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Abstract

Adolescents are especially prone to risky behavior and to the emergence of psychological 

disorders like substance abuse, anxiety and depression. However, there is a sex (or gender) 

difference in this vulnerability, with females being more prone to developing internalizing 

disorders and males being more likely to engage in risky behavior and drug use. While several 

researchers have proposed that there is a relationship between corticolimbic circuit development 

and adolescent vulnerability, the current proposed models do not take sex differences into account. 

In this review, we explore recent findings from both human and rodent studies of sex differences 

during adolescence. In particular, we consider epidemiological studies on the factors that 

contribute to the development of substance abuse and internalizing disorders, laboratory studies on 

reward-related and decision-making behavior, and neuroanatomical studies on the development of 

several structures in the corticolimbic circuit (i.e., prefrontal cortex [PFC], amygdala and 

striatum). We then integrate these recent findings into models of adolescent vulnerability to 

substance use that have previously not addressed sex differences. Lastly, we discuss 

methodological considerations for the interpretation and design of studies on sex (or gender) 

differences during adolescence while highlighting some opportunities for future investigations.

0. Introduction

Adolescence, which is the period of pubertal, social and cognitive development occurring 

between childhood and adulthood, is a time of significant morbidity and mortality compared 

to other stages of life [1]. Adolescents appear to be especially vulnerable to accidental death 

and the emergence of disorders such as substance abuse, anxiety and depression [2]. 

Interestingly, some of these adolescent-onset disorders have substantial gender differences 

in their prevalence. For example, females are twice as likely as males to develop problems 

with depression and anxiety [3] and this gender difference is not evident until individuals are 

well into puberty [2].
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Although adolescence is inextricably tied to puberty and the process of sexual maturation, 

relatively few studies have focused on the role of sex in adolescent vulnerability to 

substance use disorders. This is unfortunate given the known differences between males and 

females in a number of developmental processes occurring during adolescence, including 

the timing of pubertal and neural changes [4-6]. Theories of adolescent vulnerability have 

proposed that the process of adolescent neural development results in behavioral changes 

and heightened sensitivity to stressors that make adolescents especially vulnerable to 

developing psychological disorders [2,7-11]. Thus, sex differences in adolescent neural 

development may give rise to sex differences in the nature of adolescent vulnerability. 

However, published reviews of the adolescent substance abuse vulnerability literature 

[2,7-11] do not consider the role of sex differences. Similarly, the reviews that have 

discussed sex differences in vulnerability to internalizing disorders [3] and substance abuse 

[12-15] almost exclusively focus on sex differences in adulthood. In this review, we discuss 

the growing body of literature examining sex differences in vulnerability, reward-related 

behavior, decision making, and neural development in adolescent humans and laboratory 

animals. We also discuss whether these sex differences are consistent with those predicted 

by influential theories of adolescent vulnerability to substance abuse [2,7,16-18]. We 

propose that males and females have different pathways of vulnerability to substance abuse: 

in adolescent boys sensation seeking and impulsivity may drive drug and alcohol use, while 

stressful experiences and comorbid internalizing disorders may mediate substance use in 

adolescent girls (Fig. 2).

1. Sex differences in adolescent vulnerability

1.1. Epidemiological studies

Individuals seem to be at their most vulnerable during adolescence. Accidental injury, 

accidental death, suicide and homicide all increase sharply from childhood to adolescence 

[19], leading to high levels of mortality during a period when individuals tend to be 

otherwise at their healthiest [20]. Nonfatal injuries and suicide attempts, for example, peak 

around ages 15-19 before declining throughout adulthood [19]. The increase in accidental 

injury and death may be driven by behavioral changes that predispose adolescents toward 

riskier decision-making. For example, while sensation-seeking begins to increase at the 

beginning of adolescence [17,21], the ability to control behavior (i.e., inhibitory control) 

doesn’t increase until mid-adolescence [21]. This increase in sensation-seeking relative to 

inhibitory control is also thought to contribute to adolescent drug experimentation 

[7,20,22,23].

Adolescent-onset substance use can increase the risk that an individual will develop lasting 

problems with substance abuse and dependence while also increasing an individual’s 

vulnerability to developing other psychosocial problems. For example, an analysis that used 

DSM-IV criteria of problem alcohol use behaviors revealed that males and females are most 

likely to develop alcohol abuse and dependence if drinking begins around 13 to 14 years of 

age [24]. After this peak, the likelihood of an individual developing alcohol dependence falls 

by 13.2% and 14.7% per year for females and males, respectively; similarly, the likelihood 

of developing alcohol abuse falls by 9.1 and 7.0% for females and males [24]. In addition, 
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adolescent-onset alcohol abuse may have lasting effects on the likelihood that an individual 

will experience legal troubles, engage in illicit drug use, or display antisocial behavior in 

adulthood [25,26], though these problems may merely be correlated with, rather than caused 

by, adolescent-onset alcohol use. Interestingly, there are gender differences in the likelihood 

that adults will display problems associated with adolescent alcohol use. Males that stop 

abusing alcohol after adolescence resemble men without any history of alcohol abuse [26]. 

However, females that stop abusing alcohol after adolescence continue to differ from 

controls in adulthood, particularly with regard to illegal drug use, antisocial behavior and 

social dysfunction [25]. If adolescent-onset drug use was, in fact, causing these problems, 

then the especially long-lasting effects in females may contribute to sex differences in the 

severity of problems associated with drug use.

Though males are more likely to use drugs [27], it has been suggested that female drug users 

exhibit “telescoping” - a more rapid and severe progression from experimentation to 

addiction [see for review: 24-27]. Describing drug use in females as less common but more 

severe is something of an oversimplification, however. First, gender differences in the rate 

of drug use seem to be age-dependent. While males tend to use drugs more frequently in 

general, adolescent girls are more likely to engage in alcohol and non-medical 

psychotherapeutic use compared to adolescent boys [27]. In fact, girls aged 12-17 exhibit a 

greater rate of dependence on psychotherapeutics along with equal rates of alcohol and 

cocaine abuse and dependence [27]. Second, it seems that gender differences in vulnerability 

to developing substance abuse are drug-dependent. Males are more likely to transition from 

casual use to dependence for cannabis and alcohol, whereas the likelihood of developing 

nicotine or cocaine dependence is similar if not greater in females [29-31]. Lastly, 

researchers have attempted to explain the seemingly paradoxical relationship between drug 

abuse prevalence and severity in women by proposing that women are less likely to use 

drugs because of cultural factors that inhibit drug use [12,13,28]. In this model, females are 

more vulnerable to drug abuse in general, which is an idea supported by preclinical studies 

showing that female rats are more sensitive to the rewarding properties of drugs [32]. It is 

simply the low rate of drug experimentation that makes them less likely to realize this 

vulnerability. However, it is also possible that the low prevalence of drug use in women is 

due to differences in the risk factors that influence drug use, along with how much risk they 

confer.

Gender differences in addiction risk factors, such as depression and sensation seeking, may 

contribute to some of the aforementioned gender differences in addiction vulnerability. For 

example, among Swedish 7th graders, the presence of a multiple risk factors (e.g., bullying 

or peer drug use) has a greater effect on drinking in females than in males [33]. Females that 

begin abusing alcohol during adolescence tend to have experienced a high-level of stressful 

life events [25], while this relationship is not seen in males [26]. Among 11 to 14 year olds, 

females were more likely to report using alcohol in order to cope with negative emotions, 

while males were more likely to engage in alcohol use as a result of sensation seeking (e.g., 

to find out what effect the drug would have) [34].

Other gender differences that may contribute to differential vulnerability during adolescence 

are those for sensation seeking and inhibitory control. Males consistently exhibit higher 
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levels of sensation seeking throughout development, whereas females seem to have greater 

inhibitory control [21]. In addition, males have dramatic increases in sensation-seeking 

while in females there is little [21] or no change [17] in this behavior. Females have higher 

levels of constraint, a personality trait associated with control and harm avoidance, despite 

this trait decreasing from mid to late puberty in females and remaining stable in males [35]. 

Given the putative role of sensation-seeking and inhibitory control in the initiation of drug 

use [36], it is unsurprising that males also tend to experiment with drugs to a greater degree 

than females [12]. In summary, females may use drugs as a coping strategy (i.e., self-

medication) while males seem to be motivated to use drugs as a result of heightened 

sensation seeking [12].

The tendency to self-medicate may explain why females seem to be vulnerable to a more 

rapid and severe progression of addiction. The presence of comorbid disorders increases 

addiction vulnerability [37] and female drug users seem to be more likely than males to 

exhibit comorbid depression [38-40]. Indeed, among adolescent-onset drinkers, females who 

were unable to stop drinking in adulthood exhibited high levels of depression during 

adolescence relative to those that eventually stopped abusing alcohol [25]. In a separate 

study, there was no relationship between persistence of drinking and depression among 

adolescent men [26]. Gender differences in the effects of stress may be relevant, as women 

who have experienced childhood abuse or neglect are more likely to use drugs and this 

relationship is not as strong for men [12,41]. It therefore appears that female drug users are 

more likely to have been influenced by depression and stress, though this relationship may 

be driven by greater rates of depression and anxiety among females [3].

Females are much more likely than males to suffer from internalizing disorders, such as 

depression and anxiety. Women are roughly twice as likely as men to suffer from depression 

or anxiety at some point in their lives [3,42]. This sex difference in depression is tied to 

pubertal development, rather than age, and does not emerge until Tanner stage III (mid-

puberty) when there is a sharper increase in the prevalence of depression in females [2,43]. 

This high prevalence in women may be due to greater vulnerability to stress, as women who 

have experienced abuse or early life stress are more likely to develop depression than men 

with similar experiences [42]. However, girls also experience higher levels of stress, 

particularly interpersonal stress, and this may contribute to the high rate of depression in 

females [44]. One study of 816 Australian youths found that the gender difference in 

experience of episodic, but not chronic, stress explained roughly 36% of the gender 

difference in the rate of depression [44]. Furthermore, the experience of episodic stress 

strongly predicted depression in females, but not in males [44]. Interestingly, females may 

actually be less impacted by acute stress with regard to stress hormone release. Numerous 

studies have shown that cortisol release in response to a social stressor increases in more in 

adolescent boys and is higher in men by adulthood [see for review: 45], but only adolescent 

girls demonstrate increases in cortisol release evoked by an injection of corticotropin-

releasing hormone [46]. While there may be sex differences in the presence of risk factors 

for depression, it would seem that females are also more affected by these risk factors than 

males.
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1.2. Laboratory studies

Studies of decision-making have been able to confirm some of the epidemiological and 

survey data about sex differences in risk taking during adolescence. In one study, for 

example, adolescent boys made riskier decisions than girls on the Cake Gambling Task, 

which tests probability estimation and reward evaluation [47]. In this study there was no 

effect of age on this sex difference, though boys and girls appeared to differ the most around 

ages 14-18. Another human study that used a mixed gambles task found no effect of sex on 

risk taking during adolescence or adulthood, despite there being sex differences in neural 

activation during the decision making process [48]. In a study looking at the response to 

unexpected information, which is a test of efficiency of processing, adolescent girls had 

shorter P300 latency and smaller P300 amplitude (i.e., more efficient information 

processing). Both of these measures decreased from adolescence to adulthood, suggesting 

that girls may have had more mature information processing throughout adolescence [49]. 

Enhanced processing of unexpected information may make girls better able to avoid reacting 

impulsively in emotionally charged situations. A recent study looking at the effect of 

viewing threatening faces on impulse control found that human males showed increased 

impulsivity when viewing threatening faces during adolescence, relative to childhood or 

adulthood [50]. However, this was not seen in human females, who displayed declining 

levels of threat-induced impulsivity from childhood to adulthood. Together, these studies in 

humans seem to support the notion that females are less likely to make risky decisions and 

better able to exert inhibitory control over their behavior, even in the presence of unexpected 

information.

Studies focusing on reward-related behavior in rodents have attempted to explain the 

adolescent tendency toward poor inhibitory control and heightened sensation-seeking. One 

plausible hypothesis is that adolescents are more motivated to engage in sensation seeking 

because they find rewards to be more salient. For example, rats are most sensitive to the 

reinforcing properties of palatable rewards during adolescence [51] and adolescents 

demonstrate greater motivation to obtain rewards [52]. In a study of cocaine self-

administration in rats, adolescents responded more for cocaine than adults, even during 

periods of signaled non-availability. Sex differences in responding for cocaine emerged 

during adulthood, when females responded more than males [53]. However, when a separate 

group of rats was trained with food, rather than cocaine, experimenters found that 

adolescents had a lower level of responding for food and females responded less than males 

in adulthood [53]. A similar study examining operant responding for food or cocaine also 

found that sex differences were specific to cocaine; females exhibited faster acquisition, 

greater intake, and more progressive ratio responding – a measure of willingness to work for 

reward [54]. In a rodent study that used conditioned place preference (CPP) techniques to 

assess cocaine reward, female adults and adolescents of either sex had enhanced CPP for 

cocaine relative to adult males [55]. The greatest sensitivity to the rewarding properties of 

cocaine was exhibited by adolescent females [55], but a separate study showed no effect of 

sex on CPP for food in adolescent and adult rats [56]. Taken together, these rodent studies 

suggest that sex and age differences in conditioning seem to be dependent on the type of 

reinforcer (i.e., natural or drug reward).
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Though studies looking at the acquisition of conditioned behavior failed to show sex 

differences in natural reward behavior during adolescence, we have recently published data 

suggesting that sex may affect other aspects of learning about conditioned reinforcement, 

such as outcome devaluation and extinction [57]. Rats in our study first learned a Pavlovian 

association between a tone and the delivery of 20% sucrose solution; during these sessions 

female adults had the greatest level of unconditioned responding (Fig. 1A) and the fastest 

acquisition of a Pavlovian association (Fig. 1B). We next assessed habit formation using a 

sensory-specific satiety outcome devaluation procedure. During the outcome devaluation 

test animals received 60 minutes of access to a bottle filled with the 20% sucrose solution 

before a 10 minute extinction session, where we assessed whether the tone cue had been 

made less valuable (i.e., elicited fewer conditioned responses) by the satiety procedure. 

Though outcome devaluation led to reduced responding overall, adult females and 

adolescent males were less sensitive to the effects of outcome devaluation than adult males 

(Fig. 1C) [57]. Finally, we assessed extinction and reinstatement of the conditioned 

response. Female adults and female adolescents showed weaker extinction learning, 

responding more than males early or late in extinction training, respectively (Fig. 1D), but 

only female adolescents showed enhanced reacquisition of the conditioned response after 

extinction (Fig. 1D). Given the outcome devaluation results we suggest that adult females 

and adolescent males and females may be relatively insensitive to changes in the value of a 

reinforcer. In addition, females of either age seemed to be less sensitive to changes in 

contingency (as assessed through extinction responding) and learned associations seem to be 

especially persistent in adolescent females. Though these results suggest the possibility for 

an additive effect of adolescent age and female sex, there was no evidence for an interaction 

between these two factors with regard to outcome devaluation.

If adolescents and females are insensitive to changes in the value of a reinforcer, they may 

also be less affected by negative experiences with that reinforcer. This behavior can be 

assessed with a conditioned taste aversion (CTA) paradigm. For example, a study of 

ethanol-induced CTA in rats found that both adolescents and female adults, relative to male 

adults, exhibited decreased CTA for a number of doses of ethanol [58]. Sex differences in 

CTA were limited to adulthood in the aforementioned study, but other studies have found 

sex differences in the effects of repeated exposure to ethanol during adolescence. One recent 

study showed that, over repeated sessions, CTA for 1.0 g/kg ethanol decreased in male 

adolescents but not in female adolescents [59]. Interestingly, female adults also 

demonstrated diminished CTA to 1.0 g/kg ethanol, relative to male adults, after repeated 

exposure [59]. Our lab has found that adolescent exposure to ethanol reduced CTA in 

adulthood for males, though females had lower levels of CTA in general [60]. In contrast, 

the effects of adolescent-exposure to ethanol on adult drinking behavior [61] do not seem to 

be sex specific [62]. Together, these studies suggest that though adolescents and females are 

relatively insensitive to CTA, there is no additive effect of female sex and adolescent age. 

Indeed, repeated experience with ethanol seems to have the greatest effect in male 

adolescents.

The presence of social partners during ethanol exposure may amplify the effects of sex on 

the response to ethanol. Male adolescents that had been intoxicated in a social context 

exhibited reduced CTA relative to both their female counterparts and to adolescent males 
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that had been isolated while intoxicated; there was no effect of sex or social context on CTA 

for adult rats [63]. Interestingly, the effect of ethanol on social interaction predicts voluntary 

drinking in a sex-specific fashion. A recent study from this same research group found that 

adolescent males were likely to drink more if they responded to intoxication by increasing 

play behavior while adolescent females tended to drink more if they were socially anxious at 

baseline and preferred social contact while intoxicated [64]. These studies suggest that the 

social environment associated with drinking may influence male and female adolescents 

differently, with males being especially sensitive to the effects of social play on the 

reinforcing and aversive properties of ethanol.

2. Sex differences in neural development

Adolescent-typical behaviors, such as sensation seeking and risk taking, are thought to be 

tied to ongoing developmental changes in the brain during adolescence. The brain continues 

to develop after infancy and we now know that there is particularly dramatic remodeling in 

regions involved in decision making and reward behavior during adolescence [65-67]. The 

nature of this remodeling is region-specific: while the striatum and thalamus increase in 

volume during adolescence, the cortex follows an inverted U-shaped curve, reaching a peak 

volume during childhood before declining throughout adolescence [65,68]. In addition, the 

timing of adolescent development varies by region – the thalamus, for example, reaches a 

stable volume about 2 years later than the striatum [68].

Because adolescent development occurs in a heterogeneous fashion, with some regions 

developing earlier than others, functional connections between brain regions are in flux 

during this period. This could result in shifting balances in circuits with many adolescent-

developing regions [2,7,69]. In the corticolimbic circuit, for example, the adolescent 

prefrontal cortex (PFC) is thought to contribute less than usual to the circuit’s output, while 

the adolescent striatum contributes more than usual, because the two regions develop at a 

different rate [7,16]. The PFC and striatum are involved in the control and performance of 

motivated behavior, respectively, and so adolescents may have less top-down inhibitory 

control of motivated behavior while these two regions are developmentally “off-balance” 

[7]. We will now review recent studies on sex differences in the development of regions 

involved in this circuit, specifically in the PFC, amygdala and striatum.

2.1. Prefrontal cortex

A number of human and rat studies have revealed sex differences in adolescent cortical 

remodeling. As a whole, the cortex develops in an inverted-U shaped pattern, with cortical 

volume increasing and then decreasing from childhood to adulthood [66]. The PFC seems to 

be the last of the cortical structures to mature [66,70]. Using human subjects, Giedd and his 

colleagues have repeatedly demonstrated that the cortex matures later in males 

[65,66,70,71], though it should be noted that several of these studies share subjects from an 

ongoing pediatric neuroimaging study conducted at the Child Psychiatry Branch of the 

National Institute of Mental Health [62,63,68; see for review: 69]. For example, males reach 

their peak cortical volume at 9.1 years while females reach theirs at 8.0 years [68]. In 

addition, males exhibit an increase in cortical surface area that is not seen in females [68] 

and males tend to have larger cortical volume throughout development [66,68].
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The overall pattern of cortical development, where males have delayed maturation but 

consistently greater volume and thickness, may not hold true for all regions in the frontal 

cortex. In general, males start with thicker frontal cortical tissue at age 9, but undergo more 

rapid thinning compared to females [73]. Thus, males manage to “catch up” in many frontal 

regions by adulthood. But in late-developing frontal regions, such as the PFC and the 

orbitofrontal cortex, males do not catch up to females by adulthood [73]. In fact, females 

actually have faster thinning in the right lateral orbitofrontal cortex, which is involved in 

decision making, so that males and females become more different throughout adolescent 

development [73]. Meanwhile, males still have more rapid thinning in the dorsolateral PFC, 

which is a region important for inhibitory control and impulsivity [74], but do not achieve 

the same amount of thinning by adulthood [73]. These studies in humans suggest that there 

are some regional differences in the rate of PFC development that warrant further 

investigation. For example, it is still unclear if these sex differences in cortical volume are 

associated with sex differences in white matter; though there is some indication that males 

may have greater myelination within the cortex there is currently little consensus emerging 

from fractional anisotropy studies [see for review: 72,73]. It is difficult to interpret the 

significance of changes in cortical volume and thickness without more information about 

how white and gray matter are affected.

Studies of PFC maturation in rodents have been able to better explore the nature of the gross 

anatomical changes described in humans. These studies also show that males have greater 

PFC volume than females in adulthood [4,77], but they further clarify that this sex 

difference appears to emerge through programmed cell death (apoptosis) and synaptic 

pruning during adolescence. Using stereological techniques to quantify neuron number, 

Juraska and her colleagues have shown that there is a reduction in total neuron number 

within the rat ventral medial PFC from adolescence (postnatal day [P] 35) to adulthood 

(P90) in female rats, but not in males [77]. Interestingly, this sex difference was not present 

in the dorsal medial PFC and seemed to be specific to layer V/VI of the ventral medial PFC; 

both sexes experienced reductions in neuron number within layer II/III [77]. A more recent 

study from this lab revealed that there is also a reduction in dendritic complexity from 

adolescence to adulthood in females that is much smaller in males [78]. Taken together, 

these results suggest that females undergo more substantial pruning and apoptosis during 

adolescent development of the medial PFC relative to males [4]. Though these studies in 

rodents and the aforementioned human studies point toward sex influencing the structural 

development of the PFC, the significance of these changes cannot be interpreted without 

studying functional activity during development.

Just as there are sex differences in the volume and morphology of the PFC, studies of PFC 

activation in humans have revealed sex differences in function that go beyond what might be 

expected from the anatomical data. One measure that researchers have used is resting state 

functional connectivity (rsFC), which examines the degree of synchrony between two 

different brain regions or between nearby areas within a brain region. In the dorsolateral 

PFC, rsFC between the two hemispheres increases with age in males but decreases with age 

in females [79]. Though the precise significance of this is unclear, the researchers suggest 

that regions involved in higher order processing (i.e., the PFC), generally exhibit decreasing 

rsFC with age. This so-called “short-range” rsFC is thought to represent functional 
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interactions within a brain region or even across hemispheres. Regions involved in sensory 

processing and motor control, in contrast, generally exhibit increasing short-range rsFC with 

age [79]. Greater dorsolateral PFC rsFC in males may, therefore, indicate that males have 

relatively less maturation of their PFC by adulthood, or perhaps that they follow a different 

trajectory of functional connectivity development [80].

Sex differences in functional connectivity may correspond to sex differences in neural 

activation during tasks that recruit the PFC. A study of neural activation during a risk-taking 

task found that men had greater activation of the frontal lobe when rejecting risky gambles, 

despite men and women having similar performance on the task and similar self-report of 

risky behavior [48]. Consistent with hypotheses about males having more adolescent-like 

PFC activity in adulthood, adolescents, relative to adults, also showed greater frontal lobe 

activation when rejecting risky gambles. However, this study did not examine whether sex 

affected age differences in the relationship between PFC activation and self-reported risk 

taking, presumably due to the sample size of their groups (n = 16-19). High risk taking was 

negatively associated with medial PFC activation when accepting risky gambles in 

adolescence, but this relationship was only present when rejecting risky gambles in 

adulthood [48]. Another study examining the neural response to emotional faces during an 

impulsivity task found that adolescent boys, who exhibited increased impulsivity in the 

presence of threatening faces, also had less left medial PFC activation, relative to adolescent 

girls. In fact, left medial PFC activity during the impulsivity task was especially high during 

adolescence, relative to childhood or adulthood, in females but not in males [50]. This high 

level of PFC activity in adolescent girls did not seem to be associated with less maturation 

of the medial PFC, however, as females had similar performance on the task in adolescence 

versus adulthood, while adolescent males performed worse than adults despite the two age 

groups having similar medial PFC activity. However, this study also had a relatively limited 

sample size, with just 8-10 subjects per age and sex, and so caution should be exercised 

when interpreting these results until they have been replicated. Therefore, sex differences in 

PFC activation during task performance are variable and more studies are needed to clarify 

the significance of these results.

2.2. Amygdala

The development of the amygdala resembles that of the PFC with regard to sex differences. 

Men have a greater peak volume, but they reach this peak later in puberty than women [81]. 

Despite this difference in the trajectory of volume changes, males and females may not 

differ in overall amygdala volume during adolescence. Specifically, boys and girls in mid-

adolescence do not differ with regard to amygdala volume (as a percentage of total cranial 

volume), though the authors of this study controlled for age rather than pubertal stage and 

there may be volume differences when boys and girls are in the same stage of puberty [82]. 

Indeed, when Tanner stage is taken into account a volume difference does emerge in the left 

amygdala, which has a greater volume in boys [83]. In fact, there is an interaction between 

pubertal stage and sex, with males having increased, and females decreased, volume in left 

amygdala across pubertal stages [84]. Sex differences in the amygdala are not entirely 

puberty-dependent, however, because regardless of Tanner stage males have greater grey 

matter density in the left amygdala during adolescence [85].
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Sex differences in rodent studies of the amygdala have not fully aligned with the human 

literature. The rat basolateral amygdala (BLA), a region involved in emotional and 

associative learning [86], loses neurons in a pattern that is similar to neuronal loss in the 

PFC, with females exhibiting a greater loss from adolescence to adulthood [87,88]. 

However, there is no sex difference in BLA volume by adulthood [87]. In addition, the rat 

BLA does not resemble the PFC with regard to changes in dendritic complexity across 

adolescence: neither males nor females exhibit reduced BLA dendritic complexity from P35 

to P90 [78]. Sex differences in the rat medial amygdala (MeA), a region associated with 

social behavior, may be more in line with what would be expected from the human literature 

as males exhibit greater increases in MeA volume and have more cell proliferation from 

adolescence to adulthood, resulting in greater volume and cell number in the adult MeA 

[89]. Given the differences between the BLA and MeA, it is possible that sex has a region-

specific effect on adolescent amygdala development in rodents.

Perhaps due in part to methodological limitations, studies of functional connectivity in 

humans have tended to focus on the amygdala as a whole rather than differentiating between 

the BLA and MeA. For example, women and girls have greater short-range (within-region) 

rsFC in the amygdala relative to males [90]. As mentioned previously, short-range rsFC 

generally declines with age in regions involved in higher-order processing [79] and a similar 

trend is found for rsFC within the amygdala [90]. Therefore, the higher level of amygdala 

rsFC in females may suggest that females actually lag behind males in the maturation of this 

region. Caution must be exercised, however, as it is difficult to interpret the significance of 

sex differences in amygdala rsFC without more information about activity within the BLA 

and MeA. If there are sex differences in rsFC between the BLA and MeA, this might have 

implications for the greater prevalence of anxiety in females: greater BLA-MeA rsFC is 

associated with anxiety disorder in adolescents [91].

When the amygdala is recruited for emotional processing, sex differences become more 

complex. One study has found that the extent to which the left amygdala is activated while 

viewing emotional faces decreases throughout adolescence for females, but not for males, 

though this study had only 9-10 participants per sex [92]. Meanwhile, a much larger (n = 

235/sex) recent study has found that adolescent boys seem to exhibit heightened activation 

of the right amygdala while viewing angry or neutral faces [93]. These seemingly 

conflicting reports suggest a role for lateralization in interpreting sex differences in 

amygdala activation. Indeed, sex differences in rsFC between the amygdala and other 

regions are highly lateralized in adulthood, with men demonstrating substantially more 

connectivity between the right amygdala and other regions while women have more 

connectivity between the left amygdala and other regions [94].

2.3. Striatum

Striatal development occurs in a sex-dependent fashion. As with other regions, adolescent 

boys lag behind girls, reaching peak striatal volume at 14.7 and 12.1 years of age, 

respectively [68]. Striatal area and volume both increase from adolescence to adulthood in 

males, but not in females [68]. In addition, the trajectory of striatal development may differ 

between males and females in a region-specific fashion. For example, volumetric change in 

Hammerslag and Gulley Page 10

Behav Brain Res. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the ventral striatum (i.e., nucleus accumbens) follows sex-specific trends: cubic for males 

and linear for females. Therefore males exhibit an increase and decrease in ventral striatal 

volume while there is a steady decline in females. This is despite the absolute change in 

volume being similar in men (−8.7%) and women (−8.6%) by the end of puberty [81]. This 

change in volume may be hemisphere dependent, however. In a recent study of adolescent 

boys and girls, nucleus accumbens volume decreased from age 12.5 to age 16.5 in the right 

hemisphere but increased in the left [95]. Furthermore, a separate study found that, relative 

to total brain volume, left nucleus accumbens volume decreases across puberty for girls and 

increases for boys [96]. In the dorsal striatum (i.e., caudate and putamen) the trajectory of 

development is more similar between males and females [81,95]. Therefore it would seem 

that sex differences are most dramatic within the ventral striatum, where adolescent boys 

seem to follow a trend of expansion and contraction while in girls this region simply 

contracts.

While human studies have shown sex differences in the trajectory of volumetric changes, 

one rodent study has shown that males and females have very different trajectories for 

dopamine receptor changes in the striatum as well [97]. Male rats in this study had a 

substantial overproduction and pruning of striatal dopamine D1 and D2 receptors during 

adolescence, while females failed to show anything more than a modest increase early in 

adolescence. D1 and D2 receptor density was similar in males in females by adulthood for 

the dorsal striatum, but within the nucleus accumbens males maintained a greater density of 

D1 receptors well into adulthood [97]. As with volume changes in humans [68,81], 

dopamine receptor expression in the rodent striatum goes through greater increases and 

decreases in males and sex differences seem to be most pronounced within the ventral 

striatum.

Few functional imaging studies in humans have found sex differences in adolescent striatal 

activation. In the gambling task mentioned previously, males and females had similar levels 

of activation in the striatum during both adolescence and adulthood, though there was also 

no effect of age on striatal activation in this study [48]. An earlier study of neural activation 

during reward receipt and omission found that adolescents had more activation within the 

ventral striatum during reward receipt [98]. In that study, however, the authors suggested 

they were underpowered to determine if there were sex differences in this activation because 

they had only 7-10 subjects per sex and age [98]. Similarly, another study by Van 

Leijenhorst and colleagues demonstrated an inverted-U shaped curve for activation of the 

ventral striatum during risky decision making, but the sample size of 5-8 subjects per age 

and sex precluded analysis of sex differences [99]. Given that the only study examining sex 

differences was also the study that did not find any age-related differences, it is difficult to 

draw any conclusions about whether males and females would differ in striatal activation 

during adolescence. Nevertheless, a study conducted in adults demonstrated that women had 

more activation of the putamen during a reward-based decision task [100]. The finding of 

sex differences in dorsal striatum (e.g., putamen) activity may be significant as well, as 

Simon and Moghaddam have recently suggested [101] that the dorsal striatum, rather than 

the ventral striatum, may mediate risky decision making behavior during adolescence. Thus, 

it is reasonable to predict that adolescents may exhibit sex differences in striatal activation 

as well.
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3. Role of sex differences in theories of adolescent vulnerability

To this point, we have highlighted a number of sex differences in risk profiles, decision 

making and reward-related behavior, and neural development during adolescence. We will 

now synthesize these findings by examining some of the leading theories of adolescent 

vulnerability to substance use. While there is emerging consensus on the role of 

corticolimbic development in risky decision making among these theories, none of them 

appear to incorporate or consider sex differences in adolescent vulnerability. Therefore, we 

will attempt to reinterpret these models with sex included as a factor.

3.1. Triadic and dual-systems models

One influential theory that has attempted to explain the high levels of risk taking and 

sensation seeking among adolescents is the triadic model. Proposed by Ernst and colleagues, 

this theory suggests that risky behavior and poor emotional control are caused by 

developmental imbalances between the PFC, amygdala, and striatum [7,9]. In this 

framework, the corticolimbic circuit is balanced differently during adolescence: the PFC 

does a poorer job of regulating signals from the striatum and amygdala, while the 

contributions of the striatum outweigh those of the amygdala. The result is a tendency 

toward reward seeking rather than harm avoidance. Another theory, the dual systems model 

proposed by Steinberg and colleagues, suggests that risk taking arises because the 

development of dopaminergic systems projecting from the striatum precedes the 

development of inhibitory control systems in the PFC and this results in sensation seeking 

rising before inhibitory control [16,17]. The triadic model differs from the dual systems 

model in that it includes a focus on motivated behavior (including approach and avoidance), 

while both models attempt to provide a framework to explain adolescent risk-taking [102]. 

These two theories, along with similar theories proposed by other investigators [18,103], 

suggest that developmental imbalances between the PFC and other regions in the 

corticolimbic circuit are responsible for adolescent behavioral tendencies. If these 

developmental imbalances are related to risky behavior and drug use, sex differences in the 

development of corticolimbic regions may explain why males and females differ in 

adolescent reward-related behavior and in vulnerability to psychological disorders that 

emerge during adolescence.

Sex differences in behavior during adolescence are consistent with the dual systems model. 

In addition to its focus on the striatum and PFC, the dual system model proposes that it is the 

misalignment of changes in behaviors associated with these regions, sensation seeking and 

inhibitory control, that leads to risk taking [16]. Females, who are less likely to engage in 

adolescent risk taking or use drugs, have lower peak sensation seeking and higher levels of 

inhibitory control [21]. As a result, females have a much smaller deficit of inhibitory 

control, relative to sensation seeking, during adolescent development. Therefore, sex 

differences in risk taking do seem to be consistent with what would be expected from the 

dual systems model. Because this consistency arises from females never reaching the same 

magnitude of difference between inhibitory control and sensation seeking, it may not 

necessarily be related to sex differences in the timing of PFC and striatal development.
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While males and females do differ in the timing of PFC and striatal development, these sex 

differences are not consistent with what would be predicted by the dual systems model. It is 

thought that the period between striatal maturation and PFC maturation, when the PFC is not 

mature enough to inhibit activity within the relatively more mature striatum, is the most 

vulnerable [8,16]. But the extent to which females mature faster than males is region 

dependent, with peak striatal volume occurring 2.6 years earlier in females but peak PFC 

volume occurring 1.1 years earlier [68]. Thus, sex differences in the timing of development 

actually suggest that in females the striatum matures more quickly (relative to the PFC) than 

it does in males. This relatively faster maturation of the striatum would be expected to result 

in greater risk taking among females, yet females exhibit a lower level of risk taking during 

adolescence. However, both rodent [4,78] and human [48,68,104] studies have suggested 

that females may undergo greater PFC maturation, while also undergoing less dramatic 

striatal remodeling [68,97]. Therefore it may be that the trajectory and outcome of 

adolescent development, rather than the timing of changes, is responsible for sex differences 

in adolescent and lifelong risk taking and drug experimentation.

The triadic model is similar to the dual systems model with regard to motivated behavior, 

but includes some consideration of how developmental changes in the amygdala can also 

contribute to adolescent vulnerability. During adolescence, the amygdala and PFC are less 

able to work together to control and regulate emotional behavior [7]. Sex differences in the 

development of these regions, therefore, may affect vulnerability to developing problems 

with anxiety and depression. Indeed, amygdala development seems to have a larger effect on 

emotional behavior in females. A study looking at amygdala volume found that larger 

amygdala volume was correlated with poorer emotional control in female, but not male, 

adolescents [82]. It is unlikely that the amygdala is alone in contributing to sex differences 

in emotional control, given that males have larger amygdala volume in general and yet are 

less vulnerable to developing depression and anxiety.

While the triadic model proposes that adolescents have less emotional control because of 

reduced PFC control over the amygdala, there is some evidence that females may actually 

have greater PFC control over the amygdala. A study examining the effects of threatening 

faces on impulsivity found that females were less affected by viewing a threatening face, 

with regard to impulsivity, and also had substantially more activation in the medial PFC 

during the task relative to adult females and adolescent males [50]. Therefore they may have 

relied more heavily on the PFC to moderate their emotional response to threat than males. 

Given that the triadic model would predict greater emotional control with increased PFC 

control over the amygdala, it is possible PFC-amygdala connectivity, like amygdala volume 

[82], has sex-specific effects on vulnerability. In support of a role for PFC-amygdala 

connectivity in vulnerability, ventromedial PFC to amygdala rsFC strongly predicts 

symptoms of anxiety and depression in females, but not in males [69]. Rodent studies have 

not yet examined whether sex affects the development of connections between the PFC and 

amygdala [88], but the presence of sex differences in development of both regions suggests 

that there may be sex differences in how connectivity develops between these regions.
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3.2. Vulnerability to disruption of development by stressors

While the corticolimbic circuit may have altered functioning during adolescence, which in 

turn could lead to riskier behavior and increased drug use during this time, many theories of 

adolescent vulnerability have focused on whether the normal development of this circuit 

may be vulnerable to disruption by stress [105,106] and drug exposure [88]. This is because 

the corticolimbic circuit is critically involved in modulating the stress response and is also 

particularly sensitive to the effects of stress [11,105]. Male and female rats differ in their 

vulnerability to exhibiting anxiety and depression-like behavior following adolescent stress 

[107]. For example, adolescent stress leads to depressive-like behavior (e.g., a reduction in 

sucrose preference) in female rats, but not in male rats [105]. The results are similar in 

humans, where episodes of interpersonal stress [44] and the cortisol response to this stress 

[108] are more strongly linked to internalizing symptoms and depression in adolescent girls.

Just as females are more vulnerable to stress during adolescence, they may also be more 

likely to exhibit lasting effects of early life stress. For example, females who had 

experienced early life stress had greater levels of cortisol during childhood (4.5 years old) 

and less rsFC between the ventromedial PFC and the left amygdala during adolescence [69]. 

This reduced ventromedial PFC-amygdala rsFC was associated with an increased number of 

anxious symptoms, particularly in females [69]. Therefore, females may be more vulnerable 

to the effects of early life stress on anxiety because of vulnerability within the left 

ventromedial PFC-amygdala pathway. It is not clear whether these results are limited to the 

left amygdala, as this study did not report data from the right hemisphere. Intriguingly, 

increased ventromedial PFC-amygdala rsFC was associated with an increased number of 

depressive symptoms, regardless of gender [69]. This suggests that there may be individual 

differences mediating how the adolescent ventromedial PFC-amygdala pathway responds to 

early life stress, with a decrease in rsFC leading to anxious symptoms in females and an 

increase in rsFC leading to depressive symptoms in both males and females. However, it is 

clear that regardless of the effects of ventromedial PFC-amygdala disruption on internalizing 

disorders, this pathway is more sensitive to disruption by stress in females.

The finding that the female PFC is more affected by stress has been corroborated in rodents. 

For example, female adults exhibited greater dendritic length and density on neurons 

projecting from the medial PFC to the BLA following repeated restraint stress [109]. Males, 

however, did not exhibit any changes along this pathway [110]. Moreover, this effect is 

mediated by hormones [11], as the effects of stress on medial PFC-BLA dendrites were 

attenuated when females in this study, all of whom had been ovariectomized, were not 

treated with estrogen [109]. It is likely that this sex difference in the effect of stress on PFC-

amygdala connections may be mediated by adolescent development, given the numerous sex 

differences in the development of both regions [4] and in the effects of stress on rsFC in 

humans [69]. Within the rodent PFC, the effect of prenatal stress on adolescent development 

differs between males and females. Prenatally stressed female rats exhibited less maturation 

of PFC dendrites by adulthood (no increase in dendritic complexity from P30/P56 to P90) 

but did not seem to be affected during adolescence [111]. Meanwhile, prenatally stressed 

males had a slight reduction in dendritic complexity during early adolescence (P30) that 

faded by adulthood [111]. Taken together, these findings suggest that stress may have larger 
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and more enduring effects on the PFC and its projections in females, though there is a need 

for additional studies.

Drugs of abuse, like stress, may have lasting effects on behaviors associated with the 

corticolimbic circuit [88]. Our lab has found that exposure to amphetamine during 

adolescence or adulthood, at doses beyond what typically would be used to treat attention 

deficit hyperactivity disorder, can have sex-specific effects on impulsivity later in life. In a 

recent study we trained rats that had been exposed to relatively high doses (3.0mg/kg) of 

amphetamine to withhold responding until a go-signal in order to obtain food. We found that 

males who had been exposed to amphetamine during adolescence, but not those exposed 

during adulthood, had modest impairments in inhibitory control [112], consistent with 

previous studies of PFC-related behavior from our lab [113-115], Meanwhile females that 

had been exposed to amphetamine during adulthood, but not during adolescence, had 

substantial impairments in inhibitory control [112]. Inhibitory control is tied to the function 

of the PFC, ventral striatum, and amygdala [36], so impairments in this measure may 

indicate that something in the corticolimbic circuit may have been affected by amphetamine. 

Therefore it would seem that adolescent exposure (P27-45) to drugs of abuse may have a 

greater effect on corticolimbic function and inhibitory control in males, despite females 

showing a much greater impairment following adult exposure. The lack of effect of 

amphetamine on inhibitory control in females exposed during adolescence is not consistent 

with what would be expected based on the epidemiological studies, where females are more 

likely to develop problems associated with adolescent drug use [26,116]. In addition, a 

recent human study has found that binge-drinking adolescent girls have greater reductions in 

neural activity and performance during a spatial working memory task, while boys were 

relatively resilient to the effects of ethanol exposure [117]. Therefore, females may be 

particularly vulnerable to disruption of development following alcohol use, but less 

vulnerable to amphetamine exposure.

Another study examined the effects of self-administering cocaine on operant responding for 

food or cocaine later in life. In this study, rats that had self-administered cocaine during 

adolescence, but not during adulthood, made more operant responses for food than rats who 

had learned to respond for food during adolescence, but this was not affected by sex [53]. 

The same was true of operant responding for cocaine later in life, as rats that had self-

administered cocaine during adolescence responded more for cocaine in adulthood than rats 

who had first received access to cocaine as adults. However, adolescent cocaine self-

administration had no effect on adult responding during periods of signaled non-availability 

for food or cocaine, suggesting that cocaine affected only reinforced responses. Though 

there is some evidence for sex-specific effects of early-life exposure to stimulants on 

inhibitory control, the evidence is lacking for sex-specific effects on perseverative 

responding and more work should be done to characterize sex differences in the response to 

other drugs of abuse, such as ethanol.

4.1. Challenges and opportunities in studying adolescent sex differences

Careful consideration should be given to task design when studying sex differences in 

adolescent behavior, as males and females may differ in their response to different 
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behavioral tasks and manipulations. Among humans, it has been proposed that males could 

be more interested in videogame-based tasks while females are more interested in social-

based tasks [118]. If this is true it would be difficult to know if sex differences in activation 

during a videogame-based task are genuine, or whether they are confounded by sex 

differences in the salience of the task. However, the lab that advanced this theory recently 

published a study looking at the effect of sex on feedback-related negativity (FRN) 

throughout adolescence (using a simple choice videogame) and found that the tendency 

toward greater FRN in males may actually reflect delayed maturation, rather than a sex 

difference in salience. This is because they found that FRN amplitude declines as children 

and adolescents mature [119]. Given the role of salience and task engagement in neural 

activation, future studies on sex differences in the salience of common elements of tasks, 

such as the use of monetary, food or social rewards, will help refine the assessment of sex 

differences in behavior and neural activation. In addition, researchers should consider using 

longitudinal, rather than cross-sectional, study designs as sex differences in task salience 

will have less of an effect in a within-subjects design.

Rodent studies should also consider whether there are sex differences in the motivational 

value of reinforcers. In particular, the effects of food restriction should be carefully 

considered. One study looking at extinction learning has demonstrated that adolescents 

responded more during extinction while food restricted, while adults were unaffected by 

food restriction [120]. This may be affected by sex, as well. While we have previously 

shown that food-restricted females (approximately 15% body weight loss) were substantially 

less impulsive than males food restricted to the same level [112], we have recently found 

that females made more premature responses than males when a milder food restriction 

method (no weight loss) is employed (Hammerslag and Gulley, unpublished results). We 

have also shown that female rats were less sensitive to the effects of satiety on extinction 

responding [57]. Therefore the method of food restriction used may have a large impact on 

behavioral findings in rodent studies with adolescent age increasing sensitivity, and female 

sex decreasing sensitivity, to the effects of food deprivation. However, a study on the effects 

of a cannabinoid on food-reinforced responding did not find any sex differences in the effect 

of food, though control females seemed to be less affected by food restriction than control 

males [121]. Another rat study has found that food restriction-induced increases in heroin 

intake are similar in males and females [122]. As there is not yet a consensus on whether 

and how sex and adolescence may interact to influence the response to food deprivation, 

researchers should take note of the method of food restriction employed in different studies, 

(e.g., body weight loss [57] or mild deprivation [123]) as this factor may influence results.

Another factor that needs to be considered is the influence of sex hormones. Researchers 

have noted that some of the regions with the largest sex differences in volume and gray 

matter in human studies, such as the amygdala and PFC, are also regions with high levels of 

sex steroid receptor expression in rodent studies [75,124,125]. In addition, a number of 

studies have shown a relationship between sex hormone levels and adolescent brain 

development [see for review: 123]. For example, one study in adolescent boys and girls 

found that high circulating testosterone levels predicted greater gray matter volume in the 

left amygdala, independent of Tanner stage [83]. Therefore, sex hormones may have an 

organizational effect on corticolimbic circuit development and this may be particularly 
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pronounced in areas with high levels of sex steroid receptors. This organizational effect is in 

addition to well documented activational effects of sex hormones on corticolimbic function 

and reward-related behavior in adult humans and rodents [see for review: 12,14,32]. One 

way to separate the organizational and activational effects of sex hormones is to compare 

animals that are gonadectomized during adulthood to those that are gonadectomized before 

puberty [13,127]. Using this approach, adult gonadectomy reveals the activational effects of 

sex hormones while differences between adult gonadectomy and pre-pubertal gonadectomy 

represent the organizational effects of hormones during puberty and adolescence. While 

some studies have examined subjects both pre- and post-puberty with regard to reward-

related behavior, few have examined pre-pubertal gonadectomy with regard to corticolimbic 

development [128,129]. Thus, opportunities exist to expand this field substantially in the 

coming years.

4.2. Need for future studies on sex differences in adolescent vulnerability

The studies we have reviewed present a compelling case for increasing research into the 

effects of sex on adolescent behavior and development. In addition to increasing the number 

of studies including females, efforts must be taken to examine the effects of sex in studies 

that include male and female subjects, even if this means increasing the number of subjects 

[98,99]. Indeed, a recent review of fMRI studies comparing adolescents and adults has 

demonstrated that the majority of studies on reward-related activation lack the power to 

examine sex differences [130]. Not only is it likely that sex differences in behavior and 

neural activation may be influencing error within mixed-sex groups, failing to design studies 

so that sex is included as a factor in analysis deprives us of valuable data that may help 

refine our theories of vulnerability. Thus, human and rodent studies that do not include sex 

as a factor may present results that are incomplete and care should be taken not to over-

generalize these studies.

4.3. Conclusion

In this review, we have highlighted a number of recent studies demonstrating sex differences 

in adolescent vulnerability, behavior, and development. Just as females are less likely to 

engage in risk taking or experiment with drugs, they are also more likely to develop 

problems with anxiety and depression and to develop problem drug use after 

experimentation. Current theories of adolescent vulnerability have proposed that adolescents 

are especially vulnerable to risky behavior, drug use, and internalizing disorders as a result 

of adolescent corticolimbic circuit development. Just as females differ from males in these 

behaviors, they also differ in the timing and trajectory of adolescent changes within the 

corticolimbic circuit. Therefore there may be a complex relationship between sex and the 

factors (e.g., developmental and behavioral) that contribute to adolescent vulnerability to 

substance use (Fig. 2). In adolescent boys, corticolimbic development predisposes them to 

risky, sensation-seeking behavior that then leads to increased drug experimentation and 

abuse (Fig. 2, blue filled arrows). In adolescent girls, stress has a greater effect on 

corticolimbic function and on the risk for developing internalizing disorders, this leads to 

greater vulnerability to problems associated with drug use (Fig. 2, red unfilled arrows). 

Thus, sex differences in behavior and corticolimbic development are often, but not always, 
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consistent with the dual systems and triadic theories of adolescent vulnerability to substance 

use.

The sex differences highlighted in this review suggest that future research into the factors 

influencing adolescent vulnerability to substance use must include some consideration of 

differences between males and females. Not only will these future studies help to expand our 

knowledge of gender-related disease vulnerability, they will also provide data that can be 

used to test and refine our models of adolescent vulnerability. This is because sex may affect 

both the inputs (e.g., corticolimbic circuit function and development) and the outputs (e.g., 

risk-taking behavior and disease vulnerability) of these models. We should therefore take 

advantage of the rapid expansion of research into sex differences as an opportunity to 

reexamine a number of models that were developed in male subjects.
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Highlights

• Male and female adolescents differ in depression and substance use 

vulnerability.

• There are also adolescent sex differences in risk-taking and sensation seeking.

• Corticolimbic (e.g., PFC, striatum, amygdala) development is sex-dependent.

• Sex differences in development and behavior may inform theories of 

vulnerability.
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Figure 1. 
Interaction between age and sex on natural reward behavior. (A) Number of trough entries 

during magazine training sessions for male (M) and female (F) adolescent and adult rats (n = 

10-12/group). (B) Approach behavior during acquisition of Pavlovian approach behavior. 

(C) Approach behavior following reward devaluation, calculated as a difference score: 

devaluation session CS+ approach – final conditioning session CS+ approach. (D) CS+ 

approach during extinction (left) and reacquisition (right). * p < 0.05, ** p < 0.01 and *** p 

< 0.001, vs. adolescent females; + p < 0.05 vs. adolescent males; # p < 0.05 vs. adult 

females; @ p < 0.05, @@ p < 0.01 and @@@ p < 0.001 vs. adult males. Figure adapted from 

data published in [57]
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Figure 2. 
Sex differences in adolescent vulnerability to developing substance abuse. Though 

adolescents are thought to be especially vulnerable to each of these pathways, red unfilled 

arrows indicate most influential pathways for adolescent girls and blue filled arrows indicate 

the most influential pathways for adolescent boys. Not included here is the hypothesized 

balance between amygdala and striatum function that has been suggested to govern the 

choice of approach versus avoidance and affects both internalizing disorders and substance 

abuse [see for review: 98].
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