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Abstract

Chronic stress is an established risk factor in the development of addiction. Addiction is 

characterized by a progressive transition from casual drug use to habitual and compulsive drug 

use. The ability of chronic stress to facilitate the transition to addiction may be mediated by 

increased engagement of the neurocircuitries underlying habitual behavior and addiction. In the 

present study, striatal morphology was evaluated after two weeks of chronic variable stress in 

male Sprague-Dawley rats. Dendritic complexity of medium spiny neurons was visualized and 

quantified with Golgi staining in the dorsolateral and dorsomedial striatum, as well as in the 

nucleus accumbens core and shell. In separate cohorts, the effects of chronic stress on habitual 

behavior and the acute locomotor response to methamphetamine were also assessed. Chronic 

stress resulted in increased dendritic complexity in the dorsolateral striatum and nucleus 

accumbens core, regions implicated in habitual behavior and addiction, while decreased 

complexity was found in the nucleus accumbens shell, a region critical for the initial rewarding 

effects of drugs of abuse. Chronic stress did not affect dendritic complexity in the dorsomedial 

striatum. A parallel shift toward habitual learning strategies following chronic stress was also 

identified. There was an initial reduction in acute locomotor response to methamphetamine, but no 

lasting effect as a result of chronic stress exposure. These findings suggest that chronic stress may 

facilitate the recruitment of habit- and addiction-related neurocircuitries through neuronal 

restructuring in the striatum.

Lifetime exposure to stressors is an established risk factor for the development of addiction 

(i.e., substance abuse disorders; Turner and Lloyd, 2003, Lloyd and Turner, 2008, Sinha, 

2008). In addition, stress-related psychiatric disorders, such as depression and anxiety, have 

a high co-morbidity with drug abuse (Brady and Sinha, 2005). In rodent studies, exposure to 
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acute or chronic stressors can lead to enhanced self-administration of various drugs, 

including psychostimulants such as cocaine and amphetamine (Piazza and Le Moal, 1998, 

Sinha, 2001, Lu et al., 2003). Despite evidence suggesting that stress creates a vulnerability 

to addiction in both humans and rodents, the specific mechanisms underlying the 

development of this vulnerability are not clearly established. The majority of research 

suggests that stress contributes to addiction through adaptive changes in both the reward and 

stress systems or through exacerbating the negative affect associated with withdrawal 

(Sinha, 2008, Koob, 2013). An alternative, but not mutually exclusive, mechanism is that 

stress potentiates maladaptive behaviors resulting in impaired behavioral control and 

addiction vulnerability (Sinha, 2008).

Neurocircuitries and behaviors extending beyond the canonical brain reward pathway also 

play a role in vulnerability to addiction (Everitt and Robbins, 2005, Baler and Volkow, 

2006, Li and Sinha, 2008). A recent focus has been the role of maladaptive behavioral 

patterns, such as impulsivity, compulsivity, and anxiety-related behaviors in drug abuse 

(Aujla et al., 2008, Belin et al., 2008, Broos et al., 2012, Dilleen et al., 2012, Murphy et al., 

2012, Bahi, 2013). A hypothesis that encompasses many of these maladaptive behaviors is 

that the development of drug addiction involves a transition from initial, voluntary and goal-

directed drug use to habitual and compulsive drug use (Everitt et al., 2008, Everitt and 

Robbins, 2013). Interestingly, both chronic and acute stress facilitate habitual learning and 

behaviors (i.e., behaviors that are inflexible or insensitive to a reduction in reward value), at 

the expense of goal-directed or spatial learning and memory (Schwabe et al., 2008, Dias-

Ferreira et al., 2009, Sadowski et al., 2009). Thus, the ability of chronic stress to facilitate 

both the recruitment of habitual processes and the transition to addiction may be mediated 

by increased engagement of the neurocircuitries underlying habitual behavior and addiction 

(Everitt et al., 2008, Packard, 2009, Schwabe et al., 2011).

Goal-directed and habitual behaviors share some common striatal neurocircuitries that are 

involved in the transition from casual drug use to addiction (Figure 1A). Goal-directed 

learning processes are supported by the dorsomedial striatum (DMS; Figure 1B; Yin et al., 

2005, Shiflett et al., 2010), while habitual learning processes are supported by the 

dorsolateral striatum (DLS; Figure 1B; Yin et al., 2004, Yin et al., 2005). Similarly, the 

transition from casual drug use to addiction appears to be mediated by a shift in relative 

engagement of goal-directed neurocircuitries to more habitual neurocircuitries. Evidence 

suggests a progressive shift in dopaminergic signaling from more ventral and medial regions 

of the striatum to more dorsal and lateral regions (Everitt et al., 2008). The DMS and 

nucleus accumbens shell (NAc shell; Figure 1B) are associated with the initial rewarding 

effects and acquisition of drug taking, whereas the nucleus accumbens core (NAc core; 

Figure 1B) and DLS are associated with the development of drug seeking behavior and 

ultimately compulsive and habitual drug seeking (Figure 1; Everitt et al., 2008, Packard, 

2009, Schwabe et al., 2011, Murray et al., 2012, Everitt and Robbins, 2013).

The mechanism by which chronic stress facilitates the recruitment of habitual processes and 

the transition to drug abuse may involve differential neuroplastic changes in the 

aforementioned neurocircuitries. One frequently examined outcome following adult chronic 

stress exposure is changes in dendritic morphology, specifically increases or decreases in 
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dendritic arborization (Conrad, 2006, Leuner and Shors, 2012). The majority of these 

morphological studies have focused on the hippocampus, prefrontal cortex, and amygdala 

(Conrad, 2006, McLaughlin et al., 2009, Wellman, 2011, Leuner and Shors, 2012), and 

some studies have also examined striatal subregions (Dias-Ferreira et al., 2009, Morales-

Medina et al., 2009, Bessa et al., 2013). For the hippocampus, medial prefrontal cortex, and 

DMS, chronic stress typically results in dendritic retraction and impairments in 

corresponding spatial and goal-directed behaviors, respectively (Watanabe et al., 1992, Vyas 

et al., 2002, Cook and Wellman, 2004, Radley et al., 2004, Liston et al., 2006, McLaughlin 

et al., 2007, Dias-Ferreira et al., 2009, Hoffman et al., 2011, Hutchinson et al., 2012). On the 

other hand, chronic stress leads to increased dendritic complexity in the DLS, the 

orbitofrontal cortex, the basolateral nucleus of the amygdala, and the bed nucleus of the stria 

terminalis (BNST), while the neurons of the central amygdala remain unchanged (Vyas et 

al., 2002, Vyas et al., 2003, Dias-Ferreira et al., 2009).

Dendritic complexity in brain regions more directly implicated in the development of 

addiction, namely the ventral striatum, which includes the nucleus accumbens (NAc), has 

only recently been examined. One study found that prenatal stress leads to an increase in 

dendritic arborization in the NAc (combined core and shell; Muhammad et al., 2012) while 

another study found no effect of prenatal stress on dendritic length in the NAc (shell only) of 

either prepubertal or adult rats (Martinez-Tellez et al., 2009). In addition, postweaning 

isolation and neonatal maternal separation resulted in reduced dendritic intersections and 

reduced dendritic length in the NAc respectively (combined core and shell; Monroy et al., 

2010, Wang et al., 2012). An additional study examined the effects of 3 weeks of 

corticosterone (i.e., a primary stress hormone in the rat) administration during 

periadolescence (post natal day 45) on adult NAc (shell only) dendritic morphology 

(Morales-Medina et al., 2009). This study found an increase in dendritic complexity near the 

soma but decreased complexity in the distal regions, resulting in an overall decrease in 

dendritic length (Morales-Medina et al., 2009). Most recently, Bessa and colleagues (2013) 

examined the effects of adult chronic unpredictable stress on the adult NAc and found 

increased dendritic complexity in both the NAc core and shell (Bessa et al., 2013). The 

aforementioned studies represent initial and sometimes conflicting examinations of the 

effects of chronic stress during different developmental stages on neuronal morphology in 

regions related to addiction and habitual behavior. However, a comprehensive examination 

of all striatal subregions in the same experimental subjects following chronic stress in 

adulthood is lacking.

The experiments described here tested the hypothesis that chronic stress facilitates the 

recruitment of habit- and addiction-related neurocircuitries, namely subregions of the dorsal 

and ventral striatum. Based on this hypothesis and the most similar previous studies in adult 

rats (Dias-Ferreira et al., 2009, Bessa et al., 2013), it was predicted that two weeks of 

chronic variable stress (CVS) would increase dendritic complexity in the DLS and NAc 

core, regions implicated in initial and habitual or compulsive drug-seeking. Conversely, it 

was predicted that CVS would not increase dendritic complexity in the DMS, a region 

involved in the acquisition of drug taking. Finally, the effect of CVS on dendritic 

morphology in the NAc shell was predicted to change in either direction, based on past 

studies mentioned above and its role in the initial rewarding effects of drugs, but not the 
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expression of addiction-like behaviors. It was further predicted that in separate cohorts of 

animals, CVS exposure would increase the proportion of animals that use habitual learning 

strategies on a dual solution T-maze and increase the locomotor stimulant effects of 

methamphetamine.

2. Experimental procedures

2.1 Animals

Male Sprague-Dawley rats were purchased from Charles River Laboratories (Wilmington, 

MA) and were pair housed in a temperature and humidity controlled vivarium with a 

reversed light-dark cycle (12:12; lights off at 06:00 h) at Arizona State University. Three 

cohorts of rats were used for either histological or behavioral assessment (Figure 2). Upon 

arrival, rats were given one week to acclimate before any procedures were performed. Food 

and water were available ad libitum with the exception of the last week of the stress 

procedures in the behavioral cohorts, when rats were food restricted (Figure 2). Rats were 

weighed once a week throughout stressor administration and daily during food restriction. 

Behavioral testing was conducted during the dark phase of the light-dark cycle. All 

procedures were conducted according to federal guidelines outlined in the Guide for Care 

and Use of Laboratory Rats (Institute of Laboratory Animal Resources on Life Science, 

National Research Council) and were approved by the Institutional Animal Care and Use 

Committee at Arizona State University.

2.2 Chronic Variable Stress (CVS)

The CVS paradigm used is based on established chronic variable stress paradigms (Bondi et 

al., 2008, McGuire et al., 2010, Taylor et al., 2013b). Rats were exposed to two variable 

stressors/day for 14 consecutive days; one stressor exposure occurred in the morning, and 

one in the afternoon (Table 1). Briefly, the stressors used in this paradigm were: (1) restraint 

for 1 h with a wire mesh restrainer or standard, well-ventilated clear plastic restrainers, (2) 

restraint for 30 min while shaking on an orbital shaker (Roto Mix, Type 50800) at ~120 

rpm, (3) social crowding (6-8/cage) for 1 h while shaking on an orbital shaker at ~120 rpm, 

(4) forced swim in warm (30°C; 20 min) or cold (18°C; 10 min) water, (5) tail pinch during 

restraint for 10 min, wherein rats were placed in wire restrainers with a clothespin attached 1 

cm from the base of the tail, (6) footshock for 15 min (Coulbourn Instruments, E10-18TC, 

Coulbourn Animal Shock Generator, H13-H15 0.5 mA; 5 cycles of: 5 s on/5 s off, repeated 

three times, then 155 s off) (7) overnight (active period) social crowding (6-8/cage), (8) 

overnight dirty bedding, wherein rats were exposed to an indirect social stressor by being 

placed into a dirty cage previously used by other male rats (Cano et al., 2008). Non-stressed 

control rats were left undisturbed in the vivarium during stress procedures. On days in which 

rats were handled in the vivarium or testing room, handling was conducted no less than 1 

hour before or after stressor administration.

2.3 Dendritic Complexity

During the last five days of CVS procedures, all rats were handled in the vivarium (two 

days) and necropsy room (three days) to habituate them to the environment (Figure 2). 

Approximately 24 h after cessation of CVS, all rats (n=10 per group) were anesthetized with 
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isoflurane and rapidly decapitated. Brains and adrenal glands were then extracted. All brains 

were stained with FD Rapid Golgistain™ Kits (FD NeuroTechnologies, Baltimore MD) 

according to the manufacturer's instructions and previous publications (Hoffman et al., 2011, 

Ortiz et al., 2013). Briefly, freshly extracted brains were rapidly rinsed with distilled water 

and then placed in an impregnation solution. The solution was replaced twice within the first 

36 h and brains were stored in the dark at room temperature for a total of 2 weeks. After 

impregnation, brains were transferred to fixing solution for a minimum of 48 h. Brains were 

then rapidly frozen in 2-methylbutane and later cut into 200 μm coronal sections (Microm 

Cryostat, −22°C). Sections were mounted onto 2% gelatin-coated slides with a small volume 

of fixing solution. After removing excess solution, slides were dried flat in the dark at room 

temperature for a maximum of 48 h. Next, slides were rinsed in distilled water, incubated in 

developing solution, dehydrated in ascending series of ethanol solutions, cleared with 

xylene, and cover slipped with Permount™ Mounting Medium (Thermo Fisher Scientific, 

Waltham, MA). All slides were dried flat in the dark for a minimum of 1 week.

Medium spiny neurons (MSNs) were identified in the dorsal striatum (between 1.08 to 2.16 

mm anterior to bregma) and the nucleus accumbens (1.20 to 2.28 mm anterior to bregma). 

Subregion boundaries (Figure 1B) within the dorsal striatum (DLS and DMS) and nucleus 

accumbens (NAc core and NAc shell) were identified using a rat brain atlas (Paxinos and 

Watson, 2005) according to the boundaries used by Dias-Ferrerira and colleagues (Dias-

Ferreira et al., 2009). Neurons were selected randomly with an equal distribution from both 

hemispheres for reconstruction if the following criteria were met: (1) the cell body and 

dendrites were fully impregnated, (2) the cell was relatively isolated from surrounding 

neurons, and (3) the cell was located in the region of interest.

Neurons were manually reconstructed at 320x magnification, using an Olympus BX51 

microscope fitted with a camera lucida attachment. Upon reconstruction, the inclusion 

criteria above were cross-checked by an additional experimenter, and then quantified via 

Sholl analysis (Uylings and van Pelt, 2002). Dendritic intersections were measured at 

equidistant concentric spheres in increments of 20 μm from the cell soma. For an animal to 

be included in the analysis of a given brain region, a minimum of five neurons were required 

per region. All experimenters were blind to experimental group throughout morphological 

analysis.

2.4 Food Restriction

In the following behavioral experiments, all rats were progressively introduced to reduced 

food access over three days, beginning with access for 5 h (day 1), 3 h (day 2), and finally 1 

h (day 3). Rats were then given 1 h food access for a maximum of six additional days to 

reduce body weight. The target weight was 85% of ad libitum weight (Korol et al., 2004, 

Sadowski et al., 2009) with a minimum of 75% ad libitum weight. Rats that weighed less 

than 85% of their ad libitum weight for five consecutive days were given an additional 1 h 

of feeding until weight increased to above 85%. No animals in the present studies 

demonstrated signs of malnourishment (lethargy, unusual huddling, ruffled coat, watery/

closed eyes). Rats were weighed daily and monitored for health during this period.
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2.5 Dual Solution T- Maze

Two days after termination of CVS (i.e., on day 16), a dual solution T-maze (DST-maze; 

i.e., Tollman maze; Figure 3) task was employed to assess the learning strategy used to find 

a food reward by a separate cohort of CVS and CON rats. This task can test for spatial (i.e., 

place) or habitual (i.e., response) learning (Korol et al., 2004, Yin and Knowlton, 2006). 

Spatial learning is sensitive to manipulations of the hippocampus, while habitual learning is 

sensitive to manipulations of the dorsal striatum (Packard and McGaugh, 1996). Prior to 

training, rats (n=14/group) were food restricted for seven days (during CVS procedures) to 

85% of ad libitum weight. Animals were trained in a black Plexiglas® plus-shaped maze 

with four arms (46 cm long and 13 cm wide, 8 cm high walls). The maze was placed on a 

table 71 cm above the floor and the T-maze was formed by placing a removable barrier on 

the arm opposite the start arm. Animals were first handled for two days in the vivarium, and 

then for three days in the testing room. To minimize neophobia to the apparatus and food 

reward, rats were then habituated to the maze with the food reward present for an additional 

two days prior to training.

During training, 1/3 of a Frosted Cheerio® (General Mills) was place in the reward arm, 

while the non-reward arm contained a decoy consisting of an equal sized piece of corncob 

bedding scented with a fine powder from crushed Frosted Cheerios®. To further minimize 

use of odor cues, the end of each arm was scented with crushed Frosted Cheerios® and 

odor-neutralizing disinfectant (Quatricide®, Pharmacal, Naugatuck, CT) was used to clean 

the maze between each trial. To minimize the use of intra-maze cues, the entire maze itself 

was rotated 90° before each training trial. The location of the start arm was kept constant 

with respect to spatial cues around the room. During each training trial, rats were placed in 

the start arm of the maze and given a maximum of two min to move to the intersection of the 

arms and make a single right or left turn into one of the arms, with an intertrial interval of ~ 

30 sec. Thus, rats were able to use either the spatial cues (dark shapes painted on white 

walls) or a habitual/response strategy (body turns at choice point) in order to locate the food 

reward trial after trial (Figure 3A). Rats were allowed a maximum of 75 trials to meet a 

criterion of 90% correct choices. Immediately after criterion was reached, a single probe 

trial was given. The start arm was rotated 180° from the original position used during 

training and a food reward was placed in both arms (Figure 3B). In this probe trial, a 

habitual strategy was scored if the rat turned in the same direction as in training and went to 

the previously unrewarded location. A spatial strategy was scored if the rat turned in the 

opposite direction as in training and went to the previously rewarded location (Figure 3B). 

Non-strategy measures were also recorded, including trials to criterion, errors, and latency to 

choice.

2.6 METH-Induced Locomotor Activity

During the last seven days of exposure to either CVS or control conditions, a separate cohort 

of rats (n=4/group) were food restricted as previously described. Food restriction was 

implemented in this experiment to maintain consistency between behavioral experiments. 

Two different types of arenas were used, but the first (RotoRat bowl-shaped and square open 

field arenas; Med Associates, St. Albans, VT) was determined to be too sensitive to motor 

movements to use under these conditions and was discontinued. In a protocol similar to that 
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used by Cruz et. al., (2011), three days after termination of CVS procedures (i.e., on day 17), 

animals were placed into a square open field arena Photobeam Activity System (PAS)-Open 

Field stations (41 cm wide × 41 cm deep × 38 cm high; San Diego Instruments, San Diego, 

CA). Rats were injected with METH (1 mg/kg) or saline (1ml/kg) via the intraperitoneal 

route and then immediately placed into the arenas for 60 min. Locomotor activity was 

measured as beam breaks (2.5 cm apart) and then transformed by PAS software into distance 

traveled and number of rearings.

2.7 Statistical Methods

Statistical analyses were conducted with SPSS (version 22) and GraphPad (version 4) 

software. Repeated measures Analysis of Variance (rmANOVAs) were used to analyze 

locomotor activity and dendritic complexity. Multivariate ANOVAs were used for post hoc 

analysis of significant interactions. Non-strategy measures on the DST-maze were analyzed 

with two-way ANOVAs. Fisher's exact test was used to analyze the 2x2 contingency table 

of DST-maze strategy (GraphPad Software online Quick Calcs). Student's T-tests were used 

to analyze percent weight gained and adrenal weights. For all statistical analyses, p<0.05 

was considered significant.

3. Results

3.1 Physiological Outcomes

To confirm stressor effectiveness, weight gained during CVS exposure was compared 

between CVS and CON conditions and is summarized in Table 2. In the dendritic 

morphology cohort, CVS rats exhibited attenuated weight gain compared to CON rats (t18 

=6.26, p<0.001; Table 2). In addition, relative adrenal weights (mg/100 g body weight) were 

significantly increased in CVS rats compared to CON rats (t14 =2.88, p<0.05; Table 2). In 

the two behavioral cohorts, all rats were food restricted during the last week of CVS 

exposure or CON conditions. CVS rats gained significantly less weight than CON rats in 

both experiments (DST-maze: t20 =6.24, p<0.001; Locomotor: t14 =5.8, Table 2). Adrenal 

weights were not analyzed in these cohorts due to possible confounds introduced by 

behavioral testing after cessation of CVS procedures.

3.2 Dendritic Complexity

Exposure to CVS resulted in region-specific dendritic reorganization. In the DLS (Figure 

4A), rmANOVAs revealed a main effect of stress (F1,15 =4.68, p<0.05) such that MSNs in 

CVS rats were more complex than those of CON rats. A significant interaction between ring 

and stress (F10,150 =3.87, p<0.001) was also found. Post hoc analyses revealed significant 

differences between CVS and CON groups at the proximal dendrites (20-60 μm rings; 

Figure 4A). In the DMS (Figure 4B), no main effect of stress (F1,15 =0.04, p=0.83) or 

significant interaction between stress and ring (F10,150 =1.79, p=0.07) were identified. In the 

NAc core (Figure 4C), a main effect of stress was found (F1,12 =6.57, p<0.05) such that 

MSNs in CVS rats were more complex than those of CON rats. A significant interaction 

between ring and stress (F10,120 =1.95, p<0.05) was also identified. Post hoc analyses 

revealed significant differences between CVS and CON groups at the rings 60-120 μm from 

the soma (Figure 4C). Conversely, in the NAc shell (Figure 4D), rmANOVAs revealed a 
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main effect of stress (F1,11 =12.01, p<0.001) such that MSNs in CVS rats were less complex 

than those of CON rats. No significant interaction between ring and stress (F10,110 =0.86, 

p=0.58) was identified. The final sample sizes were as follows: DLS: n=8-9/group, 5-10 

neurons/rat; DMS: n=8-9/group, 5-9 neurons/rat; NAc core: n= 6-8/group, 5-7 neurons/rat; 

NAc shell: n= 6-7/group, 5-9 neurons/rat.

3.3 Dual Solution T-Maze Task

The strategies used by CON and CVS rats, while not statistically significant (p=0.4, Fishers 

Exact Test) suggested a pattern that was proportionally opposite. A habitual strategy was 

used by 67% of CVS rats (n=7) and 33% of CON rats (n=4), while a spatial strategy was 

used by 67% of CON rats (n=7) and 33% of CVS rats (n=4; Figure 5A). In addition, two 

way ANOVAs revealed no significant effect of stress or choice on trials to criterion, errors 

during training, latency during training, or latency during the probe trial (Figure 5B). 

However, there was a tendency for CVS rats to commit more errors during training (F1,18 

=3.14, p=0.09, Figure 5B). The final sample size for each group was n=11 because three rats 

in each group did not properly acquire performance in the task and were excluded from all 

analyses.

3.4 METH-Induced Locomotor Activity

CVS resulted in an initial reduction in METH-induced locomotor activity. A two way 

rmANOVA (Stress (CON vs. CVS) and Drug (sal vs. METH)) across six 10 min time bins 

was conducted on distance traveled and rearing. This analysis revealed a significant between 

subjects effect of drug for both distance traveled (F1,12 =40.0, p<0.001) and rearing (F1,12 

=46.4, p<0.001) such that METH administration resulted in increased distance traveled and 

rearing compared to saline treated animals (Figure 6). Additional rmANOVA analyses 

revealed a significant within subjects interaction between time bin and group (CON-sal, 

CON-METH, CVS-sal, CVS-METH) on both distance traveled (F15,60 =1.9, p<0.05) and 

rearing (F15,60 =2, p<0.05). Follow up multivariate ANOVAs of individual time bins 

revealed that initially only the CON rats exhibited increased locomotor activity and rearing 

as a result of METH administration (p<0.05 compared to all other groups at 10 min bin, 

Figure 6). Furthermore, CON-METH rats maintained increased locomotor activity and 

rearing (p<0.05) throughout the session compared to CON-sal and CVS-sal rats (Figure 6). 

However, CVS-METH rats did not exhibit significantly more activity or rearing than CVS-

sal rats, with the exception of increased rearing at the 30 min time bin (Figure 6).

4. Discussion

The present findings support the hypothesis that chronic stress may facilitate the recruitment 

of habit- and addiction-related neurocircuitries through neuronal restructuring in the 

striatum. The effectiveness of the CVS paradigm was confirmed with significantly 

attenuated weight gain and adrenal hypertrophy in CVS exposed rats compared to CON rats, 

as reported by others using similar paradigms (Herman et al., 1995, Bondi et al., 2008, Dias-

Ferreira et al., 2009, Taylor et al., 2013b). Two weeks of CVS exposure resulted in 

differential changes in striatal dendritic complexity. As predicted, dendritic complexity in 

striatal regions associated with habitual learning and drug seeking (DLS and NAc core) was 
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significantly increased following CVS exposure. Conversely, dendritic complexity in the 

striatal region associated with goal-directed learning and acquisition of drug taking (DMS) 

was unaltered and complexity in the region associated with the initial rewarding effects of 

psychostimulants (NAc shell) was significantly reduced. In addition, rats exposed to CVS 

exhibit a pattern of increased use of habitual (stimulus-response) strategies to locate a food 

reward. However, rats exposed to CVS did not demonstrate an increase in the locomotor 

stimulating effects of METH, but rather demonstrated an initial reduction in METH-induced 

locomotor activity.

4.1 Dendritic Complexity

Two weeks of CVS exposure differentially altered the dendritic complexity of striatal 

subregions. Rats exposed to CVS exhibited increased dendritic complexity in striatal regions 

that are implicated in habitual behavior and the transition to addiction, namely the DLS and 

NAc core. These findings are consistent with the work of others, suggesting chronic stress 

has a robust and replicable effect on dendritic complexity in the NAc core and DLS. Dias-

Ferreira and colleagues (2009) were the first to demonstrate a similar increase in dendritic 

complexity in the DLS. These effects are consistent despite differences in rat strain (Long 

Evans vs. Sprague-Dawley used here) and various aspects of chronic stress paradigms. For 

the stress paradigm, Dias-Ferreira and colleagues (2009) utilized chronic unpredictable 

stress over three weeks, administering one of three stressors randomly each day. The present 

study used chronic variable stress over two weeks, administering two of eight stressors 

pseudo-randomly each day. Both stress paradigms utilized stressors with psychological 

and/or physical components. One notable difference between the findings in DLS dendritic 

complexity is that in the present study, the increased dendritic complexity was confined 

primarily to the proximal dendrites. Proximal dendrites of medium spiny neurons typically 

receive neuronal communication from interneurons, such as local cholinergic or 

parvalbumin GABAergic interneurons (Steiner and Tseng, 2010). The specificity of 

increased proximal dendritic complexity in the DLS may reflect initial changes as a result of 

chronic stress, with increased complexity in distal regions occurring with longer exposure to 

stressors. Similarly, the reduction of dendritic complexity in the DMS, which was found by 

Dias-Ferreira and colleagues (2009), may occur at a later stage when chronic stress persists 

for three weeks. This would be consistent with the lack of effect of two weeks of CVS on 

dendritic complexity in the DMS in the present study.

As with the DLS, the present study revealed changes in NAc core dendritic complexity that 

closely align with the work of others. Bessa and colleagues (2013) identified a similar 

chronic stress-induced increase in dendritic complexity (quantified as length) in the the adult 

NAc core. Once again, the comparable findings in the present study confirmed a robust and 

consistent effect of chronic stress on NAc core dendritic complexity, despite strain (Wistar 

vs. Sprague-Dawely used here) and stress paradigm differences. Bessa and colleagues 

(2013) used a modified unpredictable chronic mild stress paradigm, consisting of seven 

stressors administered over six weeks, though the frequency of stressor exposure was not 

specified. Conversely, the effects of the two chronic stress paradigms on NAc shell dendritic 

complexity were opposite. Bessa and colleagues (2013) found an increase in NAc shell 

dendritic complexity, whereas the present study demonstrated a reduction in NAc shell 
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dendritic complexity. While strain and duration of stress paradigm could easily account for 

these differences, it was not necessarily expected that the dendritic complexity of the NAc 

core and shell would change in the same direction. Substantial evidence suggests that the 

subregions of the NAc serve different roles in the behavioral and neurochemical response to 

drugs of abuse (Di Chiara, 2002, Ito et al., 2004, Belin and Everitt, 2008, Everitt and 

Robbins, 2013). The NAc shell appears to mediate the locomotor-stimulating effects of 

psychostimulants, as well as the primary reinforcing effects of amphetamines (Parkinson et 

al., 1999, Ikemoto et al., 2005). The NAc core plays a more critical role in the response to 

reward (both natural and drug) associated stimuli (Parkinson et al., 1999, Di Ciano and 

Everitt, 2001, Fuchs et al., 2004). Consequently, the NAc core is critical for the acquisition 

of drug seeking (Ito et al., 2004). Thus, the findings of the present study are more in line 

with the hypothesis that chronic stress may prime striatal neurocircuitry to allow for a less 

resistant or more rapid transition to more advanced stages of addiction. An additional note is 

that, as mentioned in the introduction and consistent with many outcomes following chronic 

stress, there remains a great deal of variability in the impact of chronic stress on striatal 

morphology. Some of the variables that might impact the outcomes include age during stress 

manipulation, post stress delay period and age at brain collection, type of stress paradigm, as 

well as strain of rat used.

A limitation of analyzing structural plasticity, such as dendritic complexity, is the 

assumption that these structural changes have functional relevance. While this assumption is 

routinely made, and generally supported by behavioral and cognitive endpoints, other 

intermediaries (e.g., altered receptor expression) also likely contribute to the final functional 

outcome (Conrad, 2006, McLaughlin et al., 2009). In the case of the current findings, 

functional outcomes of the increased dendritic complexity in the DLS ultimately depend on 

much more complex intra-striatal and cortico-striatal neurocircuitries. In addition, functional 

outcomes of altered dendritic complexity in the NAc core and shell will be highly dependent 

on inputs from the VTA and inhibitory feedback loops from the NAc back to the VTA, in 

addition to connections with the dorsal striatum. Consequently, our findings add to the 

mounting evidence of the interaction between chronic stress and striatal subregions with 

relevance to the progressive development of addiction.

4.2 Dual Solution T-maze

The Dual Solution T-maze (or Tollman maze) uses appetitive motivation to probe an 

experimental subject's presumed preferred strategy to locate a food reward. The present 

study identified a pattern suggesting that a larger proportion of rats exposed to CVS used 

habitual (i.e., stimulus-response) strategies, whereas a larger proportion of non-stressed rats 

used spatial strategies. These findings, while not statistically significant, demonstrate a 

similar pattern as those found by others (Sadowski et al., 2009). Sadowski and colleagues 

(2009) tested rats on a modified version of the Dual Solution T-maze, wherein the number 

of trials to learn either the spatial (place) version or the habitual (response) version of the 

task were measured. These authors found a less robust but similar pattern, in that rats 

exposed to chronic restraint stress (6h/d/21d) required a greater number of trials to learn the 

spatial task as compared to non-stressed control rats (Sadowski et al., 2009). Furthermore, 

other studies, utilizing more complex or operant tasks, have identified that chronic stress 
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exposure results in increased use of habitual systems (i.e., striatal), while decreasing the use 

of spatial systems (Schwabe et al., 2008, Dias-Ferreira et al., 2009). In addition, the present 

findings are consistent with the morphological findings in the DLS in these studies. After 

two weeks of CVS exposure, only the proximal dendrites of the DLS became more complex 

and had the duration of CVS lengthened, the proportion of rats using habitual strategies 

would be predicted to increase.

It is important to note that increased dendritic complexity in the DLS suggests enhanced 

propensity toward habitual (striatal-based) learning strategies likely work in tandem with 

changes in the hippocampus. Chronic stress is well-established to produce robust dendritic 

retraction in hippocampal subregions, which corresponds with spatial learning and memory 

deficits (Conrad, 2006, Conrad, 2010). These complimentary changes in the hippocampus 

and striatum support the notion that chronic stress modifies multiple memory systems 

(Packard, 2009). Moreover, the hippocampal and striatal memory systems are further 

modified by amygdalar subregions, such as the basolateral amygdala (Packard, 2009). In 

fact, administration of pretraining stress results in greater use of habit/striatal memory 

systems compared to spatial/hippocampal memory systems on probe trials in a water maze 

version of the DST-Maze (Kim et al., 2001). Furthermore, increasing arousal with 

anxiogenic drugs (e.g., α2 adrenergic receptor antagonists) prior to training or the probe trial 

on a modification of the water DST-maze leads to a robust use of habit memory systems 

(Packard and Wingard, 2004, Elliott and Packard, 2008). These observations, coupled with 

the findings from the present study suggest that other maladaptive behaviors caused by 

chronic stress may play a role in producing biases towards use of striatal based memory 

system. Interestingly, we have also identified that rats exposed to our CVS paradigm also 

exhibit increased anxiety-like behavior in the elevated plus maze compared to unstressed 

rats (unpublished observations).

4.3 METH-Induced Locomotor Activity

It was predicted that, similar to previous studies with amphetamine, chronic stress would 

result in increased METH-induced locomotor activity (Antelman et al., 1980, Deroche et al., 

1992, Cruz et al., 2011). Instead, rats exposed to CVS exhibited an initial reduction (i.e., 

first 10 minutes following administration) of the locomotor stimulating effects of METH 

(Figure 5). This effect was not evident at the 20 minute time point and there was no 

difference between the activity CON and CVS rats for the reminder of the test. In addition, 

CVS-METH rats did not demonstrate significantly increased locomotor activity compared to 

CVS-sal rats. The finding that CVS exposure reduces the locomotor stimulating effects of 

METH was opposite of the predicted outcome. Interestingly, however, these findings are in 

line with the fact that the current study also identified a reduction in NAc shell dendritic 

complexity. Altogether, these findings corroborate evidence suggesting that the NAc shell 

mediates the locomotor-stimulating effects of psychostimulants (Parkinson et al., 1999). 

However, due to the small sample size and the correlational nature of our observations, these 

findings should be cautiously interpreted.

A potential explanation and limitation for the lack CVS-induced increases in locomotor 

effects may be the fact that METH, as opposed to amphetamine, was used in the current 
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study. It is known that METH produces greater increases in extracellular DA in the NAc 

compared to amphetamine, though no differences in the magnitude of DA release are 

observed in the dorsal striatum (Melega et al., 1995, Goodwin et al., 2009, Taylor et al., 

2013a). Other differences in the pharmacodynamic properties of METH and amphetamine 

may also have accounted for the observed lack of increased locomotor response to METH in 

CVS rats. In addition, the current study implemented food restriction to maintain 

consistency with the DST-maze behavioral task, and it can not be ruled out that this could 

have impacted the locomotor stimulating properties of METH. However, at the time of 

testing, rats had received several days of free feeding, and food restriction is routinely used 

in combination with chronic stress procedures (Bondi et al., 2008, Sadowski et al., 2009). 

Finally, the small sample size utilized in the present study limits the generalizability of these 

findings. Future studies examining CVS induced locomotor response to METH and more 

complex addiction-relevant behaviors are warranted.

4.4 Conclusions

The findings reported here demonstrate that chronic stress increases dendritic complexity in 

the NAc core and DLS, in parallel with shifts toward habitual behaviors. However, a subtle 

change in the ability of acute administration of METH to alter locomotor activity was 

observed, such that CVS treated rats exhibited an initially reduced locomotor response to 

METH. Thus, the extent to which these morphological changes contribute to the locomotor 

stimulant effects of METH is currently unknown. Future studies are needed to determine the 

interactions between chronic stress, striatal morphology, chronic drug exposure, and 

vulnerability towards drug self-administration. Such studies will clarify the role of structural 

plasticity in the development of addiction-like behaviors. In addition, determining the 

predictive ability of increased reliance on habitual (striatal-based) learning and memory, or 

reduced locomotor stimulating effects of psychostimulants on drug self-administration may 

help identify novel preventative measures for psychostimulant addiction.
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Research Highlights

- Chronic stress differentially alters striatal dendritic complexity

- Chronic stress may promote habitual learning strategies

- Methamphetamine-induced locomotor activity is minimally affected by chronic 

stress
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Figure 1. Roles and Locations of Striatal Subregions
A. The role of striatal subregions in habit- and addiction-related behaviors (see text for 

references). B. The dorsal striatum consists of the dorsolateral striatum (DLS) and 

dorsomedial striatum (DMS). The ventral striatum includes the nucleus accumbens core 

(NAc core) and nucleus accumbens shell (NAc shell).
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Figure 2. 
Experimental Timeline
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Figure 3. Dual Solution T-Maze
A. In training trials, rats began in a start arm held in a constant position and were allowed to 

turn left or right to find a food reward. Extra maze spatial cues are represented in the 

corners. Rats were able to use either spatial strategies (reward location relative to spatial 

cues) or habitual/response strategies (reward location relative to body turn) at the choice 

point. B. In the single probe trial, the start arm was rotated 180 degrees from its location 

during the probe trial. A spatial strategy was scored if a rat went to the previously rewarded 

location. A habitual strategy was scored if a rat made the same body turn as during training, 

but went to the previously unrewarded location.
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Figure 4. Dendritic Complexity of Striatal Medium Spiny Neurons
A. Increased dendritic complexity was found in the dorsolateral striatum of chronic variable 

stress (CVS) exposed rats. B. CVS exposure had no effect on dendritic complexity in the 

dorsomedial striatum. C. CVS exposure resulted in increased dendritic complexity in the 

nucleus accumbens core. D. CVS exposure decreased dendritic complexity in the nucleus 

accumbens shell. *p<0.05, **p<0.01. n=5-10 neurons/rat, 6-9 rats/group.
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Figure 5. Strategy Use on Dual Solution T-Maze
A. CVS exposure resulted in a non-significant pattern suggesting the reversal of the 

proportion of rats that used habitual strategies. Two thirds of CVS rats used habitual 

strategies, compared to only one third of CON rats. n=11 rats/group. B. No statistical 

differences were identified between CON and CVS rats in trials to criterion, errors during 

training, or latency to make a choice during training or the probe trial. All rats reached 

criterion in less than 75 trials.
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Figure 6. METH Induced Locomotor Activity
A. Distance Traveled. B. Rearings. During the first ten minutes after administration of drug, 

CON-METH rats exhibited increased distance traveled (A) and rearing (B) compared to 

CVS-METH ($p<0.01) and both CON-sal and CVS-sal groups (*p<0.05). Throughout 

testing, CON-METH rats were significantly more active compared to CON-sal and CVS-sal 

rats (*p<0.05). After the initial reduction in activity at the 10 minute time point, CVS-

METH rats demonstrated activity equivalent to CON-METH rats. However, CVS-METH 

rats did not exhibit significantly more activity than CVS-sal rats, with the exception of 

increased rears at the 30 minute time point. n= 4 rats/group.
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Table 1

Chronic Variable Stress Schedule

Time of day

Day AM (~9-11) AM PM (~12-2) PM (~3-5/overnight)

1 restraint overnight crowding

2 tail pinch forced swim

3 footshock shake + crowd

4 restraint + shake footshock

5 tail pinch overnight dirty bedding

6 forced swim warm footshock

7 restraint shake + crowd

8 shake + crowd tail pinch

9 forced swim cold overnight crowding

10 footshock shake + crowd

11 restraint restraint + shake

12 tail pinch forced swim warm

13 footshock overnight dirty bedding

14 restraint + shake shake + crowd
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Table 2

Physiological Outcomes

Body Weight (g) Gained During CVS (14 days) Relative Adrenal Weights (mg/100g)

Cohort 1 (Golgi) Cohort 2
#
 (DST-Maze) Cohort 3

#
 (Locomotor) Cohort 1 (Golgi)

CON 75.4 ± 4.6 10.6 ± 3 16 ± 3 1.39 ± 0.05

CVS 35.4 ± 4.5
*

−17.3 ± 3.3
*

−9.3 ± 3.1
*

1.65 ± 0.08
*

*
p<0.05 compared to CON within the same cohort

#
Food restricted
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