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Abstract

The experience of early life stress can trigger complex neurochemical cascades that influence 

emotional and addictive behaviors later in life in both adolescents and adults. Recent evidence 

suggests that excessive alcohol drinking, and drug-seeking behavior in general, is co-morbid with 

depressive-like behavior. Both behaviors are reported in humans exposed to early life adversity, 

and are prominent features recapitulated in animal models of early life stress (ELS) exposure. 

Currently, little is known about whether or how ELS modulates reward system nuclei. In this study 

we use operant conditioning of rats to show that the maternal separation stress (MS) model of ELS 

consumes up to 3-fold greater quantities of 10% vol/vol EtOH in 1-hour, consistently over a 3-

week period. This was correlated with a significant 22% reduction in the number of neurons in the 

VTA of naïve MS rats, similar to genetically alcohol-preferring (P) rats which show a 35% 

reduction in tyrosine hydroxylase (TH)-positive dopaminergic neurons in the VTA. MS rats had a 

significantly higher 2-fold immobility time in the forced swim test (FST) and reduced sucrose 

drinking compared to controls, indicative of depressive-like symptomology and anhedonia. 

Consistent with this finding, stereological analysis revealed that amygdala neurons were 25% 

greater in number at P70 following MS exposure. Examination of the dentate gyrus of the 

hippocampus, a region involved in encoding emotional memory, reveals fewer dentate gyrus 

neurons, without effect on the number of astrocytes or length of astrocytic fibers. These data 

indicate that MS animals exhibit neuroanatomical changes in reward centers similar to those 

reported for high alcohol drinking rats, but aspects of astrocyte morphometry remained 

unchanged. These data are of high relevance to understand the breadth of neuronal pathology that 

ensues in reward loci following ELS.
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1.0 Introduction

The brain’s reward system governs natural eating and drinking behaviors that are essential to 

survival, but this system can be hijacked to mediate the development of substance abuse and 

addiction (Wise, 2013). The connectivity of and activity within reward loci can be 

dramatically altered by environmental stimuli during all stages of development; however, its 

functionality is particularly susceptible to robust alterations during early developmental 

stages (Dayan et al., 2010) which can lead to maladaptive behaviors that persist through 

adulthood. Adverse early life experiences (ELS), especially early exposure to chronic stress, 

was shown to disrupt normal reward seeking mechanisms and confer susceptibility of 

individuals to neuropsychiatric conditions such as depressive disorders (Enoch, 2011), 

(Pryce et al., 2005, Ruedi-Bettschen et al., 2006), but especially excessive drug and alcohol 

use. Increasingly more pre-clinical data is emerging to support the hypothesis that ELS is a 

risk factor for excessive alcohol use or abuse (Huot et al., 2001, Garcia-Gutierrez et al., 

2015). Even in rodent models where MS does not seem to directly induce increased alcohol 

preference, evidence suggests that the neuroanatomical or neurochemical disruptions can be 

dormant until the experience of a second stressor which serves as a trigger for excessive 

alcohol consumption (Penasco et al., 2015). Thus, the effects of MS are insidious and 

possibly involve multiple overlapping, sometimes subtle mechanisms.

The basis for this increased predisposition to addictive behavior is not well understood, but 

ELS can influence the microcircuitry of loci that regulate affect, reward, and addiction. In 

the absence of any drug exposure in ELS animals, corticolimbic structures like the frontal 

cortex, hippocampus and nucleus accumbens show reduced dendritic length and dendritic 

spine number as a result of postnatal stress, or MS, (Huot et al., 2002, Monroy et al., 2010, 

Romano-Lopez et al., 2015) and results in atrophy of dendrites in the PFC (Murmu et al., 

2006), and hippocampus (Jia et al., 2010) of prenatally stressed animals.

In the absence of MS or other ELS, the normal transition from drug overuse to dependency 

is also characterized by similar progressive changes in microstructure and circuitry of the 

same regions of the brain’s reward system (He et al., 2005, Zhou et al., 2007), influencing 

connectivity, cerebrovascular structure (Cadet et al., 2014), neurochemical substrate levels 

(Raftogianni et al., 2014), as well as glial cell morphology (Fattore et al., 2002).

The reward system includes the limbic system (hypothalamus, amygdala, hippocampus, 

septal nuclei and the anterior cingulate gyrus), nucleus accumbens (NAc) and ventral 

tegmental area (VTA). The VTA, located in the midbrain, contains dopaminergic neurons 

that project to the NAc and PFC (Aransay et al., 2015) to mediate compulsive drug seeking 

(Brake et al., 2004), and promotes behaviors associated with the reinforcing effects of 

ethanol exposure (Gessa et al., 1985, Gatto et al., 1994, Rodd et al., 2005a) and other drugs 

of abuse. In the NAc of MS rats, there is a reduction in the dopamine transporter DAT 
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presumably as a result of a reduction in afferents from midbrain-localized dopaminergic 

neurons (Ciliax et al., 1995, Brake et al., 2004), however specific effects of MS on the VTA 

which has capacity to respond to GABA, glutamate, opioids, cannabinoids, and stress 

hormones is not known. The VTA can be powerfully regulated by the stress hormone, 

corticotropin releasing factor (CRF), which when injected into the VTA reinstates drug 

seeking behavior following extinction of such behavior (Blacktop et al., 2016). Thus stress 

can directly modify reward and the motivation for drug seeking.

In the limbic system, the amygdala is key for processing emotionally motivated behaviors 

that are salient in major depressive disorder and addiction (LeDoux, 2007). The amygdala is 

tightly linked to the dentate gyrus of the hippocampus for processing emotional memory 

(Abe, 2001, Abe et al., 2008), and indeed, many studies of early life stress, including 

maternal deprivation/separation stress report extensive alterations in amygdala circuitry 

(Callaghan and Richardson, 2011, Danielewicz and Hess, 2014, Toda et al., 2014). Likewise, 

alcohol-drinking rats also exhibit depression symptomatology and anxiety, presumably 

involving amygdala circuits, in the absence of any classic external inducers of these 

symptoms (Ciccocioppo et al., 2006).

Both the amygdala and the VTA send projections to NAc, where input regarding mood, 

motivation, and reward converge (LeDoux, 2007, Koob, 2009). The hypothalamic-pituitary-

adrenal (HPA) axis, which regulates circulating hormone, is activated in MS to result in 

heightened expression and release of hormones (ACTH, corticosterone, CRF, other 

metabolites) from each of its components (Liu et al., 2000, Plotsky et al., 2005, Aisa et al., 

2008). These elevated circulating hormones contact receptors throughout the brain but 

especially on mesocorticolimbic neurons of the VTA, amygdala, and hippocampus (Aisa et 

al., 2008, Wise and Morales, 2010, Jawahar et al., 2015). In addition, indirect inhibition or 

activation of receptor systems such as the endocannabinoids and noradrenergic system add 

additional complexity to the stress response, and could act in parallel, additively or 

synergistically to amplify a CRF-mediated stress response that facilitates drug consumption 

and depressive symptoms (Romano-Lopez et al., 2015).

In this study, we hypothesized that adverse events such as early life stress, may alter 

mesocorticolimbic neuron development and maturation to induce depressive-like behaviors, 

lack of pleasure seeking and alcohol drinking. We used a rat model of chronic maternal 

separation to emulate ELS, in order to investigate the neuroanatomical alterations within 

reward system nuclei associated with MS-induced alcohol drinking behavior. Because ELS 

reportedly hijacks the HPA axis, the reward circuits, and other neurocognitive features, 

understanding the altered anatomical correlates to alcohol drinking and other progressive 

pre-addictive behaviors is essential for the development of effective strategies to combat and 

prevent addiction.

2.0 Materials and Methods

Animals

There were a total of 62 animals used in this study. Pregnant Sprague Dawley rats were 

obtained from Harlan Laboratories [Frederick, MD, USA] and offspring used in this study 
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were born onsite at the veterinary facility. At postnatal day 2, pups were subjected to the MS 

paradigm described below, and were later behaviorally tested for excessive drinking 

behaviors as adults. Alcohol preferring (P) and non-alcohol preferring (NP) adult rats were 

obtained from the Alcohol Research Center, Indiana University School of Medicine. P rats 

are well characterized as performers of an operant response for access to ethanol that is not 

performed by the NP rats. Since P rats are genetically predisposed to alcohol drinking and 

have high CRF levels, they were used in this study to compare the naïve state of their VTA 

to that of the MS animals to determine if there are similar disruptions in the reward loci of 

both models. Animals were housed 2 per cage, with a reverse 12 h light/dark cycle and 

provided with food and water, ad libitum, until operant training after which they were 

housed 1 per cage. All studies were approved by the Howard University Institutional Animal 

Care and Use Committee (IACUC), and conducted with strict adherence to the Guide for the 
Care and Use of Laboratory Animals (Committee for the Update of the Guide for the Care 

and Use of Laboratory Animals et al., 2011).

Maternal Separation Regimen

The maternal separation paradigm was conducted as described previously (Wang and 

Gondre-Lewis, 2013). Briefly, beginning at P2 until weaning at P21, pups were removed 

daily from their mothers’ home cage, moved to a different room altogether and exposed to 

maternal separation in individual chambers for 3 hours from 11 am to 2 pm each day. The 

MS room temperature was monitored and maintained at 29° C with a heater to simulate the 

warmth of the mother’s body. Pups were returned to their mothers’ home cage after 3 hours. 

For experimental comparisons, whole litters were assigned to one of two groups: controls 

(CTL) and maternally deprived/separated (MS). CTL rat pups were kept with their mothers 

during the entire postnatal period. After MS, rats were weaned at P22 and allowed to mature 

in the animal facility. They were re-entered into the study in late adolescence (~P42) for the 

FST, or as adults (>P70) for alcohol responding.

Operant Apparatus and Alcohol Drinking Training Protocol—Adult MS rats 

(n=10) were trained to lever press for ethanol starting at P60–P70. The training described 

below takes approximately 4 weeks, followed by 21 days of testing. Standard operant 

chambers [Coulbourn Instruments, Inc., Lehigh Valley, PA] were enclosed in an isolated 

box. The operant apparatus contained two levers, two dipper manipulanda, triple cue lights 

over each lever, and a house light. The dipper cup size was 0.1 mL. The Coulbourn Graphic 

State “3” operant software was used to capture lever presses for the alcohol. Rats were 

trained to orally self-administer EtOH daily for 1h under a fixed ratio [FR] 1 schedule 

employing the sucrose fading technique (Harvey et al., 2002). After a period of stabilization 

on the FR1 schedule, the response requirement was then increased to an FR4 schedule, i.e., 

the rat had to press levers 4 times in order to receive the reward. For each schedule, 

responding was considered stable when responses were within ± 20% of the average 

responses for five consecutive days. Once responding was stabilized at FR4, the rats were 

allowed access every day over a 3-week period using a 5-day access and 2-day resting 

modifications of well-established procedures (June and Eiler, 2007, Liu et al., 2011).
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Forced Swim Test—To conduct swimming sessions, rats during late adolescence (n=17) 

at P40–P43 were placed individually for 15 min in a Pyrex cylinder (21×46 cm) filled with 

water 23–25°C, to a depth of 30cm so that rat limbs could not reach the bottom of the 

cylinder. 24 h after their first exposure, a second test was conducted for 5 min in the cylinder 

and behaviors recorded with a video camera placed above the cylinder for subsequent 

analysis. Behavior sampling of the frequency of immobility in each 5-s period of the 300-s 

test was recorded and analyzed. The data shown represent the summation of the time spent 

immobile or floating as assessed using the ForcedSwimScan System, (CleverSys, Inc., 

Reston VA, USA).

Sucrose Home Cage Drinking: Rats (N = 10/treatment group) were separated into single 

cages and a 10 mL sipper tube containing a 3% (w/v) sucrose solution in tap water was 

placed in each cage. Animals were given access to the solution with simultaneous free 

access to food for 2 hours. Solution intake was calculated based on bottle volumes before 

and after the 2 h period and measured for 3 consecutive days.

Perfusion and Histology

There were n=28 animals used for histological or immunohistochemical analysis of 

amygdala, DG, and VTA: 6 MS, 6 Sprague Dawley controls, 8 P, and 8 NP controls. At P70 

or P90 for MS and P groups, respectively, animals were perfused as previously described 

(Wang and Gondre-Lewis, 2013), with some modifications. Adult animals were deeply 

anesthetized with Isothesia (Isoflurane) (Butler Animal Health Supply, Dublin, OH) and 

when insensate, underwent a thoracotomy for transcardial perfusion with 0.9% NaCl to clear 

the blood in the circulatory system. This was followed with a slow perfusion with chilled 4% 

paraformaldehyde (PFA) in 0.1 M phosphate/4% sucrose buffer, pH 7.4. Brains were post-

fixed overnight in the 4%PFA/4% sucrose/0.1 M phosphate buffer, and then transferred to 

and stored in phosphate buffered saline (PBS), pH 7.4, at 4° C until ready for processing. 

MS and CTL brains were arranged and embedded in a gelatin array using Neuroscience 

Associates, Inc. BrainArray technology, and P/NP rat brains were processed individually. 

Brains were freeze-sectioned on a sliding microtome to generate free-floating 50 μm coronal 

sections, and every 9th section mounted onto gelatin-coated slides and processed for 

thionine-Nissl staining and GFAP immunohistochemistry to detect astrocytes. P/NP rats 

were sectioned in a similar manner, except every 4th 20 μm section was used for TH 

immunohistochemistry to detect dopaminergic neurons.

Immunohistochemistry

Immunocytochemistry was performed as previously described with some modifications 

(Wang and Gondre-Lewis, 2013, Young et al., 2013). Free floating sections were washed in 

PBS and incubated in blocking buffer containing 0.3% TX-100, 3% NGS/1%BSA for 1 h. 

Sections were then incubated with either anti-GFAP or anti-TH antibody (Abcam, Inc., 

Cambridge, MA) at 4°C washed, and incubated with biotinylated anti-rabbit IgG. This was 

followed by exposure to ABC Elite reagent for 1 h and subsequent incubation with DAB 

(Vector Laboratories, Burlingame, CA). Sections were mounted on gelatin-coated slides. To 

facilitate identification of GFAP+ cell bodies, GFAP slides were counterstained with Nissl, 

and all slides were serially dehydrated with increasing concentrations of alcohol (70%, 90%, 
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95%, 100%) followed by Histosol. Slides were coverslipped with DPX mounting reagent. 

Images were taken with a Zeiss Axio Oberver Z1 (Zeiss, Gottingen, Germany) equipped for 

phase contrast light microscopy.

Stereological Analysis

Unbiased stereology was used to estimate mean total number of neurons in the amygdala 

and VTA, as well as astrocyte number and length in the DG via the optical fractionator 

method (Pakkenberg and Gundersen, 1989, Manaye et al., 2013, Wang and Gondre-Lewis, 

2013). Data collection was carried out using both the StereoInvestigator program 

(MicroBright Field, Inc.) and the Stereologer software (Stereology Resource Center, Inc. 

FL). Each system used an X–Y–Z motorized stage. The Stereologer system was integrated 

with a Leica DM2500 microscope and a DCAM-compliant 1394 camera. The 

Stereoinvestigator was attached to a Nikon E800 microscope and Optromics high-resolution 

video camera. The region of interest was outlined at low power (4X or 5X) over the entire 

rostral to caudal length of the right hemisphere. Cells were counted or fiber lengths were 

marked on a thin focal plane scanning with a 63X objective in the z-axis. The appropriate 

grid size and counting frames were determined based on results of pilot studies for each 

region (Pakkenberg and Gundersen, 1989). Sampling grid sizes (amygdala and VTA, 200 

μm × 200 μm; DG astrocytes, 600 μm × 600 μm) and counting frames (VTA and amygdala, 

30 μm × 30 μm; DG astrocytes, 80 μm × 80 μm) were optimized to achieve a mean 

Gundersen coefficient of error (CE) of < 0.1 (Pakkenberg and Gundersen, 1989). A guard 

volume 2.0 μm deep on both sides of the section was used to avoid introduction of errors due 

to sectioning artifacts, including uneven section surfaces. This unbiased counting method 

was repeated at approximately 200 systematic-random locations across all sections for each 

case to achieve a high stringency level, as evidenced by a coefficient of error less than 10% 

(CE < 0.10) for both CTL and MS groups. Neurons within the VTA or amygdala were 

identified as Nissl positive cell bodies containing a nucleolus clearly in focus within the 

counting frame, with lightly stained surrounding cytoplasm. Neurons were further 

distinguished by size and their morphology (Domesick et al., 1983). Therefore, although 

rare, smaller glial-shaped cells were not counted. Astrocytes of all sizes were included in the 

count if they met the inclusion criteria: cell bodies containing both Nissl and GFAP –

positive astrocytic processes clearly associated with a Nissl stained cell body.

Estimates of astrocytic process length were made at random locations through each 

reference space and the mean of these used to estimate the total length (Mouton et al., 2002). 

Briefly, at each sample location, virtual spheres were focused through the Z-axis. The stage 

was moved through the tissue in the Z-axis in 10 steps of 1 μm each. At each focal plane 

concentric circles of increasing then decreasing diameter were superimposed over the 

magnified image of fibers (Fig 5). The total length of glial fibers was estimated from the 

sum of intersections through the entire reference space, and the known fractions at each 

sampling level, according to the fractionator method (Manaye et al., 2013). 6 animals per 

group were analyzed for stereology (3 males and 3 females). Table 1 shows a stereology 

parameters table for the amygdala, VTA, and DG with values generated by the Stereologer 

or Stereoinvestigator. Figure 1 shows representative sections spanning the anterior-posterior 

extent of the brain regions analyzed with the regions analyzed encircled in red.
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Cell counting in the VTA

Non-stereological methods were used to count tyrosine hydroxylase (TH)-positive neurons 

in the VTA of P and NP rats, n=8 per group. For each rat, TH neurons in 17–25 tissue 

sections, encompassing the entire length of the VTA, were manually counted at 40X, 

averaged per section and divided by the periodicity (in mm). Data are expressed as cells/

mm2.

Statistical Analysis

ANOVA was used to analyze and obtain statistics of behavior data, and neuron or astrocyte 

numbers generated by stereological methods. Where the F-test showed a difference, a 

Newman-Keuls multiple comparison post-hoc test was applied for further comparisons. The 

descriptive statistics are displayed in graphs as mean +/− standard error of the mean (SEM). 

A p value <0.05 was considered significant.

3.0 Results

Excessive alcohol drinking is associated with a reduction of neurons in the VTA of MS rats

Adult rats were trained to lever press for alcohol in an operant chamber, following exposure 

to the maternal separation paradigm during the neonatal period. Figure 2A shows the mean 

number of lever presses during 1 hour in the operant chamber each day for 14 days. There 

was a significant and sustained increase in the amount of responding for alcohol in MS rats 

compared to control with a significant main effect of group (F (1,234) =60.24, p<0.0001, 

n=10 per group). Post hoc analyses confirmed the increased responding of MS rats 

compared to controls for each day of testing, p≤0.05. Because the VTA is a primary 

mesolimbic locus mediating the rewarding/reinforcing properties of alcohol, we investigated 

if MS exposure alters VTA neurons in the adult brain. Using unbiased stereological 

principles and the optical fractionator method, we found a marked 25% reduction of neurons 

in the VTA of naïve (never exposed to alcohol) MS rats, 48 ± 1.7 × 103 vs. 61 ± 3.7 × 103 in 

CTL, with a significant main effect of group (F (1,5) =22.05, p=0.005, n=6 per group). In 

fact, reduced dopamine neuron numbers in the VTA of MS animals was consistent with 

reduced dopaminergic TH+ neurons in the VTA of naïve P rats, 164 ± 34 cells/mm2 

compared to non-preferring (NP) rats, 252 ± 13 cells/mm2, as illustrated in Figure 2C, 

p<0.01, n=8 per group. The P rat is a well-characterized model of specially bred, genetically 

alcohol-preferring rats that consume high levels of alcohol (Morzorati, 1998, Rodd et al., 

2005a). Figure 2D shows representative tyrosine hydroxylase staining of the VTA of P and 

NP rats. The entire anterior posterior extent of the VTA was used for analysis, and this is 

shown in figure 1 in Nissl sections where the perimeter of the region is demarcated in red.

Depressive-like behavior and anhedonia in MS rats is correlated with increased amygdala 
neurons

Figure 3A shows that when subjected to the forced swim test, a behavior used to examine 

defeat and despair as indicators of depression symptoms, MS rats showed greater immobility 

times (113.6 ± 12.3 s) compared to control rats (53.5 ± 11.2 s), averaging about 2X as much 

time in the immobile state as controls with a significant main effect of group (F (1,15) 
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=13.6, p=0.002, n=16 per group). Because depression and anhedonia are often co-occurring, 

we tested pleasure-seeking behavior by giving animals access to 3% sucrose for 1 hour over 

3 consecutive days. MS rats consistently drank significantly less of the sweet cocktail than 

controls during each access period (Fig 3B), p<0.05, for days 1, 2, and 3. Because the 

amygdala is a key transducer of negative affect, including depression and anxiety and can 

regulate escalation of alcohol use, in figure 3C we used unbiased stereological methods to 

evaluate if the number of resident neurons of the amygdala are changed by exposure to 

maternal separation. There was a significant 25% increase in the number of neurons in the 

amygdala after exposure to MS, 84 ± 2.4 × 105 compared to 68 ± 2.9 × 104 in controls, with 

a significant main effect of group F (1,5) =23.0, p=0.005, n=6 per group.

MS causes a reduction in granule neurons of the Dentate Gyrus but has no effect on 
astrocytes

In previous studies, it was established that the DG of the hippocampus was significantly 

reduced due to MS, an event that began in infancy and lasts through adulthood (Oomen et 

al., 2011, Wang and Gondre-Lewis, 2013). Because astrocytes are important for modulating 

synaptic transmission, we tested if their numbers were reduced similar to granule neurons as 

an extension of the pathology due to MS. Astrocytes were assayed by immunocytochemistry 

with antibodies against an astrocyte-specific intermediate filament protein, glial fibrillary 

acidic protein (GFAP), to investigate morphological features. Unlike the reduction of DG 

neurons induced by MS, when GFAP+ astrocytes were quantitatively evaluated for total cell 

number (Fig 4A), MS rats revealed no statistical difference compared to controls, F (1,5) 

=0.39, p>0.05, n=6 per group. To determine if there were greater or fewer astrocytic fibers 

as an indicator of astrocyte complexity and perhaps synaptic function, we estimated the total 

fiber lengths of astrocytes in the brain of MS and CTL rats. Using a 10μm isotropic sphere 

probe to measure fiber crossings, it was evident that astrocytic fiber lengths did not change 

as a result of MS (Fig 4B, p>0.05, n=6). We then performed a qualitative assessment of 

morphological features and tissue distribution of astrocytes and found similar variations in 

astrocyte morphologies across the different animals in MS and control, although MS groups 

trended toward less dense staining. Fig. 4C shows the distribution of astrocytes, and a typical 

area used with the spaceball probe. The spaceball technique uses a virtual sphere lodged 

within the z-axis of the tissue section (Fig 5A) to estimate process length based on the 

number of times the fibers enter and exit at a specific focal plane (Fig 5A′). Fibers that 

terminate within the sphere are not counted, nor are those that bypass the perimeter of the 

sphere (Fig 5B). In the software, the optical fractionator method is combined with the 

counting of fiber crossings in the equation (total L = 2 • ΣI • F1 • F2 • F3• F4), where, total 

L = total length of linear feature (units = μm, mm, cm, etc.). ΣI = sum of intersections on all 

sections. F1 = 1/section sampling fraction= 1/number sections sampled/total sections. F2 = 

1/area sampling fraction = 1/area of section sampled/total area. F3 = 1/thickness sampling 

fraction = 1/h/t. A fourth fraction, F4, is a grid constant that describes the ratio between the 

volume of one sphere (Vsphere) to the volume of the sampling box (Vbox). In figure 5C, a 

section through a typical 10μm probe is shown, with marked areas of the perimeter where 

axons crossed.
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4.0 Discussion

In the current study, we used unbiased stereology to analyze the effect of MS on mesolimbic 

neurons and we report that MS caused a reduction in the number of adult VTA neurons and 

an increase in amygdala neurons. The DG of the hippocampus, important for emotional/

motivational processing of memory was also shown to be reduced following MS (Oomen et 

al., 2011, Wang and Gondre-Lewis, 2013). These MS-induced morphometric abnormalities 

were consistent with a predisposition of the rat to excessive alcohol drinking, depressive 

behavior, and anhedonia as assessed with operant conditioning, the forced swim test, and 

sucrose drinking, respectively. Preliminary studies indicate that mesolimbic effects may not 

extend to influence astrocyte function in the DG. This study extends the findings that 

stressful early life experiences increase tendency toward depressive-like behaviors and 

alcohol drinking in adult animals (Vazquez et al., 2006, Garcia-Gutierrez et al., 2015) to 

examine potential associations between neuroanatomical adaptations in brain regions of the 

reward system and the MS-induced alcohol drinking and depressive behaviors.

Dopaminergic cells of the VTA are critical for reinforcing behaviors related to motivation 

and incentive. In non-alcohol-dependent individuals, VTA dopaminergic neurons show high 

sensitivity to alcohol exposure by increasing dopamine release into its efferent targets, most 

notably nucleus accumbens (Smith and Weiss, 1999, Rodd et al., 2005b, Franklin et al., 

2009). In our study, we found that MS-induced predisposition for alcohol intake is 

associated with decreased numbers of neurons in the VTA of alcohol naïve MS rats. VTA 

volume remained unchanged, thus increasing VTA neuronal density. A similar study found 

no changes in total neurons in the VTA in juveniles even as Ki67, a marker of neuronal 

proliferation was reduced (Chocyk et al., 2011). Recently, this same group used BrdU dating 

and Nissl stain to demonstrate that total neurons of the VTA were increased in adults, but 

that these increases were due to non-dopamine neuron proliferation (Monroy et al., 2010, 

Chocyk et al., 2015). Together, these studies indicate that MS could change the balance of 

cell types in the VTA. A strong component of the VTA circuitry, are GABA neurons that 

help modulate the excitatory input to dopamine neurons (Michaeli et al., 2012); therefore, It 

is likely that MS influences the stoichiometry of neurons in the VTA so as to reduce the 

Dopamine:GABA neuron ratio. Enhancing GABA neurons in this circuitry would provide 

additional inhibitory input to already reduced VTA dopaminergic neurons as shown in this 

study. Indeed, our finding of decreased VTA dopaminergic neurons in alcohol preferring 

rats, and in naïve MS rats supports the idea that the regulation of VTA-mediated rewarding 

effects are impaired in both such that more alcohol is required to elicit rewarding properties.

Furthermore, the naïve brain of alcohol preferring rats has 20–25% decreased density of 

dopamine D2 receptors at the onset, in several areas of the CNS including the VTA 

(McBride et al., 1993). Therefore, the observed reduction in VTA neurons in P and MS rats 

are consistent with the notion that mechanisms in the VTA could be similar for both P rats 

and MS rats. Although, we did not examine D2 receptor levels in our study, it is possible 

that the decreased dopamine receptor levels in VTA and of dopamine transporter at VTA 

nerve terminals (Brake et al., 2004) result from decreased neurons in the VTA, likely an 

important anatomical adaptation for the reinforcement of alcohol drinking behavior. Further 

studies may reveal that in addition to the lower density that these neurons have alternate 
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connectivity and receptor characteristics. Therefore the drinking behavior reported here is an 

example of stress-induced drug seeking mediated through the VTA possibly by actions of 

elevated stress hormone, CRF, as was recently proposed as a possible mechanism for CRF in 

the reinstatement of cocaine use (Borgland et al., 2010, Blacktop et al., 2016) as CRF 

modulates the sensitivity of dopaminergic neurons in the VTA to respond to glutamate 

excitatory input as well as GABA inhibitory input (Wise and Morales, 2010, Blacktop et al., 

2016).

The amygdala is most prominently associated with fear and anxiety processing and its 

altered function is implicated in a large series of neuropsychiatric disorders including major 

depressive disorder (LeDoux, 2007). It is also heavily implicated in the processing of 

rewards and each of its nuclear groups is implicated in some aspect of reward learning and 

motivation and drug addiction (LeDoux, 2007, Koob, 2009). In animals, depressive-like 

behavior is tested with the forced swim test, where animals that have a short latency to 

immobility and remain immobile longer are evaluated as exhibiting behavioral despair; a 

behavior that is reversible with multiple antidepressant drugs (Castagne et al., 2011). 

Anhedonia is the lack of pleasure seeking, and is tested in rats by their preference for a 

sweet drink, usually a 3% sucrose solution. In general, non-depressed animals drink more 

sucrose than those with depression (Strekalova and Steinbusch, 2010). Maternally deprived 

rats in this study showed a two-fold increase in immobility and an average 45% decrease in 

sucrose drinking behavior. Because amygdala function is strongly implicated in depressive 

behaviors in both human clinical and animal basic research (Dowd and Barch, 2012), we 

evaluated neurons in the amygdala. Associated with these behaviors was a significant 

increase in numbers of neurons in the amygdala of adult rats that were maternally deprived 

during the early postnatal period. One study on depressed humans, showed reduced 

amygdala responsiveness to positive stimuli with increased responsiveness to negative 

stimuli (Stuhrmann et al., 2013) and a larger amygdala as a predictor of anxiety and 

depression in young individuals (Qin et al., 2014). In a rat model of ELS, it was found that a 

temporary inactivation of the amygdala rescued the depressive behavior in forced swim test 

(Raineki et al., 2012). Our finding shows strong support for altered structural formation of 

the amygdala during postnatal periods with ELS. The increased neuronal number may 

signify the potential of increased amygdala activity. Since our measurements were in naïve 

rats prior to ethanol exposure, we do not know how the amygdala in MS individuals might 

change after chronic exposure to ethanol leading to alcohol dependence. After the transition 

to the addictive state, the amygdala of dependent individuals is actually smaller in volume 

than in the non-addicted state (Koob, 2009).

The dentate gyrus of the rat hippocampus, important for memory-related processing of 

limbic responses, is highly susceptible to MS-induced stress. The DG is one of a few 

neuroanatomical sites permissive to adult neurogenesis and works reciprocally with the 

amygdala to encode emotionally relevant memories. Granule neurons in the principle layer 

of the DG are reduced (Oomen et al., 2011, Wang and Gondre-Lewis, 2013) as early as 

postnatal day 15, a period during which the region has high plasticity (Wang and Gondre-

Lewis, 2013). This could mean that the emotional stress induced by MS led to a decrease in 

neurogenesis or an increase in apoptotic processes, a process which is extensively 

documented in adults exposed to MS (Lee et al., 2001, Fabricius et al., 2008, Aisa et al., 
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2009, Hulshof et al., 2011). Astrocytes are neuroglia which modulate the efficacy of 

synaptic transmission and provide nutrients and support for synaptic communication, and 

their morphology and number could vary depending on the efficacy of neurotransmission 

(Kimelberg and Nedergaard, 2010, Young et al., 2013). To test if astrocytes are also reduced 

as a result of MS, we used the optical fractionator method together with the isotropic sphere 

probe to measure cell number and fiber length. Our findings in the current study indicate no 

statistical difference in DG astrocytes and their fiber length, even as DG neurons of MS rats 

are reduced. It is possible that other features of astrocytes are changed. For example, in our 

stereological approach, the space ball (isotropic) probe we used did not differentiate between 

thick or thin processes, and thus although total fiber length were unchanged, functional 

morphology studies could reveal previously unreported astroglia regulation. In addition, the 

literature contains conflicting data that astrocytes are both reduced or unchanged in the 

hippocampus, wildly dependent on the MS/MD paradigm used (Leventopoulos et al., 2007, 

Llorente et al., 2009). More extensive examination of astrocyte morphology is necessary to 

determine changes in activation state as a result of exposure to ELS.

The effects of ELS via postnatal MS or prenatal stress induces global epigenetic changes 

which may initially begin by permanently altering the organism’s responsiveness to stress 

within the HPA axis by re-setting of temporal development of central CRF systems, thus 

influencing neuroendocrine function (Plotsky et al., 2005). This may be subsequently 

followed by epigenetic modifications involving histone acetylation or DNA methylation to 

control gene expression in various brain loci as they are challenged to respond to the 

external environment during development and in adulthood (Wang et al., 2014, Jawahar et 

al., 2015, Vaiserman, 2015). Whereas genes downstream of glucocorticoid signaling are 

hypomethylated to enhance stress system responsiveness, other genes regulating reward 

could be downregulated as was shown in the NAc of MS, which induced increased methyl 

transferases (DNMTs) in the NAc (Anier et al., 2014). However, epigenetic regulation in 

models of ELS are complex and require gene specific examination of widespread epigenetic 

regulations (Gudsnuk and Champagne, 2012, Anacker et al., 2014, Anier et al., 2014, Wang 

et al., 2014, Jawahar et al., 2015).

Finally, an important consideration in these studies is sex-based differences in the response 

to stress and to ethanol exposure. The literature supports many nuances in responding where 

one sex might be more sensitive than the other or have a more prolonged effect. However, 

for the concepts reported here, the change in dendritic alterations at anatomical regions like 

the PFC, VTA or NAc were reported for both sexes (Murmu et al., 2006, Jia et al., 2010, 

Monroy et al., 2010), and certainly excessive drinking and depression symptomatology as a 

result of MS are widely found in males and females, although nuances in aspects of the 

response may vary depending on the animal strain, experimental drinking paradigm and 

method of inducing maternal separation or deprivation (Caldji et al., 2000, Roman et al., 

2004, Roman et al., 2005).

5.0 Conclusions

Cumulatively, these findings extend the current knowledge on neuroanatomical correlates of 

depression and reward seeking behavior induced by early life stress. The predisposition to 
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transition from alcohol use to alcohol dependence during adulthood is strongly linked to 

early childhood experiences. This study implies that the propensity to initiate drinking and 

for depressive symptoms is pre-wired as a result of MS, and is likely associated with 

changes in neuronal survival and proliferation during critical periods of early development 

due to a re-setting of CRF systems in the brain. This early developmental insult with 

stressful experiences changes the trajectory of brain development leading to alterations in 

neuronal numbers in brain areas regulating the reward system and induces pathological 

behaviors in adulthood. Future studies should examine the circuits involving 

endocannabinoids, norepinephrine, GABA and serotonin, and how stress-mediated 

epigenetic factors could influence their signaling to mediate psychoaffective and addiction 

symptoms.
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Highlights

• Early life stress is associated with a reduction of VTA neurons and 

enhanced alcohol seeking behavior.

• Reduction of VTA neurons after MS parallels that of genetically high 

alcohol drinking rats.

• Early life stress is associated with elevated amygdala neurons and 

depressive and anhedonia-like behaviors

• Unlike granule neurons of the dentate gyrus, astrocyte number and may 

not be altered by ELS.
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Figure 1. Anterior-posterior extent of anatomical regions used for stereological measurements
A) Sections of amygdala, includes the basal, central, medial, lateral nuclei from bregma −1.3 

to −4.2 mm. B) Sections of the VTA includes the rostral VTA, parainterfascicular, 

paranigral, and parabrachial pigmented nuclei from bregma −4.56 to −6.84 mm. C) Sections 

of the DG, includes rostral most DG with all three layers included for astrocyte analysis 

from bregma −1.72 mm to −6.84 mm. The red outline is a representative contour to 

demarcate the region of interest to be counted as was outlined during stereological analysis. 

Nissl sections for A and C were from the brainmaps.org interactive atlas, and the bregma 

levels and regional borders were identified with Paxinos Atlas.
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Figure 2. Increased alcohol drinking and reduction of VTA neurons in MS adult rats, similar to 
P rats
A) Compared to control SD rats (blue), MS rats (gray) trained to lever press for 10% alcohol 

on an FR4 schedule exhibit sustained increased levels of alcohol drinking during 14 days of 

access, n=10 per group. B) Stereological analysis of P70 adult rat VTA showed a reduction 

in the number of dopamine-like neurons in animals exposed to early postnatal (P2–P21) MS, 

n=6 per group. C) TH-immunoreactivity in the VTA of alcohol-preferring (P) rats revealed a 

reduction of large TH+ dopaminergic neurons, n=8 per group. D) Representative images of 

TH+ immunoreactivity in the VTA of P and NP animals. Data are expressed as mean ± 

SEM. *, p<0.05; **, p<0.01, p<0.001.
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Figure 3. Depression symptomatology, anhedonia, and increased amygdala neurons in MS adult 
rats
A) Immobility in the forced swim test of control SD rats (blue) compared to MS rats (gray) 

show increased immobility in MS, n=16 per group. B) Sucrose (3% w/v) intake via bottle 

drinking of MS over 3 consecutive days is reduced compared to control, n=10 per group. C) 

Stereological analysis of naïve P70 adult rat amygdala (n=6 per group) showed increased 

neuron number in animals exposed to MS during the pre-weaning period. Data are expressed 

as mean ± SEM. **, p<0.01 ***, p < 0.001.
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Figure 4. Stereological analysis of astrocyte number and astrocyte fiber length in hippocampal 
dentate gyrus of MS and control rats
A) Mean astrocyte counts or B) total astrocyte fiber length did not differ between MS or 

control groups, n=6 per group. D) Representative example of GFAP+ astrocytes in MS and 

CTL animals processed adjacently on the same embedding sheet, and imaged at the same 

illumination levels. Arrows show Astrocyte cell bodies counted in the infra- and supra-

granular DG space. Bottom panels are enlarged region of insets (white square); red circles 

represent the spaceball probe intersected with either thin or thick fibers. Data are expressed 

as mean ± SEM. *, p<0.05 by ANOVA.
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Figure 5. Schematic representing the use of Isotropic sphere (spaceball) probe for fiberlength 
analysis
A) View through the Z axis of a section with two astrocytes represented. The virtual sphere 

(spaceball) is in the shaded region A′. A′) Enlargement of the virtual spaceball sphere with 

optical sections (a–e) to analyze the fibers as they cross the perimeter of the sphere at that 

level. B) Images of each optical plane along the z-axis of the sphere. At any given plane, 

fibers are only counted if they are in focus as they traverse the perimeter of an optical Z 

plane. At plane d, the red astrocyte fiber is long enough to traverse the perimeter of the 

sphere twice, whereas the yellow astrocyte does not cross at that plane; therefore 2 instances 

are counted. C) Image of one of the sections of the specimen used in this study. The x 

represents where in-focus fibers cross the perimeter of the optical plane (circle) of the space 

ball probe which was 10μm in diameter.
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