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A B S T R A C T

This work in ​ves ​ti​gated the im​pact of heavy mar ​i​juana use dur ​ing ado ​les ​cence on emo ​tional func​tion ​ing, as well as the
brain func​tional me​di​a​tors of this ef ​fect. Par​tic​i​pants (n = 40) were re​cruited from the Michi​gan Lon ​gi​tu ​di​nal Study
(MLS). Data on mar ​i​juana use were col​lected prospec​tively be​gin ​ning in child ​hood as part of the MLS. Par​tic​i​pants
were clas ​si​fied as heavy mar ​i​juana users (n = 20) or con ​trols with min ​i​mal mar ​i​juana use. Two facets of emo ​tional
func​tion ​ing—neg ​a​tive emo ​tion ​al​ity and re​siliency (a self-reg ​u​la​tory mech ​a​nism)—were as ​sessed as part of the MLS
at three time points: mean age 13.4, mean age 19.6, and mean age 23.1. Func​tional neu ​roimag ​ing data dur ​ing an emo ​-
tion-arousal word task were col​lected at mean age 20.2. Neg​a​tive emo ​tion ​al​ity de​creased and re​siliency in ​creased
across the three time points in con ​trols but not heavy mar ​i​juana users. Com​pared with con ​trols, heavy mar ​i​juana users
had less ac​ti​va​tion to neg ​a​tive words in tem​po​ral, pre​frontal, and oc​cip ​i​tal cor ​tices, in ​sula, and amyg ​dala. Ac​ti​va​tion
of dor ​so​lat​eral pre​frontal cor ​tex to neg ​a​tive words me​di​ated an as ​so​ci​a​tion be​tween mar ​i​juana group and later neg ​a​-
tive emo ​tion ​al​ity. Ac​ti​va​tion of the cuneus/​lin ​gual gyrus me​di​ated an as ​so​ci​a​tion be​tween mar ​i​juana group and later
re​siliency. Re​sults sup​port grow ​ing ev ​i​dence that heavy mar ​i​juana use dur ​ing ado ​les ​cence af ​fects later emo ​tional out​-
comes.
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1. Introduction

Mar​i​juana is the most com​monly used il​licit drug in the United
States, with 36.4% of high school se​niors re​port​ing past-year use
(Miech et al., 2015). Re​cent trends show an in ​crease in mar ​i​juana use
cou ​pled with a sub​stan​tial de​crease in per ​cep ​tions of harm (Johnston
et al., 2014). This is con ​cern ​ing given the ad ​verse out​comes as ​so​ci​-
ated with mar ​i​juana use, in ​clud ​ing cog ​ni​tive im​pair ​ment, lower life​-
time achieve ​ment, and in ​creased risk for ad ​dic​tion (Hall, 2014;
Volkow et al., 2014). Ado​les ​cent mar ​i​juana users may be at par ​tic​u​lar
risk for ad ​verse out​comes. Com​pared to adult-on​set users, ado ​les ​-
cent-on​set mar ​i​juana users are more likely to ex ​pe​ri​ence symp​toms
of de​pen ​dence within two years of use on​set (Chen et al., 2009), are
at in ​creased risk of de​vel​op​ing other drug de​pen ​dence (Lynskey et
al., 2003), and show in ​creased deficits in ex ​ec​u​tive func​tion ​ing
(Fontes et al., 2011). Fur​ther ​more, stud​ies of brain func​tion ​ing dur ​ing
cog ​ni​tive tasks have demon ​strated dif ​fer ​ences in brain ac​ti​va​tion and
con ​nec​tiv ​ity in mar ​i​juana users com​pared with con ​trols (Abdullaev et
al., 2010; Harding et al., 2012; Padula et al., 2007; Schweinsburg et
al., 2008; Smith et al., 2010; Tapert et al., 2007), some of which are
more ap ​par ​ent in those with ado ​les ​cent-on​set use (Becker et al.,
2010; Gruber et al., 2012; Jager et al., 2010; Lopez-Larson et al.,
2015).

Of par ​tic​u​lar rel​e​vance to the pre​sent work is ev ​i​dence that mar ​i​-
juana use dur ​ing ado ​les ​cence may have long-last ​ing ef ​fects on emo
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tion (see re​view in Chadwick et al., 2013). Mar​i​juana use is of ​ten co-
mor ​bid with mood dis ​or ​ders (Stinson et al., 2006; Swadi and Bobier,
2003), and facets of neg ​a​tive af ​fec​tiv ​ity (e.g., neu ​roti​cism, symp​toms
of de​pres ​sion and anx ​i​ety) have been cor ​re​lated with mar ​i​juana use
among both adults (Degenhardt et al., 2001; Simons and Carey, 2002)
and ado ​les ​cents (Miller and Plant, 2002). Al​though it has been sug​-
gested that these as ​so​ci​a​tions may be ex ​plained by the use of mar ​i​-
juana as self-med ​ica​tion for de​pres ​sion and anx ​i​ety symp​toms (Green
and Ritter, 2000; Hooshmand et al., 2012), con ​sis​tent sup​port for this
in ​ter ​pre​ta​tion is lack ​ing (Degenhardt et al., 2003; Kandel and Chen,
2000). In ​deed, emerg ​ing ev ​i​dence sug​gests that early mar ​i​juana use
may con ​tribute to the de​vel​op​ment of de​pres ​sion and anx ​i​ety later in
life (Chen et al., 2002; Lev-Ran et al., 2014; Patton et al., 2002; van
Laar et al., 2007). This is sup​ported in an ​i​mal mod ​els, which have
demon ​strated that early ex ​po​sure to cannabi​noids dis ​rupts emo ​tional
processes and leads to later de​pres ​sive phe​no​types (Bambico et al.,
2010; Rubino et al., 2008) and in ​creased so​cial anx ​i​ety (O'Shea et al.,
2006; O'Shea et al., 2004; Quinn et al., 2008; Schneider et al., 2008).

Delta-9-tetrahy ​dro ​cannabi​nol (THC), the main psy​choac​tive com​-
po​nent of mar ​i​juana, binds to CB1 cannabi​noid re​cep ​tors in the brain.
En ​doge​nous cannabi​noids are in ​volved in the reg ​u​la​tion of emo ​tional
re​sponses, in ​clud ​ing mood, anx ​i​ety, and ag ​gres ​sion (Martin et al.,
2002), and lab ​o​ra​tory stud​ies sup​port an acute im​pact of THC on
mood and emo ​tion (McDonald et al., 2003). CB1 re​cep ​tor ex ​pres ​sion
is high ​est dur ​ing ado ​les ​cence, drop ​ping there​after into adult​hood
with the most pro​nounced de​creases ob​served in lim​bic re​gions crit​i​-
cally in ​volved in emo ​tion reg ​u​la​tion (Heng et al., 2011). Thus, ado ​-
les ​cent ex ​po​sure to THC may have last ​ing con ​se​quences on the de​-
vel​op​ing brain that specif ​i​cally im​pact the reg ​u​la​tion of emo ​tion.
Some sup
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port for this comes from struc​tural imag ​ing stud​ies show ​ing vol​u​met​-
ric dif ​fer ​ences in ado ​les ​cent mar ​i​juana users com​pared with con ​trols
in lim​bic re​gions, in ​clud ​ing the amyg ​dala, hip ​pocam​pus, and in ​sula
(Ashtari et al., 2011; Lopez-Larson et al., 2011; McQueeny et al.,
2011). For ex ​am​ple, larger amyg ​dala vol​umes were ob​served in fe​-
male mar ​i​juana users com​pared with con ​trols, which was fur ​ther as ​-
so​ci​ated with de​pres ​sion and anx ​i​ety symp​toms (McQueeny et al.,
2011). Other work has ob​served that mar ​i​juana users have dif ​fer ​ences
in cere​bral blood flow and rest​ing con ​nec​tiv ​ity com​pared with con ​-
trols in brain re​gions in ​volved in emo ​tion, in ​clud ​ing the in ​sula and
tem​po​ral cor ​tex (Jacobus et al., 2012; Pujol et al., 2014).

To ​gether, the ev ​i​dence sup​ports an as ​so​ci​a​tion be​tween mar ​i​juana
use dur ​ing ado ​les ​cence and an al​ter ​ation of the neural sys ​tems sup​-
port​ing emo ​tion reg ​u​la​tion. How ​ever, to date only one study has in ​-
ves ​ti​gated the ef ​fects of mar ​i​juana use on brain func​tion ​ing dur ​ing an
emo ​tion task. This study of adult heavy mar ​i​juana smok​ers found de​-
creases in an ​te​rior cin ​gu​late and amyg ​dala ac​ti​va​tion dur ​ing the
view ​ing of masked af ​fec​tive faces, sug​gest​ing a dif ​fer ​ence in the way
mar ​i​juana users process emo ​tional in ​for ​ma​tion (Gruber et al., 2009).
To date, no stud​ies have in ​ves ​ti​gated how the use of mar ​i​juana
specif ​i​cally dur ​ing ado ​les ​cence im​pacts these processes; thus, one
goal of the cur ​rent study was to ad ​dress this gap by in ​ves ​ti​gat​ing
brain func​tion ​ing dur​ing emo ​tion arousal in 17–22 year-old heavy
mar ​i​juana smok​ers who be​gan their use ear ​lier in ado ​les ​cence. Fur​-
ther ​more, al​though there is ev ​i​dence for a prospec​tive re​la​tion ​ship
be​tween early mar ​i​juana smok​ing and later neg ​a​tive emo ​tion ​al​ity
(Chen et al., 2002; Lev-Ran et al., 2014; Patton et al., 2002; van Laar
et al., 2007), the lit​er ​a​ture re​gard ​ing the in ​ter ​me​di​ary brain processes
in this re​la​tion ​ship has been less clear. The work re​viewed above has
been cross-sec​tional, and con ​se​quently, in ​fer ​ences can ​not be made re​-
gard ​ing causal re​la​tion ​ships among his ​tory of mar ​i​juana use, brain
func​tion ​ing, and neg ​a​tive af ​fect. There​fore, this study uses a prospec​-
tive de​sign to bet​ter ad ​dress the na​ture of the re​la​tion ​ship and to in ​-
ves ​ti​gate whether emo ​tion-re​lated brain func​tion in late ado ​les ​cence/ ​
emerg ​ing adult​hood me​di​ates a re​la​tion ​ship be​tween prior mar ​i​juana
use and later emo ​tional func​tion ​ing.

We in ​ves ​ti​gate two facets of emo ​tional func​tion ​ing, which are
grounded in the tem​pera​ment and per ​son​al​ity lit​er ​a​ture—neg ​a​tive
emo ​tion ​al​ity and re​siliency (Eisenberg et al., 2000; Eisenberg et al.,
1997a; Eisenberg et al., 1997b; Eisenberg and Spinrad, 2004;
Eisenberg et al., 2003). Neg​a​tive emo ​tion ​al​ity is the propen ​sity to ex ​-
pe​ri​ence de​pressed mood, anx ​i​ety, and ir ​ri​ta​ble anger. Re​siliency is
the abil​ity to flex ​i​bly adapt one's level of con ​trol—in ei​ther di​rec​tion
—in re​sponse to the de​mands of the en ​vi​ron ​ment. It in ​volves
thought​ful, de​lib ​er ​ate con ​trol of be​hav ​ior in chal​leng ​ing or stress ​ful
cir ​cum​stances and freer ex ​pres ​sion in cir ​cum​stances where it is ap ​-
pro ​pri​ate (Eisenberg et al., 2000; Eisenberg et al., 1997a; Eisenberg et
al., 1997b; Eisenberg and Spinrad, 2004; Eisenberg et al., 2003). This
type of self-reg ​u​la​tion is a crit​i​cal as ​pect of emo ​tional reg ​u​la​tion
(Eisenberg et al., 2010; Eisenberg and Sulik, 2012). Note that the
con ​struct of re​siliency is not di​rectly re​lated to the idea of re​silience
to ad ​ver ​sity. Rather, re​siliency has its con ​cep ​tual roots in the tem​-
pera​ment-based work of the Blocks (e.g., Block and Block, 1980b),
who iden ​ti​fied the re​lated con ​struct of ego re​siliency.

Us ​ing a prospec​tive, lon ​gi​tu ​di​nal de​sign, we in ​ves ​ti​gate neg ​a​tive
emo ​tion ​al​ity and re​siliency mea​sured at three time points: (1) at the
ap ​prox ​i​mate age when the heavy mar ​i​juana smok​ers ini​ti​ated use
(age 13, on av ​er ​age); (2) within one year prior to par ​tic​i​pa​tion in the
func​tional mag ​netic res ​o​nance imag ​ing (fMRI) study of emo ​tion
arousal (age 20, on av ​er ​age); and (3) ap ​prox ​i​mately three years af ​ter

ba​sis from age 11 up to the time of par ​tic​i​pa​tion in the fMRI study.
This de​sign al​lows us to in ​ves ​ti​gate the im​pact of mar ​i​juana use dur ​-
ing ado ​les ​cence on the de​vel​op​ment of neg ​a​tive emo ​tion ​al​ity and re​-
siliency and on emo ​tion-re​lated brain func​tion, and to in ​ves ​ti​gate
whether emo ​tion-re​lated brain func​tion me​di​ates a re​la​tion ​ship be​-
tween prior mar ​i​juana use and later emo ​tional func​tion ​ing.

2. Materials and methods

2.1. Participants

Forty par ​tic​i​pants were se​lected from an on​go​ing fMRI study of
ado ​les ​cents and young adults re​cruited from the Michi​gan Lon ​gi​tu ​di​-
nal Study (MLS). The MLS is an on​go​ing, prospec​tive com​mu ​nity-
re​cruited study of fam​i​lies with parental al​co ​hol use dis ​or ​der (AUD)
along with a con ​trast sam​ple of fam​i​lies with​out AUD drawn from
the same neigh ​bor ​hoods (Zucker et al., 1996; Zucker et al., 2000). All
par ​ent di​ag ​noses were as ​cer ​tained by a clin ​i​cal psy​chol​o​gist based on
Di​ag ​nos ​tic In ​ter ​view Sched ​ule – Ver​sion 4 (Robins et al., 2000) and
es ​tab ​lished at time of re​cruit​ment and via mul​ti​ple face-to-face di​ag ​-
nos ​tic as ​sess​ments of the par ​ents over the course of the youth's life.
Fam​i​lies in which the tar ​get off ​spring ex ​hib ​ited signs of fe​tal al​co ​hol
syn​drome (FAS) were ex ​cluded from the orig ​i​nal as ​cer ​tain ​ment. Ex ​-
clu ​sion​ary FAS char ​ac​ter ​is ​tics in ​cluded pre​na​tal or post​na​tal growth
re​tar ​da​tion or both, cen ​tral ner ​vous sys ​tem in ​volve​ment, and char ​ac​-
ter ​is ​tic fa​cial dys ​mor ​phol​ogy (Loukas et al., 2001; Sokol and Clarren,
1989). From the time of en ​roll​ment, all fam​ily mem​bers are as ​sessed
at 3-year in ​ter ​vals with an ex ​ten ​sive psy​choso ​cial bat​tery of mea​sures
as ​sess​ing tem​pera​ment, be​hav ​ioral symp​to ​ma​tol​ogy, IQ, school per ​-
for ​mance, so​cial in ​ter ​ac​tion, etc. Dur​ing the 11–26 year-old pe​riod,
all off ​spring are also as ​sessed an ​nu​ally on sub​stance use and prob ​-
lems. Full de​tails on the prospec​tive as ​sess​ment and data col​lec​tion
pro ​to ​col in the MLS can be found else ​where (Zucker et al., 1996).

One hun​dred and thirty 17–22 year old off ​spring from the MLS
have com​pleted an emo ​tion arousal task dur ​ing fMRI (de​scribed be​-
low). Ex ​clu ​sion​ary cri​te​ria for the fMRI study in ​cluded neu ​ro ​log ​i​cal,
acute, un​cor ​rected, or chronic med ​ical ill​ness, cur ​rent or re​cent
(within 6 months) treat​ment with cen ​trally ac​tive med ​ica​tions, or his ​-
tory of psy​chosis in first-de​gree rel​a​tives. The pres ​ence of most ac​-
tive pri​mary Axis I dis ​or ​ders was also ex ​clu ​sion​ary; this did not in ​-
clude un​med ​icated mood and anx ​i​ety dis ​or ​ders, an ​ti​so​cial per ​son​al​ity
dis ​or​der, or sub​stance use dis ​or ​der. These were al​lowed be​cause their
ex ​clu ​sion would pref ​er ​en ​tially elim​i​nate part of the phe​nom​ena of in ​-
ter ​est. Di​ag ​no​sis was de​ter ​mined us ​ing the Di​ag ​nos ​tic In ​ter ​view
Sched ​ule-Child (Costello et al., 1984) for par ​tic​i​pants un​der the age
of 18 and the Di​ag ​nos ​tic In ​ter ​view Sched ​ule-Ver​sion IV for par ​tic​i​-
pants 18 and older (Robins et al., 2000). All par ​tic​i​pants were right-
handed as de​ter ​mined with the Ed ​in ​burgh Hand ​ed ​ness In ​ven ​tory
(Oldfield, 1971).

Par​tic​i​pants were told to ab ​stain from al​co ​hol and il​licit sub​-
stances/​recre​ational drugs for 48 h prior to scan​ning. Par​tic​i​pants
were given a multi-drug 5-panel urine screen be​fore scan​ning. Be​-
cause THC metabo ​lites are de​tectible in urine for a week or longer, if
a par ​tic​i​pant tested pos ​i​tive for mar ​i​juana, we re​lied on self-re​port re​-
gard ​ing ab ​sti​nence in the 2 days prior to the study; in this case, re​port
of mar ​i​juana use in the prior 48 h was ex ​clu ​sion​ary. Three par ​tic​i​-
pants in ​cluded in this study tested pos ​i​tive for mar ​i​juana (see Table
1). All analy ​ses were per ​formed with​out the three par ​tic​i​pants who
tested pos ​i​tive for mar ​i​juana and re​sults were sub​stan​tively the same.

Study ma​te​ri​als and pro ​ce​dures were ap ​proved by the Uni​ver ​sity
of Michi​gan Med​ical School In ​sti​tu ​tional Re​view Board. All par ​tic​i​-
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par ​tic​i​pa​tion in the fMRI study (age 23, on av ​er ​age). In ​for ​ma​tion on
oc​ca​sions of mar ​i​juana use was col​lected prospec​tively on an an ​nual

pants over the age of 18 pro ​vided writ​ten in ​formed con ​sent af ​ter ex
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Table 1
De​mo ​graphic, sub​stance use, and emo ​tional func​tion ​ing vari​ables.

Controls
(n = 20)

Heavy
Users
(n = 20)

All
Subjects
(n = 40)

Group
Comparison
Statistics

Females n = 6 n = 8 n = 14 p = .741
Age 20.51

(1.26)
19.84 (1.45) 20.17

(1.38)
t(38) = 1.57
p = .124

Family History AUD
– parent lifetime

n = 17 n = 15 n = 32 p = .695

Family History AUD
– child's lifetime

n = 14 n = 14 n = 28 p = 1.000

Full Scale IQ 109.69
(11.00)

104.78
(8.92)

107.17
(10.16)

t(35) = 1.50
p = .144

Substance use measures
 Lifetime marijuana
occasions

2.19
(2.85)

618.12
(430.41)

310.15
(433.05)

Z = 5.45
p < .001

 Age first marijuana 17.7
(2.5)

13.4 (2.7) 15.0 (3.33) Z = 3.66
p < .001

 Marijuana
frequency/year

0.9 (1.4) 112.1 (84.4) 56.5 (81.5) Z = 5.45
p < .001

 Positive drug screen
(marijuana)

n = 0 n = 3 n = 3 p = .231

 Age first drink 14.4
(3.4)

13.4 (2.0) 13.9 (2.78) t(38) = 1.16
p = .253

 Drinks per year 357.4
(230.84)

466.0
(303.00)

411.7
(271.51)

t(38) = 1.28
p = .210

 Binge drink
occasions/year

24.0
(30.80)

38.8 (45.94) 32.2
(39.51)

Z = 1.00
p = .327

 Lifetime smoker n = 16 n = 15 n = 31 p = 1.000
 Current smoker n = 6 n = 7 n = 13 p = 1.000
DSM diagnosis
 Antisocial personality
disorder

n = 4 n = 7 n = 11 p = .480

 Mood or anxiety
disorders

n = 4 n = 6 n = 10 p = .716

 Alcohol use disorder n = 3 n = 7 n = 10 p = .273
 Marijuana use
disorder

n = 0 n = 4 n = 4 p = .106

 Nicotine dependence n = 1 n = 3 n = 4 p = .605
 Other drug use
disorder

n = 0 n = 1 n = 1 p = 1.000

 Any disorder n = 8 n = 10 n = 18 p = .516
Q-sort
 Initiation – Age 13.4 (1.3)
  Resiliency 5.63

(0.93)
5.84 (1.01) 5.63 (0.96) t(38) = 0.669

p = .507
  Negative
emotionality

4.01
(1.29)

4.42 (1.30) 4.01 (1.29) t(38) = 1.005
p = .321

 Scan – Age 19.6 (2.3)
  Resiliency 6.32

(1.09)
5.39 (0.81) 6.33 (1.09) t(38) = 3.09

p = .004
  Negative
emotionality

3.88
(1.19)

4.83 (0.92) 3.88 (1.19) t(38) = 2.84
p = .007

 Follow-up – Age 23.0 (1.5)
  Resiliency 7.14

(0.80)
5.96 (1.21) 6.62 (1.15) t(30) = 3.31

p = .002
  Negative
emotionality

3.12
(0.92)

4.24 (1.18) 3.61 (1.17) t(30) = 3.00
p = .005

Significant differences are denoted in bold.
a 2-sided Fisher's Exact Test.
b Wechsler Intelligence Scale (n = 37; data missing for 2 controls and 1 heavy user).
c Mann–Whitney U test.
d n = 12.

pla​na​tion of the ex ​per ​i​men ​tal pro ​to ​col. Par​tic​i​pants un​der the age of
18 signed their as ​sent to par ​tic​i​pate in the study and at least one par ​-
ent gave writ​ten in ​formed con ​sent.

mar ​i​juana use and emo ​tional func​tion ​ing were col​lected prospec​-
tively be​gin ​ning in child ​hood as part of the MLS. Func​tional neu ​-
roimag ​ing data were col​lected at one time point (be​tween the ages of
17 and 22). Of the 130 MLS off ​spring in the fMRI study, 15% re​-
ported heavy mar ​i​juana use (>100 life​time oc​ca​sions) up un​til the age
of par ​tic​i​pa​tion in the fMRI study. These par ​tic​i​pants com​prised the
heavy mar ​i​juana user group (n = 20). We matched 20 con ​trols with
min ​i​mal (1–10 life​time oc​ca​sions) or no mar ​i​juana use to the heavy
mar ​i​juana user group. Be​cause mar ​i​juana use is highly co ​mor ​bid with
al​co ​hol and other drug use (Degenhardt et al., 2001; Kandel et al.,
2001; Martin et al., 1996), we took steps to re​duce the po​ten ​tial con ​-
found of other sub​stance use by iden ​ti​fy ​ing con ​trols with sim​i​lar al​-
co ​hol and nico ​tine use pro ​files as the heavy mar ​i​juana users. No
heavy mar ​i​juana users re​ported con ​sum​ing fewer than 100 life​time
drinks; there​fore, <100 life​time drinks was ex ​clu ​sion​ary for the con ​-
trol group. From the re​main ​ing par ​tic​i​pants, 20 con ​trols were in ​di​vid ​-
u​ally matched to the heavy mar ​i​juana group based on age at the time
of the fMRI scan (within 1 year) and parental AUD dur ​ing the par ​tic​-
i​pan ​t's life​time. Binge drink ​ing his ​tory, smok​ing sta​tus, and gen ​der
were matched across groups as closely as pos ​si​ble. See Table 1 for
de​mo ​graphic, sub​stance use, and di​ag ​nos ​tic char ​ac​ter ​is ​tics for the fi​-
nal con ​trol group (n = 20) com​pared with the heavy mar ​i​juana user
group (n = 20).

2.2. Measures

2.2.1. Substance use
Be​tween ages 6 and 10, al​co ​hol and drug use was as ​sessed at 3-

year in ​ter ​vals with a health and daily liv ​ing ques ​tion ​naire as part of
the MLS. Specif ​i​cally, chil​dren were asked if they ever used mar ​i​-
juana, had more than a sip of al​co ​hol, smoked cig ​a​rettes, or used
other drugs. If yes, the age at which this oc​curred and quan ​tity/​fre​-
quency of use were recorded. Be​gin ​ning at age 11, sub​stance use was
as ​sessed an ​nu​ally us ​ing the self-re​port Drink ​ing and Drug His​tory
Form for Chil​dren (Zucker and Fitzgerald, 1994). This form pro ​vides
mea​sures of quan ​tity and fre​quency of al​co ​hol and nico ​tine use and
fre​quency of mar ​i​juana and other il​licit drug use.

2.2.2. Emotional functioning
The Cal​i​for ​nia Q-Sort (Block and Block, 1980a) is an ex ​am​iner-

rated mea​sure that per ​mits the ob​server to sys ​tem​at​i​cally de​scribe the
sub​jec​t's per ​son​al​ity and func​tion ​ing with a stan​dard ​ized lan ​guage. It
is col​lected at 3-year in ​ter ​vals as part of the MLS be​gin ​ning at ages
6–8. It is com​pleted by clin ​i​cally-trained as ​ses​sors fol​low ​ing a 3–4 h
ses​sion with the sub​ject (Shedler and Block, 1990). Specif ​i​cally, 100
state​ments that por ​tray a va​ri​ety of be​hav ​ioral adap ​ta​tions are placed
in a forced-choice, nine-cat​e​gory nor ​mal dis ​tri​b​u​tion by as ​sign​ing
rank ​ings to the state​ments, rang ​ing from 1 (least de​scrip ​tive of the
sub​ject) to 9 (most de​scrip ​tive). Scores for neg ​a​tive emo ​tion ​al​ity and
re​siliency were de​rived from the Q-Sort based on Eisenberg et al.
(2003). Neg​a​tive emo ​tion ​al​ity is the propen ​sity to ex ​pe​ri​ence de​-
pressed mood, anx ​i​ety, and ir ​ri​ta​ble anger. The neg ​a​tive emo ​tion ​al​ity
sub​scale is based on 11 items with sam​ple state​ments in ​clud ​ing:
“fear ​ful/​anx​ious,” “brood/​worry” and “cries eas ​ily.” Re​siliency is the
abil​ity to flex ​i​bly adapt one's level of con ​trol in re​sponse to the en ​vi​-
ron ​ment. The re​siliency sub​scale is based on 23 items with sam​ple
state​ments in ​clud ​ing: “re​sponds to rea​son,” “re​sponds to hu​mor” and
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The fo ​cus of the cur ​rent work is to in ​ves ​ti​gate the im​pact of a his ​-
tory of mar ​i​juana use dur ​ing ado ​les ​cence on emo ​tional func​tion ​ing
and brain func​tional me​di​a​tors of this ef ​fect. In ​for ​ma​tion re​gard ​ing

“cu ​ri​ous/​ex​plor ​ing.” Con​sis​tent with prior work (Eisenberg et al.,
1996), both neg ​a​tive emo ​tion ​al​ity and re​siliency had ad ​e​quate in ​ter ​-
nal con ​sis​tency (Cron ​bach's α = .88 and .70, re​spec​tively). Lower
scores on neg ​a​tive emo ​tion ​al​ity and higher scores on re​siliency in ​di​-
cate more adap ​tive traits.
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Q-Sort scores from three time pe​ri​ods were of in ​ter ​est in the pre​-
sent study: (1) scores col​lected clos ​est to the time of first mar ​i​juana
use in the heavy user group (“ini​ti​a​tion”—mean age 13.4 ± 1.3); (2)
most re​cent scores be​fore the time of fMRI scan (“scan”—mean age
19.6 ± 2.3); and (3) scores col​lected at least 1 year af ​ter the fMRI
scan (“fol​low-up”—mean age 23.1 ± 1.6). Fol​low-up scores were
avail​able for 32 par ​tic​i​pants (heavy users n = 14; con ​trols n = 18). A
Fish​er's ex ​act test (2-sided) did not re​veal a sig​nif ​i​cant dif ​fer ​ence be​-
tween groups on like​li​hood of avail​able fol​low-up data (p = .235).

2.2.3. fMRI paradigm
Emo ​tion pro ​cess ​ing was probed us ​ing an emo ​tion-arousal word

task (Glaser et al., 2014; Heitzeg et al., 2008; Hsu et al., 2010; Hsu et
al., 2012; Mickey et al., 2011). Words were se​lected from the Af​fec​-
tive Norms for Eng ​lish Words (Bradley and Lang, 1999), which pro ​-
vides norms for two di​men ​sions (va​lence and arousal) on scales of
1–9. For va​lence, 1 in ​di​cates neg ​a​tive and 9 in ​di​cates pos ​i​tive; for
arousal, 1 in ​di​cates low and 9 in ​di​cates high. Thirty-six words were
se​lected based on pub​lished va​lence and arousal norms (Bradley and
Lang, 1999) for three con ​di​tions: neg ​a​tive (va​lence < 3, arousal > 5;
e.g., war, dan​ger, gloom, ugly), neu ​tral (4.5 < va​lence < 5.5,
arousal > 2; e.g., time, table, lawn, pen ​cil), and pos ​i​tive (va​lence > 7,
arousal > 5; e.g., soft, hope, bright, love).

Words were pre​sented in a blocked de​sign. Each block had 6 tri​als
(sin​gle word pre​sen​ta​tions) last ​ing 4 s: 3 s of stim​u​lus-on and 1 s of
stim​u​lus-off (dur ​ing which a fix ​a​tion mark ap ​peared in the mid ​dle of
the screen). For each trial, par ​tic​i​pants were in ​structed to press a but​-
ton if they un​der ​stood the word. Af​ter each block, par ​tic​i​pants were
in ​structed to re​lax and con ​tinue look ​ing at a blank screen for 18 s.
There were 3 runs, each with 6 blocks—2 blocks of each con ​di​tion
(pos ​i​tive, neg ​a​tive, neu ​tral)—coun ​ter ​bal​anced us ​ing a Latin Squares
de​sign, for a to ​tal of 6 blocks (36 words) per con ​di​tion across the en ​-
tire ex ​per ​i​ment. The task lasted 12 min and 36 s.

Af​ter the scan, par ​tic​i​pants com​pleted a ques ​tion ​naire on 54
words, 36 of which had been pre​sented in the scan​ner. Equal num​bers
of words were in ​cluded across con ​di​tions (pos ​i​tive, neg ​a​tive, and
neu ​tral). For each word, par ​tic​i​pants were in ​structed to iden ​tify
whether they rec​og​nized the word as be​ing from the scan​ner task and
also rate its emo ​tional va​lence and arousal on 9-point scales iden ​ti​cal
to that of the Af​fec​tive Norms for Eng ​lish Words (Bradley and Lang,
1999). Two mem​ory met​rics were cal​cu ​lated from this ques ​tion ​naire:
(1) Recog ​ni​tion per ​for ​mance for each word type was cal​cu ​lated by
ad ​just​ing hit rate (p) with false alarm rate (fp) us ​ing the for ​mula
(p − fp)/(1 − fp) (Epstein et al., 2006); and (2) Mem​ory bias was cal​-
cu ​lated by sub​tract​ing recog ​ni​tion per ​for ​mance for neu ​tral words
from that for neg ​a​tive words and for pos ​i​tive words. One par ​tic​i​pant
from the con ​trol group did not com​plete more than 80% of the va​-
lence rat​ings and two par ​tic​i​pants did not com​plete more than 80% of
the arousal rat​ings; there​fore, their data are not in ​cluded in analy ​ses.

2.2.4. fMRI data acquisition
Par​tic​i​pants were scanned on a 3.0T GE Signa scan​ner (GE

Health​care) us ​ing a T2*-weighted sin​gle-shot com​bined spi​ral in/​out

2.3. Data analysis

2.3.1. Group comparisons
In ​de​pen ​dent sam​ples t-tests (con ​trols vs. heavy mar ​i​juana users)

were com​puted for nor ​mally-dis ​trib ​uted de​mo ​graphic and sub​stance
use (drinks per year and age of first drink) vari​ables. For data with
skewed (age of first mar ​i​juana use and binge drink oc​ca​sions per
year) or bi​modal (life​time mar ​i​juana use oc​ca​sions and mar ​i​juana fre​-
quency per year) dis ​tri​b​u​tions, in ​de​pen ​dent-sam​ples Mann–Whit​ney
U tests were used to test for group dif ​fer ​ences. Fish​er's ex ​act tests
were com​puted for the cat​e​gor ​i​cal vari​ables. Mixed-ef ​fects ANOVAs
were com​puted for recog ​ni​tion, mem​ory bias, va​lence, and arousal
mea​sures with word type (pos ​i​tive, neg ​a​tive, neu ​tral) as a within-sub​-
jects fac​tor and group as a be​tween-sub​jects fac​tor.

To de​ter ​mine whether tra​jec​to ​ries of emo ​tional func​tion ​ing dif ​-
fered be​tween groups, mixed-ef ​fects ANOVAs were used, with time
point (ini​ti​a​tion, scan, fol​low-up) as a within-sub​jects fac​tor and
group as a be​tween-sub​jects fac​tor. Tests of within-sub​jects con ​trasts
in ​ves ​ti​gated lin ​ear and qua​dratic trends in the data across the time
points. Post hoc t-tests in ​ves ​ti​gated group dif ​fer ​ences at each time
point, us ​ing Bon​fer ​roni cor ​rec​tion for 6 com​par ​isons (3 time points
each for re​siliency and neg ​a​tive emo ​tion ​al​ity; α = .008). Re​siliency
and neg ​a​tive emo ​tion ​al​ity data were nor ​mally dis ​trib ​uted at each time
point (kur ​to ​sis and skew ​ness > −1.0 and < 1.0) and did not vi​o​late as ​-
sump​tions of ho​mo ​gene​ity of vari​ance (Lev ​ene's test p's > .07) or
spheric​ity of the co ​vari​ance ma​trix (Mauch ​ley's test p's > .27).

2.3.2. fMRI data preprocessing
Func​tional im​ages were re​con ​structed us ​ing an it​er ​a​tive al​go​rithm

(Fessler et al., 2005). Runs ex ​ceed ​ing 2 mm trans ​la​tion or 2° ro ​ta​tion
in any di​rec​tion were re​moved. In the cur ​rent sam​ple, 4 runs (3.3%)
were re​moved due to mo ​tion (heavy mar ​i​juana users: 2 runs; con ​-
trols: 2 runs). For the re​main ​ing data, sub​ject head mo ​tion was cor ​-
rected us ​ing FSL 5.0.2.2 (Analy ​sis Group, FM ​RIB, Ox​ford, United
King​dom) (Jenkinson et al., 2002). Slice tim​ing cor ​rec​tions, nor ​mal​-
iza​tion, and smooth ​ing were con ​ducted in SPM8 (Well​come De​part​-
ment of Imag ​ing Neu​ro ​science, Lon ​don, UK). Func​tional im​ages
were spa​tially nor ​mal​ized to the Mon​treal Neu​ro ​log ​i​cal In ​sti​tute
(MNI) tem​plate and smoothed with a 6 mm full-width half-max ​i​mum
Gauss ​ian spa​tial smooth ​ing ker ​nel to im​prove sig​nal-to-noise ra​tio
and ac​count for dif ​fer ​ences in anatomy. Low fre​quency noise was re​-
moved with a high-pass fil​ter (128 s).

2.3.3. Individual subject statistical maps
In ​di​vid ​ual analy ​ses were com​pleted us ​ing a gen ​eral lin ​ear model.

Neg​a​tive, neu ​tral, and pos ​i​tive words were mod ​eled sep​a​rately with
the canon ​i​cal he​mo ​dy ​namic re​sponse func​tion. Six mo ​tion pa​ra​me​-
ters and white mat​ter sig​nal in ​ten ​sity were mod ​eled as nui​sance re​-
gres ​sors to re​move resid ​ual mo ​tion ar ​ti​facts and cap ​ture non-task-re​-
lated noise, re​spec​tively. Two con ​trasts of in ​ter ​est were mod ​eled:
neg ​a​tive words vs. neu ​tral words (NEG) and pos ​i​tive words vs. neu ​-
tral words (POS).
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se​quence (Glover and Law, 2001; rep ​e​ti​tion time [TR] = 2000 ms;
echo time [TE] = 30 ms; flip an ​gle = 90°; field of view
[FOV] = 200 mm; 64 × 64 ma​trix; in plane res ​o​lu ​-
tion = 3.12 × 3.12 mm; slice thick ​ness = 4 mm). In ad ​di​tion, a high-
res ​o​lu ​tion anatom​i​cal T1-weighted scan was ob​tained (TR = 25 ms;
min ​i​mum TE; FOV = 25 cm; 256 × 256 ma​trix; slice thick ​-
ness = 1.4 mm). Mo​tion was min ​i​mized with foam padding around
the head and par ​tic​i​pants were in ​structed on the im​por ​tance of re​-
main ​ing still be​fore the ses​sion and be​tween blocks.

2.3.4. fMRI group analyses
In ​de​pen ​dent sam​ples t-tests were con ​ducted in SPM8 to de​tect

dif ​fer ​ences in brain ac​ti​va​tion to emo ​tional stim​uli be​tween heavy
mar ​i​juana users and con ​trols. Type I er ​ror was con ​trolled at α = .05
by es ​tab ​lish ​ing the sta​tis ​ti​cal sig​nif ​i​cance thresh ​old at p < .005, un​-
cor ​rected for mul​ti​ple com​par ​isons, with a 77 voxel ex ​tent, based on
sim​u​la​tion re​sults gen ​er ​ated by Al​phaSim in AFNI (Cox, 1996). Av ​-
er ​age beta weights from eight clus ​ters show ​ing a sig​nif ​i​cant dif ​fer
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ence be​tween groups (see Sec​tion 3.3 and Table 3) were ex ​tracted us ​-
ing Mars ​BaR (Brett et al., 2002) and im​ported into IBM SPSS Sta​tis ​-
tics v22 (IBM Cor​po​ra​tion, 2013) for fur ​ther analy ​sis.

In ad ​di​tion, amyg ​dala ac​ti​va​tion was ex ​am​ined based on a prior
study of mar ​i​juana use and emo ​tional pro ​cess ​ing (Gruber et al.,
2009). A mask of left and right amyg ​dala was cre​ated us ​ing the au ​to ​-
mated anatom​i​cal la​bel​ing at​las (Tzourio-Mazoyer et al., 2002) in
Wake For​est Uni​ver ​sity Pick​at​las (Maldjian et al., 2003, 2004). A
thresh ​old of p < .05 was used.

2.3.5. Regression and mediation
Par​tial cor ​re​la​tions were con ​ducted in SPSS be​tween re​gions with

sig​nif ​i​cant group dif ​fer ​ences and: (1) emo ​tional func​tion ​ing (i.e., re​-
siliency and neg ​a​tive emo ​tion ​al​ity) at the time of scan (con ​trol​ling
for emo ​tional func​tion ​ing at age of ini​ti​a​tion) and (2) emo ​tional func​-
tion ​ing at fol​low-up (con ​trol​ling for emo ​tional func​tion ​ing at time of
scan). Sig​nif ​i​cance was es ​tab ​lished at α = .005 (Bon​fer ​roni-cor ​rected
for mul​ti​ple com​par ​isons across 10 brain re​gions – see Table 3).

Re​gions with sig​nif ​i​cant par ​tial cor ​re​la​tions with fol​low-up emo ​-
tional func​tion ​ing (con ​trol​ling for emo ​tional func​tion ​ing at the time
of the scan) were in ​cluded in me​di​a​tion analy ​ses. To in ​ves ​ti​gate the
hy​poth ​e​sis that heavy mar ​i​juana use is re​lated to less adap ​tive out​-
comes through ef ​fects on emo ​tion arousal cir ​cuitry, a bias-cor ​rected
boot​strapped in ​di​rect ef ​fect analy ​sis was con ​ducted us ​ing an SPSS
macro (Preacher et al., 2007). Group (heavy mar ​i​juana users or con ​-
trols) was the in ​de​pen ​dent vari​able, brain ac​ti​va​tion dur ​ing emo ​tion
arousal was the me​di​a​tor, and fol​low-up emo ​tional func​tion ​ing was
the de​pen ​dent vari​able. Emo ​tional func​tion ​ing at the time of the scan
was in ​cluded as a co ​vari​ate. Boot​strap ​ping (10,000 re​sam​ples) was
per ​formed to de​ter ​mine bias-cor ​rected 95% con ​fi​dence in ​ter ​vals
(Preacher and Hayes, 2004).

3. Results

3.1. Group comparisons

Group com​par ​i​son re​sults for de​mo ​graphic, sub​stance use, and
emo ​tional func​tion ​ing vari​ables are re​ported in Table 1. The groups
did not dif ​fer on age at scan, full-scale IQ, fam​ily his ​tory of AUD, or
sub​stance use other than mar ​i​juana use.

Post-scan​ning ques ​tion ​naire (i.e., va​lence, arousal, recog ​ni​tion
per ​for ​mance, and mem​ory bias) scores (means and stan​dard de​vi​a​-
tions) and sta​tis ​tics (2 [group] × 3 [word type] mixed-ef ​fects
ANOVA) are re​ported in Table 2. For va​lence, there was a sig​nif ​i​cant
main ef ​fect of word type, no main ef ​fect of group, and no in ​ter ​ac​tion.
For arousal, there was a sig​nif ​i​cant main ef ​fect of word type, no main
ef ​fect of group, and no in ​ter ​ac​tion. Sim​i​lar to other stud​ies, neg ​a​tive
words were not rated dif ​fer ​ently in arousal than neu ​tral words (Glaser
et al., 2014; Heitzeg et al., 2008). For recog ​ni​tion per ​for ​mance, there
was a sig​nif ​i​cant main ef ​fect of word type, no main ef ​fect of group,
and no in ​ter ​ac​tion. Fi​nally, for mem​ory bias (2 [group] × 2 [word
type] mixed-ef ​fects ANOVA), there were no sig​nif ​i​cant main ef ​fects
or in ​ter ​ac​tions.

3.2. Trajectories of emotional functioning

Tra​jec​to ​ries of emo ​tional func​tion ​ing are il​lus ​trated in Fig. 1a. For
re​siliency, there was a sig​nif ​i​cant lin ​ear ef ​fect of time point
(F  = 18.86, p < .001), a main ef ​fect of group (con ​trols > heavy
mar ​i​juana users; F  = 8.86, p = .006), and a group × time point in ​-
ter ​ac​tion (F  = 8.44, p = .007). Post hoc t-tests found that groups
were not sig​nif ​i​cantly dif ​fer ​ent on re​siliency at age of ini​ti​a​tion but
dif ​fered at scan time and at fol​low-up (see Table 1 and Fig. 1a). Ex ​-
ploratory one-way re​peated-mea​sures ANOVAs con ​ducted in each
group sep​a​rately re​vealed that re​siliency showed a lin ​ear in ​crease
across the time points in the con ​trol group (F  = 29.74, p < .001),

Table 2
Post-scan​ning ques ​tion ​naire scores.

Controls Heavy users All subjects Main effect of group Main effect of word type Interaction

Valence F(1,37) = 3.13, p = .085 F(2,74) = 184.76, p < .001 F(2,74) = 0.31, p = .734
 Positive 7.10 (1.08) 7.03 (1.13) 7.06 (1.09) Pos > Neu

p < .001
 Negative 2.82 (1.17) 2.38 (1.09) 2.59 (1.14) Pos > Neg

p < .001
 Neutral 5.17 (0.28) 4.87 (0.69) 5.02 (0.54) Neu > Neg

p < .001
Arousal F(1,36) = 1.15, p = .290 F(2,72) = 38.15, p < .001 F(2,72) = 1.00, p = .371
 Positive 6.23 (1.35) 6.36 (1.23) 6.30 (1.27) Pos > Neu

p < .001
 Negative 4.33 (1.39) 3.74 (1.83) 4.02 (1.64) Pos > Neg

p < .001
 Neutral 4.59 (1.10) 4.05 (1.28) 4.30 (1.22) Neu > Neg

p = 1.000
Recognition performance F(1,38) = 0.16, p = .689 F(2,76) = 3.48, p = .036 F(2,76) = 0.34, p = .711

1,30

1,30

1,30

1,17

http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#bib0585-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#bib0095-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#sec0090-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#tbl0015-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#bib0050-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#bib0200-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#bib0830-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#bib0810-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#tbl0015-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#bib0415-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#bib0410-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#tbl0005-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#tbl0010-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#bib0180-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#fig0005-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#tbl0005-proof
http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#fig0005-proof


 Positive .55 (.21) .61 (.27) .58 (.24) Pos > Neu
p = .056

 Negative .61 (.39) .59 (.38) .60 (.38) Neg > Pos
p = 1.000

 Neutral .42 (.34) .48 (.36) .45 (.34) Neg > Neu
p = .098

Memory bias F(1,38) = 0.15, p = .705 F(1,38) = 0.11, p = .740 F(1,38) = 0.51, p = .478
 Positive .12 (.27) .13 (.38) .13 (.32)
 Negative .19 (.48) .11 (.35) .15 (.42)

Note: Numbers for controls, heavy users, and all subjects are means, with standard deviations in parentheses. Main effects and interactions were tested with separate 2
(group) × 3 (word type) mixed-effects ANOVA. Significant F-tests were followed with post hoc pairwise comparisons using Bonferroni correction. For all main effects and
interactions, significant results are denoted in bold.
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Fig. 1. (A) Tra​jec​to ​ries of re​siliency (top) and neg ​a​tive emo ​tion ​al​ity (bot​tom), from ini​ti​a​tion to fol​low-up, in heavy users (dot​ted line) and con ​trols (solid line). Re​siliency
in ​creased across time points in the con ​trol group but not the heavy mar ​i​juana users. For neg ​a​tive emo ​tion ​al​ity there was a sig​nif ​i​cant lin ​ear ef ​fect of time point (de​creas ​ing)
in con ​trols but not heavy mar ​i​juana users. (B) Par​tial re​gres ​sion plots show ​ing as ​so​ci​a​tion be​tween life​time oc​ca​sions of mar ​i​juana use un​til time of scan and re​siliency (top)
and neg ​a​tive emo ​tion ​al​ity (bot​tom) at time of scan, con ​trol​ling for mea​sures at ini​ti​a​tion.

but not in the heavy mar ​i​juana user group (F  = 0.93, p = .352). No
sig​nif ​i​cant qua​dratic ef ​fects were ob​served (p's > .090).

For neg ​a​tive emo ​tion ​al​ity, there was a sig​nif ​i​cant lin ​ear ef ​fect of
time point (F  = 4.78, p = .037), a main ef ​fect of group (heavy mar ​-
i​juana users > con ​trols; F  = 12.36, p = .001), but no group × time
point in ​ter ​ac​tion (F  = 0.62, p = .435). Post hoc t-tests found that
groups were not sig​nif ​i​cantly dif ​fer ​ent on neg ​a​tive emo ​tion ​al​ity at
age of ini​ti​a​tion but dif ​fered at scan time and at fol​low-up (see Table
1 and Fig. 1a). Al​though there was not a sig​nif ​i​cant in ​ter ​ac​tion, ex ​-
ploratory one-way re​peated-mea​sures ANOVAs con ​ducted in each
group sep​a​rately re​vealed a sig​nif ​i​cant lin ​ear ef ​fect of time for neg ​a​-
tive emo ​tion ​al​ity (de​creas ​ing) in con ​trols (F  = 5.23, p = .035), but
not heavy mar ​i​juana users (F  = 0.83, p = .378). No sig​nif ​i​cant
qua​dratic ef ​fects were ob​served (p's > .110).

3.3. Brain imaging

In the whole-brain two-sam​ple t-test, the heavy mar ​i​juana users
had less ac​ti​va​tion com​pared with con ​trols dur​ing NEG in four clus ​-
ters: (1) right mid ​dle frontal and dor ​so​lat​eral su​pe​rior frontal gyri
(cau ​dal dlPFC; Fig. 3a and b), (2) right mid ​dle and su​pe​rior tem​po​ral
gyri (MTG/​STG), (3) right cal​carine fis ​sure and sur​round ​ing cor ​tex,
in ​clud ​ing cuneus and lin ​gual gyri (cuneus/​lin ​gual; Fig. 3c), and (4)
right su​pe​rior tem​po​ral gyrus and in ​sula (STG/​in ​sula; Fig. 2a). Dur​-
ing POS, heavy users had less ac​ti​va​tion in the right in ​fe​rior pari​etal
lobe (IPL) and in ​creased ac​ti​va​tion in the right dor ​so​lat​eral su​pe​rior
frontal gyrus (dlPFC) rel​a​tive to con ​trols. In the amyg ​dala re​gion-of-
in ​ter ​est analy ​ses, heavy users had less ac​ti​va​tion in the right and left
(Fig. 2b) amyg ​dalae dur ​ing NEG and in the right (Fig. 2c) and left
amyg ​dalae dur ​ing POS com​pared with con ​trols. See Table 3 for all
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Fur​ther ex ​ploratory analy ​ses were con ​ducted to in ​ves ​ti​gate the
im​pact of life​time oc​ca​sions of mar ​i​juana use on emo ​tional func​tion ​-
ing over time. These analy ​ses fo ​cused on the in ​ter ​val be​tween ini​ti​a​-
tion and the time of scan. Non​para​met​ric par ​tial cor ​re​la​tions (Spear ​-
man's) were con ​ducted be​tween life​time oc​ca​sions of mar ​i​juana use
un​til time of scan and each emo ​tional func​tion ​ing mea​sure at scan
age, con ​trol​ling for emo ​tional func​tion ​ing at ini​ti​a​tion age. A sig​nif ​i​-
cant neg ​a​tive cor ​re​la​tion was ob​served be​tween mar ​i​juana use and
re​siliency (rho = −.51, df = 37, p = .001); a sig​nif ​i​cant pos ​i​tive cor ​re​-
la​tion was ob​served be​tween mar ​i​juana use and neg ​a​tive emo ​tion ​al​ity
(rho = .34, df = 37, p = .037). Par​tial re​gres ​sion plots are pro ​vided in
Fig. 1b.

whole brain and re​gion of in ​ter ​est re​sults. To de​ter ​mine whether dif ​-
fer ​ences in ac​ti​va​tion to neu ​tral words were im​pact​ing these group
dif ​fer ​ences, we con ​ducted an in ​de​pen ​dent sam​ples t-test in SPM8 us ​-
ing the con ​trast of neu ​tral words vs. rest. There were no dif ​fer ​ences
be​tween heavy mar ​i​juana users and con ​trols.

3.4. Regression

Par​tial cor ​re​la​tions be​tween brain ac​ti​va​tion and emo ​tional func​-
tion ​ing at scan time and at fol​low-up are re​ported in Table 4. There
were neg ​a​tive cor ​re​la​tions be​tween neg ​a​tive emo ​tion ​al​ity mea​sured
at scan time and ac​ti​va​tion in right STG/​in ​sula (Fig. 2a) and left
amyg ​dala (Fig. 2b) dur ​ing NEG. There was also a neg ​a​tive cor ​re​la
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Fig. 2. (A) Par​tial cor ​re​la​tion be​tween neg ​a​tive emo ​tion ​al​ity mea​sured at scan time and ac​ti​va​tion in right STG/​in ​sula dur ​ing NEG (neg ​a​tive vs. neu ​tral words), con ​trol​ling
for neg ​a​tive emo ​tion ​al​ity mea​sured at ini​ti​a​tion (top). BOLD ac​ti​va​tion in the right STG/​in ​sula (clus ​ter 4 in Table 3), cen ​tered at x = 38, y = 6, z = −24 (bot​tom). (B) Par​tial
cor ​re​la​tion be​tween neg ​a​tive emo ​tion ​al​ity mea​sured at scan time and ac​ti​va​tion in left amyg ​dala dur ​ing NEG, con ​trol​ling for neg ​a​tive emo ​tion ​al​ity mea​sured at ini​ti​a​tion
(top). BOLD ac​ti​va​tion in the left amyg ​dala (clus ​ter 6 in Table 3), cen ​tered at x = −30, y = 2, z = −22 (bot​tom). (C) Par​tial cor ​re​la​tion be​tween neg ​a​tive emo ​tion ​al​ity at scan
time and ac​ti​va​tion in right amyg ​dala dur ​ing POS (pos ​i​tive vs. neu ​tral words), con ​trol​ling for neg ​a​tive emo ​tion ​al​ity at mea​sured at ini​ti​a​tion (top). BOLD ac​ti​va​tion in the
right amyg ​dala (clus ​ter 8 in Table 3), cen ​tered at x = 32, y = 0, z = −22 (bot​tom). Co​or ​di​nates are in MNI space; color bar rep ​re​sents t-val​ues. **p < .01.

Table 3
Brain imag ​ing group com​par ​i​son re​sults.

Cluster Label
Cluster
size BA x y z

t-
Value

Peak-
level
p-value
(unc.)

NEG: Controls > Heavy Users
1 R caudal dlPFC 243 8 30 10 40 4.29 <.001

   6 20 8 64 4.10 <.001

2 R MTG/STG 103 21 62 −4 −18 3.84 <.001

   38 46 0 −14 3.47 .001

3 R
Cuneus/Lingual

102 17 16 −84 2 3.62 <.001

   18 8 −84 −2 3.18 .001

4 R STG/Insula 96 38 38 6 −24 3.60 <.001

Table 4
Emo ​tional func​tion ​ing cor ​re​la​tions with brain clus ​ters.

Time of scan (age 19.6) n = 40 Follow-up (age 23.1) n = 32

Resiliency
Negative
Emotionality Resiliency

Negative
Emotionality

r p r p r p r p

Negative vs. Neutral (NEG)
 R caudal dlPFC .05 .757 −.14 .385 .54 .002 −.51 .004
 R MTG/STG .22 .177 −.15 .356 .33 .071 −.22 .241
 R
Cuneus/Lingual

.22 .173 −.23 .157 .60 <.001 −.45 .011

 R STG/Insula .22 .181 −.48 .002 .24 .196 −.23 .213
 R Amygdala .08 .632 −.38 .018 .30 .099 −.23 .210
 L Amygdala .28 .087 −.51 .001 −.09 .642 .09 .640
Positive vs. Neutral (POS)
 R dlPFC −.09 .580 .13 .426 −.33 .067 .30 .102
 R IPL .39 .015 −.25 .118 .12 .508 .01 .972
 R Amygdala .30 .065 −.53 <.001 .15 .417 −.16 .406

a,c a,c b,c b,c
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   13 38 12 −14 3.28 .001

5 R Amygdala 67 – 36 2 −24 2.81 .004
6 L Amygdala 17 – −30 2 −22 2.48 .009
POS: Controls > Heavy Users
7 R IPL 81 40 54 −30 52 3.54 .001
8 R Amygdala 117 – 32 0 −22 2.79 .004
9 L Amygdala 62 – −16 −4 −18 3.26 .001
POS: Heavy Users > Controls
10 R dlPFC 101 9 20 58 32 4.30 <.001

MFG, middle frontal gyrus; DLPFC, dorsolateral prefrontal cortex; MTG, middle
temporal gyrus; STG, superior temporal gyrus; IPL, inferior parietal lobe; BA,
Brodmann area; R, right hemisphere; n.s., not significant.
a a priori regions of interest.

tion be​tween neg ​a​tive emo ​tion ​al​ity at scan time and ac​ti​va​tion in
right amyg ​dala dur ​ing POS (Fig. 2c).

Pos ​i​tive cor ​re​la​tions were ob​served be​tween re​siliency mea​sured
at fol​low-up and ac​ti​va​tion in cau ​dal dlPFC and cuneus/​lin ​gual gyrus

 L Amygdala .37 .022 −.24 .149 −.20 .281 .24 .188

Significant correlations are denoted in bold.
a Partial regression controlling for measures at time of marijuana use initiation
(average age 13.4).
b Partial regression controlling for measures at time of scan (average age 19.6).
c α = .005 (two-tailed).

dur ​ing NEG. A neg ​a​tive cor ​re​la​tion was ob​served be​tween neg ​a​tive
emo ​tion ​al​ity at fol​low-up and ac​ti​va​tion in cau ​dal dlPFC dur ​ing
NEG. No other cor ​re​la​tions passed cor ​rec​tion for mul​ti​ple com​par ​-
isons. Me​di​a​tion analy ​ses there​fore fo ​cused on these two brain re​-
gions and re​siliency and neg ​a​tive emo ​tion ​al​ity at fol​low-up.

3.5. Mediation

Ac​ti​va​tion of the cau ​dal dlPFC dur ​ing NEG me​di​ated the re​la​tion ​-
ship be​tween mar ​i​juana group and later neg ​a​tive emo ​tion ​al​ity (95%

a

a

a

a
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CIs: 0.095–1.631; Fi​nal model: ad ​justed R  = .32, F = 5.94, p = .003;
Fig. 3a) as well as later re​siliency (95% CIs: −1.814 to −0.030; Fi​nal
model: ad ​justed R  = .30, F = 5.49, p = .004; Fig. 3b). Ac​ti​va​tion of
cuneus/​lin ​gual gyrus me​di​ated the re​la​tion ​ship be​tween mar ​i​juana
group and later re​siliency (95% CIs: −1.29 to −0.132; Fi​nal model:
ad ​justed R  = .39, F = 7.53, p < .001; Fig. 3c).

4. Discussion

The goal of this work was to in ​ves ​ti​gate the im​pact of heavy mar ​i​-
juana use dur ​ing ado ​les ​cence on later emo ​tional func​tion ​ing, as well
as po​ten ​tial brain func​tion me​di​a​tors of this ef ​fect. Us ​ing a prospec​-
tive de​sign, we in ​ves ​ti​gated two out​comes re​lated to emo ​tional func​-
tion ​ing: neg ​a​tive emo ​tion ​al​ity and re​siliency. We found that heavy
mar ​i​juana users did not dif ​fer from con ​trols in emo ​tional func​tion ​ing
early in ado ​les ​cence when mar ​i​juana use was ini​ti​ated, whereas in
late ado ​les ​cence/ ​early adult​hood, heavy users had more neg ​a​tive
emo ​tion ​al​ity and less re​siliency than con ​trols. To in ​ves ​ti​gate the im​-
pact of ado ​les ​cent mar ​i​juana use on emo ​tion-re​lated brain func​tion ​-
ing, we com​pared neural re​sponses to emo ​tional words in heavy mar ​-
i​juana users and con ​trols. Com​pared with con ​trols, heavy users had
less ac​ti​va​tion in emo ​tion pro ​cess ​ing and in ​te​gra​tion re​gions, in ​clud ​-
ing the right in ​sula, pre​frontal cor ​tex, and oc​cip ​i​tal cor ​tex dur ​ing the
view ​ing of neg ​a​tive words, and in a re​gion in ​volved in at​ten ​tional
con ​trol (right in ​fe​rior pari​etal lobe) dur ​ing the view ​ing of pos ​i​tive
words. Amyg​dala ac​ti​va​tion was lower to both neg ​a​tive and pos ​i​tive

words in heavy users com​pared with con ​trols. Fur​ther, we found
height​ened ac​ti​va​tion to pos ​i​tive words in the dor ​so​lat​eral pre​frontal
cor ​tex among heavy users. Ac​ti​va​tion in pre​frontal cor ​tex dur​ing the
view ​ing of neg ​a​tive stim​uli me​di​ated an as ​so​ci​a​tion be​tween mar ​i​-
juana use and both neg ​a​tive emo ​tion ​al​ity and re​siliency at fol​low-up.
Ac​ti​va​tion in vi​sual as ​so​ci​a​tion re​gions of the oc​cip ​i​tal cor ​tex me​di​-
ated an as ​so​ci​a​tion be​tween mar ​i​juana use and later re​siliency, but
not neg ​a​tive emo ​tion ​al​ity.

A main find ​ing of this prospec​tive study is that mar ​i​juana use in
ado ​les ​cence may im​pact later emo ​tional func​tion ​ing. Heavy mar ​i​-
juana users scored higher on neg ​a​tive emo ​tion ​al​ity than con ​trols at
the ap ​prox ​i​mate ages of 20 and 23, whereas groups did not dif ​fer at
ap ​prox ​i​mately age 13, when heavy users ini​ti​ated use. Fur​ther ​more,
ex ​ploratory analy ​ses re​vealed that neg ​a​tive emo ​tion ​al​ity de​creased
from early ado ​les ​cence to young adult​hood in con ​trols—con ​sis​tent
with nor ​ma​tive changes (Roberts et al., 2006)—but not in heavy
users. Im​por ​tantly, we ob​served an as ​so​ci​a​tion be​tween greater life​-
time mar ​i​juana use oc​ca​sions and higher neg ​a​tive emo ​tion ​al​ity at age
20, af ​ter con ​trol​ling for early lev ​els (i.e., at use ini​ti​a​tion) of neg ​a​tive
emo ​tion ​al​ity. These find ​ings are in line with other lon ​gi​tu ​di​nal work
show ​ing that ado ​les ​cent mar ​i​juana users had in ​creased de​pres ​sion,
anx ​i​ety, and sui​ci​dal​ity in young adult​hood, but mar ​i​juana use was
not as ​so​ci​ated with pre​mor ​bid dif ​fer ​ences in neg ​a​tive af ​fect (Patton
et al., 2002; Pedersen, 2008). Thus, the cur ​rent re​sults add to pre​vi​ous
work sup​port​ing an as ​so​ci​a​tion be​tween early mar ​i​juana use and later

2

2

2
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Fig. 3. (A) Re​sults of a sim​ple me​di​a​tion model, where ac​ti​va​tion of the cau ​dal dlPFC (clus ​ter 1 in Table 3) dur ​ing NEG me​di​ated the re​la​tion ​ship be​tween mar ​i​juana group
and later neg ​a​tive emo ​tion ​al​ity, with neg ​a​tive emo ​tion ​al​ity at scan time as a co ​vari​ate. (B) Re​sults of a sim​ple me​di​a​tion model, where ac​ti​va​tion of the cau ​dal dlPFC (clus ​-
ter 1 in Table 3) dur ​ing NEG me​di​ated the re​la​tion ​ship be​tween mar ​i​juana group and later re​siliency, with re​siliency at scan time as a co ​vari​ate. (C) Re​sults of a sim​ple me​di​-
a​tion model, where ac​ti​va​tion of cuneus/​lin ​gual gyrus (clus ​ter 3 in Table 3) me​di​ated the re​la​tion ​ship be​tween mar ​i​juana group and later re​siliency, with re​siliency at scan
time as a co ​vari​ate. p < .10, *p < .05, **p < .01, ***p < .001.+
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neg ​a​tive af ​fec​tiv ​ity (Chadwick et al., 2013; Chen et al., 2002; Lev-
Ran et al., 2014; Patton et al., 2002; van Laar et al., 2007).

We also in ​ves ​ti​gated the im​pact of mar ​i​juana use on re​siliency, as
self-reg ​u​la​tion plays a crit​i​cal role in emo ​tional func​tion ​ing (e.g.,
Eisenberg and Spinrad, 2004; Eisenberg et al., 2010; Eisenberg and
Sulik, 2012). We found no dif ​fer ​ence be​tween groups in re​siliency at
the age of mar ​i​juana ini​ti​a​tion, whereas dif ​fer ​ences emerged in late
ado ​les ​cence/ ​early adult​hood, with lower re​siliency in the heavy use
group. Al​though con ​cep ​tu ​al​ized as a tem​pera​ment/​per ​son​al​ity trait,
ev ​i​dence in ​di​cates that re​siliency im​proves through ​out ado ​les ​cence
and into adult​hood in healthy in ​di​vid ​u​als (Eisenberg et al., 2010;
Eisenberg and Sulik, 2012). Here we found that re​siliency in ​creased
over time in con ​trols but not in heavy users. Fur​ther ​more, life​time oc​-
ca​sions of mar ​i​juana use was neg ​a​tively cor ​re​lated with re​siliency,
even af ​ter tak ​ing into ac​count early level of re​siliency.

Re​siliency is in ​versely re​lated to de​pres ​sion and in ​ter ​nal​iz​ing
prob ​lems in chil​dren (Block and Kremen, 1996) and emerg ​ing adults
(Taylor et al., 2014), and pos ​i​tively re​lated to ef ​fec​tive so​cial in ​ter ​ac​-
tion (Block and Kremen, 1996) and so​cial sta​tus (Eisenberg et al.,
1997b). A rec​i​p​ro ​cal lon ​gi​tu ​di​nal re​la​tion ​ship has been demon ​strated
be​tween re​siliency and pos ​i​tive emo ​tion ​al​ity from ado ​les ​cence to
early adult​hood, as well as with the ef ​fec​tive man ​age​ment of neg ​a​tive
emo ​tions (Milioni et al., 2014). It is pos ​si​ble, there​fore, that ado ​les ​-
cent mar ​i​juana use may im​pact emo ​tional func​tion ​ing par ​tially
through an in ​flu ​ence on re​siliency; how ​ever fur ​ther work in a larger
sam​ple is re​quired to de​ter ​mine these lon ​gi​tu ​di​nal re​la​tion ​ships.

A cen ​tral goal of this study was to char ​ac​ter ​ize the neural mech ​a​-
nisms through which ado ​les ​cent mar ​i​juana use ex ​erts its ef ​fects on
later emo ​tional func​tion ​ing. We found that ac​ti​va​tion in the right pre​-
frontal cor ​tex to neg ​a​tive words me​di​ated the as ​so​ci​a​tion be​tween
heavy mar ​i​juana use and both neg ​a​tive emo ​tion ​al​ity and re​siliency at
fol​low-up. Specif ​i​cally, ac​ti​va​tion in the right mid ​dle frontal gyrus
and dor ​so​lat​eral su​pe​rior frontal gyrus was lower in heavy users than
con ​trols, an ef ​fect that was as ​so​ci​ated with de​creased re​siliency and
in ​creased neg ​a​tive emo ​tion ​al​ity at fol​low-up. This area of the pre​-
frontal cor ​tex has been re​ferred to as the cau ​dal dor ​so​lat​eral pre​-
frontal re​gion (cau ​dal dlPFC) and is closely con ​nected with mo ​tor
and sup​ple​men ​tary mo ​tor re​gions (Petrides, 2005). Prior work has

high-arousal emo ​tional words (Compton et al., 2003), and emo ​tional
film clips (Goldin et al., 2008), as well as the eval​u​a​tion of one's own
emo ​tional state (Terasawa et al., 2013a). Cuneus ac​ti​va​tion has also
been as ​so​ci​ated with the abil​ity to at​tribute men ​tal states to oth ​ers,
termed “the​ory of mind” (ToM) (Vollm et al., 2006). A re​cent study
re​ported that adult mar ​i​juana users had dif ​fer ​ences in brain ac​ti​va​tion
com​pared with con ​trols dur ​ing a ToM task, in ​clud ​ing lower ac​ti​va​-
tion in the right cuneus (Roser et al., 2012). There​fore, an im​pact of
heavy mar ​i​juana use dur ​ing ado ​les ​cence on the func​tion ​ing of oc​cip ​i​-
tal re​gions in ​volved in the eval​u​a​tion of emo ​tional stim​uli with re​-
spect to one​self and to oth ​ers may im​pair self-reg ​u​la​tion of emo ​tional
processes (as mea​sured here with re​siliency).

In ad ​di​tion to the re​gions found to me​di​ate later out​come, heavy
mar ​i​juana users had less ac​ti​va​tion than con ​trols in the in ​sula to neg ​-
a​tive words. These find ​ings are con ​sis​tent with pre​vi​ous work show ​-
ing ado ​les ​cent mar ​i​juana users had re​duced cere​bral blood flow in the
in ​sula com​pared with con ​trols (Jacobus et al., 2012). Fur​ther ​more,
stud​ies of adult mar ​i​juana users found less ac​ti​va​tion in the in ​sula to
loss out​comes dur ​ing a mon ​e​tary in ​cen ​tive task (Nestor et al., 2010)
and to er ​rors in an in ​hibitory con ​trol task (Hester et al., 2009) com​-
pared with con ​trols. The in ​sula is crit​i​cal to the in ​te​gra​tion of emo ​-
tional and home​o​sta​tic in ​for ​ma​tion, and may be in ​volved in trans ​lat​-
ing in ​te​ro ​cep ​tive sig​nals into con ​scious feel​ings (Critchley et al.,
2005; Critchley et al., 2004; Naqvi and Bechara, 2009; Terasawa et
al., 2013a). For ex ​am​ple, the mag ​ni​tude of in ​sula ac​ti​va​tion while
par ​tic​i​pants eval​u​ated their own emo ​tional and bod​ily states was
found to be as ​so​ci​ated with so​cial anx ​i​ety and neu ​roti​cism (Terasawa
et al., 2013b). In ​sula ac​ti​va​tion has also been as ​so​ci​ated with self-re​-
port mea​sures of anx ​i​ety (Stein et al., 2007) and an ​tic​i​pa​tion of aver ​-
sive ex ​po​sure (Simmons et al., 2006) in anx ​i​ety-prone in ​di​vid ​u​als.
Here we found less in ​sula ac​tiv ​ity to neg ​a​tive words in heavy mar ​i​-
juana users com​pared with con ​trols, which was fur ​ther as ​so​ci​ated
with more neg ​a​tive emo ​tion ​al​ity at the time of scan. To ​gether, this
ev ​i​dence sug​gests that heavy mar ​i​juana use may lead to im​pair ​ment
in the in ​te​gra​tion of emo ​tional ex ​pe​ri​ence.

Ac​ti​va​tion of the amyg ​dala was also re​duced in heavy mar ​i​juana
users com​pared to con ​trols—an ef ​fect ob​served for both neg ​a​tive and
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found ac​ti​va​tion of the cau ​dal dlPFC and as ​so​ci​ated re​gions dur ​ing
the read ​ing of high-arousal emo ​tional words (Compton et al., 2003).
The sup​ple​men ​tary mo ​tor and pre​mo ​tor re​gions are im​por ​tant for
emo ​tion pro ​cess ​ing and em​pa​thy (Lamm et al., 2011) and may reg ​u​-
late ap ​proach-with​drawal ten ​den ​cies to emo ​tional stim​uli by in ​te​grat​-
ing lim​bic and mo ​tor re​sponses (Oliveri et al., 2003; Rodigari and
Oliveri, 2014). A re​cent meta-analy ​sis found that ac​ti​va​tion in these
re​gions de​creased to neg ​a​tive stim​uli in alex ​ithymia, a trait char ​ac​ter ​-
ized by dif ​fi​cul​ties with ex ​pe​ri​enc​ing and pro ​cess ​ing emo ​tions (van
der Velde et al., 2013). The cur ​rent find ​ings sug​gest that heavy mar ​i​-
juana use dur ​ing ado ​les ​cence may im​pact cau ​dal dlPFC func​tion ​ing,
im​pair ​ing the pro ​cess ​ing and in ​te​gra​tion of emo ​tional stim​uli and
lead to in ​creased neg ​a​tive emo ​tion ​al​ity.

Ad​di​tion ​ally, we found that ac​ti​va​tion in the oc​cip ​i​tal cor ​tex to
neg ​a​tive emo ​tional stim​uli me​di​ated the re​la​tion ​ship be​tween mar ​i​-
juana use and later re​siliency. Specif ​i​cally, ac​ti​va​tion in the cor ​ti​cal
re​gion sur​round ​ing the cal​carine fis ​sure, in ​clud ​ing por ​tions of the
right cuneus and lin ​gual gyrus, was lower in heavy mar ​i​juana users
than con ​trols. This ac​ti​va​tion was fur ​ther as ​so​ci​ated with de​creased
re​siliency at fol​low-up, when con ​trol​ling for re​siliency at the time of
scan. Al​though the cuneus and lin ​gual gyrus are clas ​si​cally con ​sid​-
ered as vi​sual pro ​cess ​ing and in ​te​gra​tion re​gions, there is a large lit​er ​-
a​ture as ​so​ci​at​ing both re​gions with as ​pects of emo ​tion func​tion ​ing,
in ​clud ​ing the pro ​cess ​ing of emo ​tional faces (Kitada et al., 2010),

pos ​i​tive words. Along with the in ​sula, the amyg ​dala is part of a net​-
work in ​volved in trans ​lat​ing in ​te​ro ​cep ​tive re​sponses to emo ​tional
stim​uli into emo ​tional ex ​pe​ri​ence (Critchley et al., 2005). Blunted
amyg ​dala re​sponse has been ob​served in in ​di​vid ​u​als with dif ​fi​cul​ties
ex ​pe​ri​enc​ing and pro ​cess ​ing emo ​tions (van der Velde et al., 2013).
Acutely, cannabid ​iol, a psy​choac​tive com​po​nent of cannabis, has
been shown to de​crease amyg ​dala ac​ti​va​tion to anx ​i​ety-in ​duc​ing
emo ​tional stim​uli; this ef ​fect was fur ​ther as ​so​ci​ated with a re​duc​tion
in elec​tro ​der ​mal ac​tiv ​ity (Fusar-Poli et al., 2009), sup​port​ing links
among mar ​i​juana, amyg ​dala func​tion ​ing, and in ​te​ro​cep ​tive re​sponse
to emo ​tion. Fur​ther ​more, prior ev ​i​dence in ​di​cates that the im​pact of
mar ​i​juana use on amyg ​dala-me​di​ated emo ​tional re​spond​ing is not re​-
stricted to neg ​a​tive stim​uli. Gruber et al. (2009) re​ported less amyg ​-
dala ac​ti​va​tion in adult heavy mar ​i​juana smok​ers com​pared with con ​-
trols to both happy and an ​gry faces pre​sented be​low the level of con ​-
scious pro ​cess ​ing. Here we found less amyg ​dala ac​ti​va​tion to both
pos ​i​tive and neg ​a​tive words in heavy mar ​i​juana users com​pared with
con ​trols, which fur ​ther cor ​re​lated with neg ​a​tive emo ​tion ​al​ity. There​-
fore, mar ​i​juana may have an im​pact on amyg ​dala func​tion ​ing that
im​pairs gen ​eral emo ​tional arousal and in ​te​gra​tion.

The find ​ing of an as ​so​ci​a​tion be​tween neg ​a​tive emo ​tion ​al​ity and
re​duced ac​ti​va​tion of the in ​sula and amyg ​dala is op​po​site to ef ​fects
de​scribed in the de​pres ​sion and anx ​i​ety lit​er ​a​ture, which re​ports en ​-
hanced ac​ti​va​tion to neg ​a​tive stim​uli (see re​views in Bruhl et al.,
2014; Stuhrmann et al., 2011). How ​ever, a lon ​gi​tu ​di​nal study of in ​di
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vid ​u​als with co ​mor ​bid ma​jor de​pres ​sion and mar ​i​juana de​pen ​dence
found that greater mar ​i​juana use was as ​so​ci​ated with re​duced amyg ​-
dala ac​ti​va​tion to emo ​tional stim​uli (Cornelius et al., 2010). This sug​-
gests that the mech ​a​nism through which mar ​i​juana im​pacts neg ​a​tive
emo ​tion ​al​ity dif ​fers from the mech ​a​nism un​der ​ly ​ing de​pres ​sion and
anx ​i​ety. For ex ​am​ple, the as ​so​ci​a​tions be​tween in ​sula and amyg ​dala
func​tion ​ing and neg ​a​tive emo ​tion ​al​ity in the cur ​rent study may be
more per ​ti​nent to dif ​fer ​ences in the ex ​pe​ri​ence and pro​cess ​ing of
emo ​tions (van der Velde et al., 2013) rather than de​pres ​sion and anx ​i​-
ety.

Fi​nally, heavy mar ​i​juana users showed re​duced ac​tiv ​ity in the
right in ​fe​rior pari​etal lob ​ule and greater ac​ti​va​tion in the right dlPFC
dur ​ing the view ​ing of pos ​i​tive words. The in ​fe​rior pari​etal cor ​tex is
part of an at​ten ​tional sys ​tem in ​volved in the au ​to ​matic al​lo ​ca​tion of
at​ten ​tion to task-rel​e​vant in ​for ​ma​tion (Ciaramelli et al., 2008),
whereas the dlPFC is in ​volved in more ef ​fort​ful at​ten ​tional con ​trol
(Blasi et al., 2007; MacDonald et al., 2000). Thus, the cur ​rent re​sults
sug​gest a de​crease in au ​to ​matic at​ten ​tion to pos ​i​tive words in heavy
users with a cor ​re​spond​ing in ​crease in ef ​fort​ful at​ten ​tional con ​trol
nec​es ​sary to at​tend to the task. This is con ​sis​tent with prior work
demon ​strat​ing height​ened ac​ti​va​tion of right-hemi​sphere pre​frontal
at​ten ​tional con ​trol cir ​cuitry in ado ​les ​cent mar ​i​juana users (Abdullaev
et al., 2010; Tapert et al., 2007), which may re​flect the need for in ​-
creased ef ​fort in at​tend ​ing to task-re​lated stim​uli.

The re​sults of this study should be con ​sid​ered with a few lim​i​ta​-
tions in mind. First is the rel​a​tively small sam​ple size, sug​gest​ing that
re​sults should be in ​ter ​preted as some​what pre​lim​i​nary, and fur ​ther,
that ad ​di​tional dif ​fer ​ences be​tween groups may have been missed.
Fur​ther ​more, al​though there is ev ​i​dence of sex dif ​fer ​ences in the im​-
pact of mar ​i​juana on emo ​tional func​tion ​ing (McQueeny et al., 2011;
Medina et al., 2009; Rubino et al., 2008; Zamberletti et al., 2012),
this study was not ad ​e​quately pow ​ered to in ​ves ​ti​gate sex as a mod ​er ​-
a​tor. It will be im​por ​tant to ad ​dress this is ​sue in fu ​ture work. Sec​ond,
the con ​trol group in ​cluded in ​di​vid ​u​als who had oc​ca​sional mar ​i​juana
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use in ado ​les ​cence (<10 life​time uses). The im​pact of low lev ​els of
mar ​i​juana use on brain de​vel​op​ment is not known; there​fore an ideal
con ​trol group would have no mar ​i​juana use. How ​ever, given the high
lev ​els of co ​mor ​bid al​co ​hol and mar ​i​juana use in ado ​les ​cence
(Johnston et al., 2014), it was in ​fea​si​ble to cre​ate a mar ​i​juana-naïve
con ​trol group while main ​tain ​ing sim​i​lar lev ​els of al​co ​hol use across
groups. Third, the ma​jor ​ity of par ​tic​i​pants in this study (80%) had a
fam​ily his ​tory of AUD, which may limit the gen ​er ​al​iz​abil​ity of re​-
sults to those at height​ened risk for be​hav ​ioral and emo ​tional prob ​-
lems.

Us ​ing a prospec​tive de​sign, we found that heavy mar ​i​juana users
who be​gan us ​ing in ado ​les ​cence had higher neg ​a​tive emo ​tion ​al​ity
and lower re​siliency in their early twen ​ties. Fur​ther ​more, dif ​fer ​ences
in neural re​sponses to emo ​tion ​ally-laden words me​di​ated the as ​so​ci​a​-
tions be​tween mar ​i​juana use and later neg ​a​tive emo ​tion ​al​ity and re​-
siliency in these sub​jects. Be​cause mar ​i​juana use is on the rise while
per ​cep ​tions of harm are de​creas ​ing, this is timely work. It adds to a
grow ​ing body of ev ​i​dence point​ing to ad ​verse ef ​fects of ado ​les ​cent
mar ​i​juana use on emo ​tional func​tion ​ing and is the first to char ​ac​ter ​ize
the func​tional neural cor ​re​lates of these ef ​fects prospec​tively. As ev ​i​-
dence for ad ​verse con ​se​quences of mar ​i​juana use dur ​ing ado ​les ​cence
on brain func​tion ​ing ac​cu ​mu ​lates, such re​search has the po​ten ​tial to
im​prove pre​ven ​tion and in ​ter ​ven ​tion ef ​forts through bet​ter ed ​u​ca​tion,
thus re​duc​ing mar ​i​juana use and as ​so​ci​ated neg ​a​tive con ​se​quences.

ni​za​tion of be​hav ​ior. In: In: Collins, W.A. (Ed.), Min​nesota Sym​posia on Child
Psy​chol​ogy. vol. 13. , Erl​baum, Hills​dale, NJ, pp. 39–101.

Bradley, M.M., Lang, P.J., 1999. Af​fec​tive Norms for Eng ​lish Words (ANEW).
NIMH Cen ​ter for the Study of Emo ​tion and At​ten ​tion, Uni​ver ​sity of Florida,
Gainesville.

Brett, M., An​ton, J.-L., Val​abregue, R., Po​line, J.B., 2002. Re​gion of in ​ter ​est analy ​-
sis us ​ing an SPM tool​box. In: 8th In ​ter ​na​tional Con ​fer ​ence on Func​tional Map​-
ping of the Hu​man Brain. Sendai, Japan. .

Bruhl, A.B., Del​sig​nore, A., Ko​mossa, K., Weidt, S., 2014. Neu​roimag ​ing in so​cial
anx ​i​ety dis ​or ​der-a meta-an ​a​lytic re​view re​sult​ing in a new neu ​ro ​func​tional
model. Neu​rosci. Biobe​hav. Rev. 47, 260–280.

Chad ​wick, B., Miller, M.L., Hurd, Y.L., 2013. Cannabis use dur ​ing ado ​les ​cent de​-
vel​op​ment: sus ​cep ​ti​bil​ity to psy​chi​atric ill​ness. Front. Psy​chi​a​try 4, 129.

Chen, C.Y., Storr, C.L., An​thony, J.C., 2009. Early-on​set drug use and risk for drug
de​pen ​dence prob ​lems. Ad​dict. Be​hav. 34, 319–322.

Chen, C.Y., Wag ​ner, F.A., An​thony, J.C., 2002. Mar​i​juana use and the risk of ma​jor
de​pres ​sive episode. Epi​demi​o​log ​i​cal ev ​i​dence from the United States Na​tional
Co​mor ​bid ​ity Sur​vey. Soc. Psy​chi​a​try Psy​chi​atr. Epi​demiol. 37, 199–206.

Cia​ramelli, E., Grady, C.L., Moscov​itch, M., 2008. Top-down and bot​tom-up at​ten ​-
tion to mem​ory: a hy​poth ​e​sis (AtoM) on the role of the pos ​te​rior pari​etal cor ​tex
in mem​ory re​trieval. Neu​ropsy​cholo ​gia 46, 1828–1851.

Comp ​ton, R.J., Banich, M.T., Mo​hanty, A., Mil​ham, M.P., Her​ring ​ton, J., Miller,
G.A., Scalf, P.E., Webb, A., Heller, W., 2003. Pay​ing at​ten ​tion to emo ​tion: an
fMRI in ​ves ​ti​ga​tion of cog ​ni​tive and emo ​tional stroop tasks. Cogn. Af​fect. Be​-
hav. Neu​rosci. 3, 81–96.

Cor​nelius, J.R., Aizen​stein, H.J., Hariri, A.R., 2010. Amyg​dala re​ac​tiv ​ity is in ​-
versely re​lated to level of cannabis use in in ​di​vid ​u​als with co ​mor ​bid cannabis
de​pen ​dence and ma​jor de​pres ​sion. Ad​dict. Be​hav. 35, 644–646.

Costello, A., Edel​brook, C., Dul​can, M., Kalas, R., Klanc, S., 1984. De​vel​op​ment
and Test​ing of the NIMH Di​ag ​nos ​tic In ​ter ​view Sched ​ule for Chil​dren in a
Clinic Pop​u​la​tion. Cen ​ter for Epi​demi​o​log ​i​cal Stud​ies, NIMH, Rockville, MD.

Cox, R.W., 1996. AFNI: soft​ware for analy ​sis and vi​su​al​iza​tion of func​tional mag ​-
netic res ​o​nance neu ​roim​ages. Com​put. Bio ​med. Res. 29, 162–173.

Developmental Cognitive Neuroscience xxx (2015) xxx-xxx 11

Critch ​ley, H.D., Rot​shtein, P., Na​gai, Y., O’Do​herty, J., Math​ias, C.J., Dolan, R.J.,
2005. Ac​tiv ​ity in the hu​man brain pre​dict​ing dif ​fer ​en ​tial heart rate re​sponses to
emo ​tional fa​cial ex ​pres ​sions. Neu​roim​age 24, 751–762.

Critch ​ley, H.D., Wiens, S., Rot​shtein, P., Ohman, A., Dolan, R.J., 2004. Neural sys ​-
tems sup​port​ing in ​te​ro ​cep ​tive aware​ness. Nat. Neu​rosci. 7, 189–195.

De​gen ​hardt, L., Hall, W., Lynskey, M., 2001. Al​co ​hol, cannabis and to ​bacco use
among Aus ​tralians: a com​par ​i​son of their as ​so​ci​a​tions with other drug use and
use dis ​or ​ders, af ​fec​tive and anx ​i​ety dis ​or ​ders, and psy​chosis. Ad​dic​-
tion 96, 1603–1614.

De​gen ​hardt, L., Hall, W., Lynskey, M., 2003. Ex ​plor ​ing the as ​so​ci​a​tion be​tween
cannabis use and de​pres ​sion. Ad​dic​tion 98, 1493–1504.

Eisen ​berg, N., Fabes, R.A., Guthrie, I.K., Mur​phy, B.C., Maszk, P., Holm​gren, R.,
Suh, K., 1996. The re​la​tions of reg ​u​la​tion and emo ​tion ​al​ity to prob ​lem be​hav ​-
ior in el​e​men ​tary school chil​dren. Dev. Psy​chopathol. 8, 141–162.

Eisen ​berg, N., Fabes, R.A., Guthrie, I.K., Reiser, M., 2000. Dis​po​si​tional emo ​tion ​-
al​ity and reg ​u​la​tion: their role in pre​dict​ing qual​ity of so​cial func​tion ​ing. J.
Pers. Soc. Psy​chol. 78, 136–157.

Eisen ​berg, N., Fabes, R.A., Shep​ard, S.A., Mur​phy, B.C., Guthrie, I.K., Jones, S.,
Fried ​man, J., Poulin, R., Maszk, P., 1997. Con​tem​po​ra​ne​ous and lon ​gi​tu ​di​nal
pre​dic​tion of chil​dren's so​cial func​tion ​ing from reg ​u​la​tion and emo ​tion ​al​ity.
Child Dev. 68, , 642–664.

Eisen ​berg, N., Guthrie, I.K., Fabes, R.A., Reiser, M., Mur​phy, B.C., Hol​gren, R.,
Maszk, P., Losoya, S., 1997. The re​la​tions of reg ​u​la​tion and emo ​tion ​al​ity to re​-
siliency and com​pe​tent so​cial func​tion ​ing in el​e​men ​tary school chil​dren. Child
Dev. 68, , 295–311.

Eisen ​berg, N., Spin​rad, T.L., 2004. Emo ​tion-re​lated reg ​u​la​tion: sharp ​en ​ing the de​f​i​-
n​i​tion. Child Dev. 75, 334–339.

Eisen ​berg, N., Spin​rad, T.L., Eggum, N.D., 2010. Emo ​tion-re​lated self-reg ​u​la​tion
and its re​la​tion to chil​dren's mal​ad ​just​ment. Annu. Rev. Clin. Psy​-
chol. 6, 495–525.

Eisen ​berg, N., Su​lik, M.J., 2012. Emo ​tion-re​lated self-reg ​u​la​tion in chil​dren. Teach.
Psy​chol. 39, 77–83.

Eisen ​berg, N., Va​lient, C., Fabes, R.A., Smith, C.L., Reiser, M., Shep​ard, S.A.,
Losoya, S.H., Guthrie, I.K., Mur​phy, B.C., Cum​ber ​land, A.J., 2003. The re​la​-
tions of ef ​fort​ful con ​trol and ego con ​trol to chil​dren's re​siliency and so​cial
func​tion ​ing. Dev. Psy​chol. 39, 761–776.

Ep ​stein, J., Pan, H., Koc​sis, J.H., Yang, Y., But​ler, T., Chusid, J., Hochberg, H.,
Mur​rough, J., Strohmayer, E., Stern, E., Sil​ber ​sweig, D.A., 2006. Lack of ven ​-
tral stri​atal re​sponse to pos ​i​tive stim​uli in de​pressed ver ​sus nor ​mal sub​jects.

Heng, L., Bev ​er ​ley, J.A., Steiner, H., Tseng, K.Y., 2011. Dif​fer ​en ​tial de​vel​op​men ​tal
tra​jec​to ​ries for CB1 cannabi​noid re​cep ​tor ex ​pres ​sion in lim​bic/​as ​so​cia​tive and
sen​so​ri​mo ​tor cor ​ti​cal ar ​eas. Synapse 65, 278–286.

Hes​ter, R., Nestor, L., Gar​a​van, H., 2009. Im​paired er ​ror aware​ness and an ​te​rior
cin ​gu​late cor ​tex hy​poac​tiv ​ity in chronic cannabis users. Neu​ropsy​chophar ​ma​-
col​ogy 34, 2450–2458.

Hoosh​mand, S., Willoughby, T., Good, M., 2012. Does the di​rec​tion of ef ​fects in
the as ​so​ci​a​tion be​tween de​pres ​sive symp​toms and health-risk be​hav ​iors dif ​fer
by be​hav ​ior?. A lon ​gi​tu ​di​nal study across the high school years. J. Ado​lesc.
Health 50, 140–147.

Hsu, D.T., Lan ​ge​necker, S.A., Kennedy, S.E., Zu ​bi​eta, J.K., Heitzeg, M.M., 2010.
fMRI BOLD re​sponses to neg ​a​tive stim​uli in the pre​frontal cor ​tex are de​pen ​-
dent on lev ​els of re​cent neg ​a​tive life stress in ma​jor de​pres ​sive dis ​or​der. Psy​-
chi​a​try Res. 183, 202–208.

Hsu, D.T., Mickey, B.J., Lan ​ge​necker, S.A., Heitzeg, M.M., Love, T.M., Wang, H.,
Kennedy, S.E., Pecina, M., Shafir, T., Hodgkin​son, C.A., Enoch, M.A., Gold​-
man, D., Zu ​bi​eta, J.K., 2012. Vari​a​tion in the cor ​ti​cotropin-re​leas ​ing hor ​mone
re​cep ​tor 1 (CRHR1) gene in ​flu ​ences fMRI sig​nal re​sponses dur ​ing emo ​tional
stim​u​lus pro ​cess ​ing. J. Neu​rosci. 32, 3253–3260.

Ja​cobus, J., Gold​en ​berg, D., Wierenga, C.E., To ​lentino, N.J., Liu, T.T., Ta​pert, S.F.,
2012. Al​tered cere​bral blood flow and neu ​rocog ​ni​tive cor ​re​lates in ado ​les ​cent
cannabis users. Psy​chophar ​ma​col​ogy (Berl) 222, 675–684.

Jager, G., Block, R.I., Lui​jten, M., Ram​sey, N.F., 2010. Cannabis use and mem​ory
brain func​tion in ado ​les ​cent boys: a cross-sec​tional mul​ti​cen ​ter func​tional mag ​-
netic res ​o​nance imag ​ing study. J. Am. Acad. Child Ado​lesc. Psy​chi​a​-
try 49, 561–572. 572.e1–3.

Jenk ​in ​son, M., Ban ​nis ​ter, P., Brady, M., Smith, S., 2002. Im​proved op​ti​miza​tion for
the ro ​bust and ac​cu ​rate lin ​ear reg ​is ​tra​tion and mo ​tion cor ​rec​tion of brain im​-
ages. Neu​roim​age 17, 825–841.

John​ston, L.D., O’Mal​ley, P.M., Bach ​man, J.G., Schu​len ​berg, J.E., Miech, R.A.,
2014. Mon​i​tor ​ing the Fu​ture: Na​tional Sur​vey Re​sults on Drug Use,
1975–2013: Vol​ume1, Sec​ondary School Stu​dents. In ​sti​tute for So​cial Re​-
search, The Uni​ver ​sity of Michi​gan, Ann Ar​bor.

Kan​del, D.B., Chen, K., 2000. Types of mar ​i​juana users by lon ​gi​tu ​di​nal course. J.
Stud. Al​co ​hol 61, 367–378.

Kan​del, D.B., Huang, F.Y., Davies, M., 2001. Co​mor ​bid ​ity be​tween pat​terns of sub​-
stance use de​pen ​dence and psy​chi​atric syn​dromes. Drug Al​co ​hol De​-
pend. 64, 233–241.

Ki​tada, R., John​srude, I.S., Kochiyama, T., Le​d​er ​man, S.J., 2010. Brain net​works

http://ph5.tnq.co.in/enhanced-pdf/d/viewer.html?t=36094d1a5a58ef5adee0549fd9f6f490&exp=6970570099&pii=S1878929315000894#bib0260-proof
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0040
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0045
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0050
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0055
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0060
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0065
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0070
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0075
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0080
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0085
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0090
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0095
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0100
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0105
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0110
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0115
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0120
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0125
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0130
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0135
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0140
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0145
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0150
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0155
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0160
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0220
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0225
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0230
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0235
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0240
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0245
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0250
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0255
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0260
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0265
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0270
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0275


Am. J. Psy​chi​a​try 163, 1784–1790.
Fessler, J., Lee, S., Olaf​s ​son, V., Shi, H., Noll, D., 2005. Toeplitz-based it​er ​a​tive

im​age re​con ​struc​tion for MRI with cor ​rec​tion for mag ​netic field in ​ho​mo ​gene​-
ity. IEEE Trans. Sig​nal Process. 53, 3393–3402.

Fontes, M.A., Bolla, K.I., Cunha, P.J., Almeida, P.P., Junger ​man, F., Laran ​jeira,
R.R., Bres ​san, R.A., Lac​erda, A.L., 2011. Cannabis use be​fore age 15 and sub​-
se​quent ex ​ec​u​tive func​tion ​ing. Br. J. Psy​chi​a​try 198, 442–447.

Fusar-Poli, P., Crippa, J.A., Bhat​tacharyya, S., Borg ​wardt, S.J., Allen, P., Mar​tin-
San​tos, R., Seal, M., Sur​gu​ladze, S.A., O’Car ​rol, C., Atakan, Z., Zuardi, A.W.,
McGuire, P.K., 2009. Dis​tinct ef ​fects of {delta}9-tetrahy ​dro ​cannabi​nol and
cannabid ​iol on neural ac​ti​va​tion dur ​ing emo ​tional pro ​cess ​ing. Arch. Gen. Psy​-
chi​a​try 66, 95–105.

Glaser, Y.G., Zu ​bi​eta, J.K., Hsu, D.T., Vil​la​fuerte, S., Mickey, B.J., Trucco, E.M.,
Burmeis ​ter, M., Zucker, R.A., Heitzeg, M.M., 2014. In ​di​rect ef ​fect of cor ​ti​-
cotropin-re​leas ​ing hor ​mone re​cep ​tor 1 gene vari​a​tion on neg ​a​tive emo ​tion ​al​ity
and al​co ​hol use via right ven ​tro ​lat​eral pre​frontal cor ​tex. J. Neu​-
rosci. 34, 4099–4107.

Glover, G.H., Law, C.S., 2001. Spi​ral-in/​out BOLD fMRI for in ​creased SNR and
re​duced sus ​cep ​ti​bil​ity ar ​ti​facts. Magn. Re​son. Med. 46, 515–522.

Goldin, P.R., McRae, K., Ramel, W., Gross, J.J., 2008. The neural bases of emo ​tion
reg ​u​la​tion: reap ​praisal and sup​pres ​sion of neg ​a​tive emo ​tion. Biol. Psy​chi​a​-
try 63, 577–586.

Green, B.E., Rit​ter, C., 2000. Mar​i​juana use and de​pres ​sion. J. Health Soc. Be​-
hav. 41, 40–49.

Gru​ber, S.A., Dahlgren, M.K., Sagar, K.A., Go​nenc, A., Kill​gore, W.D., 2012. Age
of on​set of mar ​i​juana use im​pacts in ​hibitory pro ​cess ​ing. Neu​rosci.
Lett. 511, 89–94.

Gru​ber, S.A., Ro​gowska, J., Yurgelun-Todd, D.A., 2009. Al​tered af ​fec​tive re​sponse
in mar ​i​juana smok​ers: an FMRI study. Drug Al​co ​hol De​pend. 105, 139–153.

Hall, W., 2014. What has re​search over the past two decades re​vealed about the ad ​-
verse health ef ​fects of recre​ational cannabis use?. Ad​dic​tion .

Hard ​ing, I.H., Solowij, N., Har​ri​son, B.J., Tak​agi, M., Loren ​zetti, V., Lub ​man, D.I.,
Seal, M.L., Pan​telis, C., Yu ​cel, M., 2012. Func​tional con ​nec​tiv ​ity in brain net​-
works un​der ​ly ​ing cog ​ni​tive con ​trol in chronic cannabis users. Neu​ropsy​-
chophar ​ma​col​ogy 37, 1923–1933.

Heitzeg, M.M., Nigg, J.T., Yau, W.Y., Zu ​bi​eta, J.K., Zucker, R.A., 2008. Af​fec​tive
cir ​cuitry and risk for al​co ​holism in late ado ​les ​cence: dif ​fer ​ences in fron ​tos ​tri​-
atal re​sponses be​tween vul​ner ​a​ble and re​silient chil​dren of al​co ​holic par ​ents.
Al​co ​hol.: Clin. Exp. Res. 32, 414–426.

in ​volved in hap ​tic and vi​sual iden ​ti​fi​ca​tion of fa​cial ex ​pres ​sions of emo ​tion: an
fMRI study. Neu​roim​age 49, 1677–1689.

Lamm, C., De​cety, J., Singer, T., 2011. Meta-an ​a​lytic ev ​i​dence for com​mon and
dis ​tinct neural net​works as ​so​ci​ated with di​rectly ex ​pe​ri​enced pain and em​pa​thy
for pain. Neu​roim​age 54, 2492–2502.

Lev-Ran, S., Roerecke, M., Le Foll, B., George, T.P., McKen​zie, K., Rehm, J.,
2014. The as ​so​ci​a​tion be​tween cannabis use and de​pres ​sion: a sys ​tem​atic re​-
view and meta-analy ​sis of lon ​gi​tu ​di​nal stud​ies. Psy​chol. Med. 44, 797–810.

Lopez-Lar ​son, M.P., Bo​gorodzki, P., Ro​gowska, J., McGlade, E., King, J.B., Terry,
J., Yurgelun-Todd, D., 2011. Al​tered pre​frontal and in ​su​lar cor ​ti​cal thick ​ness in
ado ​les ​cent mar ​i​juana users. Be​hav. Brain Res. 220, 164–172.

Lopez-Lar ​son, M.P., Ro​gowska, J., Yurgelun-Todd, D., 2015. Aber ​rant or​-
bitofrontal con ​nec​tiv ​ity in mar ​i​juana smok​ing ado ​les ​cents. Dev. Cogn. Neu​-
rosci. .

Loukas, A., Fitzger ​ald, H.E., Zucker, R.A., von Eye, A., 2001. Parental al​co ​holism
and co-oc​cur ​ring an ​ti​so​cial be​hav ​ior: prospec​tive re​la​tion ​ships to ex ​ter ​nal​iz​ing
be​hav ​ior prob ​lems in their young sons. J. Ab​norm. Child Psy​chol. 29, 91–106.

Lynskey, M.T., Heath, A.C., Bu ​cholz, K.K., Slutske, W.S., Mad​den, P.A., Nel​son,
E.C., Statham, D.J., Mar​tin, N.G., 2003. Es ​ca​la​tion of drug use in early-on​set
cannabis users vs co-twin con ​trols. JAMA 289, 427–433.

Mac​Don​ald 3rd., A.W., Co ​hen, J.D., Stenger, V.A., Carter, C.S., 2000. Dis​so​ci​at​ing
the role of the dor ​so​lat​eral pre​frontal and an ​te​rior cin ​gu​late cor ​tex in cog ​ni​tive
con ​trol. Sci​ence 288, 1835–1838.

Mald​jian, J.A., Lau ​ri​enti, P.J., Kraft, R.A., Bur​dette, J.H., 2003. An au ​to ​mated
method for neu ​roanatomic and cy ​toar ​chi​tec​tonic at​las-based in ​ter ​ro ​ga​tion of
fMRI data sets. Neu​roim​age 19, 1233–1239.

Mald​jian, J.A., Lau ​ri​enti, P.J., Bur​dette, J.H., 2004. Pre​cen ​tral gyrus dis ​crep ​ancy in
elec​tronic ver ​sions of the Ta​lairach at​las. Neu​roim​age 21, 450–455.

Mar​tin, C.S., Clif ​ford, P.R., Maisto, S.A., Ear ​ley ​wine, M., Kirisci, L., Longabaugh,
R., 1996. Poly​drug use in an in ​pa​tient treat​ment sam​ple of prob​lem drinkers.
Al​co ​hol.: Clin. Exp. Res. 20, 413–417.

Mar​tin, M., Ledent, C., Par​men ​tier, M., Mal​don​ado, R., Valverde, O., 2002. In ​-
volve​ment of CB1 cannabi​noid re​cep ​tors in emo ​tional be​hav ​iour. Psy​chophar ​-
ma​col​ogy (Berl) 159, 379–387.

Mc​Don​ald, J., Schleifer, L., Richards, J.B., de Wit, H., 2003. Ef ​fects of THC on be​-
hav ​ioral mea​sures of im​pul​siv​ity in hu​mans. Neu​ropsy​chophar ​ma​col​-
ogy 28, 1356–1365.

Mc​Queeny, T., Padula, C.B., Price, J., Med​ina, K.L., Lo ​gan, P., Ta​pert, S.F., 2011.
Gen​der ef ​fects on amyg ​dala mor ​phom​e​try in ado ​les ​cent mar ​i​juana users. Be​-
hav. Brain Res. 224, 128–134.

12 Developmental Cognitive Neuroscience xxx (2015) xxx-xxx

Med​ina, K.L., Mc​Queeny, T., Nagel, B.J., Han​son, K.L., Yang, T.T., Ta​pert, S.F.,
2009. Pre​frontal cor ​tex mor ​phom​e​try in ab ​sti​nent ado ​les ​cent mar ​i​juana users:
sub​tle gen ​der ef ​fects. Ad​dict. Biol. 14, 457–468.

Mickey, B.J., Zhou, Z., Heitzeg, M.M., Heinz, E., Hodgkin ​son, C.A., Hsu, D.T.,
Lan ​ge​necker, S.A., Love, T.M., Pecina, M., Shafir, T., Stohler, C.S., Gold​man,
D., Zu ​bi​eta, J.K., 2011. Emo ​tion pro​cess ​ing, ma​jor de​pres ​sion, and func​tional
ge​netic vari​a​tion of neu ​ropep ​tide Y. Arch. Gen. Psy​chi​a​try 68, 158–166.

Miech, R.A., John​ston, L.D., O’Mal​ley, P.M., Bach ​man, J.G., Schu​len ​berg, J.E.,
2015. Mon​i​tor ​ing the Fu​ture: Na​tional Sur​vey Re​sults on Drug Use,
1975–2014: Vol​ume1, Sec​ondary School Stu​dents. In ​sti​tute for So​cial Re​-
search, The Uni​ver ​sity of Michi​gan, Ann Ar​bor.

Mil​ioni, M., Alessan​dri, G., Eisen ​berg, N., Castel​lani, V., Zuf ​fi​ano, A., Vec​chione,
M., Caprara, G.V., 2014. Rec​i​p​ro​cal re​la​tions be​tween emo ​tional self-ef ​fi​cacy
be​liefs and ego-re​siliency across time. J. Pers. .

Miller, P., Plant, M., 2002. Heavy cannabis use among UK teenagers: an ex ​plo ​-
ration. Drug Al​co ​hol De​pend. 65, 235–242.

Naqvi, N.H., Bechara, A., 2009. The hid ​den is ​land of ad ​dic​tion: the in ​sula. Trends
Neu​rosci. 32, 56–67.

Nestor, L., Hes​ter, R., Gar​a​van, H., 2010. In ​creased ven ​tral stri​atal BOLD ac​tiv ​ity
dur ​ing non-drug re​ward an ​tic​i​pa​tion in cannabis users. Neu​roim​-
age 49, 1133–1143.

O'Shea, M., Mc​Gre​gor, I.S., Mal​let, P.E., 2006. Re​peated cannabi​noid ex ​po​sure
dur ​ing peri​na​tal, ado ​les ​cent or early adult ages pro ​duces sim​i​lar lon ​glast​ing
deficits in ob​ject recog ​ni​tion and re​duced so​cial in ​ter ​ac​tion in rats, Jour​nal of
psy​chophar ​ma​col​ogy. 20, 611–621.

O'Shea, M., Singh, M.E., Mc​Gre​gor, I.S., Mal​let, P.E., 2004. Chronic cannabi​noid
ex ​po​sure pro ​duces last ​ing mem​ory im​pair ​ment and in ​creased anx ​i​ety in ado ​les ​-
cent but not adult rats. J. Psy​chophar ​ma​col. (Oxf.) 18, 502–508.

Old​field, R.C., 1971. The as ​sess​ment and analy ​sis of hand ​ed ​ness: the Ed ​in ​burgh in ​-
ven ​tory. Neu​ropsy​cholo ​gia 9, 97–113.

Oliv​eri, M., Ba​biloni, C., Fil​ippi, M.M., Cal​t​a​girone, C., Ba​biloni, F., Ci​cinelli, P.,
Tra​versa, R., Palmieri, M.G., Rossini, P.M., 2003. In ​flu ​ence of the sup​ple​men ​-
tary mo ​tor area on pri​mary mo ​tor cor ​tex ex ​citabil ​ity dur ​ing move​ments trig ​-
gered by neu ​tral or emo ​tion ​ally un​pleas ​ant vi​sual cues. Exp. Brain
Res. 149, 214–221.

de​pen ​dent changes in the emo ​tional pro ​file in adult rats: be​hav ​ioral and bio ​-
chem​i​cal cor ​re​lates. Neu​ropsy​chophar ​ma​col​ogy 33, 2760–2771.

Schnei​der, M., Schomig, E., Leweke, F.M., 2008. Acute and chronic cannabi​noid
treat​ment dif ​fer ​en ​tially af ​fects recog ​ni​tion mem​ory and so​cial be​hav ​ior in pu​-
ber ​tal and adult rats. Ad​dict. Biol. 13, 345–357.

Schweins ​burg, A.D., Nagel, B.J., Schweins ​burg, B.C., Park, A., Theil​mann, R.J.,
Ta​pert, S.F., 2008. Ab​sti​nent ado ​les ​cent mar ​i​juana users show al​tered fMRI re​-
sponse dur ​ing spa​tial work​ing mem​ory. Psy​chi​a​try Res. 163, 40–51.

Shedler, J., Block, J., 1990. Ado​les ​cent drug use and psy​cho ​log ​i​cal health: a lon ​gi​-
tu ​di​nal in ​quiry. Am. Psy​chol. 45, 612–630.

Sim​mons, A., Strigo, I., Matthews, S.C., Paulus, M.P., Stein, M.B., 2006. An​tic​i​pa​-
tion of aver ​sive vi​sual stim​uli is as ​so​ci​ated with in ​creased in ​sula ac​ti​va​tion in
anx ​i​ety-prone sub​jects. Biol. Psy​chi​a​try 60, 402–409.

Si​mons, J.S., Carey, K.B., 2002. Risk and vul​ner ​a​bil​ity for mar ​i​juana use prob​-
lems: the role of af ​fect dys ​reg ​u​la​tion. Psy​chol. Ad​dict. Be​hav. 16, 72–75.

Smith, A.M., Longo, C.A., Fried, P.A., Hogan, M.J., Cameron, I., 2010. Ef ​fects of
mar ​i​juana on vi​su​ospa​tial work​ing mem​ory: an fMRI study in young adults.
Psy​chophar ​ma​col​ogy (Berl) 210, 429–438.

Sokol, R.J., Clar ​ren, S.K., 1989. Guide​lines for use of ter ​mi​nol​ogy de​scrib ​ing the
im​pact of pre​na​tal al​co ​hol on the off ​spring. Al​co ​hol.: Clin. Exp.
Res. 13, 597–598.

Stein, M.B., Sim​mons, A.N., Fe​in ​stein, J.S., Paulus, M.P., 2007. In ​creased amyg ​-
dala and in ​sula ac​ti​va​tion dur ​ing emo ​tion pro​cess ​ing in anx ​i​ety-prone sub​jects.
Am. J. Psy​chi​a​try 164, 318–327.

Stin​son, F.S., Ruan, W.J., Pick​er ​ing, R., Grant, B.F., 2006. Cannabis use dis ​or ​ders
in the USA: preva​lence, cor ​re​lates and co-mor ​bid ​ity. Psy​chol.
Med. 36, 1447–1460.

Stuhrmann, A., Sus ​low, T., Dannlowski, U., 2011. Fa​cial emo ​tion pro ​cess ​ing in
ma​jor de​pres ​sion: a sys ​tem​atic re​view of neu ​roimag ​ing find ​ings. Biol. Mood
Anx​i​ety Dis​ord. 1, 10.

Swadi, H., Bo​bier, C., 2003. Sub​stance use dis ​or ​der co ​mor ​bid ​ity among in ​pa​tient
youths with psy​chi​atric dis ​or ​der. Aust. N. Z. J. Psy​chi​a​try 37, 294–298.

Ta​pert, S.F., Schweins ​burg, A.D., Drum​mond, S.P., Paulus, M.P., Brown, S.A.,
Yang, T.T., Frank, L.R., 2007. Func​tional MRI of in ​hibitory pro ​cess ​ing in ab ​sti​-
nent ado ​les ​cent mar ​i​juana users. Psy​chophar ​ma​col​ogy (Berl) 194, 173–183.

http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0160
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0165
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0170
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0175
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0180
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0585
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0185
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0190
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0195
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0200
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0205
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0210
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0215
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0275
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0280
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0285
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0290
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0295
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0300
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0305
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0310
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0810
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0910
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0315
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0320
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0325
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0330
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0335
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0340
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0345
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0350
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0355
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0360
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0365
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0370
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0375
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0380
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0385
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0450
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0455
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0460
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0465
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0470
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0475
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0480
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0485
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0490
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0495
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0500
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0505
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0510


Padula, C.B., Schweins ​burg, A.D., Ta​pert, S.F., 2007. Spa​tial work​ing mem​ory per ​-
for ​mance and fMRI ac​ti​va​tion in ​ter ​ac​tion in ab ​sti​nent ado ​les ​cent mar ​i​juana
users. Psy​chol. Ad​dict. Be​hav. 21, 478–487.

Pat​ton, G.C., Cof​fey, C., Car ​lin, J.B., De​gen ​hardt, L., Lynskey, M., Hall, W., 2002.
Cannabis use and men ​tal health in young peo ​ple: co ​hort study.
BMJ 325, 1195–1198 (Clin ​i​cal Re​search ed.).

Ped​er ​sen, W., 2008. Does cannabis use lead to de​pres ​sion and sui​ci​dal be​hav ​iours?
A pop​u​la​tion-based lon ​gi​tu ​di​nal study. Acta Psy​chi​atr. Scand. 118, 395–403.

Petrides, M., 2005. Lat​eral pre​frontal cor ​tex: ar ​chi​tec​tonic and func​tional or ​ga​ni​za​-
tion. Phi​los. Trans. R. Soc. Lond. Ser. B: Biol. Sci. 360, 781–795.

Preacher, K.J., Hayes, A.F., 2004. SPSS and SAS pro​ce​dures for es ​ti​mat​ing in ​di​rect
ef ​fects in sim​ple me​di​a​tion mod ​els. Be​hav. Res. Meth​ods In ​strum. Com​-
put. 36, 717–731.

Preacher, K.J., Rucker, D.D., Hayes, A.F., 2007. Ad​dress ​ing mod ​er ​ated me​di​a​tion
hy​pothe​ses: the​ory, meth ​ods, and pre​scrip ​tions. Mul​ti​var. Be​hav.
Res. 42, 185–227.

Pu​jol, J., Blanco-Hi​nojo, L., Batalla, A., Lopez-Sola, M., Har​ri​son, B.J., So​ri​ano-
Mas, C., Crippa, J.A., Fa​gundo, A.B., Deus, J., de la Torre, R., Nogue, S.,
Farre, M., Tor ​rens, M., Mar​tin-San​tos, R., 2014. Func​tional con ​nec​tiv ​ity al​ter ​-
ations in brain net​works rel​e​vant to self-aware​ness in chronic cannabis users. J.
Psy​chi​atr. Res. 51, 68–78.

Quinn, H.R., Mat​sumoto, I., Callaghan, P.D., Long, L.E., Arnold, J.C., Gu​-
nasekaran, N., Thomp ​son, M.R., Daw​son, B., Mal​let, P.E., Kashem, M.A., Mat​-
suda-Mat​sumoto, H., Iwazaki, T., Mc​Gre​gor, I.S., 2008. Ado​les ​cent rats find
re​peated Delta(9)-THC less aver ​sive than adult rats but dis ​play greater resid ​ual
cog ​ni​tive deficits and changes in hip ​pocam​pal pro ​tein ex ​pres ​sion fol​low ​ing ex ​-
po​sure. Neu​ropsy​chophar ​ma​col​ogy 33, 1113–1126.

Roberts, B.W., Wal​ton, K.E., Viecht​bauer, W., 2006. Pat​terns of mean-level change
in per ​son​al​ity traits across the life course: a meta-analy ​sis of lon ​gi​tu ​di​nal stud​-
ies. Psy​chol. Bull. 132, 1–25.

Robins, L., Cot​tler, L.B., Bu​cholz, K.K., Comp ​ton, W.M., North, C.S., Rourke,
K.M., 2000. Di​ag ​nos ​tic In ​ter ​view Sched ​ule for the DSM-IV (DSM-IV). Wash ​-
ing ​ton Uni​ver ​sity School of Med​i​cine, St. Louis, MO.

Rodi​gari, A., Oliv​eri, M., 2014. Dis​rupt​ing SMA ac​tiv ​ity mod ​u​lates ex ​plicit and
im​plicit emo ​tional re​sponses: an rTMS study. Neu​rosci. Lett. 579, 30–34.

Roser, P., Lis ​sek, S., Tegen ​thoff, M., Nico​las, V., Juckel, G., Brune, M., 2012. Al​-
ter ​ations of the​ory of mind net​work ac​ti​va​tion in chronic cannabis users. Schiz​-
o​phr. Res. 139, 19–26.

Ru​bino, T., Vigano, D., Re​alini, N., Guidali, C., Braida, D., Ca​purro, V., Cas ​-
tiglioni, C., Cheru ​bino, F., Ro​mualdi, P., Can ​deletti, S., Sala, M., Paro​laro, D.,
2008. Chronic delta 9-tetrahy ​dro ​cannabi​nol dur ​ing ado ​les ​cence pro ​vokes sex-

Tay​lor, Z.E., Doane, L.D., Eisen ​berg, N., 2014. Tran ​si​tion ​ing from high school to
col​lege: re​la​tions of so​cial sup​port, ego-re​siliency, and mal​ad ​just​ment dur ​ing
emerg ​ing adult​hood. Emerg. Adult​hood 2, 105–115.

Tera​sawa, Y., Fukushima, H., Umeda, S., 2013. How does in ​te​ro ​cep ​tive aware​ness
in ​ter ​act with the sub​jec​tive ex ​pe​ri​ence of emo ​tion? An fMRI study. Hum.
Brain Mapp. 34, , 598–612.

Tera​sawa, Y., Shi​bata, M., Moriguchi, Y., Umeda, S., 2013. An​te​rior in ​su​lar cor ​tex
me​di​ates bod​ily sen​si​bil​ity and so​cial anx ​i​ety. Soc. Cogn. Af​fect. Neu​rosci. 8, ,
259–266.

Tzou ​rio-Ma​zoyer, N., Lan ​deau, B., Pa​p​athanas ​siou, D., Criv ​ello, F., Etard, O., Del​-
croix, N., Ma​zoyer, B., Jo​liot, M., 2002. Au​to ​mated anatom​i​cal la​bel​ing of ac​-
ti​va​tions in SPM us ​ing a macro ​scopic anatom​i​cal par ​cel​la​tion of the MNI MRI
sin​gle-sub​ject brain. Neu​roim​age 15, 273–289.

van der Velde, J., Ser​vaas, M.N., Go​er ​lich, K.S., Brugge​man, R., Hor​ton, P.,
Costafreda, S.G., Ale​man, A., 2013. Neural cor ​re​lates of alex ​ithymia: a meta-
analy ​sis of emo ​tion pro​cess ​ing stud​ies. Neu​rosci. Biobe​hav.
Rev. 37, 1774–1785.

van Laar, M., van Dors ​se​laer, S., Mon​shouwer, K., de Graaf, R., 2007. Does
cannabis use pre​dict the first in ​ci​dence of mood and anx ​i​ety dis ​or ​ders in the
adult pop​u​la​tion?. Ad​dic​tion 102, 1251–1260.

Volkow, N.D., Comp ​ton, W.M., Weiss, S.R., 2014. Ad​verse health ef ​fects of mar ​i​-
juana use. N. Engl. J. Med. 371, 879.

Vollm, B.A., Tay​lor, A.N., Richard ​son, P., Cor​co ​ran, R., Stir​ling, J., McKie, S.,
Deakin, J.F., El​liott, R., 2006. Neu​ronal cor ​re​lates of the​ory of mind and em​pa​-
thy: a func​tional mag ​netic res ​o​nance imag ​ing study in a non​ver ​bal task. Neu​-
roim​age 29, 90–98.

Zam​ber ​letti, E., Prini, P., Speziali, S., Gabaglio, M., Soli​nas, M., Paro ​laro, D., Ru​-
bino, T., 2012. Gen​der-de​pen ​dent be​hav ​ioral and bio ​chem​i​cal ef ​fects of ado ​les ​-
cent delta-9-tetrahy ​dro ​cannabi​nol in adult ma​ter ​nally de​prived rats. Neu​ro ​-
science 204, 245–257.

Zucker, R.A., El​lis, D.A., Fitzger ​ald, H.E., Bing ​ham, C.R., San​ford, K., 1996.
Other ev ​i​dence for at least two al​co ​holisms II: life course vari​a​tion in an ​ti​so​-
cial​ity and het​ero ​gene​ity of al​co ​holic out​come. Dev. Psy​chopathol. 8, 831–846.

Zucker, R.A., Fitzger ​ald, H.E., 1994. Drink​ing and Drug His​tory Form for Chil​-
dren. Uni​ver ​sity of Michi​gan De​part​ment of Psy​chi​a​try, Ad​dic​tion Re​search
Cen ​ter, Ann Ar​bor.

Zucker, R.A., Fitzger ​ald, H.E., Re​fior, S.K., Put​tler, L.I., Pal​las, D.M., El​lis, D.A.,
2000. The clin ​i​cal and so​cial ecol​ogy of child ​hood for chil​dren of al​co ​holics:
de​scrip ​tion of a study and im​pli​ca​tions for a dif ​fer ​en ​ti​ated so​cial pol​icy. In:
Fitzger ​ald, H.E., Lester, B.M., Zucker, R.A. (Eds.), Chil​dren of Ad​dic​tion: Re​-
search, Health and Pol​icy Is ​sues. Rout​ledge Falmer, New York, pp. 221–254.

http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0390
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0395
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0400
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0405
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0410
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0415
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0420
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0425
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0430
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0435
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0440
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0445
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0450
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0515
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0520
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0525
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0830
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0530
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0535
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0540
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0545
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0550
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0555
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0560
http://refhub.elsevier.com/S1878-9293(15)00089-4/bib0565

