in the Recovery class (84%), with 10% and 6% in the No Recovery and No
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Contrast classes, respectively. Female rats (n = 87) were also primarily in the Recovery class
(81%), followed by the No Recovery class (14%), and the No Contrast class (6%). A chi-
square test suggests that class distribution within each sex is not significantly different,
X2(2) = 0.71, p= 0.70.

Discussion

Incentive devaluation as studied in the SNC and related situations continues to play a
significant role in the development of learning theory [1], in the comparative analysis of
learning [2], and in the neurobiological [19] and pharmacological [10] bases of anxiety
[22,45,46,59]. Here the emphasis has been on detecting and characterizing profiles of
behavioral recovery after reward devaluation, a problem that tends to be overlooked in
experimental research emphasizing average performance of relatively small samples.

Applying LGMM to a large (N = 262) sample of rats subjected to reward devaluation in the
cSNC situation yielded different profiles of behavioral recovery. There was some indication
that the preshift and postshift profiles were associated. For example, the preshift profile of
the Recovery and No Recovery classes diverged toward the end of this phase, with the No
Recovery class performing at the highest level. Thus, the class of animals that showed the
poorest recovery from a 32-t0-4% sucrose devaluation also demonstrated the highest level of
goal tracking for 32% sucrose. The level of consummatory suppression is known to be a
function of the disparity between the magnitude of the preshift and postshift rewards [48], so
it is plausible that there is a subjective correlate to this discrepancy. Thus, individuals that
tag the preshift reward with a high incentive value would then respond with extreme levels
of suppression after the devaluation, recovering slowly or not at all (at least during the
typical length of a cSNC experiment), whereas animals that confer relatively lower valuation
to the reward respond to its reduction with less or no behavioral suppression.

Moreover, animals in the No Contrast class exhibited the lowest levels of preshift
consumption, did not suppress their goal-tracking behavior after the downshift, and behavior
continued to increase through the postshift, eventually reaching a level comparable to that of
the Recovery class. Although it is possible that there are other reasons for the preshift
performance of these animals, a parsimonious account would suggest a connection with
satiation levels. The performance of animals receiving access to 32% sucrose sometimes is
depressed toward the end of the 5-min session, thus yielding lower session average scores
[51]. This might be a subgroup of animals that are either more sensitive to the satiating
effects of sucrose or that happened to be deprived relatively less than the others. Deprivation
levels are kept constant between 81 and 84% of the animal’s ad lib weight, but is it possible
that these animals were at the upper end of the deprivation scale. Nondeprived animals and
animals fed before the session tend to respond at lower levels than deprived animals [6].

The identification of distinct profiles of recovery from cSNC may facilitate further
exploration of how individual differences observed in this model relate to other behavioral
and biological correlates of anxiety and stress. For example, Pellegrini et al. [52] reported
that the exploratory behavior of animals that recovered slowly from the downshift was more
disrupted by the nonselective opioid-receptor antagonist naloxone than the behavior of
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animals that recovered relatively faster. Moreover, rats artificially selected for high recovery
rates exhibited enhanced opioid receptor efficiency during reward downshift, attenuated
emotional reactivity to partial reinforcement, and increased ultrasound vocalization to infant
separation relative to low and random lines [40]. Untreated animals that deviate from the
typically observed pattern of recovery, whether by a lack of recovery or a lack of emotional
conflict after the reward devaluation, may represent behavioral phenotypes of vulnerability
or resilience, respectively, to resource loss. Animal experiments that assume population
homogeneity may fail to accurately measure how their manipulations affect these abnormal
phenotypes, which may be more relevant to the understanding of risk, maintenance, and
treatment of humans with anxiety and stress disorders.

Individual differences in emotional reactivity to resource loss may also be predictive of
subsequent behaviors related to the regulation of stress and anxiety. For example, although
Roman high- and low-avoidance inbred rat strains exhibit similar levels of initial
suppression in cSNC, high-avoidance rats recovered faster than low-avoidance rats from
reward devaluation [18]. Moreover, low-avoidance rats were also observed to consume
larger amounts of ethanol immediately after appetitive extinction in consummatory and
instrumental situations [28]. Because ethanol has been shown to have anxiolytic properties
in reward devaluation situations [25], this effect was interpreted as anti-anxiety self-
medication [28]. In humans, high comorbidity of anxiety and substance use disorders is well
documented [54], but there may be diverse neurobiological mechanisms underlying this co-
occurrence which may be better understood through the use of animal models that identify
and incorporate heterogeneous subpopulations in their analyses.

One limitation of the LGMM approach is that large sample sizes are typically required to
identify meaningful subpopulations, especially when some of the proportions of subjects
that follow abnormal response patterns are relatively low. The present analysis capitalized
on the availability of control groups from several experiments of cSNC, but this approach
has its own set of limitations. First, although the procedure was substantially similar across
experiments, there were a number of variations across the years. It is possible that some of
these changes could influence the outcome of cSNC experiments. Even under objectively
similar conditions, the cSNC effect exhibits variation from one experiment to another. It is a
very reliable effect, but in some experiments contrast is completely eliminated after a single
devaluation trial (e.g., Experiment 2 in [41]), whereas in others it lasts 3-5 trials (e.g.,
Experiment 3 in [41]). it seems possible that these variations may result from the random
assignment of different proportion of animals in the No Recovery subpopulation. However,
most experiments (N = 16, 76%) had at least one animal that followed one of the two
abnormal trajectories. This suggests that these profiles were not produced by an isolated
experiment having a different procedure or a biased sample. Though future research is
unlikely to adopt large samples to identify heterogonous populations, especially those
involving complex methods for neurobiological specimen collection, the current work is a
highly beneficial intermediate step. The identification of the parameters associated with
heterogeneous cSNC trajectories can be utilized to characterize animal populations using
Bayesian LGMM methods [55]. As such, the current and related work can help characterize
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populations that can then be studied in future research that has accompanying neurobiology
or re-analysis of other datasets that have not examined heterogeneity.

It may seem inappropriate to postulate that rats experiencing a devaluation of sucrose
solutions could ever be an animal model for human suffering in the face of loss. To a casual
observer, nothing compares to losing a spouse or suffering a salary reduction. As in every
instance in which nonhuman animals are used to model human conditions, there are some
significant limitations. Typically, animal models only simulate a fraction of human
phenomena; but that fraction may be important to unravel a complex process. Importantly,
independently of what seems intuitively obvious, the key is to compare the effects before
dismissing the model. A substantial amount of evidence supports the conclusion that a
reduction in sucrose concentration, no matter how trivial a loss may seem to a human
observer, triggers a stress response in rats that shares many important components with a
typical state of emotional distress observed in humans [10,46,51]. In turn, these common
mechanisms suggest a degree of evolutionary homology in brain processes—the bottom line
that validates any animal model of a human condition. It is suggested here that the
characterization of the heterogeneous subpopulations identified in this research will provide
new insights into the role of reward devaluation in anxiety, depression, and maladaptive
emotional self-medication that can lead to drug and alcohol addiction.
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Trials

Consummatory performance measure in terms of cumulative contact with the sipper tube
(goal-tracking time, in seconds) in two groups of rats exposed to a 32-t0-4% sucrose
downshift (32-4) or to unshifted 4% sucrose (4-4). The cSNC effect is illustrated by the
difference in consummatory behavior during Trials 11-15, when animals in both groups
receive access to 4% sucrose, but differ in terms of prior reward history.
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Figure 2.

1 12 13 14 15
Trials

Goal-tracking time (s) during each postshift trial (4% sucrose) was subtracted from the goal-
tracking time (s) of each animal in its last preshift trial (32% sucrose) in downshifted
animals from the three classes of recovery identified. The classes (percentage of total
sample) were labeled according to their postshift performance: Recovery (83%), No
Recovery (11%), and No Contrast (6%). The sample size for each class was 217, 30, and 15
animals, respectively. Change scores are estimated means derived from the latent growth

mixture model.
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Figure 3.
Three-class solution of mean goal-tracking time (s) for 10 preshift trials and 5 postshift trials

in downshifted animals (32-4) and unshifted controls (4-4). The classes were labeled
according to their postshift performance: Recovery, No Recovery, and No Contrast. The
performance of unshifted controls exposed always to 4% sucrose (4-4) was added as
reference.
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Model fit indices for the 1- to 4-class unconditional LGMM of goal-tracking time (s) change in postshift trials

relative to the last preshift trial (N = 262)

Classes  AIC BIC SSBIC Entropy p-value
1 13803 13825 13806 - -
2 13801 13834 13805 0.65 0.04
3 13799 13842 13804 0.75 0.05
4 13801 13855 13807 0.56 0.52

Note. P-values reflect comparison of k class model with k - 1 class model with the Lo-Mendel-Rubin likelihood ratio test. LGMM = latent growth
mixture modeling; AIC = Akaike information criterion; BIC = Bayesian information criterion; SSBIC = sample size adjusted Bayesian information

criterion.
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