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Abstract

Although post-traumatic stress disorder (PTSD) and addiction are very different disorders, both 

are characterized by hyperreactivity to trauma- or drug-related cues, respectively. We investigated 

whether an appetitive conditioning task, Pavlovian conditioned approach, which predicts 

vulnerability to reinstatement of cocaine-seeking, also predicts fear incubation, which may be a 

marker for vulnerability to PTSD. We classified rats based on whether they learned to approach 

and interact with a food predictive cue (sign-trackers), or, whether upon cue presentation they 

went to the location of impending food delivery (goal-trackers). Rats were then exposed to 

extensive Pavlovian tone-shock pairings, which causes the fear response to increase or “incubate” 

over time. We found that the fear incubation effect was only present in sign-trackers. The behavior 

of goal-trackers was more consistent with a normal fear response – it was most robust immediately 

after training and decayed slowly over time. Sign-trackers also had lower levels of brain-derived 

neurotrophic factor (BDNF) protein in the prefrontal cortex than goal-trackers. These results 

indicate that, while many factors likely contribute to the disproportionate co-occurrence of PTSD 

and substance abuse, one such factor may be a core psychological trait that biases some 

individuals to attribute excessive motivational significance to predictive cues, regardless of the 
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emotional valence of those cues. High levels of BDNF in the prefrontal cortex may be protective 

against developing excessive emotional and motivational responses to salient cues.

Keywords

addiction; post-traumatic stress disorder; autoshaping; vulnerability; individual differences; brain-
derived neurotrophic factor

1. Introduction

Addiction is highly comorbid with post-traumatic stress disorder (PTSD). The overall 

prevalence of addiction in the United States is about 15% [1], while the prevalence of 

addiction among people with PTSD is up to 52% in the community and as high as 75% in 

treatment-seeking populations [2, 3]. Similarly, overall prevalence of PTSD is about 7–10% 

[4], whereas prevalence among patients with addiction has been reported as high as 42% [5]. 

Some possible explanations that have been proposed for the relationship between PTSD and 

addiction include self-medication of anxiety with drugs or alcohol [6, 7], increased exposure 

to traumatic events due to activities involved in acquiring illegal substances [5, 8, 9], or 

addictive substances altering the brain’s sensitivity to stress to make users more vulnerable 

to PTSD [10]. These possibilities are not mutually exclusive, and empirical support exists 

for each of them. However, another possibility is that common factors intrinsic to the 

individual can increase vulnerability to both disorders. For example, a number of twin 

studies have indicated significant overlap in genetic predisposition to PTSD and addiction 

[11–13].

There are many obvious phenomenological differences between addiction and PTSD, but 

there are also some striking similarities in the core psychological processes underlying both 

disorders. In particular, both disorders involve excessive motivational responses to cues 

associated with emotionally salient events. Excessive reactivity to trauma-related cues is 

especially well-documented in the case of PTSD and is described in no less than three of the 

diagnostic criteria for PTSD [14–16]. Similarly, addiction is characterized in part by 

excessive emotional and motivational responses to drug-related cues, i.e. cue-induced 

craving [17]. The extent to which drug-related cues induce such motivational responses in 

an individual is positively correlated with a number of clinically relevant variables, such as 

addiction severity, risk of relapse, and poor treatment outcomes [18, 19]. Thus, a general 

tendency to attribute excessive motivational salience to conditioned cues, regardless of the 

emotional valence of those cues, would likely predispose an individual to developing both 

addiction and PTSD.

Pavlovian conditioned approach (PCA) behavior has been used to assess the propensity of 

individual animals to attribute motivational salience to a reward cue [20, 21]. In this 

procedure, a discrete cue, i.e. a conditioned stimulus (CS), predictive of a food reward, is 

separated spatially from the location of reward delivery. All animals learn the predictive 

value of the CS, but a subset of animals (sign-trackers; STs) are especially prone to attribute 

motivational value to the CS, as evidenced by approach and physical interaction with it. 

Other animals (goal-trackers; GTs) learn to approach the location of reward delivery upon 
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CS presentation but rarely approach the CS. STs also attribute more motivational salience to 

drug-paired cues and are more susceptible to drug- and cue-induced reinstatement of drug-

seeking behavior than GTs [22–25]. In addition to differences in conditioned appetitive 

behaviors, STs show more fear toward a CS paired with footshock than GTs [26]. This may 

indicate that STs would be more likely to develop abnormal fear responses in procedures 

that model PTSD-like behavior.

In typical fear-conditioning paradigms, in which a tone (CS) is paired with footshock, a fear 

response to the CS develops quickly, after as little as one tone-shock pairing, and then either 

remains stable or slowly decays over time [27–30]. However, if the tone-shock pairing is 

repeated extensively, the fear response increases or “incubates” over time and becomes 

maximal ~30 days after conditioning [31], similar to the delayed-onset pattern of symptom 

development often seen in PTSD patients [32]. Interestingly, fear incubation shows 

considerable individual variability, with some animals showing a large incubation effect 

while others show no incubation at all [33]. Here, we sought to test whether individual 

variation in the attribution of motivational value to reward cues, as measured by PCA 

behavior, would predict incubation of conditioned fear.

To address possible neurobiological differences that could account for individual differences 

in behavior, we also measured expression of brain-derived neurotrophic factor (BDNF). This 

molecule was chosen because the BDNF Val66Met polymorphism has been implicated in 

the development of both addiction [34–39] and PTSD [40, 41]. Heterozygote BDNF 

knockout mice self-administer more alcohol than wild-type mice [42, 43], and exhibit 

impaired extinction of conditioned fear [44]. In addition to these effects of global 

differences in BDNF expression, several pre-clinical studies have shown effects of BDNF 

manipulation on both drug-seeking behavior and conditioned fear, with BDNF either 

increasing or decreasing conditioned motivational behavior in a highly region- and circuit-

specific manner [45, 46]. We therefore tested STs and GTs for differences in BDNF 

expression in multiple brain regions within the emotional circuitry relevant to both PTSD 

and addiction [47].

2. Material and Methods

All procedures were approved by the University Committee on the Use and Care of 

Animals.

2.1 Subjects

Ninety-four male Sprague-Dawley rats weighing 275–300 g were obtained from Harlan and 

Charles River for use in these studies. Subjects were counterbalanced for supplier 

throughout all phases of the experiment. The rats were housed individually with ad libitum 

access to water throughout the study. As detailed below, food was also provided ad libitum 

until training on the PCA task was complete. Subsequent to PCA training, rats were food-

restricted to maintain 85% of free-feeding weight, and food restriction continued until brains 

were harvested at the end of the experiment. The vivarium was kept on a 12:12-h light:dark 

schedule with temperature maintained at 70–73 °F and humidity at 65–70%. All 

experimental procedures were performed during the light portion of the cycle.
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2.2 Pavlovian conditioned approach

Training on the PCA task took place in Med Associates behavioral testing chambers 

(24.1×20.5 cm floor area, 29.2 cm high; Med Associates, St. Albans, VT). Each chamber 

had its own sound-attenuating enclosure and a ventilating fan that provided masking noise. 

Red room lights were used throughout each session, and a red house light in each chamber 

was illuminated during testing, as well. A recessed food cup was located in the center of one 

wall of each testing chamber, into which 45-mg banana-flavored pellets could be delivered 

from a pellet dispenser using a programmable schedule. To the left or right of the food cup, 

according to a counterbalanced design, was a retractable stainless-steel lever. Whenever the 

lever was extended into the chamber, an LED mounted inside the lever mechanism 

illuminated the slot through which the lever protruded. A tray with corn-cob bedding was 

placed beneath the stainless-steel grid floor.

For two days prior to training, rats received ~15 banana pellets in their home cages to 

familiarize them with this food. On each of the next two days, rats underwent a pretraining 

session consisting of 25 pellets delivered non-contingently into the food cup on a variable 

interval (VI) 30-s schedule, i.e. one food pellet was delivered on average every 30 seconds, 

but the actual interval between pellets varied randomly between 1 and 60 seconds. The lever 

remained retracted throughout the pretraining sessions. Two rats did not consume all 25 

pellets by the end of a second pretraining session and were eliminated from the study. PCA 

training sessions then commenced for the next 5 days. Each session consisted of 25 trials in 

which the lever CS was extended for eight seconds, and a food pellet-US was delivered 

immediately upon retraction of the lever. Trials were initiated on a 90-s VI schedule, 

resulting in a total session length of ~35–40 min. Head-entries into the food cup were 

detected by an infrared photobeam ~1.5 cm above the base of the food cup, and lever 

deflections were recorded as “lever presses,” but neither response had any influence on 

delivery of the food-US.

2.3 Operant conditioning

After PCA training was complete, rats were food-restricted to maintain 85% of free-feeding 

weight for the remainder of the experiment. For appetitive operant conditioning, rats were 

placed in a different set of standard behavioral test chambers (Med Associates) of the same 

dimensions and in the same room as those used in PCA training. The chambers were 

configured with nose-poke holes to the left and right of a food receptacle, 3 cm above the 

floor. According to a counter-balanced design, one nose-poke hole was designated as 

inactive such that nose pokes were recorded but had no programmed consequences. Nose 

pokes in the active hole were reinforced with a chocolate-flavored food pellet under a fixed-

ratio (FR) 1 schedule (i.e., only 1 response was required for reinforcement) for the first 5 

pellets, then an FR 7 schedule for the next 5 pellets, then a variable-ratio (VR) 20 schedule 

(i.e., an average of 20 responses are required before reinforcement). Rats received daily 50-

min sessions for 5 days until responding stabilized at a consistent rate of ~1 response/sec.

2.4.1 Fear conditioning: apparatus

A separate set of eight behavioral test chambers (Med Associates) housed in a different 

room were used for Pavlovian fear conditioning. Each chamber rested on top of a load cell 
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platform, and displacement of the chamber was used to assess freezing behavior [48]. The 

floor of each chamber consisted of stainless steel rods connected to a constant-current 

electrical stimulation source and solid-state grid scrambler for delivery of aversive foot 

shocks. Each chamber also contained a speaker for delivery of auditory stimuli. The 

chambers were cleaned with a 1% acetic acid solution to create a distinctive odor, and a 

white house light inside each chamber was illuminated. Background noise (~70 dB) was 

supplied by fans in the cabinets in which each chamber was housed, and the room was 

illuminated by overhead fluorescent lighting.

2.4.2 Fear conditioning: procedure

Starting the day after completion of operant conditioning, rats received 10 auditory fear 

conditioning sessions (one session per day for 10 days). The rats were transported to the 

conditioning chambers 3 min after being placed in the chamber. Each conditioning session 

consisted of 10 trials in which a tone CS (30 s, 4 KHz, 80 dB SPL) co-terminated with a 

footshock US (2 s, 1 mA) on a pseudo-random variable-interval (VI) schedule with an 

average intertrial interval (ITI) of 4 min. Rats remained in the chamber for 3 min after the 

last tone-shock pairing. This procedure was repeated for a total of 10 consecutive days.

2.5 Conditioned suppression

Separate groups of rats were returned to the operant conditioning chambers and re-trained on 

the operant conditioning task for 3 days to ensure stable responding, beginning either one or 

thirty days after fear conditioning. For the conditioned suppression test, operant conditioning 

was conducted as before, but beginning 30 min into the session, six 30-s presentations of the 

tone CS were superimposed on the ongoing operant program using a pseudo-random VI 

420-s schedule. The extent to which operant responding slowed during presentation of the 

tone CS relative to the preceding baseline was used as a measure of conditioned fear.

2.6 Enzyme-linked immunosorbent assay (ELISA)

One day after the final behavioral test, rats were euthanized by overdose of pentobarbital 

(100 mg/kg, i. p.) and rapid decapitation. Four major brain areas, i.e. the prefrontal cortex, 

striatum, hippocampus, and amygdala, were collected using standard gross dissection 

methods [49] and homogenized in extraction buffer containing 100mM Tris±HCl, pH 7.2, 

400mM NaCl, 4mM EDTA, 0.2mM PMSF, 0.2mM benzethonium chloride, 2mM 

benzamidine, 40 U/ml aprotinin, 0.05% sodium azide, 2% BSA, 0.5% gelatin, and 0.2% 

Triton X-100 (Sigma Chemical, USA). Detection and quantification of BDNF protein was 

performed by the University of Michigan Immunology Core using ELISA kits from R&D 

Systems according to the manufacturer’s protocol. Samples were all run in duplicate, and 

data were normalized to the total amount of protein for each sample.

2.7 Data analysis

Rats were categorized as STs or GTs based on an “Approach Index” score derived from the 

number, latency and probability of lever contacts and magazine entries upon CS presentation 

during PCA training, as described previously[50]. Briefly, we used the following formula: 

[Response bias (lever contacts − magazine entries)/(lever contacts + magazine entries) + 
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Probability (lever contact probability − magazine entry probability) + Contact Latency 

(lever contact latency − magazine entry latency)/(8 s)]/3. Average scores from sessions 4 

and 5 were used as the final “Approach Index”. Rats with an Approach Index of less than − 

0.5 were designated goal-trackers (GTs; twice as likely to direct behavior towards the 

magazine), those above +0.5 as sign-trackers (STs; twice as likely to direct behavior towards 

the CS Ȓ lever), and those between −0.5 and +0.5 as intermediate responders (IRs).

Freezing behavior was the dependent variable used to assess conditioned fear during the fear 

conditioning procedure. Load-cell activity generated by displacement of the chamber was 

digitized at 5 Hz (Threshold Activity, Med Associates), and freezing behavior was scored if 

the rat was immobile for at least one second. The load cell gain was set such that small head 

movements involved in grooming, head turning, sniffing, etc., which would not be scored as 

freezing by a human observer, would also exceed the freezing threshold and be scored as 

activity by the detection software [48]. For each session, freezing behavior was expressed as 

a percentage of total observations. For the conditioned suppression tests, nose pokes were 

recorded in 2-s bins throughout the session. Fear to the tone was measured by calculating the 

conditioned suppression ratio (nose-pokes during the 30-s tone / [nose-pokes during the 30-s 

tone + nose-pokes during the 30 s immediately preceding the tone]). On this scale, a ratio of 

0.5 = no suppression, and 0.0 = complete suppression.

Between-group comparisons of repeated measures data from the PCA training were 

performed using linear mixed-effects models. Average freezing during fear conditioning was 

compared using a one-way ANOVA. One-sample t-tests were used to test whether 

conditioned suppression ratios were different from 0.5. Overall effects of PCA phenotype 

and incubation time on fear expression were tested with 2-way ANOVAs. Between-group 

suppression ratios were also compared using planned unpaired t-tests. BDNF expression 

levels were compared using one-way ANOVAs and planned unpaired t-tests.

3. Results

3.1 Pavlovian conditioned approach

Over 5 days of PCA training, two different conditioned responses (CRs) developed to lever-

CS presentation: a sign-tracking response directed toward the lever, and a goal-tracking 

response directed toward the food cup. As illustrated in Figure 1, rats classified as STs 

developed a strong bias toward lever-directed responses during CS presentation (average GT 

lever presses per day = 15 ± 2; IR = 22 ± 2; ST = 32 ± 2; F2, 153 = 17.8, p < 0.001), while 

GTs developed a comparably strong bias toward food cup-directed responses during CS 

presentation (average GT magazine entries per day = 51 ± 3; IR = 33 ± 3; ST = 9 ± 3; F2, 74 

= 60.2, p < 0.001), and IRs performed both responses with relatively little bias. Similar 

results were obtained by an analysis of latency to lever press (data not shown; average GT 

latency = 6.9 ± 0.1 sec; IR = 6.5 ± 0.1 sec; ST = 5.8 ± 0.1 sec; F2, 142 = 21.0, p < 0.001), and 

latency to magazine entry (data not shown; average GT latency = 3.8 ± 0.2 sec; IR = 5.2 ± 

0.2 sec; ST = 7.4 ± 0.2 sec; F2, 102 = 145, p < 0.001).
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3.2 Fear conditioning

There were no significant differences in the acquisition of conditioned freezing among PCA 

phenotypes (Figure 2A). All groups acquired a robust conditioned freezing response to the 

tone CS within one session, and this response was maintained throughout all 10 days of the 

training period. For purposes of data analysis, rats were classified into “HI” and “LO” 

groups based on a median split of their average freezing during fear conditioning (Figure 

2B). The distribution of average freezing responses was similar across PCA phenotypes 

(ANOVA F2, 91 = 0.014, p = 0.986).

3.3 Fear incubation

Baseline rates of operant nose-pokes for food pellets were ~1 response per second, and a 2-

way ANOVA showed no significant effect of phenotype (F2, 88 = 0.18, p = 0.83), incubation 

time (F1, 88 = 2.65, p = 0.11), or phenotype×incubation (F2, 88 = 0.22, p = 0.81) on baseline 

operant responding. For reference, raw averages are presented in Table 1 for nose-poke 

response rates both at baseline and during tone presentations. When tone CSs were 

presented in the operant conditioning chambers after an incubation period of 3 or 33 days, a 

fear incubation effect was evident in the overall sample of 94 animals, such that the fear-

induced suppression of operant responding was more pronounced after 33 days. A 2-way 

ANOVA revealed a significant main effect of incubation time (suppression ratio = 0.32 ± 

0.02 after 3 days vs. 0.21 ± 0.02 after 33 days; F1, 88 = 16.8, p < 0.0001), but no main effect 

of PCA phenotype. The phenotype×incubation interaction approached, but did not reach 

statistical significance when all 3 phenotypes were included (F2, 88 = 2.50, p = 0.0884); 

however, planned a priori comparisons of STs to GTs revealed a significant 

phenotype×incubation interaction (F1, 53 = 4.36, p = 0.0416). When each PCA phenotype 

was analyzed separately (Figure 3A), the fear incubation effect remained significant among 

STs (t26 = 3.60, p = 0.0013) and IRs (t35 = 3.24, p = 0.0027), but not GTs (t27 = 0.511, p = 

0.613). With the analysis limited to just the “HI” conditioning animals (Figure 3B), again 

the fear incubation effect was seen in both STs (t12 = 4.61, p = 0.0006) and IRs (t18 = 2.25, p 

= 0.0375) but not GTs (t11 = −1.68, p = 0.120). However among the “LO” conditioning 

animals (Figure 3C), the fear incubation effect was significant only in IRs (t15 = 2.74, p = 

0.0151), but not in GTs (t14 = 0.769, p = 0.455) or STs (t12 = 1.09, p = 0.296).

3.4 Brain-derived neurotrophic factor expression

BDNF protein levels were measured by ELISA in prefrontal cortex, amygdala, striatum, and 

hippocampus at the end of the experiment. Because there were no significant differences in 

BDNF levels between short and long incubation animals in any brain region, data from these 

two conditions were combined. ANOVAs involving all 3 PCA phenotypes did not reveal a 

significant effect of phenotype for BDNF levels in any brain region. Planned a priori 

comparisons showed that STs had significantly less BDNF in the prefrontal cortex than GTs 

(Figure 4A; t55 = 2.270, p = 0.0271), but no differences in BDNF levels in amygdala (t55 = 

0.863, p = 0.392), striatum (t55 = 1.37, p = 0.176), or hippocampus (t55 = 0.682, p = 0.498). 

In addition, “HI” conditioning animals had lower levels of BDNF than “LO” conditioning 

animals in hippocampus (Figure 4B; t92 = −2.63, p = 0.0104), but not in prefrontal cortex 

(t92 = 0.357, p = 0.722), amygdala (t92 = −1.212, p = 0.229), or striatum (t92 = −0.277, p = 
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0.783). There was no significant interaction between the effects of PCA phenotype and fear 

conditioning on BDNF levels in any brain region.

4. Discussion

We replicated the results of Pickens et al. 2009 [33], who showed that protracted exposure 

of rats to tone-shock pairings (100 pairings delivered over 10 days), produces fear that 

increases over time rather than slowly decaying or remaining stable. In addition, we found 

that this fear incubation effect occurred predominantly in STs, i.e. animals that are prone to 

attribute motivational value to discrete reward cues, especially in those animals that had 

exhibited the highest level of freezing behavior during the fear conditioning procedure. The 

fear incubation procedure did not seem to affect expression of BDNF in the PFC, striatum, 

hippocampus, or amygdala. However, the sign-tracking trait was associated with decreased 

BDNF expression in the PFC, and increased freezing during fear acquisition was associated 

with lower BDNF expression in the hippocampus.

The fear responses measured 3 days after fear conditioning did not replicate our previous 

findings of enhanced fear conditioning to discrete cues among STs relative to GTs [26]. In 

fact, in the present study STs showed considerably less fear to the tone CS than GTs when 

tested 3 days after conditioning. The apparent discrepancy between the two studies is likely 

attributable to the intensity of the initial fear conditioning procedure. The fear conditioning 

procedure in our previous study consisted of just 5 tone-shock pairings delivered in a single 

session, as opposed to 100 pairings delivered over 10 days in this study. The fear incubation 

effect only occurs after extensive repetition of tone-shock pairings, which presumably is a 

more intensely aversive experience. The fact that STs and GTs showed comparable levels of 

fear when tested 33 days after conditioning in the present study indicates that STs did not 

have a weaker fear response than GTs; rather, the expression of that response was just 

delayed. The lack of a fear incubation effect in GTs may actually indicate that they 

developed less fear to the tone than STs and therefore were less likely to show fear 

incubation. In support of this interpretation is the fact that STs that did not have a strong 

freezing response to the tone during initial fear conditioning also did not show a significant 

fear incubation effect. It is possible that an even more intense or extended fear conditioning 

procedure would produce fear incubation among GTs as well as STs, particularly 

considering that the intensity and chronicity of a traumatic experience is known to have a 

strong influence on the probability of an individual developing pathological behavior like 

PTSD in response to that experience [51]. It is important to note that the shift in contexts 

between training and testing may have contributed to the relatively high levels of 

conditioned suppression seen in this study, as previous studies have found that a change in 

context can augment conditioned suppression[52, 53]. There is some evidence that GTs are 

more sensitive to contextual cues than STs [26, 54], however contextual changes are not 

likely to have influenced the observed incubation effects because the context was shifted for 

both the 3-day and the 33-day incubation groups.

An interesting aspect of the fear incubation effect is that it appears not to be a result of fear 

gradually increasing above the level normally produced by limited tone-shock pairings, but 

rather, it is an initial inhibition of fear behavior that gradually dissipates over time [33, 55, 
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56]. This is not unlike the clinical phenomenon of dissociation, in which the emotional 

response to a salient event is often suppressed or dis-integrated from the explicit memory of 

the event, a symptom also known as “emotional numbing” [14, 57]. Dissociation is a 

common reaction to trauma, particularly if the trauma is chronic or prolonged [58–61]. 

Several theorists have proposed an important role for dissociation in the etiology of PTSD 

[15, 62–65], and clinical studies have found peri-traumatic dissociation to be the most 

predictive risk factor for development of PTSD after exposure to trauma [66, 67]. The 

current findings may suggest that an emotional style involving the attribution of excessive 

motivational salience to predictive cues can also lead to pathological dissociation in 

response to traumatic events.

Our findings that STs had lower levels of BDNF expression in the PFC than GTs is in 

agreement with other studies of the role of BDNF in conditioned fear and appetitive 

responding. BDNF injection into the PFC enhances extinction and reduces reinstatement of 

cocaine self-administration in rats [68, 69], while shRNA knockdown of BDNF in the same 

region of the PFC increases the cocaine self-administration breakpoint [70]. Similarly, 

Peters et al. 2010 [71] found that BDNF injection into the infralimbic region of the PFC 

enhances extinction and reduces expression of conditioned fear. Our finding of reduced 

BDNF levels in the hippocampus of rats with high levels of freezing during fear 

conditioning is also supported by Peters et al. 2010 [71], who showed that BDNF infusion 

into the hippocampus reduces expression of conditioned fear. However, selective viral 

knockdown of hippocampal BDNF expression in mice does not appear to affect fear 

acquisition or expression [72]. The effects of hippocampal BDNF manipulation on drug-

seeking behaviors have not been reported. Because BDNF enhances glutamatergic activity 

in PFC and hippocampal neurons, promotes synaptogenesis, and enhances long-term 

potentiation [73, 74], our results imply that enhanced activity within the PFC and 

hippocampus may be protective against excessive fear responses and cue-motivated 

behavior in general. However, several caveats must be considered before making such an 

interpretation. First, our tissue samples consisted of relatively large regions, whereas 

neurotrophic effects on motivated behaviors may be more finely site-specific, as 

demonstrated in reported differences between the effects of BDNF within the infralimbic 

versus prelimbic PFC on conditioned fear [71, 75]. Second, though we found no evidence of 

effects on BDNF expression by fear incubation, BDNF is induced by several behavioral 

conditioning procedures, including fear conditioning and selfadministration [76–84]. 

Therefore, since all our measurements of BDNF were taken after behavioral testing, it is not 

clear whether our observed differences in BDNF protein represent individual differences in 

baseline expression, or individual differences in evoked BDNF activity in response to the 

training procedures we employed. Finally, our observations are correlational and cannot be 

taken alone as evidence of a causal relationship between BDNF expression and the 

behavioral traits we measured.

Our results are consistent with the interpretation that pathological fear reactions likely result 

from the interplay of multiple phenotypic domains, including both the initial emotional 

reactivity to traumatic stimuli, and the ability of conditioned cues to acquire motivational 

value. It is reasonable to ask why such traits exist at all. Traits that tend to increase 

pathological responses to such ubiquitous human experiences as trauma and exposure to 
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addictive substances would seem to be maladaptive and therefore unlikely to be maintained 

by natural selection. However, maladaptive combinations of traits can be maintained at 

relatively high frequencies if the individual component traits are each adaptive in themselves 

[85–87]. Furthermore, it may often be the case that two extremes of a behavioral trait are 

each adaptive in different situations, ensuring the persistence of variability in that trait 

within the population [88]. For example, the sign-tracking trait may be advantageous in 

times of scarcity and danger, when quick reactions to salient stimuli are necessary for 

survival, while the goal-tracking trait might be preferable in circumstances of relative 

security, when a more subtle cognitive approach can be used to contextualize events and 

guide behavior rather than compelling an immediate response.

The findings presented here highlight the importance of assessing the interplay of 

phenotypic domains in animal models of psychiatric disorders [89, 90]. Neither the sign-

tracking trait nor initial conditionability to aversive stimuli appear sufficient to predispose 

toward fear incubation, but in combination these two traits may produce a new, “higher 

order” trait that predisposes to pathological behavior [91]. A focus on either of the 

component traits alone could lead to the inaccurate conclusion that neither is associated with 

fear incubation, especially if the sample population happens to be enriched for one or the 

other low-risk trait, such that the high-risk combination becomes too rare to detect. In 

addition, a focus on fear incubation itself without consideration of underlying component 

behavioral traits can greatly impede efforts at understanding the pathophysiology of 

abnormal fear reactions, especially if non-susceptible animals are consistently included in 

the analysis. Important interactions with other behaviors and comorbidities can also be 

overlooked if the interplay of component traits is neglected. For example, involvement of 

the sign-tracking trait with susceptibility to abnormal fear reactions may help to explain the 

high rates of comorbidity between PTSD and addiction [26, 92].

5. Conclusions

The relationship we detected between PCA behavior and fear incubation indicates that 

certain personality traits may confer vulnerability to multiple psychiatric disorders, 

including both disorders of approach, like addiction, and disorders of avoidance, like PTSD. 

We have identified one such trait as the tendency to assign excessive motivational value to 

predictive cues, regardless of emotional valence. This trait may interact with other traits, 

such as “conditionability” or “emotional reactivity” to produce different forms of behavioral 

pathology in response to various environmental challenges. Though we have some evidence 

of broad areas of overlap in the neurobiology of frequently comorbid psychiatric disorders, 

e.g. decreased regulation of affective responses by the PFC and hippocampus, further 

delineation of relevant psychological and behavioral endophenotypes will be necessary to 

more precisely determine the sources of individual variation in vulnerability or resilience to 

psychiatric disturbance.

Acknowledgments

We wish to thank Philip Presnell, Christopher Fitzpatrick, Vedran Lovic, and Elizabeth LaRose for their technical 
assistance with these experiments. This work was supported by grants from the NIH to SM (R01MH065961) and 
TER (R37DA04294).

Morrow et al. Page 10

Behav Brain Res. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Abbreviations

BDNF brain-derived neurotrophic factor

CS conditioned stimulus

ELISA enzyme-linked immunosorbent assay

FR fixed-ratio

GT goal-tracker

IR intermediate responder

ITI intertrial interval

PCA Pavlovian conditioned approach

PTSD post-traumatic stress disorder

ST sign-tracker

US unconditioned stimulus

VI variable interval

VR variable-ratio
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Highlights

Fear to a tone extensively paired with shock “incubated”, i.e. increased over time.

Fear incubation only occurred in rats that preferentially approached reward cues.

Rats that approached reward cues also had less prefrontal cortical BDNF.

Prefrontal BDNF may protect against both addiction and pathological fear responses.
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Figure 1. 
Pavlovian conditioned approach. Development of different conditioned responses in sign-

trackers (ST, n = 28), intermediate responders (IR, n = 37), and goal-trackers (GT, n = 29) 

during Pavlovian pairing of a lever CS and a food US, as a function of day of training. Data 

points are mean ± SEM for (A) number of lever contacts, and (B) number of food cup 

entries during the lever presentation.
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Figure 2. 
Acquisition of a conditioned freezing response. (A) Percentage of freezing (mean ± SEM) 

for sign-trackers (ST, n = 28), intermediate responders (IR, n = 37), and goal-trackers (GT, n 

= 29) over 10 days. For each day, freezing during the 30-sec tone presentations was 

averaged across the entire session. (B) Rats were designated based on a median split of 

average freezing as high-conditioning (ST, n = 14; IR, n = 20; GT, n = 13) and low-

conditioning (ST, n = 14; IR, n =17; GT, n = 16). Data are depicted as box plots with 

maximum and minimum values (whiskers) for each group. The dotted line is the median for 

the overall sample. Rats received 10 trials per day for 10 days, each trial consisting of a 30-

sec tone presentation immediately followed by a foot shock.
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Figure 3. 
Conditioned fear expression after 3 days or 33 days of incubation. Plots are shown for (A) 

the total sample at 3 days (GT, n = 14; IR, n = 18; ST, n = 15) and 33 days (GT, n = 15; IR, 

n = 19; ST, n = 13); (B) HI-conditioning animals at 3 days (GT, n = 5; IR, n = 10; ST, n = 6) 

and 33 days (GT, n = 8; IR, n = 10; ST, n = 8); and (C) LO-conditioning animals at 3 days 

(GT, n = 9; IR, n = 8; ST, n = 9) and 33 days (GT, n = 7; IR, n = 9; ST, n = 5). Six tones 

were presented without shock in a new context while the rats were continuously nose-poking 

for food at a rate of ~1 nose-poke per second. Fear to the tone is indicated by a reduction in 

Morrow et al. Page 20

Behav Brain Res. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the conditioned suppression ratio (tone responses/[tone responses + pre-tone responses]). 

Data are presented as mean ratios ± SEM. On this scale, a ratio of 0.5 = no suppression, and 

0.0 = complete suppression. *Significant difference 3-day vs 33-day incubation p < 0.05.
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Figure 4. 
Regional BDNF expression. Data are divided by (A) PCA phenotype (GT, n = 29; IR, n = 

37; ST, n = 28) or (B) fear-conditioning phenotype (HI, n = 47; LO, n = 47). Data are 

presented as mean BDNF protein concentration + SEM. *Significant difference p < 0.05.
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Table 1

Nose-poke response rates. Data are presented as average nose-poke responses per second ± SEM both during 

baseline and during tone presentations, split by PCA phenotype and incubation time.

3-day incubation responses / 
sec at baseline

33-day incubation responses / 
sec at baseline

3-day incubation responses / 
sec during tone

33-day incubation responses / 
sec during tone

GT 1.08 ± 0.15 1.34 ± 0.14 0.40 ± 0.12 0.39 ± 0.09

IR 1.20 ± 0.19 1.34 ± 0.25 0.64 ± 0.08 0.32 ± 0.08

ST 1.13 ± 0.13 1.54 ± 0.26 0.62 ± 0.10 0.32 ± 0.07
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