March 31, 2022

Alan Fredricksen

Land Use Administrator

Morth Haven Town Hali Annex
5 Linsley St.

North Haven, CT 06473

Dear Alan and Planning and Zoning Commission:

Hope all is well! Attached, please find 10 copies of studies and reviews regarding the risks of Medical
Marijuana for mood and anxiety disorders, effects of Cannabis an the adult brain, and the effects of
Cannabis on the adolescent brain.

Also, please find quoted sections relative to the Planning and Zoning Commission’s authority and
considerations of the public's health, safety and welfare regarding Zoning regulations from
www._cga.ct.gov Chapter 124 Zoning Sec. 8-2 Regulations (a).

And included from the CT Insider is a list of Towns who have banned Cannabis establishments as well as
those who have moratoriums.

Please distribute a set to each Planning and Zoning Commission member and to town staff so the
information can be reviewed prior to Monday’s PZC meeting.

Mr. Chairman, Vern Carlson, 1 would like to kindly request less than 10 minutes to speak of the results
of each study and review so as to enter them into the record during public comment. Thank you!

With Kind Regards,
Mary White
Summer Lane
North Haven, CT
203-239-4160

The names of studies and reviews include:
"Study raises questions about risks of using medical marijuana for mood and anxiety disorders”

"Using marijuana may affect your ability to think and plan, study says”

"The acute effects of cannabinoids on memory in humans: a review"

"The Psychotomimetic Effects of Intravenous Delta-9-Tetrahydrocannabinol in Healthy Individuals:
Implications for Psychosis"

"Cancerous toxins linked to cannabis extract”

"Evidence on the acute and residual neurocognitive effects of cannabis use in adolescence and adults; a
systematic meta-review of meta-analysis"

"Vaping marijuana by teens doubles in last seven years, with potentiatly harmful consequences, study
says"

"Prevalence of Adolescent Cannabis Vaping A Systematic Review and Meta-analysis of US and Canadian
Studies"

"Vaping marijuana linked to lung injury in teens, study says"

"Association of Cannabis Use With Self-harm and Mortality Risk Among Youths With Mood Disorders"
"Teen brain volume changes with small amount of cannabis use, study finds"

"Grey Matter Volume Differences Associated with Extremely Low Levels of Cannabis Use in
Adolescence”



WWW.cga.clt.gov

Chapter 124
Zoning

Sec. 8-2 Regulations (a)

"...planning and zoning commission or zoning board of appeals, whichever commission or board
the regulations may, notwithstanding any special act to the contrary, designate subject to the
standards set forth in the regulations and to conditions necessary to protect the public health,
safety, convenience and property values."

"Such regulations shall be designed to lessen congestion in the streets; to secure safety from
fire, panic, flood and other dangers; to promote health and the general welfare; to provide
adequate light and air; to prevent the overcrowding of land; to avoid undo concentration of
population and to facilitate the adequate provision of transportation, water, sewerage, schools,
parks, and other public requirements.”

The Town's Planning and Zoning Commission has the authority to make zoning
regulations regarding the way the land shali be developed and utilized and has the great
responsibility to ensure those regulations promote health and the general welfare and
protect the public health and safety.

Therefore, please ban Cannabis establishments in the Town of North Haven because
Cannabis is addictive, Cannabis use impairs driving, impairs cognition, has a negative
impact on the brain's higher levels of thinking - executive functions which include the
ability to make decisions, remember important data, plan, organize and solve problems,
as well as control emotions and behavior, Cannabis negatively effects adolescents even
those who have just consumed one or two joints in that it changes the gray matter
volumes in their brains negatively effecting fear and other emotion-related processes
and memory development and spatial abilities, Cannabis use increases self-harm and
mortality among youths with mood disorders, and adolescents are vaping marijuana at
double the rate with harmful consequences such as lung injury.
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Which Connecticut cities and towns have banned recreational cannabis
businesses?

Some towns have banned recreational cannabis businesses while others
have instituted moratoriums as they work to decide.

By Ginny Monk, Julia Bergman, Andrew DaRosa, Derek Turner | Feb. 11, 2022 |
Updated: March 18, 2022 3:50 PM

Since the Connecticut legislature passed legal recreational cannabis in Connecticut last
year, cities and towns across the state have been making decisions on how they will handle
the new law.

Some municipalities outright banned legal cannabis businesses in their town, while others
passed a moratorium to give local leaders more time to study and create regulations.

Cities and towns cannot restrict delivery of legal cannabis, even if they ban businesses and
consumption on public property.

NO BAN

Andover

"Andover has not banned cannabis sales or farming in fact we've gone the other way and we're actively recruiting
cannabis businesses in the town," Eric Anderson, the Town Administrator, said.

NO BAN
Ansonia
A moratorium was proposed, but nothing has been decided yet.

MORATORIUM
Beacon Falls
Beacon Falls' moratorium extended to Sept. 11, 2022.

MORATORIUM

Berlin

Planning and development unanimously approved a nine-month moratorium on adult-use cannabis sales on Nov.
24,2021.

MORATORIUM
Bethany
Bethany passed a 365-day moratorium on Oct. 1, 2021.

BANNED
Bethel
No change.

MORATORIUM

Bloomfield

Moratorium in effect through April 1, 2022,

NO BAN

Bolton

"As far as | am aware this topic has not been brought up to the Board of Selectmen," Gary Silver, the Media
Coordinator for the Town of Bolton, said.



NQ BAN
Bridgeport
Bridgeport is taking measures to ban cannabis sales in certain zones, including near schools.

MORATORIUM
Bristol
Bristol's moratorium expires March 31, 2022.

MORATORIUM
Burlington
Burlington's moratorium expires Sept. 8, 2022,

NO BAN
Canaan
The Planning and Zoning Committee is locking into the issue to consider a ban.

MORATORIUM

Cheshire

The town's Planning and Zoning Committee is working on this. They held a public meeting on the topic in late
January, and discussed setting the ban, with an exception for cultivators, per a request during the public comment
session with a business owner who wants to apply for the micro-cultivator license.

MORATORIUM

Chester

The moratorium is in effect for at least six months (beginning Oct. 1, 2021] and up to one year, or until the
Planning and Zoning Commission adopts regulations to govern recreational cannabis sales.

BANNED
Clinton
The town council passed it as a land-use ban for any type of cannabis sales or production facilities.

NO BAN

Colebrock

"Currently our Zoning Board is working on drafting and implementing a moratorium which will prohibit the use,
sale or farming of cannabis. The plan is for the moratorium te be in place for one year or until the town approves
an acceptable regulation for cannabis,” Chris lohnstone, Colebrook's First Selectman, said.

MORATORIUM
Danbury
Danbury’s moratorium expires July 29, 2022,

BANNED

Darien

The town's zoning laws have never allowed marijuana dispensaries. The planning and zoning commission will likely
take the issue up formally in 2022, Jeremy Ginsberg, director of land use said.

MORATORIUM
Durham
Durham's moratorium expires Feb. 23, 2022.

MORATGRIUM
East Granby
Six month moratorium began on Jan. 8, 2022.



NO BAN

East Haddam

"We do not currently have a han. We just had a public hearing last week and on Feb. 16 we have a board of
selectmen meeting to determine the next step. We are anticipating a referendum for the people of East Haddam
to vote on it. No anticipated date on that referendum yet," East Haddam First Selectman lrene Haines said.

BANNED
Eastford
Eastford bans the sale of cannabis.

MORATORIUM
Ellington
6-month moratorium beginning Oct. 1, 2021.

NO BAN
Enfield
On Dec. 6, 2021, the Enfield Town Council flipped its decision on banning cannabis businesses.

MORATORIUM
Fairfield
Fairfield's moratorium, which becomes effective in February, is set to last for one year.

NO BAN
Farmington
Farmington instituted regulations for recreational cannabis into the existing medical regulations.

MORATORIUM
Glastonbury
Glastonbury's moraiorium, which became effective in September, is set to last for 18 months.

MORATORIUM
Granby
Granby's moratorium is set to expire Aug. 31.

MORATORIUM
Griswold
Griswold set a one-year moratorium, which became effective in September.

BANNED
Groton
Groton's ban became effective in November.

MORATORIUM
Hamden
Hamden passed its moratorium in December, and it is set to last for a year.

MORATORIUM
Harwinton
Harwinton's moratorium, which became effective in December, is set to last for a year,

MORATORIUM

Hebron
Hebron's moratorium, which became effective in August, is set to last for nine months.



BANNED
Kent
Retail stores are banned from selling recreational cannabis.

NO DATA
Killingly
Moratorium adopted August 16, 2021 through Dec. 31, 2022.

BANNED
Lebanon
The ban on marijuana sales was enacted before the state's adult-use law was passed.

MORATORIUM
Ledyard
Ledyard's moratorium, which became effective in December, is set to last for a year.

MORATORIUM
Madison
Madison's moratorium is set to last for nine months,

MORATORIUM

Middlebury

The town set a moratorium, which expires March 31, and is considering an amendment to extend the moratorium
to Dec. 30.

BANNED
Monroe
Cannabis dispensaries and production facilities are banned.

NO BAN

Montville

Montville already has a medical dispensary in town, and Town Clerk Katie Haring said there is consideration for
rewriting the zoning rules to allow for manufacturing and production facilities,

NO BAN
Morris
The town's Planning and Zoning Committee is working on this.

MORATORIUM
New Fairfield
New Fairfield's moratorium, which became effective in November, is set to last for one year.

NO BAN
New London
"We are courting the industry and will be adopting regulations soon," Mayor Michael Passero said.

NO BAN

New Milford

New Milford Mayor Pete Bass said at the end of January that the town was still researching recreational cannabis
sales but had not proposed a moratorium. The town was working on an ordinance to ban the use of cannabis on
town property, Bass said at the time.

MORATORIUM
North Branford
North Branford's moratorium is set to last for one year and became effective in October,



MORATORIUM
North Stonington
North Stonington's moratorium became effective Feb. 3 and is scheduled to last for six months,

NO BAN
Norwalk
Norwalk is in the process of instituting 2 moratorium, which does not yet have full approval.

NO BAN
Norwich
Norwich is openly welcoming the industry.

MORATORIUM
Old Sayhraok
Old Saybrook's moratorium is scheduled to expire at the end of May.

MORATORIUM
Orange
Orange's moratorium, which went into effect in November, is set to last for one year.

MORATORIUM
Oxford
Oxford has set an 18-month moratorium on "retail sales, manufacture, and cultivation” of cannabis.

MORATORIUM
Preston
Preston's moratorium is set to expire March 20.

MORATCORIUM
Putham
Putnam’s moratorium is set to expire Sept. 18.

NO BAN

Redding

"Redding has not banned or instituted a moratorium on cannabis businesses," First Selectman Julia Pemberton
said on Jan. 27.

MORATORIUM
Sharon
Sharon's moratorium, which became effective in January, is set to last for six months.

NO BAN

Stonington

A public hearing is scheduled in March to solicit feedback on a proposal to impose a six-month moratorium. The
moratorium would give the Planning and Zoning Commission time to establish regulations.

MORATORIUM
Thomaston
Thomaston's moratorium is set to expire June 2.

MORATORIUM
Torrington
Torrington's moratorium is set to expire Sept. 25.



MORATORIUM
Trumbull
Trumbull's moratorium is set to expire Sept. 1.

MORATORIUM
Waterbury
Waterbury's moratorium expires Aug. 9.

BANNED
Westport
Westport's ban excludes medical dispensaries.

MORATORIUM
Wilton
Wilton's moratorium is set to expire Sept. 29.

MORATORIUM
Woodstock
Woodstock's moratorium is set to expire Oct. 31.

NOTE:
BANNED
Guilford has a ban on Medical Marijuana Dispensary Facilities and Medical Production Facilities.



Study raises questions about risks of
using medical marijuana for mood and

anxiety disorders

By Sandes Lalfiotie, CHN

Updated 9:47 AM ET, Sat March 18, 2022

(CNN)Some people with pain, anxiety or depression who obtain medical marijuana
cards may overuse marijuana within a short time frame, leading to cannabis use
disorder while failing to improve their symptoms, a new study found.

Cannabis use disorder, also known as marijuana use disorder, is associated with
dependence on the use of weed. People are considered dependent on weed when they
feel food cravings or have a lack of appetite, irritability, restiessness, and mood and
sleep difficulties after quitting, according to the National Institute on Drug Abuse.

e :
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People who obtained medical marijuané cards immediately were twice as likely to

develop cannabis use disorder than those who waited 12 weeks before getting cards,
new research found,

Heavy use of marijuana by teens and young adults with mood disorders -- such as
depression and bipolar disorder -- was linked to an increased risk of self-harm, suicide
atiempts and death, according to an earlier study published in 2021.

Under the current system of providing medical marijuana cards, people only require
written approval by a licensed physician, the latest study said. But often that doctor is
“not the patient's primary care provider but a 'cannabis doctor' who may provide
authorization to patienis with only a cursory examination, no recommendations for
alternative treatments, and no follow-up," according fo a statement released with the
study.

"Indeed, the medical marijuana industry functions outside regulatory standards that
apply to most fields of medicine,” the statement said.

No changes in depression, anxiety or pain symptoms

The study, published Friday in the journal JAMA Network Open, followed 269 adults
from the Boston area with an average age of 37 who wanted to obtain medical
marijuana cards. Participants were divided into two groups: One was allowed to



get cards immediately and begin use; the other group waited for 12 weeks before
obtaining cards.

Using marijuana may affect your ability to think and plan, study says

"The waitlist group was our comparison group, like a placebo group, but we couldn't do
'placebo’ cannabis,” said lead author Jodi Gilman, an associate professor at Harvard
Medical School/Massachusetts General Hospital with the Center for Addiction Medicine.

"The waitlist group continued their usual treatment, whether it was counseling,
medication, eic.," she said in an email.

All participants were able to choose their choice and dose of cannabis products from a
dispensary as well as frequency of use. They could also continue their usual medical or
psychiatric care.

People who obtained cards immediately were twice as likely to develop cannabis use
disorder, the study found. Ten percent had developed the disorder by week 12, and that
figure rose to 20% if they were using marijuana for anxiety or depression.

Those who got cards immediately saw "no significant changes in pain severity or
anxiety or depressive symptoms" but did report improvement in insomnia and greater
well-being, according to the study. The benefits for sleep and well-being need further
follow-up, the study said.

it's possible that medical marijuana use may "pose a high risk or may even be
contraindicated for people with affective disorders. This finding is important to replicate
because depression has been reported as the third most common reason that people
seek a medical marijuana card," the study said.

"Our study underscores the need for better decision-making about whether to begin to
use cannabis for specific medical complaints, particularly mood and anxiety disorders,
which are associated with an increased risk of cannabis use disorder," Gilman said in a
statement.

"There needs to be better guidance to patients around a system that currently allows
them to choose their own products, decide their own dosing, and often receive no
professional follow-up care,” Gilman added.



Using marijuana may affect your ability
to think and plan, study says

By Sandee LaMotte, CNN
Updated 12:02 AM ET, Thu January 20, 2022

(CNN)Remember those classic stoner dudes -- Cheech and Chong, anyone? -- spending
their days in a weed-drenched room (or car), capable of little besides finding that next great
high?

Weed can affect yur ability to make dec'isions, solve problems and perform other cognitive
functions, a study found.

If you don't, that's not surprising. As more and more states move to legalize marijuana,
the stereotypical mind-numbing effects of weed have become passé, often replaced by
an acceptance of the drug as an acceptable way to socialize, relax and get better sleep.

But while society may have forgotten the impact that weed can have on the brain,
science has not.

Studies have long shown that getting high can harm cognitive function. Now, a new
review of research, published Thursday in the journal Addiction, finds that impact may
last well beyond the initial high, especially for adolescents.

"Our study enabled us to highlight several areas of cognition impaired by cannabis use,
including problems concentrating and difficulties remembering and learning, which may
have considerable impact on users' daily lives," said coauthor Dr. Alexandre Dumais,
associate clinical professor of psychiatry at the University of Montreal.

"Cannabis use in youth may consequently lead to reduced educational attainment, and, in
adults, to poor work performance and dangerous driving. These consequences may be
worse in regular and heavy users," Dumais said.



Vaping marijuana by teens doubles in last seven years, with potentially harmful
consequences, study says

Weed's impact on the brain can be particularly detrimental to cognitive development for
youth, whose brains are still developing, said Dr. Megan Moreno, a professor of pediatrics
at the University of Wisconsin School of Medicine and Public Health, who was not involved
in the study.

"This study provides strong evidence for negative cognitive effects of cannabis use, and
should be taken as critical evidence to prioritize prevention of cannabis use in youth,"
Moreno said. "And contrary to the time of Cheech and Chong, we now know that the brain
continues to develop through age 25.

"Parents should be aware that adolescents using cannabis are at risk for damage to their
most important organ, their brain."

Higher-level thinking

The newly published review looked at studies on over 43,000 people and found a negative
impact of tetrahydrocannabinol or THC, the main psychoactive compound in cannabis, on
the brain's higher levels of thinking. Those executive functions include the ability to make
decisions, remember important data, plan, organize and solve problems, as well as control
emotions and behavior.

Uncontrollable vomiting due to marijuana use on rise, study finds

Can you recover or reverse those deficits? Scientists aren't sure.



"Research has revealed that THC is a fat-soluble compound that may be stored in body fat
and, thus, gradually released into the bloodstream for months,” Dumais said, adding that
high-quality research is needed to establish the long-term impact of that exposure.

Some studies say the negative effects on the brain may ease after weed is discontinued,
but that may also depend on the amount, frequency and years of marijuana use. The age in
which weed use began may also play a role, if it falls within the crucial developmental
period of the youthful brain.

"Thus far, the most consistent alterations produced by cannabis use, mostly its chronic use,
during youth have been observed in the prefrontal cortex," Dumais said. "Such alterations
may potentiaily lead to a long-term disruption of cognitive and executive functions."

In addition, some studies have shown that "early and frequent cannabis use in adolescence
predicts poor cognition in adulthood,” he added.

While science sorts this out, "preventive and interventional measures {o educate youths on
cannabis use and discourage them from using the substance in a chronic manner should be
considered ... since youths remain particularly susceptible to the effects of cannabis,"
Dumais said.
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The acute effects of cannabinoids on memory in humans:

a review
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Abstract

Rationale Cannabis is one of the most [requently used
substances. Cannabis and its constitfuent cannabinoids are
known to impair scveral aspects of cognitive function,
with the most robust effects on short-tern episodic and
working memory in humans. A large body of the woik
in this area occurred in the 1970s before the discovery of
cannabinoid receptors. Recent advances in the knowledge
of cannabinoid rcecptors” function have rekindled intercst
in examining effects of exogenous cannabinoids on
memory and in understanding the mechanism of these
effects.

Objective The literature about the acute effects of
cannabinoids on memory tasks in humans is reviewed.
The limitations of the human literature including issues
of dosc, roule of administration, small sample sizes,
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sample selection, cffccts of other drug use, tolerance and
dependence to cannabinoids, and the timing and sensi-
tivity of psychological tesis arc discussed. Finally, the
human literature is discussed against the backdrop of
preclinical lindings.

Results Acute administration of A-9-THC transiently
impairs immediate and delayed free recall of information
presented after, but not before, drug administration in a
dose- and dclay-dependent manner. In particular, canna-
binoids increase intrusion errors. These effects are more
robust with the inhaled and intravenous route and
correspond to peak drug levels,

Conclusions This profile of effects suggests that canna-
binoids impair all stages of memory including encoding,
consolidation, and retricval, Several mechanisms, inclod-
ing effects on long-lerm potentialion and long-lerm
depression and the inhibition of neurotransmitter (GABA,
glulamate, acetyl choline, dopamine) release, have been
implicated in the amnestic effects of cannabinoids. Future
rescarch in humans is necessary to characierize (he
ncuroanatomical and ncurochemical basis of the memory
impairing effects of cannabinoids, to dissect out their
effects on the various stages of memory and to bridge
the expanding gap between the humans and preclinical
literature.

Keywords Cannabinoids - Cannabis - Marijnana -
A-9-THC - Memory - Learning - Cognition

Abbreviations
CB cannabinoid
CBI cannabinoid 1 receptor

A-9-THC
CBD

delta-9-tetrahydrocannabinol
cannabidiol

£) Springer
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Introduction

Cannabis or marijuana is the most widely used illicit drug
in the Western liemisphere, and among ils many effects 1t is
known to producc coguitive cffects. The most robust
cognilive effects of cannabis are on memory. However,
the mechanism of action of these compounds has long
remained an enigma, Recent advances in the understanding
of cannabinoid receptor function have renewed intercst in
the effects of cannabis and other cannabinoids on cognition.

Reviewing the effects of cannabinoids on memory is
relevant to both normal physiology and pathological states.
Cannabis usc disorders are not uncommon; therefore,
understanding the effects of cannabinoids on memory is
important. More recently, there is growing interest in the
association befween cannabis use and schizoplwenia, a
disorder characterized by memory impairmenis that are
considered to be core manifestations of the illness. In fact,
laboratory studics with cannabinoids are receiving increas-
ing scrutiny as possible “models” of schizophrenia. Pre-
clinical findings suggest a role for the endocannabinoid
system in memory processes. Finalty, with an explosion in
preclinical research on the endocannabinoid system, it
scems limely 1o revisit and review the litcrature on the
cffects of cannabinoids on memory in humans.

The objective of this paper is to review the acute effects
of cannabinoids on short-term memory in humans and to
examine their effects on the various stages of memory. One
other objective of this paper is to draw attention to the
possible role of the endocannabinoid system in the
pliysiology of memory by bricfly discussing the preclinical
literature. While there is considerable debate about the
long-term effects of cannabinoids, this paper only reviews
the acute effects of cannabinoids. Simitarly, while there is
cvidence that cannabinoids impair other cognitive function,
¢.g., attention and time perception, this paper only reviews
the effects of cannabinoids on shorl-term memory. The
literature on the cognitive effects of cannabinoids is divided
into roughly two cras; one predominantly in the 1970s and
onc after the discovery and characterization of a brain
endocannabinoid system in the 1990s. These two phases,
while valuable and informative, are challenging to compare
because of widely differing methodologies including differ-
ences in tasks, controls, cte., which will be discussed later.
Furthermore, relative to other drugs known to impair
memeory, e.g.. benzodiazepines and kelamine, the cannabi-
noid literature presents some unique challenges. The canna-
binoid literature includes studies using herbal cannabis,
unassayed amoumts of delta-9-tefrahydrocannabinol (A-9-
THC) and varying routes of adminisiration, which as
discussed later, make the interpretation of the literature
difficult. In this paper, the clinical literature will first be
reviewed, followed by a review of the mare recent preclinical
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lterature with the goal of providing potential mechanistic
explanations and stimulating further research in the field.

As a prelude to reviewing the studies about the effects of
cannabinoids on memory, we first review the constituents off
cannabis, issucs relafed to the dosc and route of administra-
tion of cannabinoids, and cannabinoid receptor function. The
large majority of pharmacological studies were conducted
with herbal cannabis and its principal active ingredient A-9-
THC. Herbal cannabis contains more than 600 compounds,
more than 70 of which are cannabinoids. Of these, A-9-THC
is thought to be the ingredient responsible for most of the
cognitive and behavioral effects of cannabis.

In addition to the classic natural cannabinoids found in
herbal cannabis, there are a mumber of synthetic cannabi-
noids that have been studied in man. These include
dronabinol, nabilone, and levonantradol. Dronabinol is
synthetic A-9-THC. The 9-trans keto-cannabinoid nabilone
is a synthetic analog of A-9-TIHC that was developed as an
antiemetic and is available in Europe as Cesamet. Levo-
nantradol was developed as an analgesic agent, but was
abandoned because of a high incidence of intolerabie
behavioral side effeets.

A9-THC has & long half-lifc of approximately 4 days
{Johaunsson ¢t al. 1988). Iis principal active metabolitc, 11-
hydroxy-THC, is more potent than A-9-TIIC. The time
course of 1I-hydroxy-THC blood levels correlates well
with the psychological effects of inhaled and oral A-9-THC
(reviewed in Agurell et al. 1986). Therefore, in relating
cognitive or behavioral data with blood levels, both A-9-
THC and 1i-hydroxy-THC blood levels need to be
considered.

Route of administration

The pharmacokinetics and effects of’ A-9-THC vary as a
function of its route of administration. In atempting o
quantify the dose of A-U-THC cextracted from a typical
cannabis cigarciie, several factors nced 1o be considered
including, but not limited to, the weight of a cannabis
cigareite, the potency of A-9-THC in the herbal connabis
preparation, and the presence of other cannabinoids (Kamiol
and Carlini 1973; Karniol et al. 1974, 1975; Turner et al.
1980). Furthermore, the amount of A-9-THC delivered is
influenced by several factors including the rate of inhalation,
depth of puffs, duration of puffs, volume inhaled, extent of
breath-holding after inhalation, the amount lost by smoke
cscaping into the air or respiratory dead space, vital capacity,
the length of cigaretic smoked, the adepiness of smoking,
and the subject’s overall experience in titrating the dose. A
typical cannabis cigarette contains varying doses of A-9-
THC (0.3% to as much as 10% in hashish). Standard NIDA
cigareties, which have been used in many of the studies to be
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discussed, weigh about 0.35 g and contain various concen-
trations of A-9-THC. Only 10-25% ol the A-9-THC content
of a cannabis cigarette enters the circulation when smoked
(Adams and Martin 1996). With smoking, peak plasma
concentrations of A-9-THC arc reached within 3—10 min.
Psychotropic effects start within seconds 1o 2 few minutes,
rcaching a peak after 15-30 min and then tapering off within
2-3 h. With oral consumption, the absorption of A-9-THC is
slower and its bicavailability is lower (about 4-12%). An
extensive first pass metabolism further reduces bioavailabil-
ity after oral administration (McGilveray 2003). Peak plasma
concentrations oceur afier 1-2 h and multiple peaks may be
seen (Agurell et al. 1986; Grotenhermen 2003). With oral
ingestion, psychotropic effects set in with a delay of 30—
90 min, reach their maximum after 2-3 h, and last for about
4-12 h (Agurell et al. 1986; Hollister et al. 1981; Ohlsson et
al. 1980, 1981). Intravenous dosing follows the pharmacoki-
netics and pharmacodynamics (Fig, 1) of the inhaled route,
though blood levels tend to be higher. While A-9-THC is
consumed by the oral or inhaled route, nabilone is
administered by oral route, and levonantradol is administered
by intrarnuscular route.

Given that cannabinoids have been studied using the
oral, sublingual, inhaled, intramuscular, and intravenous
routes, the literature on the cffccts of cannabinoids on
memory is a little more challenging to inlerpret than studies
with other drugs known to impair memory. For example in
most studies with ketamine, the drug is administered by the
intravenous route; therefore, these studics are easier to
compare. Thus, the intensity, onset. and duration of
cannabinoid effects on memory should be interpreted in
the context of the route of drug administration,

Time course of subjective effects
according to route of administration

“high"

time {hours)

e intravenous —- -—smoking
Otissonet 8¢, 1980, 1981

Fig, 1 Figure shows the time course of the acute behavioral effects of

A-9-THC {fecling high) as a finction of rowte of adminisiration
(intravenous, inhaled and oral)

Withdrawal, tolerance, and dependence

There is evidence of a withdrawal syndrome, albeit mild,
with the cessation of cannabis use (Budney ct al. 2003,
2004), as well as tolerance to the cffeets of cannabinoids
{reviewed in Howlett 2004; Iversen 2003, 2005; Tanda and
Goldberg 2003). In fact, tolerance to the memory disruptive
effects of cannabinoids has been shown in animals to
involve adaptation by specific hippocampal ncurons
(Hampson et al. 2003). The large majority of studies
reviewed here included subjects who were using cannabis
regularly and were therefore likely to be tolerant to some of
the efifects of cannabis. Furlhennore, variability in defining
subject samples with regard to extent of cannabis exposure
and interval from last use may complicate comparison
across studies. None of the studies that we are aware of
included cannabis-naive individuals. Therefore, in review-
ing pharmacological studies involving cannabis users, it is
important 1o consider whether withdrawal, tolerance, and
residual carryover effects confound the results.

Cannabinoid receptors

Thus far, two cannabinoid receptors have been identified and
cloned, and a third has been recently described. The CB1
receptor (Matsuda 1997; Matsuda et al. 1990) is a G-protein
coupled receptor and is distributed extensively in the forebrain
and the cerebellum {molecular layer). with the highest density
in the basal gangliz, substantia nigra (pars reticulata), and
hippocampus and peripherally in the spleen, tonsils and other
viscera (Herkenham et al. 1990; Mailleux et al. 1992; Mailleux
and Vanderhaeghen [992: Tsou et al. 1998; Fig. 2). The
behavioral, cognitive, and physiological effects of cannabis are
believed to be primarily mediated via this receptor.

The hippocampus inchuides the CAI-CA3 regions and
the dentate gyrus. Information enlering the hippocampus
flows through the dentate gyrus procceding through the
CA3 and CA1l regions 1o the subiculum. The CAI1-CA3
regions have pyramidal cells as their main neurons. Both
the demtate gyrus and the CA1-CA3 regions (with CA3
being more dense than CA1) have higher densities of CBI
(Heyser et al. 1993), correlating well with the known
cffects of cannabinoids on learning and memory.

Anandamide and 2-arachidonoy! glycerol (2-AG) are the
main endogenous agonists of CB1 receptors. Note that A-
9-THC is a partial agonist with modest affinity (K=35-
80 nmol) and low intrinsic activity {Compton ct al. 1992;
Gerard et al. 1991: [Howlett et al. 2002: Matsuda ct al. 1990;
Mechoulam et al. 1993}, while levonantradol is a full agonist
(Fig. 3) and SRI41716A (Rimonabant} is a potent antagonist.

The second cannabinoid receptor CB2 (Munro et al.
1993), distributed mainly peripherally (reviewed in Demuth

Al Springer
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Fig, 2 The figures show the
distribution of canmnabinoids
Teceplors in specific brain
arcas. a Distribution of CBI
receptor in the rat brain.

b Distribution of CB1 rcceptor
in the human brain. ¢ Distribu-
tion of CB1 receplor mRNA
in the human brain (Mites
Herkenham, personal
communication)

3 'bi'r':d_i_ﬁg)inHun_ta ‘Brajn ;-

_C Bl mRNA_distriﬁution in Human Hlppocémpxis .

7 {by in sita hybridiz

and Molleman 2005), is not relevant to the cognitive cliects
of cannabinoids. There are a number of putative novel non-
CB1/CB2 recoptors that have been identified. some of
which may be relevant to the cognitive effects of
cannabinoids (Baker et al. 2006).

Memory subtypes and processes

Since there is considerable variability in the terminology
relating to memory in the published literature, we now

Cannabinoid agonists have differing efficacies
Rat Cerebellar Membranes

125
B WIN 55212.2
A THC g
100+ Levonantradot
& Anandamide
754 ¢  Methanandamide .
504
254
0 = — T —
D1 1 10 100 1000 10000

Concentration of Agonist (nM)

Fig. 3 Tigures show varying efficacics of cannabinoid agonists at the
CB1 receptor. Note that A-9-THC is a partial agonist
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bricfly define some basic concepts related to memory
subtypes and processes (reviewed in Atkinson and Shiffyin
1968; Baddeley 1999; Stout and Murray 2001), While there
are several classifications of memory. for the purpose of
this review we have classified memory into short term, long
term, and working memory.

Short-term memory (STM) refers fo that process or
processes mvolved in the storage of a limited amount of
information for a limited amount of time, usually consid-
cred less than a minute. To facilitate longer retention,
information must be pertodically rehearsed so that it will
reenter the short-term store and be retained for longer
periods of time. Furthermore, STM appears to have a
limited capacity, which is estimated o be about seven
“chunks” of information; the latter is roughly equivalent to
aboui seven digits or about five o six words. In conirast,
lfong-term memory (LTM) refers to the process or processes
by which unlimited amount of information is stored
indefinitely. Iowever, the existence of a genuine distine-
tion between STM and LTM remains controversial. One
line of evidence supporting the existence of a shori-term
store is that anterograde amnesia affects LTM while
leaving STM intact. Long-term memeory can be divided
into explicit and implicit memory. Explicit or declarative
memory involves the conscious recollection of past
events or experiences and is typically measured through
recall or recognition. It includes semantic and episodic
memory (Tulving 1972). Scmantic memory refers to the
memory of the meaning of words, facts, rules, or abstract
concepts, Episedic memory or autobiographical memory is
the memory of temporally dated events or episodes (Tulving
and Markowitsch 1998). It includes time. place and
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associated emotions. la contrast, implicit memory or
procedural memory involves demonsirations of learning or
facilitation of performance in the absence of conscious
recollection.

Working memory (WM) in this review refers to processes
that subserve a very limiled capacily system o store and
manipulate information for short durations. WM is distinet
from STM in that it places emphasis on the manipulation of
the stored information (Baddeley 1999; Baddeley ct al
2001). 1t is central to cognitive function and its disruption
can result in impaired processing across many other
cognitive domains. It is believed that there are distinct
circuits underlying the manipulation and maintenance
components of working memory with manipulation
corresponding with dorsolateral prefrontal cortex activity
and maintesnance corresponding with ventral prefrontal
activity (reviewed in Fleicher and Henson 2001).

The cannabinoid literature is dominated by studies
examining cannabinoid effects on shori-term, episodic and
verbal memory., A small number of studies examined
cannabinoid effects on shor-term spatial episodic memory,
working memory, and long-term semantic memory. There is
a paucity of data on whether cannabinoids impair proce-
dural or implicil memory. While a multitude of tests were
used to study the cffects of cannabinoids on memory,
making comparisons across studies somewhat difficuli,
verbal memoty is most commonly tested using a number
of word list tasks. Typically, subjects learn a supraspan list
of words presented over muitiple trials. Capacity for
learning is assessed with immediate free recall, delayed
free recall, cued and recogaition recall (reviewed in Stout
and Murray 2001). In verbal recall tasks, word lists are
sometimes semantically otganized into categories. On
immediate recall tasks, subjects are presented with infor-
mation, which they are asked to recall immediately.
Sometimes the information is presented across trials fo aid
fearning, and in such cases, the sumn of information recalled
across frials (total immediate recall) is used as an index of
learning. During this task, recall of information nol
previously presented in the list to be learned is referred to
as intrusions, Typically, after a variable delay (130 min),
subjects are asked to recall the information previously
presented without cues (delayed free recall) and then with
the help of cues (delayed cucd recall). Finally, in the
recognition recail task, subjects are presented with a list of
items that includes some of the items initially presented for
learning; erroneously recognized information on this task is
referred to as false positive. Immediaic recall yields items
from short-term memory, while delayed recall yields items
from long-term memory. A minority of studies of cannabi-
noid effects have employed nonverbal memory tasks such
as reproduction of previously learned geometric designs,
¢.g.. the Rey Osterricth complex figure tcsts.

The processes involved in leaming and memory include
encoding, slorage or consolidation and retrieval, and
relevant to long-term memory, reconsolidation. These
processes may not be catircly dissociable, but are important
constructs in understanding memory. Encoding refers to the
stage of processing during which information is initially
leamned, followed by a series of changes that consolidate the
new information against disruption and decay. Retrieval
refers to the access of previously cncoded memories.
Dissociating these effects can be accomplished to some
extent with a varicty of manipulations. Various cognitive
manipulations have been used in an attempt to locate
cpisodic memory deficits with respect lo cncoding and
retrieval stages. However, identification of stage-specific
deficits is problematic because a petrformance deficit could
reflect impaired encoding, consolidation, or retrieval (or
all). Usually, deficits in immediate recall after learning trials
on memory tasks are attributed to encoding deficits. Thus.
administering a drug during encoding but terminating its
effccts before consolidation and retricval would isolate
encoding deficits. However, given the long half-life of A-9-
THC, this would be diffienlt to do. The preservation of
immediate free recall combined with impairments in
delayed free recall implicates consolidation/storage delicits.
Impairment on free recall combined with intact recognition
memory implicates reirieval deficits. Impaired recall of
information cncoded before drug administration would
suggest storage or retrieval deficits.

With this background, we now review the cffects of
cannabinoids on memory, Results from studies on the
effects of cannabinoids on short-term, episodic memory and
working mermnory are discussed below.

Short-term, episodic memory

These results of studies have been organized according 1o
the task: word, prosc, digit recall. In addition, Table [
provides a list of studies reviewed with routc and dose of
AD-THC, test administered and results.

Word recall

In the ecarly 1970s, Abel (1971) lcsted the cffect of
unassayed doses of cannabis on recall of word lists learned
betore (#=49) and after ad lib smoking (#=10) in cannabis
users. Relative to placebo, cannabis had no effect on the
accuracy of delayed recall (both frec and recognition) of
word lists that had been presented before smoking. In the
subsequent placebo-controlled study, the author tested the
effect of cannabis on encoding, Both free and recognition
recall of word lsts presented afler A-9-THC administration
were significantly impaired by cannabis. The lack of cffects
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on retrieval of information learned under nonmal conditions
and the impaimment in recall of information learned under
the influence of A-9-THC was interpreted as an effect on
ehcoding rather than retricval. The use of unassayed
cannabis, the differences in the composition of the placebo
and A-9-THC groups, and the selective inclusion of only
those subjects who reported feeling “high™ in the analysis
confound the interpretation of the results. In addition, the
anthor used the scrial position curves to investigate the
effects of cannabis. While the recency effect of lists
remained unaffected, recall of earlier lists {primacy eficct)
was significantly decreased by cannabis. The author
interpreted this effect on the serial position of word lists
as evidence that cannabis did not impair recall from short-
term memory. but did impair recall of information that
should have been transterred into long-term memory.

Darley et al. (1973) used the Sternberg (1966) {ask in an
attempt to evaluate which stage of short-termn memory was
impaired by cannabis. The Stemberg lask, a short-lerm
recognition memory paradigm, has periods of cncoding,
refention, and recognition that are all separated in time. In
this task, subjects arc asked to memeorize a set of iterns that
are presented on a computer sereen. Afler this, a series of
items appear one al a time, and the subject has o tap a
*Yes” or “No” button to indicate whether the item was from
the mermorized set. Response times and numbers of errors
arc recorded. Two measures are devived from a plot of
reaction time (RT) against size of memory set: (1) the slope
representing the time taken to compare the test item with
memorized set, and (2) the intercept on the ¥axis, i.e.. time
taken to encode test stimulus and respond. Darley et al.
(1973) utilized memory sets comprised of word lists. The
effects of both single and daily (for 5 days) doses of A-9-
THC were studied. Subjects were tested first on day ! both
before and afler they all received 20 mg of A-9-THC. After
this, half the subjects received 20 mg A-9-THC daily on
days 2-5 and the other hall’ received placebo. On day 5.
subjects underwent the same test as on day | before and
afler they received the same study drog (A-9-THC or
placebo) that they had been randomized to. Accuracy of
response on the Sternberg task was unaffected by A-9-THC
by both single and repeated daily dosing with A-9-THC.
There were no other significant effects of A-9-THC except
that on day 5, i.c., cumulative dosing (5 days x 20 myg/day)
A-9-THC appearsd to increase the time fo encode and
respond.

The work of Mitler and colleagues (Miller et al. 1977a.c.d,
1979; Miller and Cornett 1978) has been a major contribu-
tion fo the literature on the effects of cannabinoids on
memory. Using word lists. they found that relative to
placebo, A-9-THC at varying doses decreased immediate
fice recall of word lists without affecting recognition recall
and increaged the number of intrusions (Miller and Cornett

1978; Miller et al. 1977¢, 1679). Although lower than
placebo at all time points, the shape of the serial position
curve was unaltered by A-9-THC (Miller et al. 1977¢). The
authors speculated that the observed effects on recall might
be a consequence of A-9-THC’s cffeets on processing the
information 1o be learned. To test this hypothesis, A-9-THC
{14 mg) or placcbo was administered to 16 moderate to
heavy users in 2 sessions separated by 1 week. Word lists,
where presentation of cach word was followed by four kinds
of strategies to facilitate meaningful processing, were used
(Belmore and Miller 1980). The sirategics were yes/ho
answers to questions about the number of letters making
up the word, rhyming with other words, syntax and
semantics. A-9-THC significantly decreased both imme-
diate and delayed free recall as in previous studies.
Furthermore, more meaningful processing {i.e., semantic
and syntaclic processing) improved immediale free recall
regardless of drug condition. However, subjects under the
influence of A-9-THC were especially impaired on
delayed free recall of more meaningfully processed words
from the lists presented later. Block et al. (1992) also
examined the acute effects of A-9-THC on verbal
memory, assaciative fearning, text leaming, and RYT. In
addition, they examined the cffect of different durations of
breath-holding on the effects of smoked cammabis, While
A-9-THC (19 mg) significantly affected performance in
most domains tested relative to placebo, breath-holding
did not seem to affect this impairment,

Rehearsal is necessary for information to reenter the
short-term store and to be retained for longer periods. The
effect of A-9-THC on recall was proposed to be mediated
by deficient rehearsal during the encoding process. Thus,
fixed rchearsal was expected to reduce or eliminate A-9-
THC-induced recall impairments. Darley et al. (1974)
studied the effects of rehearsal and state on lcarning. Fixed
rehearsal did not improve A-9-THC-induced recall deficits
on a verbal leaming task. In two separale sessions spaced
3 days apart, oceasional cannabis users were presented with
a lotal of 20 word lists. On the first day {day 1), subjects
were instructed to learn the lists alternately by free or fixed
rehearsal. After being presented with each list, subjects
were asked to recall the list. At the end of the tenth list,
subjects were asked fo recall all ten previously presented
lists. Subjects were then administered a single dose of
20-mg A-9-THC, followed 90 min later by another ten lists.
A-9-THC significantly decreased immediate free recall, an
effect that was not improved by the fixed rehearsal
procedure. However, fixed rchearsal altered the serial
position cffect reducing the primacy effect, a phenomenon
that is described in further detail later. Subjects retumed
3 days later (day 4) and half of them received A-9-THC
(20 mg) and the other half placebo. This was followed by
delayed frec and recognition recalt of all 20 word lists: the
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first ten lists that had been presented before A-9-THC on
day 1, and the second ten lists that had been presented afler
A-9-THC administration on day 1. To determine if recall
was slate-dependent, day 4 delayed free recall and delayed
recognition recall were analyzed scparately for lists [-10
(day 1, pre-A-9-THC lists) and 11-20 (day 1, post A-9-THC
list). A-9-THC administered on day 4 did not impair delayed
free or recognition recall of lists learned on day 1 in the pre-
A-9-THC condition. Similarly, the type of rchearsal proce-
dure (free or fixed) did not impair delayed free or recognition
recall of lists learned on day | in the pre-A-9-THC
condition. However, relative to placebo, A-9-THC on
day 4 was associated with better free recall of lists learned
under the influence of A-9-TIHC on day I. These data
support a state-dependent leaming hypothesis according to
which information leamed under the influence of A-9-
THC is also recalled beuter under the influence of A-9-
THC. One limitation of this study was a floor effect on
delayed recall, which may have masked the detection of
other cffects. Of note, the delay period in this study far
exceeds the delay period in other studies of cannabinoid
cffects and the lack of an cffect on recognition recall is
consistent with the vast majority of studies.

More recently, Curran et al. (2002) studied the effects of
oral 7.5 and 15 mg of A-9-TIIC on measures of working
memory, attention, executive functioning, reaction time,
learning, and rceall in infrequent cannabis wsers in a
double-blind, placebo-controlled study. Only the higher
dose of A-9-THC significantly impaired learning across
trials on Buschke’s selective reminding task (Buschke and
Fuld 1974). These etfects peaked at 2 h coinciding with
peak plasma A-9-THC levels, before returning to baseline
at 6 h. In. this task, subjects are read a list of [6 words and
then asked to recall as many words as possible. The
experimenter then reads out only those words not recalled,
and the subject has to apain recall the entire list. This
procedure is repeated three times. Measures of recatl from
short- and long-term memory, as well as forgetting from
long-term memory, arc oblained. A-9-THC also altercd the
standard learning curve, ie., the recall on the third trial
was not greater than that on the first, demonstrating that
ability to leam new material was impaired by A-9-TIIC.

I’Souza et al. (2004, 2005) studied the effect of IV A-D-
THC (2.5 and 5 mg) in healthy subjects and schizophrenia
patients in two separate studies. Unlike most of the
published studies, in this study subjects with a lifetime
history of any cannabis use disorder were excluded.
Therefore, tolerance, withdrawal, or residual offects did
not confound the acute A-9-THC effects. Learning and
recall measured by the Hopkins verbal learning task,
vigilance and distractibility (continuous performance task),
verbal fluency and working memory (DMST) were
agsessed in the subjects who rarcly used cannabis, A-9-
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THC significantly impaired immediate recall in a dose-
dependent manuer across all three trials of immediate recall
in healthy individnals (Fig. 4). However, its effects on
learning were not statistically significant. A-9-THC also
impaired delayed (+30 min) free and cued delayed recall
and cued recall in a significant, dose-dependent manner.
However, its effect on delayed rccognition recali showed a
trend toward significance. Finally, A-9-THC increased the
nuntber of false positives and intrusions with a trend toward
significance. Similar effects on immediate, delayed fiee,
and delayed cued recall were seen in schizophrenic paticnts,
However, leaming over trials and delayed recognition recall
were significantly impaired by A-9-THC only in the
schizophrenia group. In fact on the 5-mg A-9-THC dose
condition, there was no learning across trials.

Prose recall

While most studies have examined the effects of A-9-THC
on word lists, a few have also studied its effects on prose
recall. Miller et al. (1977b) demonstrated that A-9-THC
(10.2 mg) significantly decreased both immediate and
delayed prose recall in a group of 40 moderate ugers as
compared Lo placecho. The second day, one half of the group
received the same drug as they reecived on the first day,
while (he other half received the other drug condition.
Thus. subjects who received A-9-THC on the second day
consisted of subjects who received A-9-THC on both days
and those who received placebo the first day and A-9-TIIC
on the second. A-9-THC significantly impaired delayed
prose recall of the story presented on day 1 in this group.
Subjects who received A-9-THC on day 1 and placebo on
day 2 also showed delayed recall impairments that persisted
to day 2. These data suggest lasting effects of A-9-THC on
prose recall. Similar to this, Curran et al. (2002) demon-
strated that prose recall (story recall), which is more
indicative of day-to-day memory continued fo show A-9-
THC-induced impaivments even at 6 h. lasting longer
than the other impairments. Howcver, other studies of
prosc recall have had mixed resnlts (Block et al. 1992;
Hart et al. 2001).

A-9-THC is associated with an increase in both
external and internal intrusion errors in the recall of
word and prose recall and with false positives in
recognition recall (Abel 1971; Hooker and Jones 1987:
Miller and Cornett 1978; Pfefferbaum et al. 1977). This
increase in intrusion errors appears to be a robust and
relatively unique effect of cannabinoids.

Digit recall

In a randomized study of infrequent cannabis users,
Tinklenberg reported that relative to placcbo, orai A-9-
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Fig. 4 Learning and recall with
placebo and two doses of
intravenous A-0-THC in heaith
controls and schizophrenic
patien(s ([*Souza el al. 2005) 1

A-8-THC EFFECTS ON LEARNING AND RECALL IN HEALTHY CONTROLS
AND SCHIZOPHRENIC PATIENTS
(Hopkins Verbal Learning Test)
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THC significantly decreased both digit forward and
backward recall at all doses (20, 40, and 60 mg) in a
manner that is not dose-dependent (Tinklenberg et al
1970). While the impairment of forward delayed free digit
recall peaked at 1.5 h and returned to near baseline at
3.5 h, the impairment in backward recall persisted beyond
33 h

Tinklenberg el al. (1972) did not find any signilicant 406
effects of oral A-9-THC (0.35 myg/kg body weight equiva-
lent to 24.05 mg in a 70-kg individual) on a digit span task in
cannabis users. Their observation that lowest recall corre-
sponded with peak drug eflfects suggested impairments
induced by A-9-THC. However, the effects did not reach
significance and were attributed to a possible floor effect.

Heishman et al. (1990), in their small sample of
infrequent users, reported that inhaled A-9-THC signif-
icantly impaired performance on a serial addition/
subtraction task. The task difficulty i.e., the chunks of
information that need io be learned and recalled. and
the routc of administration might account for the
differences in results. On the contrary, Chait and Perry
(1994) failed to find any effect of A-9-THC on backward
digit recall.

Visual recall
In light of the notion that cannabis may facilitate menial

and visual imagery, Miller ot al. (J977d) fested the
hypothesis that A-9-THC impaired picture recall to a lesser

exlent than verbal recall. Moderate users completed two (est
days (A-9-THC 14 mg or placebo) 1 weck apart. Relative
to placebo, A-9-THC impaired both verbal and picture
recalls: howcver, while practice improved verbal recalt in
the A-9-THC condition, picture recall remained impaired.
Subjective organization of information correlated with
recall, but was not influenced by A-9-THC. The same
group cxamined whether learning slraiegy, i.c., feld
dependent vs independent, influenced A-9-THC effects on
figure recall (Miller et al. 1978). They hypothesized that the
significant variability in recall deficits produced by A-9-
THC might be explained by differences in cognitive style.
Ficld independence is defined as the ability to overcome
embedding contexts in perceptual function and is measured
by the Witkin’s embedded figures test (Witkin and Oltman
1967). In general, individuals who adopt a field-indepen-
dent cognitive style perform better on [ree recall tasks.
Consistent with their previous study, A-9-THC impaired
immediate recall on figure recall, which improved with
practice. llowever, ficld-dependent individuals made
more recall errors on the A-9-THC condition, suggest-
ing that leaming strategy may influence response to
A-9-THC,

Working memory

Of several cognitive measures, Wilson found the Digit
Symbol Substitution Test (DSST) to be the most sensitive
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to A-9-THC effects in occasional cannabis users (Wilson
et al. 1994). In the DSST, subjects are presented a code of
Ietters substituting for digits. Subjects are then presented
the leiters prompting them to respond by indicating the
appropriate digit. In the casy version, the code is available
for reference through task performance. Others have
reported that A-9-T1C increased error rates (Kelly et al
1990y and decreased both speed and accuracy on the DSST
(Ilcishman ct al. 1997). In chronic cannabis users, A-9-
THC was shown 1o decrease the number of attempts and
correct responses on the DSST without changing overall
accuracy {Greenwald and Stitzer 2000).

Lane et al. {20035) showed dose-dependent cifects of
A-9-THC in performance on a pattern recognition delayed
match to sample task {DMTS). Occasional users of
cannabis received placebo and two doses of A-9-THC via
a paced smoking procedure. In the delayed maich lo saimple
task, two or more comparison stimuli are presented after the
presentation of a sample stimulus. The subjects are required
to correctly choose the stimulus that matches the previously
shown sample. The sample and choice stimuli are separated
by a delay period, which can be manipulated. A-9-THC
disrupted DMTS performance in a dose- and delay-
dependent manner. However, Heishman et al. (1997) found
that in moderate to heavy cannabis uscrs {one to six joints
per week), inhaled A-9-THC administered by three paced
smoking procedurcs did not irpair performance on a
DMTS task that used numbers instead of figures. Perhaps
the differences in doses, degree of tolerance in the sample
and task parameters account for the disparate results,
Similarly, Curran et al. (2002) found that A-9-THC did
not impair performance on the serial sevens task and a
continuous performance task even though it impaired
verbal recall. Finally, D’Souza et al. (2004) found that
intravenous A-9-THC reduced the number of correct
responses, but not response time, on a working memory
task for figures in healthy subjects.

The continuous performance task (CPT), which is often
used to test atlention or vigilance, requires subjects to pay
attention fo sequentially presented items. Subjects are
required to constantly utilize a “role” (e.g., respond when
a “9™ is preceded by a “1™) and also to keep the preceding
item in mind while responding. Thus, it inay be considered
to have a small working memory component. A-9-THC
does not appear to impair performance on CPT (D’Souza
et al. 2004; Vachon et al. 1974; Wilson et al. 1994).

Finally, Hlan et al. (2004) studied the effects of A-9-THC
on clectrophysiological corrclates of working and verbal
memory. Occasional users of cannabis (n=10} performed
the easy and hard versions of a spatial N-back task and
word recognition task before and after smoking A-9-THC
{3.45%) or placebo. The N-Back task, often used to test
working memory, is onc task wheee subjects arc presented
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with a series of ftems (verbal or nonverbal). They are then
required to attend 10 a particular aspect ol these items such
as description, color, or position, and to respond when the
curtent item is similar to an item presented “n,” L., 0, | or
2 trials beforc (Owen ct al. 2005). Relative to placebo, A-9-
THC decreased accuracy in performance on both the word
recognition task and the high load version of the N-back
task. Furthermore, A-9-THC also increased reaction times
on both versions of the N-back task. A-9-T1IC attcnuated
several time-locked, event-related potentials (ERPs) under
both task conditions. A-9-THC specifically decreased the
N160, P300 amplitude associated with spatial N-back task
performance. A-9-THC also attenunated the slow waves
associated with the working memory and word recognition
task. The attenuation of slow wave patterns associated with
the working memory and word recognition task, as well as
the P300 associated with the WM paradigm, is thought to
reflect encoding processes and suggests that A-9-TIIC
distupts encoding. Recognition of old words relative to new
words is associated with a broad positive shift of the ERP,
referred to as the “memory-evoked shift.” A-9-THC
attenuated this memory cvoked shift. Finally, A-9-TIIC
attenuated the N400 to new words, which may retlect a
dintinished sense of novelty.

While most studics demonstrate that smoking A-9-TIHC
cigareties produces significant impairments in learning and
recall (Heishman et al. 1990, 1997: Miller et al. 1977b,c), a
few studies discussed below failed to find such effects
{Chait and Perry 1994: Fant et al. 1998; Hart et al. 2001).
Hart studied the effects of A-9-THC in heavy cannabis
users (/7~18) averaging 24 cannabis cigareites per week, in
a double-blind, randomized, balanced-order study. During
the three sessions, cach of which were separated by at least
72 h, participants smoked cannabis cigarettes containing 0,
1.8, or 3.9% A-9-THC in a paced smoking procedure.
Subjects completed baseline computerized cognitive tasks,
smoked a single canpabis cigaretle, and completed addi-
tional cognitive tasks. The cognitive battery (microcog)
consisted of tests for reaction {ime, allenlion, immediate
digit recall, immediate prose recognition recall, delayed
prose recognition recall, delayed recognition recall of
names and addresses. visuyospatial processing, rcasoning,
flexibility, and mental calculation. In addition, a standard
compuicrized battery was used, which consisted of a digit
recall task, a digitsymbol substitution task, a divided
attention task, and a repeated acquisition task. Although
A9-THC significantly increased the number of premature
responses and the time parlicipants required to complete
several tasks, it had no cffect on accuracy on measures of
cognitive flexibility, mental calculation, and reasoning. The
absence of acute A-8-THC effects was most likely related to
significant tolerance to cannabinoids in this sample of heavy
users and or the Hmited sensitivity of the battery. Chait and
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Perry (1994} also found no effect of A-9-THC on their
measures. They studied subjects who varied in thelr usunal
A-9-THC use (1-16/month) and tested them more than an
hour after smoking., Previous studies have demonstrated
that the peak cffccts of inhaled A-9-THC occur within
30 min of smoking {Chait and Zacny 1992), and this may
account for the lack of any effect seen.

Fant et al. (1998) compared A-9-THC and placebo
administered by a paced smoking procedure in occasional
cannabis users. Subjects received active A-9-THC in a
fixed order design (15.6 mg followed by 25.1 mg) and were
tested using the Walter Reed performance assessment
battery, which includes a rapid arithmetic task. a digit recall
task, logical reasoning, and a spatial perception task.
Although A-9-THC produced behavioral and physiological
effects, no effects were detected on the cognitive battery.
The authors acknowledged that practice effects related 1o
the fixed order of drug administration may have prevented
the detection of A-9-THC effects.

Discussion

In summary, A-9-THC (ransiently impairs the lecarning
and recall of both verbal and nonverbal information in a
manner that is dependent on dose and task difficulty.
These memory impaitments cannot be accounted for by
cannabintoid disruption of attentional processes (Chait and
Perry 1994; Curran ct al. 2002; D'Sonza et al. 2004; Tlart
et al. 2001), though the latter could certainly contribute to
the former.

Some, but not all, studies suggest that cannabinoids
impair verbal leaming across frials, A-9-THC clearly
impairs free recall of information leamed uvnder the
influence of the drug, and most studics demonstrate that
A-9-THC does not appear (o impair recognition recall.
One interprelation of this profile of eflects is that
cannabinoids interferc with the retrieval of information
without disrupling encoding. Furthermore, relricval cucs
appear to facilitate recall of information lcarned under the
influence of the dug but do not completely restore recall
(Miller et al. 1976). The facilitatory effects of refricval
cues on recall suggest that cannabinoids may be disrupting
access to memory traces or the organization of information.
In contrast to infornation learned under the influence of
A-9-THC, the recall of information learned under normal
conditions i1s not impaired by A-9-THC. One interpreta-
tion of this profile of cffects is that cannabinocids do not
impair the refrieval of information once it is encoded.
Cannabinoids preferentially impair primacy effects but
not recency effects, suggesting that these compounds
interfere with the process by which information is
transferred into longer-term memory. Furthermore, one

of the most consistent and unique effects of cannabinoids
is an increase in intrusion errors during recall of both
word list and prose recall. The increase in intrusion
errors may reflect increased mental activity and subse-
quent irrclevant associations induced by cannabinoids,
spilling over inio the retrieval processes: a possible
mechanism for these effeets is discussed later. Taken
collectively, the literature suggests that cannabinoids
impair both encoding and retricval. Finally, cannabinoids
may also impair the process of consolidation, whereby
immediate memory is stored for later retricval. This
process of comsolidation is possibly strengthened by the
rehearsal of information.

One issue that has received little attention is the role of
motivation in test performance in these studies. Same have
suggested that recall impairments under the influence of
cannabinoids may reflect a reduced motivation state (Miller
et al. 1977a). Altematively, others have speculated that
subjects under the influence of cannabinoids may compen-
sate for percetved impairments by working harder, resulting
in an underestimation of the extent of drug-induced
impairments (Cwrran et al. 2002). Since their subjects
reported an awareness of the drug-induced impairments,
the authors went on to speculate that they actively
compensated for these impairments resulting in the lack of
observable A-9-THC effects on some measures. None of
the studies reviewed used any procedures to control for
effort on cognitive test performance. Recent brain imaging
studies raise the intrigning possibility that despite similar
coguitive test performance. groups may differ on the extent
and degree of brain activation. Kanayama et al. (2004)
studied brain activation during performance of a gpatial
working memory task in heavy cannabis users afier recent
(6 h) canmabis exposure using functional MRI (fMRI).
While there were no significant differences in performance
on the working memory task between cannabis users and
controls, cannabis users had more prominent and wide-
spread activation in response to the working memory task,
including regions not usually uscd in working memory. The
authors suggested that cannabis users recruit more regions
in a more pronounced manner so as to meet the demands of
the tasks as compared to controls.

The mechanisms underlying the memory impairing cffeets
of cannabinoids

Studies with cannabinoids in animals provide a backdrop
lo understand the memory impairing cffects of cannabi-
noids in humans. Natural and synthetic exogenous
cannabinoids impair leaming and memory processes in
rodents and nonhuman primates (Aigner §988: Brodkin
and Moerschbaecher 1997; Castellano et al. 2003; Collins
ct al. 1994; Lichtman et al. 2002). These impairments occur
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at doses lower than those required to elicit other well-
characterized effects of cannabinoids including molor
effects, analgesia, hypothermia and, therefore, suggest that
cannabinoids bhave sclective cffects on memory. The most
robust cffects arc on working memory and short-term
memory, both of which require inlact hippocampus and
prefrontal cortex and both of these regions have high
densities of CB1 receptors (Fig. 2).

Maze tasks specifically measure spatial learning and
meimory, both of which appear fo be hippocampal-dependent
tasks. Acute administration of A-9-THC and a number of
synthetic cannabinoids impair performance on a number of
maze tasks (Carlini et al. 1970a,b). Chronic administration
of AQ-THC can result in the development of tolerance in rats,
Finally, the fact that intralippocampal administration of
canngbinoids impairs maze performance in rats implicates
the centralily of the hippocampus in some of the effects of
cannabinoids (Fig. 5; Aigner [988; Ferraro [980; Ferraro and
Grilly 1974; Winsaver et al. 1999; Zimmerberg et al. 1971}

Acute adiministration of A-9-THC and synthetic cannabi-
noids also impairs performance on the delayed maich-to-
sample (DMTS) and defayed nonmatch-to-sample tasks in
rodents (Heyser et al. 1993) and nonhuman primates (Aigner
1988; Fervaro 1980; Fermaro and Grilly 1974; Winsauer cf al.
1999; Zimmerberg et al. 1971). Thesc impainnents induced
by A-9-THC on DMTS task perfommance are evident when
the delay is long {Heyser ct al. 1993). The absence of an
effect at short delay times indicates that cannabinoids do not
impair the ability to perform the basic task, but instead
produce a selective learning and memory deficit. The lack of
an effect of A-9-THC on DMTS task performance, after
very brief delays between sample and match phases and
increasing impairment of performance with increasing delay,
15 akin fo the pattemn of deficits produced by lesions of the
hippocampus and related structures {Freedland et al. 2602;
Margulies and Hammer 1991). Recordings from hippocam-
pal complex spike cells indicated that DMTS deficit induced

Fig. § Efcct of scute adminis-
tration of’ A-9-THC 0.0 mprkg
(leff} and 2.5 mgke (right) on
rates of glucose wtlization in the
hippocampi of rats 15 min after
administration. Note that the rate
of glucose ulilizaton decrcases
with active A-9-THC adminis-
tralion. Panel on the right shows
the range of rates of cersbral
glucose utilization
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Arrows point to Hippocampus

by A-9-THC is associated with a specific decrease in
hippocampal cell discharge during (he sample (but nol
match} phase of the task (Lichtman 2000; Terranova et al,
1996; Wolft and Leander 2003). These and other data
support a centrat role for CB1 receptors located in the
hippocampus and neighboring struclures in the memory-
impairing effects of cannabinoids. It is notable that people
diagnosed with schizophrenia, an illness in which hippo-
campal dysfunction has been reported, are more sensitive to
the learning and memory impairmenis induced by A-9-THC
(D’Souza ct al, 2005), suggesting that the hippocampus is
the locus of the learning and memory impainments induced
by cannabinoids. Exogenous administration of A-9-THC
and other cannabinoid ligands preduced widespread. dose-
dependent alterations in brain function in the hippocampus,
basal ganglia, cerebellum, amygdala, and striatum (Da Silva
and Takahashi 2002: Davies et al. 2002}, These changes
parallel closely both the dose-dependent nature of the effects
on cannabinoid-induced behaviors and the time course of the
onsct of these behaviors, indicating that these alterations in
functional activity are the substrates of these behaviors, As
discussed later, other arcas, particularly the prefrontal cortex,
are also likely to be involved,

Many of the effects of A-9-THC and other synthetic
cannabinoids can be reversed or blocked by CB1 antago-
nists, supporting the view that the effects of cannabinoids on
memory are indeed mediated via actions at CBI receptors
{Marsicano et al. 2002). Furthermore, some studies
{Lichtiman et al. 2002; Terranova et al. 1996; Wolff and
Leander 2003), but not others (Da Silva and Takahashi
2002; Davies et al. 2002), sugpgest that the CBIR
antagonist/inverse agonist, when administered on their
own, may cnhance memory on tasks that recruit memory
processes that span minutes to howrs. Systemic SR141716A
has been shown to disrupt the extinction of aversive
memories in mice (Bohme et al. 2000}, More recently.
SRI141716A has been shown to improve spatial memory

Autoradiogram of rat brain showing reduced local cerebral glucose
utilization after acute administration of A-9-THC.

Adapted from Whitlow et al, 2002
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when administered before or immediately after the training,
but not when administered before the test (Maccarrone et al.
2002; Reibaud et al. 1999). The profile of effects of
SR141716A suggests (hat it facilitaies the acquisition and
congolidation of memory without affecting retricval (Varvel
and Lichtman 2002).

CB1 receptor knockout mice were reported to show
enhanced long-term potentiation (LTP), a basic process that
is discussed in furthor detail later. CB1 knockout mice showed
enhancement of hippocampal LTP (de Qliveira Alvares et al.
2005) and improved performance on memory tasks that rely
on hippocampal function test (Marsicano et al. 2002). In
contrast Varvel and Lichiman (2002) showed that in the
reversal test of the water maze task, another test that relies on
hippocampal fimction, knockout mice spent significantly
more time returning to the position where the platform was
formerly located and showed impairinents in localing the new
platform position (Lichtman et al. 2002; Marsicano et al.
2002). Similarly, intrahippocampal administration of the
highly selective cannabinoid antagonist AM251 was shown
to disrupt induction of LTP in rodents (Dudai 2004; Dudai
and Eisenberg 2004; Moscovitch 1993, Squire and Alvarcz
1995), CB1 knockout mice showed inpairments in both
short- and long-term cxtinction of aversive memories (Hajos
et al. 2000; Toffman and Lupica 2000). These data from CB1
knockouis suggest that the endocammabineid system may
facilitate the extinction of learned behaviors and play a key
role in the forgetting of information stored in the long-term
memory, in addition to their role in encoding of memory
(Wilsorr and Nicoll 2002). As discussed later forgetting
irrelevant information is an important aspect of memory.

Memory consolidation begins when information, regis-
tered initially in the neocortex, is integrated by the
hippocampal complex/medial temporal lobes and related
structures to form a memory frace that consists of an
ensemble of bound hippocampal complex-neocortical
neurons (Spencer et al. 2003). This initial binding into a
memory trace involves short-term processes, the first of
which may be completed within seconds and the last of
which may be completed within minutes or, at most, days.
If every encoded internal representation is instantly stabi-
lized and consolidated, then it is possible that the brain’s
computational space will be quickly consumed by useless/
prrelevant information leading to rapid saturation of
processing and storage capacity. Perhaps the endocannabi-
noid system, as studies with knockout mice have shown.
contributes to the mechanisms that prevent the aufomatic
and instantaneous consolidation of memory. Perhaps, similar
to endocannabinoids, exogenous cannabinoids prevent or
attenuate the consolidation of newly leamed memory.

Behavioral studies in animals support the clinical
literature and suggest, with respect to the hippocampus,
that exogenous cannabinoid treatment sclectively affects

encoding processes. However, this may be different in other
brain areas, for instance the amygdala, where a predomi-
nant invelvement in memory consolidation and forgeiting
of information or the extinction of Jearned behaviors has
been established. Extinction is belicved to involve active
suppression of previously leamned associalions and seems 1o
involve molecutar mechanisms distinct from those associ-
ated with normal leamning (Abel and Lattal 2001). This
possible mechanism may underlic the intrusion crrors
observed on recall tasks in humans under the influence of
cannabinoids. All memorics are susceptible to decay over
time, If endocannabinoids modulate tonic forgetting, then a
pariial cannabinoid agonis! such as A-9-THC may lower
this tone. In doing so, this agonist permits “forgotten”
information to “intrude” on the leamning and recall of new
information. This mechanism may vnderlic the robust
increase in intrusion errors seen in studies with A-9-THC.
If the endocannabinoid system were involved in forgetting
and/or extinction processes, then disrupting it via pharma-
cological or genctic deletion of CBI receptors may seem in
some models to improve memory (Lichtman 2000; Reibaud
et al. 1999; Terranova et al. 1996). This is because
disruption of enducannabinoid signaling prolonged reten-
tion comparcd with control animals. Conversely, in tasks
that requir¢ the suppression of previously learned
responses, endocannabinoid inhibition may actually inter-
fere with leamning, as in the reversal test of this study, CBI
{~/~)} mice demonstrated increased perseverance of an
acquired spatial memory at the expense of learning a new
one (Varvel and Lichtman 2002). Several other reports have
demonstrated that disruption of CB1 receptor sipnaling
impairs memory in fear-conditioning procedures. Previous-
ly, SR 141716-treated mice and CBI (—/—) mice exhibited
impaired extinction of conditioned freezing to a tone that
had been paired with foot shock (Marsicano et al. 2002).
Interestingly, presentation of the conditioned stimulus (CS)
tone during extinction was sufficient o increase endoge-
nous levels of anandamide and 2-AG in the amygdala, A
subscquent study found (hat SR 141716 also impaired
conditioned freczing to the test chamber in which the mice
had received the shock (Suzuki et al. 2004). Given the
extent to which the endocannabinoid system appears to
modulate shor-term and long-term forms of synaptic
plasticity, it should not be surprising that this system
plays a tonic role in mnemonic processes.

Neurochemical mechanisms contributing
to the memory-impairing effects of cannabinoids

In the hippocampus, CBIR are located primarily on
cholecystokinin containing GABAergic intemeurons (Hajos
et al. 2001; Katona et al. 2000, 2001). These GABAergic
interncurons arc believed to orchestrate fast synchronous
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oscillations in the gamma range, a critical process in
synchronizing pyramidal cell activity (Wilson and Nicoll
2002). Gamma oscillations are synchronized over long
distances in the brain and are hypothesized to “bind”
together sensory perceptions and fo play a role in cognition
reviewed in (Shen el al. 1996; Shen and Thayer 1999;
Sullivan 1999, 2000). Abnormalitics in gamma band
synchronization have been reported in schizophrenia (Hajos
et al, 2001), Activation of these presynaptic CBIRs reduces
GABA release by interneurons (Martin and Shapiro 2000),
which in turn would disrupt the synchronization of
pyramidal cell activity (Misner and Sutlivan 1999), thereby
interfering with associative fuactions.

Glutamate

Cannabinoids might produce their effects on learning and
memory via modulation of glutamate release. The observa-
tion that CB1 agonists decrease evoked excitatory postsyn-
aptic current in hippocampal ncurons suggests that
cannabinoids decrease the release of glutamate through a
presynaptic mechanism (Pistis ot al, 2001), Recent data also
raise the presence of a novel cannabinoid receptor that may
be involved in the modulation of gluiamate release (Hajos
ct al. 2000, 2001; Katona ct al. 2000).

Memories are believed to be formed by a process involving
a rapidly forrned and rclatively long-lasting increase in the
probability that postsynaptic neurons in the hippocampus will
fire in response to neurotransmitters released from presynap-
tic neurons. The leading candidate neural substrates for this
mechanism are long-termn potentiation (LTP) and long-term
depression (LED) of CA3—CALI synapiic transmission. LTP is
a long-lasting enhancement of synaptic transmission in
response to brief, high-frequency stimulation of presynaptic
nearons. LTP is readily induced in hippocampal neurons
(Martin and Shapiro 2000). LTD is a weakening of a synaptic
transmission that lasts from hours o0 days. It results [rom
cither strong synaptic stimulation (cerebelium) or persistent
weak synaptic stimulation {as in the hippocampus). Hippo-
campal LTD may be important for the clearing of old
memory traces. Cannabinoid receptor activation inhibits both
LTP and LTD induction in the hippocampus (Collins ct al.
1994; Misner and Sullivan 1999; Nowicky et al. 1987; Stella
ct al. 1997; Sullivan 2000; Terranova ct al. 1995; Van Sickle
et al. 2003). In particular, activation of CB! receptors blocks
LTP of field potentials in the CAl region and was found
recently to inhibit hippocampal LTD of CAl field potentials
as well (Misner and Sullivan 1999).

Acetylcholine

CBIR activation also effects acetylcholing release in an
inverted “U™ dosc response fashion {(Acquas et al. 2000,
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2001; Gessa et al. 1997, 1998; Nava et al. 2001; Rodriguez
de Fonseca et al. 2005). Inhibition of acelylcholine release
from cholinergic hippocampal newrons located in the
septohippocampal pathway may provide another mecha-
nism for the ammestic cffeets of cannabinoids.

Dapamine

CBIR receptor activation stimulates mesoprefrontal dopa-
mine (DA) transmission {Chen et al. 1990; Diana et al,
1998; Jentsch et al. 1998; Pistis et al. 2001). Considering
that supranormal stimulation of DA DI receptors in the
PFC was shown to impair working memory, the negative
effects of cannabinoids on working memory and other
cognitive processes might be related to the activation of DA
transmission in the PFC. Alternatively, cannabinoids, by
inhibiting GABA release from GABAergic interneurons,
may also suppress onc mechanismi by which DA controls
PFC ncuronal excitability, This might lead to nonspecific
activation of the PFC, which in tum may disrupt normal
signal processing and result in poor integration of trans-
cortical inputs (Pistis et al. 2001).

Futre directions

There is a need to replicate much of the existing data in
larger samples. Almost all the data on the cffects of
cannabinoids on memory in humans is from studies using
AG-THC or A-9-TIIC containing herbal cannabis. As
discussed earlier, A-9-THC is a partial CB1 agonist. Future
studies need to investigate the effects of full CB1 agonists
and CBlantagonists. Furthermore, studies with putative
selective agonists and antagonists of the novel non-CB1/
CIB32 receptors that are relevant to the cognitive effects of
cannabinoids will be important in clarifying the contribu-
tions of CB receptor subtypes in the memory impairing

-effects of cannabinoids. Most studies have included

frequent users or heavy users. Future studies should include
nonusers, users, and abusers of cannabis to lurther clarify
the effects of tolerance, dependence, and residval A-9-TIIC
effects on memory. Most of the literature on cannabinoids is
from studies employing verbal memory tasks. However,
other forms of memory may be affected by cannabinoids.
CBIl reeeptor transmission was shown to be involved in
emotional learning phenomena (Marsicano et al. 2002; Varvel
et al. 2005; Varvel and Lichtman 2002}, Do cannabinoids
impair emotional memory in humans? Related to this.
preclinical findings showing the critical role of cannabi-
noids in forgetting needs to be investigated in hnnans,
Similarly, there is a need to characterize the neural
cireuitry of the memory-impairing effects of cannabinoids
in humans using brain maging techniques with good
spatial (fMRI or PET) and temporal {EEG) resolution. For
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example, do verbal recall impairments induced by cannabi-
noids correlate with reduced medial temporal blood oxygen
level dependent (BOLD) response during encoding of word
lists? The development of CB1 receplor imaging tadio-
ligands, which has been challenging until now (Dhawan ct al,
2006), may provide the lools to establish (he relationship
between the memory-impairing cffects of cannabinoids and
changes in CBT receptor occupancy. Such approaches may
permit the transtation of preclinical data in humans. In this
regard. using assessments of memory that can be used in
animals and humans wonld bridge the gap between the
preclinical and clinical literature.

It will also be important to establish the contributions of
other neurotransmitters, e.g., dopamine, glutamate, and
GABA to the memory-impairing effects of cannabinoids
in humans. This could be accomplished, with some
limitations, by studying the interactive eflects of cannabi-
noids and drugs acting at other neurotransmitter systems on
memory. In this regard, there are distinct differences
between the amnestic effects of cannabinoids and other
amnestic drugs, e.g., alcohol, benzodiazepines, and NMDA
receptor antagonists. For example, the [atter threc are
associated with the phenomenon of retrograde facilitation,
which has not been observed with cannabinoids. Thus,
comparing ¢cannabinoid effects with the memory impairing
effects of better-studied drugs. c.g., scopolamine or keta-
mine, would help in determining the specificity of
cannabinoid effects. Finally, further work is also necessary
to0 determine the differential cffects of cannabincids on
encoding, consolidation, and retrieval.

Ceonclusions

Data from the 1970s and more recent data have shown that
cxogenous cannabinoids impair scveral aspects of memory
and endocannabinoids may be involved in modulating
memory. While progress in the understanding of cannabi-
noid receptor function has renewed interest and stimulated
significant clinical and preclinical research on the cognitive
cffects of cannabinoids, there is a need to bridge the gap
between the preelinical and clinical data.
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The Psychotomimetic Effects of Intravenous
Delta-9-Tetrahydrocannabinol in Healthy
Individuals: Implications for Psychosis
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Recent advances in the understanding of brain cannabinoid receptor function have renewed interest in the association between
cannabinoid compounds and psychosis. In 2 3-day, double-blind, randomized, and counterbalanced stﬁdy. the behavioral, cognitive, and
endocrine effects of 0, 2.5, and 5 mg intravenous delta-9-tetrahydrocannabinol {A-3-THC) were characterized in 22 healthy individuals,
who had been exposed to cannabis but had never been diagnosed with a cannabis abuse disorder. Prospective safety dataat [, 3,and 6
rmonths poststudy was also collected. A-9-THC (1) produced schizophrenia-lke positive and negative symptoms: (2) altered perception;
(3} increased anxiety; (4) produced euphoria; (S} disrupted immediate and defayad word recall, sparing recognition recall; (6) impaired
performance on tests of distractibility, verbal fluercy, and working memory (7) did not impair orientation; (8) increased plasma cortisol,
These data indicate that A-9-THC produces a broad range of transient symptoms, behaviors, and cognitive deficits in heatthy individuals
that resemble some aspects of endogenous psychoses. These data warrant further study of whether brain cannabinaid receptor function

contributes to the pathophysiology of psychotic disorders.

INTRODUCTION

‘...acute psychotic reactions, generally lasting but a few
hours, but occasionally as long as a week; the reaction
seemed dose-related and its main features included para-
noid ideation, illusions, hallucinations, delusions, deperso-
nalization, confusion, restlessness and excitement”’ in ‘Du
Haschisch et d 'alientation mentale’ JJ Moreau de Tours
(1845} (Moreau, 1973).

Until recently, the mechanism of action of cannabinoids
remained an enigma. The cloning of brain cannabinoid
receptors (CB-1 R), the identification of several endogenous
ligands and second messenger systems, the development of
selective CB-1 R antagonists, and other recent advances
(reviewed in Freund et al, 2003; Pertwee, 1999b) have
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rekindled interest in the association between cannabinoids
and psychosis. Since the report of Moreau de Tours (1973),
several studies (reviewed in Johns, 2001) suggest an
association between psychosis and the use of cannabinoid
compounds such as cannabis, There is a paucity of
laboratory-based data directly evaluating the psychotomi-
metic effects of cannabinoid compounds and in particular
those of delta-9-tetrahdrocannabinol (A-9-THC), the prin-
cipal active ingredient of cannabis.

The effects of cannabis are a composite of several (up to
80) cannabinoid compounds that may have effects that are
synergistic with or antagonistic to A-9-THC effects (Holl-
ister, 1988). The principal aim of this study was to
characterize the dose-related psychotomimetic effects of
A-9-THC, the principal active ingredient of cannabis, in
carefully screened healthy individuals under double-blind,
placebo-controlled laboratory conditions, using standar-
dized behavioral and cognitive assessments,

MATERIALS AND METHODS

The study was conducted at the Neurcbiological Studies
Unit (VA Connecticut Healthcare System, West Haven, CT)



with the approval of the Institutional Review Boards at VA
Connecticut and Yale University, and the Protocol Review
Committee of the Department of Psychiatry, Yale Uni-
versity.

Subjects were recruited from the community by adver-
tisements and were paid for their participation in the study.
Subjects were informed about the potential for psychosis,
anxiety, and panic. After obtaining informed consent,
subjects underwent a structured psychiatric interview for
DSM-IIIR (Spitzer et al, 1990) and were carefully screened
for any DSM-IV Axis I or Axis 1] lifetime psychiatric or
substance abuse disorder (excluding nicotine) and family
history of major Axis 1 disorder. The history provided by
subjects was confirmed by a telephone interview conducted
with an individual (spouse or family member) identified by
the subject prior to screening. In order to avoid exposing
cannabis-naive individuals to a potentially addictive sub-
statice, only subjects who had been exposed to cannabis but
did not meet lifetime criteria for a cannabis use disorder
were included. Past month cannabis use was quantified
using a time-line-follow-back approach. Finally, subjects
underwent a general physical and neurologic examination,
EKG, and laboratory tests (serum electrolytes, liver function
tests, complete blood count with differential and urine
toxicology). Subjects were instructed to refrain from
caffeinated beverages, alcohol, and illicit drugs from 2
weeks prior to testing until study completion. Urine
toxicology was conducted on the morning of each test day
to rule out recent illicit drug use.

Subjects completed three test days during which they
received 5 or 2.5mg of A-9-THC, the principal active
ingredient of cannabis, or vehicle (ethancl) by intravenous
route in a randomized, counterbalanced order under
double-blind conditions. Test days were separated by at
least 1 week (>3 times the elimination half-life of A-9-
THC) to minimize carryover effects (Wall et al, 1976). Two
doses of A-9-THC were chosen to examine dose-response
relationships and were based on previous studies with A-9-
THC demonstrating feasibility and safety (Agurell et al,
1986; Volkow et al, 1991, 1996). The intravenous route of
administration was chosen to reduce inter and intraindivi-
dual variability in plasma A-9-THC levels with the inhaled
route {Azorlosa et al, 1992) and to mimic the time course of
plasma A-9-THC levels associated with the clinical ‘high’
(Agurell et al, 1986; Lindgren et al, 1981; Ohlsson et al,
1980a). Most studies with A-9-THC employ an oral or
inhalation (smoking) route of administration, Oral admin-
istration delays the onset of effects by 30-120 min, produces
lower peak plasma levels, and prolongs the action of the A-
9-THC compared to the inhaled or intravenous route
{Lemberger et al, 1971; Ohlsson er al, 1980b). The
intravenous and smoked routes share similar pharmaco
kinetic profiles. The dosing paradigm was designed to
achieve peak A-9-THC plasma levels comparable to those
achieved by smoking standard cigarettes containing 1-3.5%
A-9.THC (16-34 mg).

A-9-THC of 99.6% purity was provided by the NORAC
Company, USA. A-9-THC was dissolved in 95% ethanol
(Agurell et al, 1986) to yield a concentration of 2mg/ml
stock solution, which was then passed through a 0.22um
polymer filter, subjected to sterility and pyrogenicity
testing, and assayed by gas chromatography mass spectro-
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metry to confirm its concentration and stored at —20°C for
future use. For the control condition, an equivalent volume
{=2 ml) of ethanol (vehicle) was used, which would amount
to a concentration of 0.0004% in an adult with average
blood volume (4-51). Postinjection blood sampling at
multiple time points failed to detect ethanol in a subsample
of subjects. Subjects fasted overnight and reported to the
test facility around 0800, where they were provided a
standard breakfast. After obtaining two intravenous ac-
cesses at —90min and baseline assessments at —60 min,
subjects were administered A-9-THC intravenously over a
2-min period into a rapidly flowing saline infusion, Subjects
were attended to by a research psychiatrist, a research
nurse, and a research coordinator. Clear ‘stopping rules’
were determined a priori and rescue medication (loraze-
pam) was available if necessary.

At the end of the last test day an exit interview was
conducted to determine if subjects had been adequately
informed prior to study participation and for feedback
about the study procedures. The study was amended to
include prospective measures addressing safety. Subjects
were recontacted at 1, 3, 6 months poststudy and asked to
estimate their desire for cannabis, whether their cannabis
use had changed, and whether they had noted any new
medical or psychiatric problems.

Outcome Measures

Behavioral ratings were conducted at the —60, + 10, - 80,
+200min timepoints (timepoint zero denotes the begin-
ning of the A-9-THC infusion). Since the peak intensity of
A-9-THC effects were expected to occur between + 10 and
+ 80 timepoints and were expected to disrupt a subject’s
capacity to describe subjective effects, behavioral ratings
were readminjstered 140 min after A-9-THC administration
to capture A-9-THC effects retrospectively. Positive, nega-
tive, and general symptoms were assessed using the PANSS
positive, negative, and general symptoms subscales of the
Positive and Negative Symptom Scale (PANSS) (Kay et al,
1989). Perceptual alterations were measured using the
Clinician Administered Dissociative Symptoms Scale
(CADSS) (Bremner et al, 1998), a scale consisting of 19
self-report items and eight clinician-rated items (0 = not at
all, 4 = extremely) that has been shown ta be sensitive to the
effects of other psychoactive drugs including ketamine
(Krystal et al, 1994). Feeling states associated with cannabis
intoxication were measured using five self-reported items of
a visual analog scale items (*high’, ‘calm and relaxed’, “tired’,
‘anxious’, ‘panic’) associated with cannabis effects (Haert-
zen, 1965, 1966). Subjects were asked to score the perceived
intensity of these feeling states at that moment on a 100 mm
line (0= not at all, 100 = extremely).

At 30 min after receiving A-9-THC a cognitive test battery
was administered. Learning and recall were measured using
the Hopkins Verbal Learning Test (HVLT) (Brandt er al,
1992; Bylsma et al, 1991). The test consists of three
consecutive trials of immediate free recall of a 12-item,
semantically categorized list, followed 30min later by
testing of delayed free recall, cued recall, and recognition
recall. Different but equivalent versions of the test were
administered on the 3 test days. Vigilance and distractibility
to visual stimuli were measured using a conlinuous
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performance task (Gordon, 1986) in which subjects
attended to numbers presented sequentially on a screen.
The subject pushed a button to signal when a ‘I’ was
preceded by a *9’. The distractibility task was identical to the
vigilance task with the exception that numbers were
presented sequentially in three contiguous columns. Sub-
jects were instructed to attend to the middle column and
ignore the outer two columns. The verbal fluency task
requires subjects to generate as many words as possible
beginning with a specified letter during a 1-min interval
(Corkin et al, 1954). Equivalent versions of this task were
administered on the 3 test days using letters equated for
frequency in English (Borkowski et al, 1967). Working
memory was assessed using a computerized working
memory task for shapes analogous to the Delayed Match
to Sample task (Belger et al, 1998) and is known to activate
prefrontal and hippocampal regions. Each trial consisted of
an ‘easy’ or ‘difficult’ block classified on the basis of the
complexity of shapes. In each black, subjects were
presented 20 different shapes for Is each at intervals of
1s on a computer screen and five shapes were repeated.
Subjects were instructed to respond by pressing the
spacebar when they identified a shape previously shown
in that block. In total, 12 different versions of this task were
available such that none of the shape stimuli were repeated
across the 3 days of testing.

Vital signs were recorded at —60, +10, +50, -+ 80,
+ 140, +200 timepoints. At the —60, --10, + 80, and
+ 140 timepoints, blood was sampled from the iv. line
opposite to the one used for administering study drug, for
prolactin and cortisol to provide a behaviorally independent
measure of cannabinoid effects, and for levels of A-9-THC
and its primary inactive metabolite 11-nor-delta-9-tetrahy-
drocannabinol-9-COOH. However, for A-$-THC and its
main metabolite, only blood samples from the two active
THC conditions were assayed. Immediately after collection,
blood samples were put on ice, centrifuged, and the
extracted plasma was alliquoted into vials for storage at
—70°C until time of the assay. Prolactin and cortisol assays
were run in duplicate pairs using radicimmunoassay kits to
determine prolactin (Serone Diagnostics, Inc.) and cortisol
(Baxter Travenol Diagnostics, Inc.) levels. A-9-THC and 11-
nor-delta-9-tetrahydrocannabinol-9-COOH were measured
by GC/MS according to a method by Shaw et al {1991).
Assays have intra- and interassay RSD% of < 10% at 1 ng/ml
with 0.5 ng/ml as the lower limit of detection.

Statistical Analyses

All analyses were performed in SAS Version 8.2. The change
from baseline data was assessed for normality prior to
analysis using normal probability plots and Kolmogorov-
Smirnov test statistics. The absence of variance during the
placebo A-9-THC (vehicle) administration combined with
highly skewed responses during the A-9-THC conditions
precludes the application of typical ANOVA’s or mixed
models and that ordinal or nonparametric approaches are
needed. Since none of the outcomes conformed to normality
due to floor effects, a nonparametric analysis for repeated
measures data was used (Brunner et al, 2002). PANSS
subscale scores, VAS scores, CADSS clinician, and CADSS
subject ratings were analyzed using the %LD_F2 SAS macro

Neuropsychepharmacaiogy

(Brunner et al, 2002) with dose (placebo, low, high) and
time (P10, P80, P200) as between-subject factors. One of the
advantages of our statistical approach is that it uses all
available data on each subject including dropouts. THC
analyses were performed in the same way restricting the
dose levels to low and high. The dose by time interaction
was tested first and relative effects plots were used to
interpret significant interactions. Hopkins, working mem-
ory, verbal fluency, measures of distractibility and vigilance
(CPT), and retrospective behavioral data were analyzed
using the %LD_F1 macro. Hopkins immediate recall was
analyzed using %LD_F2 with only dose as a between-subject
factor. Relative effect plots were also used to interpret
significant dose effects. The overall alpha level for each
hypothesis was fixed at 0.05 level. Bonferroni correction was
applied within but not across hypothesis. Thus, for the two
subscales of the PANSS (positive symptoms and negative
symptoms), a cutoff alpha level of 0.05/2 = 0.025 was used to
declare effects significant for PANSS positive and for PANSS
negative symptoms.

RESULTS

A total of 38 healthy subjects were initially screened of
whom eight were found ineligible and eight never initiated
the study. In all, 22 subjects initiated at least one test day
(Table 1) with three and four subjects dropping out after
completing 1 and 2 test days, respectively, Cannabis use
histories are reported in Table 2. None of the subjects had
used cannabis for at least a week prior to testing and this
was confirmed by urine toxicology. Data are reported either
in figures or tables (means +SEM), while statistical analyses
are reported in the text. For parsimony only those retro-
spective data that conflict with data collected at other
timepoints {-+10 or +80) are reported in the text.

Behavioral Measures

Positive symptoms (PANSS). A-9-THC transiently in-
creased scores of the PANSS positive symptoms subscale
(dose (Z?,a? =202, p<0.000l)% time (Zigg=20.95,
p<0.0001); dosextime (y3,=830, p=0.0001))
(Figure 1). The increases in positive symptoms induced by
A-9-THC peaked 10min after drug administration, were
modest and returned to baseline levels by the last timepoint.
The quality of symptoms showed similarity to the positive
symptoms reported by schizophrenia patients {Table 3)
with some subjects losing insight momentarily.

Negative symptoms (PANSS). A-9-THC transiently in-
creased scores of the PANSS negative symptoms subscale
(dose  (zlo2=19.1, p<0.0001), time (z}ss=19.45,
p<0.0001); dose by time (73:3=727, p=0.0005))
(Figure 1). Subjects were rated as being less spontaneous,
internally preoccupied, and displaying blunted affect.

Perceptual alterations (CADSS). A-9-THC transiently
increased perceptual alterations as measured by the CADSS
clinician-rated subscale (dose (yis;=12.58, p=0.0000);
time (7_%_34::27.27, p==0.0000); dose by time (3,5 =9.09,
p=0.0000)). Subjects were rated as being ‘spaced out,



Table 1 Demographic Information

n Mean (§D)
Age (SD) years All =22} 29 {11.8)
Males (n= 4) 304 (+11.8)
Females (p=8) 268 (+11.6)
Education (SD) years All 163 (1.%)
Males 164 {£2)
Fernales la.1l (+1.9)
Handedness Right 18
Left
Race Caucasian 15
Indiar |
African American [
Weight All 174.7 (1:46.4)
Mates (n= 14) 184.1 {+40.2)
Females (r = 8) 1581 (+54.3)
Table 2 Cannabis Use History
# of exposures n
Estimated hfetime cannabis exposures
Less than 5 times 7
5-10 times G
11-20 times 3
2i-50 times 2
51-100 times 4
> 100 times 6
Fime n
Last exposure to cannabis
Past week 0
| week-1 menth 4
|--6 moniths é
& months—~I year |
1-5 years 4
510 years 3
= 10 years 4

seeming separated or detached from the test environment,
had said or done something bizarre or needed redirection.
A-9-THC also transiently increased perceptual alterations as
measured by the CADSS subject-rated subscale (dose
(/1 60 = =21. 006 p 0. 0000), time (/[ 86 — 4411, P 0.0000),
dose by time (y3 75 =7.38, p=0.0001)) (Figure 2). Subjects
reported having distorted time perception, external percep-
tion, feelings of unreality, and altered body perception.
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Figure 1 Effects of A-9-THC on the seven-item positive {left panel) and
six-item negative (right panel) symptom subscales of the Positive and
Negative Syndrome Scale (PANSS). The PANSS is used to measure the
symptoms associated with schizephrenia. Scores for each item range from
0 {absent) to 7 (extremely). The ranges of scores on the positive and
negative subscales are 0-49 and 0-42, respectively.

General symptoms (PANSS). A-9-THC transiently in-
creased scores of the PANSS general symptoms subscale
{dose (/,76..,3 3, p=0043), time (/,63—37 51,
p&I0.0001), and dose x time (i3 3, =5.15, p=0.00095))
that includes items for somatic concern, guilt feelings,
tension, uncooperativeness, unusual thought content, poor
attention, and precccupation.

Feeling States

‘High’ (VAS). A—Q THC transiently increased VAS scores of
‘high’(dose: (3} ¢ =31.56, p=0.0000); time (7170 =122.32,
p =0.0000); dose by time (3.0, = 4.5, p = 0.0108)) (Figure 3).

‘Anxious’, ‘calm and relaxed,” and ‘panic’ ( VAS). A-9-THC
tranmently increased VAS scores of ‘anxious’ (dose
(/1 sa = 11.44, P= 0000‘02), time (/127—22 71, p= 0.0000);
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Table 3 Subject Quotes

Subject quote

Symptom

'l thought you could read my mind, that's why | didn't answer'

Suspiciousness/paranoia with foss of insight

‘I thought you alf were trying to trick me by changing the rules of the tests to make me fail

I thought you were turning the clock back to confuse me’

I could hear someone on typing on the computer ..
program me’

| felt as if my mind was nude’

‘I thought you all were giving me THC thru the 8P machine and the sheets’

.and | thought you alf were trying to

T thought that this was real.... was convinzed this wasn't an experiment’

Loss of insight

T couldn’t keep track of my thoughts... they'd suddenly disappear’

It seemed as if all the questions were coming to me at once...
in stacatto’

My thoughts were fragmented...
at once’

Concepual disorganization. thought disorder, thought
blocking, loosening of associations

everything was happening

the past present and future all seemed to be happening

‘I felt | could see into the future. ..} thought | was God'

Grandiosity

The AC that | couldn't hear before suddenly became deafening’

1 thought | could hear the dripping of the iv. and it was louder than your voice’

Inabifity to “filter’ out irrelevant background stimui

dose by time (7375 =3.58, p=0.0157}). Consistent with an
increase in anxiety, A-9-THC decreased VAS scores of ‘calm
and relaxed® (dose  (y3go=1.66, p= 0. 1899) time
(7363 =8.73, p=0.00049); dose by time {(y3;;=2.61,
p=0.042)). However, A-9-THC effects on VAS ‘panic’
scores were not statlsucally significant (dose (y}¢;=0.72,
p=0.4612); time (3} o= 8.96, p="0.00045); dose by time
(4332 = 1.57, p=0.1884)).

‘Tired'(VAS). A-9-THC effects on VAS ‘tired’ scores in
analys;s of primary timepoint data were s1gmﬁcant for dose
(7397 =11.53, p=0.00001) but not time (/15,—0 755,
p=0435) or the dosex time interaction (¥3., =0.611,
p=0.62). Analysis of the retrospectwe timepoint data
revealed a s:gmﬁcant dose effect (7345=9.23, p=0.0001)
of A-9-THC on increasing VAS ‘tired” scores.

Neuropsychological Measures

Immediate recall, delayed recall and learning (Hopkins
Verbal Learning Test} (Figure 4). A-9-THC s1gmﬁcant{y
impaired rmmedlate recall  {{dose (/1 31 =12.32,
p=0.00011); trial (33,5 =64.51, p=0.0000)) in a dose-
dependent manner across all three trials of immediate
recall. However, its effects on learning were not statistically
significant (dose by trial: 73,3 =1.58, p=0. 1875) A-9-THC
impaired delayed (+ 30 min) free recall (dose: /1 60 = 6.55,
p=0.00266) and delayed cued recall (dose: (y34,=4.06,
p=10.0177) in a significant, dose-dependent manner., How-
ever, its effect on delayed recogmtlon recall showed a trend
towards significance (dose: (y795= 2.65, p==0.07). Finally,
A 9-THC increased the number of false posmves (dose:
776 == 2.43, p=0.095) and intrusions (dose: 77 g5=2.85,
p=0.06} with a trend towards significance.

Neuropsychophamacology

Distractibility and vigilance, A-9-THC had no effect on
mmssmn (dose: ¥7 g9 = 0.46, r= 0.62) or commission (dose:
7175 =0.68, p=0.487) errors in the vigilance task A-5-THC
effects on latency trended towards significance (7345 =2.69,
p= 0.068). A-9- THC had significant dose effects on omis-
sion errors (yi,s=4.70, p=0.0126} and latency
(/,91_3 06, p= 0048) but not commission errors {dose:
/1 go = 0.81, p==0.44) in the distractibility task (Table 4).

Verbal fluency. A-9-THC did not have any significant dose
effects on the number of words generated in 1min (dose:
1100=0.977, p=0.373}, but trended towards increasing the
number of perseverations (dose: y3g4=2.61, p=0.075)
(Table 4).

Working memory. A-9-THC significantly reduced the
number of correct responses in the easy subtask (dose:
/1 o1 =422, p=0.016) without effecting reaction time {dose
7375 =0.174, p=0.8). However, A-9-THC did not reduce
the number of correct responses in the hard subtask (dose
/e 99=1.29, p=0. 275), but trended towards increasing
reaction time (dose y7 4, = 2.47, P =0.088) (Table 4),

Neurochemical Effects

Cortisol and prolactin. A-9-THC had no significant effects
on serum prolactin levels (dose (NS); time (yigs=20.4,
£ =0.0000); dose by time (NS)) (Figure 5), but s;gmﬁcanﬂy
increased serum cort:so] levels (dose (y3q,=12.44,
p=0.0000); time (7%, =4.01, p="0.02164), dose by time
(73.52="5.3, p=0.00236)).

A4-9-THC and  11-nor-delta-9-tetrahydrocannabinol-9-
COOH levels. Blood samples were analyzed only on the
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two active test days. Plasma A-9-THC levels were highest at
the +10min timepoint {2.5mg dose=82ng/dl (+87.4);
S5mg dose=119.2ng/dl (+166.5)), lower at the 480
timepoint and fell considerably by the +200 timepoint.
However, differences between the two doses were not
statistically significant (dose (7} =2.32, p==0.1278); time
(73 43=69.36, p=0.0000); dose by time (yiq=1.86,
p=0.164)). This is probably as a result of significant
variability in the plasma A-9-THC concentrations observed.
11-nor-delta-9-tetrahydrocannabinel-9-COOH levels were
highest at the 4 10min timepoint (2.5mg dose =438 ng/
dl (£26.1); 5 mg dose = 81.9 ng/dl (£47)) were lower at the
+80 timepoint (2.5mg dose=2328.6ng/dl (£19.3); Smg
dose =49.5ng/d}l (+30.4)) and remained detectable at the
+ 200 timepoint. Differences between the two doses were
statistically significant (dose (y=4.08, p=0.043); time
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(7347, =60.43, p=0.0000); dose by time (yis;=0875,
p=0.394)). Since plasma A-9-THC levels are out of phase
(hysteresis) with behavioral changes (Cocchetto et al, 1981;
Cone and Huestis, 1993; Huestis ef al, 1992), no attempt was
made to correlate plasma levels to behavioral, cognitive, or
endocrine measures.

Safety Data

No serious adverse events (death, hospitalization, emer-
gency room visit) occurred during the study. The reasons
for dropouts included acute paranoia (n=1), panic (n=1),
hypotension (n=2), difficulty with venous access {n=1),
withdrawal of consent due to dislike of THC effects {(n=3),
and scheduling difficulties or other non-study issues
{(n=1). The one subject who experienced a significant,
acute paranoid reaction associated with significant distress
after receiving 5 mg THC was administered 2 mg lorazepam
with good effect. Exit interviews conducted in a subsample
of subjects revealed that subjects felt they had been
adequately informed about the risks of the study during
the consent process. Follow-up assessments (1, 3 and 6
months) failed to show the emergence of new psychiatric
symptoms or any change on several measures of cannabis
use {Table 5).

DISCUSSION

The principal finding of the study is that A-9-THC
produced transient effects in healthy individuals including
positive symptoms, negative symptoms, perceptual altera-
tions, euphoria, anxiety, and deficits in working memory,
recall, and the executive control of attention without
altering general orientation. The positive symptoms in-
duced by A-9-THC included suspiciousness, paranoid and
grandiose delusions, conceptual disorganization, and illu-
sions. It also produced depersonalization, derealization,
distorted sensory perceptions, altered body perception,
feelings of unreality and extreme slowing of time. A-9-THC
produced negative symptoms including blunted affect,
reduced rapport, lack of spontaneity, psychomotor retarda-
tion, and emotional withdrawal.

While cannabis has been reported to impair several
aspects of cognitive functioning in a dose-related manner,
deficits in verbal recall appear to be the most consistent
finding in laboratory studies (Belmore and Miller, 1980;
Chait and Zacny, 1992; Curran et al, 2002; Hart et al, 2001;
Heishman ef al, 1997, 1990; Hooker and jones, 1987; Marks
and MacAvoy, 1989; Miller and Branconnier, 1983; Miller
et al, 1977). Our data are consistent with these effects. A-9-
THC impaired verbal recall but not learning, suggesting that
its effects are primarily on verbal working memory. While
A-9-THC disrupted delayed recall, these effects appeared to
be largely as a consequence of a disruption in immediate
recall. The observation that recognition recall was least
disrupted, suggests that A-9-THC impairs retrieval more
than encoding.

In comparing the cognitive data from this study with
more recent studies, several factors need to be considered
including, but not limited to, the degree of current cannabis
use (tolerance) and lifetime cannabis exposure of the study
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Table 4 A-3-THC Effects on Neuropsychological Test Perfermance
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Qutcome measure Placebo A-9-THC 2.5mg A-9-THC 5mg A-9-THC Dose effect
Vigifance

n 19 19 15

Omission enors L (24 09 (+1.3) 2 (+49) Froo =046, p=062

Commission errors 04 {£0.7) 04 (108) 07 (£ Fi7s = 068, p=0487

Latency 424 (£74) 44.1(+84) 45,6 (8.3} 71as 22269, p=0068
Distractibility

n 19 18 i5

Omission errors 25 {437 38 (+44 6.6 (+£84) Fn=470, p=00126

Commission errors 09 (+23) 1.3 (£24) 57 (£17.0 7i20=081, p=044

Latency 417 (£62) 44.8 (+6.7) 482 (+143) L9 =306, p=0048
Verbal fluency

n 19 19 16

# words generated 170 {£4.3) 17 (£53) 153 (£5.1) Fo0=0977. p=0373

Perseverations 04 (£08) 0.1 (£03) 0.4 {+05) Fims =164 p=0075
Working memory

n 17 18 16

Easy task correct 41 (£1.3) (£ 1.3) 9(x 12 T =422, p=0016

Easy task reaction time 887.6 (£2428) 908.8 (+240.3) 954.4 (12735) H2=0174, h=0811

n 18 18 15

Hard task conmect 35 (412 28 (£14) 29 (x219) #oa= 125, p=0275

Hard task reaction time 8778 (+311.3) 1077.3 (£2669) 953.6 (+209.3) Figr =247, p=0088

sample, the dosing paradigm, the task characteristics and at
what timepoint the tests were administered. In contrast to
our study, Hart et al (2001) found minimal effects of A-9-
THC on cognitive test performance; however, the subjects
were cannabis dependent and were smoking an average of
four cannabis joints per day for several years.

Curran et al (2002) studied subjects who had similar
cannabis use histories to our subjects. However, relative to
our study, Curran et al {2002) used oral A-9-THC which
achieved much lower plasma levels, employed some
different cognitive tasks, and administered those tasks at
different timepoints in the A-9-THC dose-response curve.
The effects of A-9-THC on immediate and delayed verbal
recall are in agreement with the current study. However,
whereas we found that A-9-THC impaired performance on a
computerized visual working memory for shapes, Curran
et al (2002) did not find an effect on a relatively simpler task
of working memory, the serial sevens task. Our data are
consistent with an extensive animal literature showing a
robust effect of cannabinoids on working memory (re-
viewed in Lichtman et al, 2002). When the rapid visual
processing task of sustained attention was made more
demanding in our study similar to the task of Curran
(2002), A-9-THC appeared to impair performance. Con-
sistent with this, several subjects reported that after
receiving A-9-THC, irrelevant sounds and visual patterns
that were previously in the background, for example, the
sound of the airconditioner or the pattern of the curtains,

came to the foreground and was perceived as distracting.
This might reflect a disruptive effect of A-3-THC on the
‘filtering’ of nonsalient information that has been observed
in long-term cannabis users (Solowij et al, 1991).
A-2-THC produced these effects in healthy individuals
carefully screened for any obvious risk factors for
psychosis, including any DSM-IV Axis [ diagnosis in first-
degree relatives. The basis of why some subjects but not
others experienced transient but significant psychotic
symptoms is not clear, but is of considerable interest.
Several large sample studies (1 = 7000-50 0000) suggest that
moderate (more than 20 times) lifetime exposure to
cannabis is associated with a higher risk to develop
schizophrenia later on (Andreasson ef al, 1988; van Os
et al, 20602; Zammit et al, 2002). Therefore, we examined the
relationship between lifetime cannabis exposure (Table 2)
and psychotomimetic effects of A-9-THC in this study. The
sample was divided into two groups based on whether
subjects had been exposed to cannabis more or less than 20
times in their lifetime, The difference in peak change in
PANSS positive symptom subscale scores between the 5mg
A-9-THC and placebo condition was the outcome used. The
two gronps were not significantly different (f;5=0.44,
p=0.666) in their response to A-9-THC effects on peak
positive symptom scores. The lack of any obvious relation-
ship between lifetime cannabis exposure (Table 2) and
psychotomimetic response to A-9-THC are in contrast large
epiderniological studies. One possible explanation for this
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Figure 5 Effects of A-2-THC on plasma prolactin and cortisol levels.

contrast is that the small sample in our study may not have
allowed the detection of a relationship between lifetime
cannabis exposure and the psychotomimetic response to A-
9-THC.

The constellation of symptoms produced by A-9-THC
resembles several dimensions of endogenous psychotic
disorders like schizophrenia. The findings of this study
provide support for a cannabinoid ‘model’ psychosis
(Beringer and Marx, 1932) just as dopaminergic (DA)
stimulants (amphetamine), serotonergic agents (LSD and
psylocibin), and glutamatergic antagonists (ketamine) have
been studied as laboratory-based models of endogenous
psychotic disorders (Adler et al, 1998; Angrist et al, 1974;
Ellison, 1994; Krystal et af, 1994; Licberman et al,
1987; Malhotra et al, 1996; Siomopoulos, 1975: Snyder,
1973; Vollenweider er al, 1998, 2000). In contrast to DA
stimulants, A-9-THC like ketamine produced positive,
negative, and cognitive symptoms of psychosis.

Neuropsychopharmacology

The findings of this study add to a growing body of
literature from pharmacological (Jones, 1971; Leweke et al,
2000, 1999b; McGuire et al, 1995), epidemiological (An-
dreasson et al, 1987, 1988, 1989; Arseneault ef al, 2002;
McGuire et al, 1995; Zammit et al, 2002), genetic (Ujike ef al,
2002), neurochemical (Leweke et al, 19992), and post-
mortem (Dean et al, 2001) approaches, suggesting that the
consumption of cannabinoids (exogenous) and/or brain
cannabinoid dysfunction (endogenous) may contribute to
the pathophysiology of psychosis andfor schizophrenia
(Emrich et al, 1997; Schneider er al, 1998). Clearly, further
work is needed to test these hypotheses.

The Mechanism of the Psychotic Symptoms Induced by
A-9-THC

The psychotropic effects of A-9-THC are mediated by
partial agonist effects at CB-1 receptors {CB-1R) where it
has modest affinity (K;=35-80nmol) and low intrinsic
activity (Compton ef al, 1992; Gerard et al, 1991; Howlett
et al, 2002; Matsuda et al, 1990). However, its hydroxy
metabolite has higher affinity and potency. The primary
effect of cannabinoids is the modulation of neurotransmit-
ter release via activation of presynaptic CB-1Rs (reviewed in
Belue et al, 1995; Freund et af, 2003; Pertwee, 1999a). CB-
1Rs are distributed with high density in the cerebral cortex,
particularly frontal regions, basal ganglia, hippocampus,
anterior cingulate cortex, and cerebellum (Egertova and
Elphick, 2000; Egertova et al, 1998; Elphick and Egertova,
2001; Glass et al, 1997; Herkenham et al, 1991, 1990), brain
regions that are relevant to both the known effects of
cannabinoids and also regions that have been implicated in
the putative neural circuitry of psychosis.

The effect of CB-1R activation on increasing mesolimbic
DA activity may provide one explanation for the positive
psychotic symptoms induced by A-9-THC (Chen et al,
1990b, 1991; French, 1997; French et al, 1997; Melis 2t al,
2000; Pistis et al, 2002; Tanda et al, 1997). CB-1R agonists
induce cfos in the NAc (Miyamoto et al, 1996) and A10 DA
neurons within the ventral tegmentum (Patel and Hillard,
2003), and these effects are blocked by DA D2 receptor
antagonists (Miyamoto et al, 1996) and CB-1R antagonists
(Patel and Hillard, 2003; Porcella et al, 1998).

In the hippocampus, CB-1R are located primarily on
cholecystokinin containing GABAergic interneurons (Hajos
et al, 2000; Katona et al, 2000, 1999a, 1999b; Tsou et al,
1999). These GABAergic interneurons are believed to
orchestrate fast synchronous oscillations in the gamma
range, a critical process in synchronizing pyramidal cell
activity (Hajos et al, 2000; Hoffman and Lupica, 2000).
Gamma oscillations are synchronized over long distances in
the brain and are hypothesized to ‘bind’ together sensory
perceptions and to play a role in cognition {reviewed in
Wilson and Nicoll, 2002). Abnormalities in gamma band
synchronization have been reported in schizophrenia
(Spencer et al, 2003). Activation of these presynaptic CB-
1Rs reduces GABA release by interneurons (Sullivan, 1999;
Katona et al, 1999a), which in turn would disrupt the
synchronization of pyramidal cell activity (Wilson and
Nicoll, 2002; Hoffman and Lupica, 2000}, thereby interfering
with associative functions, disrupting normal gating me-
chanisms, and eventually inducing psychotic symptoms.
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Visit # " Mo change Increased

Decreased

Do you think your exposure to THC in the luboratory has changed your cannabis vse?

{ month 10 ] g 2

3 menth 12 8 0 4

6 month 12 10 0 2

Visit # a None at all Slightly less About the usual Slightly more Much more

Please estimate how intense your desire for cannabis has been since your last test day or questionnaire

i manth 10 5 ! 3 i 0

3 month 12 5 2 4 i C

6 month 12 7 P 3 0 0

Visit # N Not at al i xfweek 2-3 x lweek 45 x fweek 6-8 x lweek 29 x Jweek
Since your lost test day or questionnare, how mony times per week hove you used cannabis?

| manth 10 6 2 | { 0 0
3 month 12 7 2 { 1 § 0
6 menth 12 9 | ! g ! 0
Visit # N 0—t 23 4-5 6-8 29

Since your lust test doy or questionnaire, please estimate yotr daly connabis use (in dime bags)?

| month 10 12 0 o 0

3 morth g 12 ! 0 0 0

& month e 12 I 0 0 0

"This subject declared that his canrabis use had increased as a resuft of moving back to his home country where cannabis was more accessible to hisn, and the social

and legal consequences to cannabis use were minimak.
“One person did not answer this question.

The effects of CB-1R activation on hippocampal LTP and
LTD may explain A-9-THC's amnestic effects. CB-1R
activation blocks LTP of CAl region field potentials
{Nowicky et al, 1987; Collins et al, 1994, 1995; Terranova
ef al, 1995; Misner and Sullivan, 1999) and CB-1 receptor
knockout mice have been reported to show enhanced LTP
(Bohme et al, 2000).

CB-1R activation also effects acetylcholine (ACH) release
in an inverted ‘U’ dose-response manner {Acquas et al,
2000, 2001; Gessa et al, 1998, 1997; Nava et al, 2001; Carta
gt al, 1998). Inhibition of acetylcholine release from
cholinergic hippocampal neurons located in the septohip-
pocampal pathway may provide another mechanism for the
amnestic effects of cannabinoids.

CB-1R receptor activation stimulates mesoprefrontal DA
transmission {Chen et al, 1990a; Diana et al, 1993; Jentsch
et al, 1997; Pistis et al, 2001). Considering that supranormal
stimulation of DA D1 receptors in the PFC has been shown
to impair working memory, the negative effects of
cannabinoids on working memory and other cognitive
processes might be related to the activation of DA
transmission in the PFC. Alternatively, cannabinoids, by
inhibiting GABA release from GABAergic interneurons,
may also suppress a mechanism by which DA controls PEC
neuronal excitability. This might lead to nonspecific

activation of the PEC, which in turn may disrupt normal
signal processing and result in poor integration of
transcortical inputs (Pistis et al, 2001}, Cannabinoids have
also been shown fto influence glutamatergic synaptic
transmission and plasticity in the PFC favering LTD at
the expense of LTP (Auclair et al, 2000).

Finally, animal studies have demonstrated that chronic
exposure to cannabis in animals can induce behavioral
sensitization to subsequent cannabinoid exposure (Cadoni
et al, 2001; Rubino et al, 2001, 2003) and also to
amphetamine (Gorriti et al, 1999; Lamarque et al, 2001;
Miyamoto et al, 1995; Muschamp and Siviy, 2002).
Sensitization has been implicated as a mechanism involved
in psychosis (Larueile, 2000; Duncan et gl, 1999; Yui et al,
1999). It is tempting to speculate whether the behavioral
sensitization induced by cannabinoids is 2 mechanism for
the development of psychosis associated with chronic heavy
cannabis use.

Neurobiology of the Endocrine Effects of A-9-THC

Consistent with the literature, A-6-THC increased plasma
cortisol levels. A-9-THC increases ACTH and cortisol levels
via CB-1 receptor activation within the paraventri-
cular nuclei, and either directly or indirectly (via other
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neurotransmitters) modulates CRH secretion (reviewed in
Murphy et al, 1998). A-9-THC produces an early and brief
increase followed by a predominantly inhibitory effect on
prolactin release (reviewed in Murphy et al, 1998), that is
mediated by CB-1R activation of tuberoinfundibular (TIDA)
DA neurons. The lack of a significant inhibitory A-9-THC
effect of on plasma prolactin in this study may be explained
by the brief period of observation.

Limitations

The possibility that some of the results observed could be
attributed to alcohol effects cannot be ruled out completely.
However, this seems unlikely since (1) alcohol was
undetectable in blood; (2) subjects did not report behavioral
effects consistent with the alcohol; and (3} in a limited
number of subjects who participated in other studies,
cognitive test performance on the placebo THC test day
(ethanol vehicle) was not different to their performance on
the placebo condition (saline) of other studies that they
participated in, Finally, other studies using alcohol vehicle
did not report any interactions between alcohol and A-9-
THC {Agurell et al, 1986; Lindgren et al, 1981; Chlsson et al,
1980a).

The elimination half-life of A-9-THC has been reported to
vary from 18 h to 4.3 days (Hunt and Jones, 1980; Johansson
ef al, 1989; Kelly, 1992; Sadler et al, 1984; Wall et al, 1976,
1983; Wall and Perez-Reyes, 1981). The mean interval
between each test day was 10 days. It is possible that a test
session could have been under the influence of a previous
session/s. However, the absence of detectable-9-THC in
both urine and plasma samples at the baseline timepoint of
each test day, and (2) the lack of any order effect in the
statistical analysis, do not support a carryover effect from
ome test session to another. Further, other recent studies
(Curran et al, 2002) (Fant et al, 1998) suggest that deficits in
performance on sensitive tests of cognition produced by A-
9-THC do not persist beyond 24-438 h.

Several limitations of this study might compromise the
generalizability of the findings to the risks of cannabis use.
Subjects generally reported A-9-THC effects as dissimilar to
their previous experience with cannabis. First, unlike the
naturalistic setting, subjects were unable to ‘titrate’ the
effects by controlling the dose or rate of administration.
Second, the effects of cannabis are a composite of several
(up to 80) cannabinoid compounds, terpenoids, and
flavonoids that may modulate A-9-THC (Hollister, 1988)
effects and have ‘entourage’ effects (Mechoulam and Ben-
Shabat, 1999; Russo and McPartland, 2003). Cannabidiol
(CBD), 2 major component of cannabis, has been shown to
be a very low affinity, weak antagonist of CB-IR (Petitet
et al, 1998). CBD and A-9-THC may have pharmacokinetic
and pharmacodynamic interactions. Thus, CBD may offset
some A-9-THC effects by its anxiolytic effects (Guimaraes
et al, 1994; Zuardi et al, 1982), antipsychotic-like effects
(Zuardi et al, 1995; Zuardi et al, 1991} and may block the
conversion of A-9-THC to the more psychoactive 11-
hydroxy-THC (Bornheim et al, 1995). However, the CBD
content of cannabis varies greatly and some samples of
cannabis have been reported to be devoid of CBD (Pitts et al,
1992). Fourth, the route of administration (intravenous)
and rate of administration (2min) in this study is not

Neuropsychopharmacology

socially relevant and may have resulted in a faster delivery
and higher levels of A-9-THC than what is typically
achieved by recreational users. However, peak A-9-THC
plasma concentrations with the 2.5mg dose (82+387.41ng/
dl) and 5mg (119.2+ 166.5 ng/dl) were within the range of
levels achieved by ad libitum smoking of a standard NIDA
cigarette (70-163ng/ml} containing 1-2.5% THC (16-
34 mg) (Heishman et al, 1990; Lindgren et al, 1981; Ohlsson
et al, 1980a). Of note is that the A-9-THC content of
cannabis has increased (ElSohly et al, 2000) probably as a
result of the cloning of high yield cannabis plants and
advanced cultivation techniques. The average cannabis joint
from the 1960s and 1970s contained about 10 mg of THC. In
contrast, cannabis joints from the current era made out of
skunkweed, netherweed, and other potent subspecies of
cannabis sativa may be 10-20 times more potent {Gold,
1991; Solowij, 1998; WHO, 1997).

Finally, cannabis dependent individuals who might
‘benefit’ from cannabis were excluded from this study and
individuals with negative responses to cannabis either did
not volunteer or were excluded. Thus, this study may not
represent individuals who have either the most positive or
negative responses to cannabis,

In conclusion, A-9-THC produced a range of transient
behavioral and cognitive effects in psychiatrically healthy
individuals similar to those seen in schizophrenia and other
endogenous psychoses. The findings of this study have
implications for the toxicity of cannabinoid compounds and
the pathophysiology of psychotic disorders.
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Cancerous toxins linked to cannabis extract

Date: September 26, 2017
Source: Portland State University

Summary: Researchers have found benzene and other potentially cancer-causing chemicals in the vapor pro-
duced by butane hash oil, a cannabis extract.
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FULL STORY

Researchers at Portland State University found benzene and other potentially cancer-
causing chemicals in the vapor produced by butane hash oil, a cannabis exfract.

Their study raises health concerns about dabbing, or vaporizing hash oil -- a practice that is growing in popularity,
especially in states that have legalized medical or recreational marijuana.

Dabbing is already controversial. The practice consists of placing a small amount of cannabis extract — a dab — on
a heated surface and inhaling the resulting vapor. The practice has raised concerns because it produces extremely
high levels of cannabinoids -- the active ingredients in marijuana.

The process of making hash ail also is dangerous because it uses highly flammable and potentially explosive bu-
tane as a solvent to extract active ingredients from marijuana leaves and flowers. In July, two people in Portiand,
OR, died in an explosion and fire at a home where butane hash oil was being manufactured.

"Given the widespread legalization of marfjuana in the USA, it is imperative to study the full toxicology of its con-

sumption to guide future policy,” said Rob Strongin, a Portland State professor who led the study. "The results of

these studies clearly indicate that dabbing, while considered a form of vaporization, may in fact deliver significant
amounts of toxins.”

Strongin and his team analyzed the chemical profile of terpenes — the fragrant oils in marijuana and other plants -
by vaporizing them in much the same way as a user would vaporize hash oil.

Terpenes are also used in e-cigaretie liquids. Previous experiments by Strongin and his colleagues at Portland
State found toxic chemicals in e-cigarette vapor when the devices were used at high temperature settings.
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The dabbing experiments produced benzene — a known carcinogen -- at levels many times higher than the ambi-
ent air, Strongin said. It aiso produced high levels of methacrolein, a chemical similar {o acrolein, another
carcinogen.

Their findings were published in the Sept. 22 issue of ACS Omega, a journal of the American Chemica! Society.

Story Source;

Materials provided by Portland State University. Original written by John Kirkland. Note: Content may be edited
for style and length.
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L.eaded petrol may have lowered the 1Q of over half the US popuiation

March 7, 2022 — Exposure to leaded petroi as a child has been linked to an average 1Q drop of 2.6 points among
US aduits, increasing to 5.9 points among those born in the mid-to-late 1960s.

Hugging a pillow that mimics breathing could reduce anxiety

March 9, 2022 — Prototype pillow contains an inflatable chamber that connects to an external pump and motor,
enabling it to expand and deflate like human lungs.

Electric field keeps kidney cells powered up while organs are on ice

March 9, 2022 — Organs soon run out of energy while they are between donor and recipient, but an electric field
could keep them running and improve survival,
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Cannabis Use Could Cause Harmful Drug Interactions

Dec. 13, 2021 — Using cannabis alongside other drugs may come with a significant risk of harmful drug-drug in-
teractions, new research suggests. The researchers looked at cannabinoids--a group of substances found in ...
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Evidence on the acute and residual neurocognitive effects of cannabis use in
adolescents and adults: a systematic meta-review of meta-analyses

Laura Dellazizzo, Stéphane Potvin, Sabrina Giguere, Alexandre Dumais B84

First published: 19 January 2022
https://doi.org/10.1111/add. 15764

Abstract

Background

Cannabis is among the most consumed psychoactive substances world-wide. Considering
changing policy trends regarding the substance, it is crucial to understand more clearly its
notential acute and residual adverse effects from a pubiic health viewpoint. Cognitive
function is one of the targeted areas with conflicting findings. This meta-review measured
the magnitude of acute and residual effects of cannabis on cognition in adolescents and
adults provided by meta-analyses and evaluated quality of evidence.

Methods

A systematic search was performed in PubMed, PsycINFO, Web of Science and Google
Scholar. Meta-analyses were included if they quantitatively examined the performances of
users from the general population on cognitive tasks.

Results

The search retrieved 10 eligible meta-analyses (71 effects sizes, n =43 761) with evidence
ranging from low to moderate guality, which were categorized into domains of cognitive
functions: executive functions (k=7), learning and memory (k= 5), attention (k= 4),
processing speed (k = 5), perceptual motor function (k=2) and language (k = 2). Verbal
learning and memory displayed the most robust evidence and were most impaired by acute
cannabis intoxication that persisted after intoxication passed. Small-to-moderate acute and
residual adverse effects were reported for executive functioning. Cannabis use led to small
deficits in inhibitory processes and flexibility, whereas small-to-moderate deficits were
reported for working memory and decision-making. Evidence regarding processing speed
and attention has shown that cannabis administration induced smali-to-moderate adverse



effects and residual neurocognitive deficits were observed in heavy cannabis-using youths.
Results showed no significant difference between cannabis users and non-users on
language, and small-to-moderate effects for simple motor skills.

Conclusion

Meta-analytical data on the acute effects of cannabis use on neurocognitive function have
shown that cannabis intoxication leads to small to moderate deficits in several cognitive
domains. These acute impairments accord with documented residual effects, suggesting
that the detrimental effects of cannabis persist beyond acute intake.
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Vaping marijuana by teens doubles in
last seven years, with potentially
harmful consequences, study says

By Sandee LaMotte, CNN
Updated 11:02 AM ET, Mon October 25, 2021

(CNN)Marijuana vaping by school-aged youth doubled between 2013 and 2020, a new
study found, with reported use within the last 30 days rising seven-fold during the same time
period.

A psychologist's advice: How to talk to your kids about social media and drug abuse

The study, published Monday in JAMA Pediatrics, analyzed 17 studies conducted
throughout Canada and the United States that involved nearly 200,000 adolescents.
The study found that teens in their senior year of high school were most likely to be
vaping marijuana compared to younger adolescents. In 2018, for example, one in three
grade-12 students reported vaping weed.

In one of the studies, adolescents also reported a preference for vaping cannabis
extracts over dried herbs to get the buzz they desired from THC. THC, or
tetrahydrocannabinol, is the main psychoactive compound in cannabis, the one that
produces the "high" users desire.

Today's "high" is much more intense than in the past, even that of a mere decade
ago, according to the National Institute on Drug Abuse, or NIDA. Modern ultra-potent
strains of weed can contain over 15% THC, compared to the 4% or so available in the
1990s.

Choosing vaping oils, extracts and resins over dried weed, called "dabbing," is a
disturbing and potentially dangerous trend because vape extracts contain "3 to 5 times
more THC than the plant itself," noted the NIDA.

"The use of cannabis products with high THC (that are) easily achievable through vaping
raises several potential problems," said study author Carmen Lim, a PhD candidate on
Health and Behavioural Sciences at the University of Queensland in Australia via email.



"Not only it is linked to poorer cognitive development in adolescents, it could increase risk of
dependence, other substance use and many other health, social, and behavioral problems
later in life," Lim wrote.

Impact on teen brain

The use of marijuana by teens -- in any form -- is concerning because weed affects the
adolescent brain differently, according to the US Centers for Disease Control and
Prevention.

"The teen brain is actively developing and often will not be fully developed until the mid
20s," the CDC stated, adding that use during that time "can have permanent effects" such
as poor coordination and damage to learning, memory, problem solving skills, and the
ability to pay attention.

Marijuana abuse by youth with mood disorders linked to suicide attempts, self-harm and
death, study finds

Use of weed by teens is linked to poor school performance and an increased likelihood of
dropping out, the CDC stated. In addition, the CDC warns that teen use of marijuana has
been "linked to a range of mental health problems in teens such as depression or anxiety,"
even psychosis.

Heavy use of marijuana by teens and young adults with mood disorders -- such as
depression and bipolar disorder -- is linked to an increased risk of self-harm, suicide
attempts and death, according to a study published in January.

About one in six teens who use marijuana regularly become addicted, the CDC stated. A
person is considered dependent on weed when they feel food cravings or a lack of appetite,
irritability, restlessness and mood and sleep difficulties after quitting. Called cannabis use
disorder, the problem is on the rise, especially in those who started using as teenagers.

"People who begin using marijuana before the age of 18 are four to seven times more likely
to develop a marijuana use disorder than adults," the NIDA stated.

Vaping weed may be worse than vaping nicotine

A study published in March found teens were about twice as likely to report "wheezing or
whistling" in the chest after vaping marijuana compared to when they smoked cigarettes or
e-cigarettes.



"Without a doubt, cigarettes and e-cigarettes are unhealthy and not good for lungs.
However, vaping marijuana appears even worse," study author Carol Boyd, professor
emerita and codirector of the Center for the Study of Drugs, Alcohol, Smoking & Health at
the University of Michigan in Ann Arbor told CNN in a prior interview..

Vaping marijuana linked to lung injury in teens, study says

"Since many teens who vape nicotine, also vape cannabis, | recommend parents treat all
vaping as a risky behavior (just like alcohol or drug use)," Boyd said.

Vaping weed is associated with a dangerous, newly identified lung disease called EVALI,
short for e-cigarette, or vaping, product use-associated lung injury. In most of the cases,
young people were using vaping products that contain THC, the main psychoactive
compound in marijuana.

"According to the CDC, 84% of the EVALI cases were associated with cannabis-containing
products,” Boyd told CNN.

As of February 2020, 68 deaths from EVALI have been confirmed in 29 states and the
District of Columbia. The CDC believes EVALI may be linked to vitamin E acetate, a sticky
oil substance often added to vaping products to either thicken or dilute the oil in cartridges.

What can parents do?

Parent should be on the lookout for behavior that indicates their child is using marijuana,
according to the American Academy of Child and Adolescent Psychiatry.

Red eyes and "getting the munchies" are obvious signs, but irritability, moodiness,
forgetfulness and acting "silly or out of character" are also typical, the AACAP advised.
Some teens may start to use words like "sparking up," "420," "dabbing" and "shatter," as
well.

Be on the lookout for vaping paraphernalia. Not all e-cigarettes come in a cigarette-like
package. Today's versions can look like an USB device or a small, refillable pod or
case and be hard for a parent to spot.

"The discreet nature of e-cigarettes makes it possible for adolescents to conceal and
experiment with drugs such as cannabis," LIm wrote.



Parents are less aware when their kids vape than when they smoke, study says

If you suspect your child may be using, be aware that many teens believe that using weed
is safer than drinking alcohol or using other drugs. Prepare yourself for the conversation by
knowing "the myths and the facts" about weed, the AACAP said.

"For example, teenagers may say, 'it is harmless because it is natural,' 'it is not addictive,' or
'it does not affect my thinking or my grades,"™ the AACAP warned. Or they may say it's OK
because people use it "for medical purposes.”

Facts about the reality of marijuana use and other tips for parents can be found on
the National Institute for Drug Abuse website, the Partnership to End Addiction, and Healthy
Children.org, the website of the American Academy of Pediatrics.
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Question What is the prevalence of adolescent cannabis vaping in the US and
Canada?

Findings This systematic review and meta-analysis reviewed 17 unique studies from
the US and Canada, with a total of 198 845 adolescents, and found that the lifetime
prevalence of cannabis vaping doubled from 2013 to 2020 (6.1% to 13.6%), past 12-
month use doubled from 2017 to 2020 (7.2% to 13.2%), and the 30-day prevalence of
cannabis vaping increased 7-fold from 2013 to 2020 (1.6% to 8.4%). Preference for
cannabis products may be shifting from dried herb to cannabis oil.

Meaning The findings of this study suggest that more effective prevention and
response measures are required to mitigate the increasing prevalence of cannabis
vaping among adolescents.

Abstract

Importance Vaping products were initially designed to deliver nicotine as a tobacco
cigarette substitute (eg, electronic cigarettes) but are now frequently used to deliver



psychoactive substances, such as cannabis and its derivatives. Large, nationally
representative surveys, such as Monitoring the Future, found that approximately 1 in 3
grade-12 students vaped cannabis in 2018 alone.

Objective To summarize the findings of epidemiological studies that reported the
global prevalence of cannabis vaping in adolescents by survey year and school grades.

Data Sources PubMed, PsyciNFO, Scopus, and Web of Science were searched
systematically on August 19, 2020, for studies published giobally between January 1,
2003, and August 19, 2020.

Study Selection Publications that reported the prevalence of cannabis vaping in
adolescents in the general population were included.

Data Extraction and Synthesis Study characteristics and prevalence estimates were
extracted from each article. Random-effects meta-analysis based on the DerSimonian
and Laird method and meta-regression were performed on lifetime, 12-month, and 30-
day prevalence estimates. Meta-regression was also conducted using survey year and
school grades as moderators.

Main Outcomes and Measures Prevalence of cannabis vaping.

Results Seventeen studies met the eligibility criteria (n = 198 845 adolescents).
Although no restrictions were imposed on study location, all 17 studies were from the
US and Canada. Across all school grades, the pooled prevalence increased for lifetime
use (6.1% in 2013-2016 to 13.6% in 2019-2020), use in the past 12 months (7.2% in
2017-2018 1o 13.2% in 2019-2020), and use in the past 30 days (1.6% in 2013-2016 to
8.4% in 2019-2020). Heterogeneity across studies was large. The limited evidence from
studies using similar survey and study designs suggested that adolescents’ preference
for cannabis products other than dried herbs, which usually contain higher A9-
tetrahydrocannabinol levels, may have shifted over time.

Conclusions and Relevance The findings of this study suggest that the prevalence of
cannabis vaping has increased among adolescents in the US and Canada and that
more effective preventive and response measures are required.

Trial Registration PROSPERO ldentifier: CRD42020219644




Vaping marijuana linked to lung injury in
teens, study says

By Sandee LaMotte, CNN
Updated 12:13 PM ET, Wed March 3, 2021

(CNN)Teens are about twice as likely to report "wheezing or whistling" in the chest after
vaping marijuana than after smoking cigarettes or using e-cigarettes, a new study has
found.

"This surprised us, we thought we would find more negative respiratory symptoms in
both cigarettes and e-cigarettes users," said study author Carol Boyd, co-director of the
Center for the Study of Drugs, Alcohol, Smoking & Health at the University of Michigan
in Ann Arbor.

Young adults who vape cannabis are more likely to experience cough, bronchitis and
wheezing, study finds

"Without a doubt, cigarettes and e-cigarettes are unhealthy and not good for lungs.
However, vaping marijuana appears even worse," she said.

"Since many teens who vape nicotine, also vape cannabis, | recommend parents treat
all vaping as a risky behavior (just like alcohol or drug use)," Boyd said via email.

Vaping weed linked to new, deadly lung disease

Vaping weed is associated with a dangerous, newly identified lung disease called EVALI,
short for e-cigarette, or vaping, product use-associated lung injury.



Vaping-related tung injuries now in all states but one, new CDC numbers show

The disease was first identified by the US Centers for Disease Control and Prevention in
August 2019, when otherwise healthy young peopie began being hospitalized for severe,
sometimes fatal, lung infections across the country.

A link between the deadiy new condition and vaping was soon found, with 2 major role

being played by vitamin E acetate, a sticky oil substance often added to vaping products to
either thicken or dilute the oil in cartridges.

That was especially common in vaping products that contain THC, the main psychoactive
compound in marijuana.

"According to the CDC, 84% of the EVALI cases were associated with cannabis-containing
products,” Boyd said.

As of February 2020, 68 deaths from EVALI have been confirmed in 29 states and the
District of Columbia.

This teeneait died from a iae illness 06:36
Five respiratory concerns

The new study, published Wednesday in the Journal of Adolescent Health, analyzed data
collected over a fwo-year period by the Population Assessment of Tobacco and Health



study. It's a national longitudinal study of the health impact of tobacco use administered by
the National Institutes of Health and the US Food and Drug Administration.

A fourth wave of the PATH study asked nearly 15,000 teens between the ages of 12 and 17
to describe their last 30-day cigarette, e-cigarette and weed use, as well as the total time
they had spent vaping marijuana over their "lifetime."

v =

Lawmakers urge the FDA to temporarily clear e-cigarettes from market amid Covid
pandemic. Here's why

Each teen was also asked if they had any of these five symptoms over the last year:
wheezing or whistling in the chest; disturbed sleep due to wheezing; limited speech due to
wheezing; wheezing during or after exercise and experiencing a dry cough at night that was
not due to a cold or chest infection.

After analyzing the data, Boyd and her team found "adolescents' lifetime cannabis vaping"
use was associated with all five negative respiratory symptoms.

"This was not true for cigarette or e-cigarette use," Boyd said.

The study was limited by the original questions asked in the PATH study, which did not
allow the researchers to fully explore vaping cannabis over time. A household survey, the
longitudinal study also excluded adolescents residing in institutions who "may have higher
rates of cannabis use," Boyd said.

Despite those limitations, "the current study had a large national sample and we found a
robust association between lifetime cannabis use with ENDS (electronic nicotine delivery
systems) and respiratory symptoms during a critical stage of development among youth,"
Boyd said.

Would these health concerns also apply to adults who vape weed? The study was not
designed to test that, Boyd said, but "vaping THC/CBD is a relatively new behavior, and
thus, not many individuals over the age of 25 years were vaping cannabis as teens. We
have too few data to make an assessment.”

That doesn't mean that vaping is a safe behavior, Boyd stressed.

"l often am approached by both parents and teens who believe vaping cannabis is 'OK' and
better than smoking (a joint, blunt, dobie, etc.). And so, they ask, 'Vaping is safe—right?"'

"My reaction: "You are fooling yourself. We know that inhaling hot tobacco/cannabis smoke
into your lungs is unhealthy and can cause bronchitis or life-threatening breathing problems.



"And yet, you seem to believe that heating chemicals (including carcinogens) into a vapor
and inhaling them is healthy? My answer is, 'No, it is not a heaithy behavior."'”
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Question Is cannabis use disorder associated with heightened risk of self-harm,
suicide, and mortality among youths with mood disorders?

Findings This population-based cohort study of Medicaid-enrolled youths with mood
disorders found that the presence of cannabis use disorder was significantly associated
with an increased risk of nonfatal self-harm, ail-cause mortality, and death by
unintentional overdose and homicide.

Meaning Cannabis use disorder is common among adolescents and young adults with
mood disorders and is associated with an elevated risk of self-harm, overall mortality,
and death by unintentional overdose and homicide in this already vulnerable population.

Abstract

Importance Cannabis use and cannabis use disorder (CUD) are common among
youths and young adults with mood disorders, but the association of CUD with self-
harm, suicide, and overall mortality risk is poorly understood in this already vulnerable
population.

Objective To examine associations of CUD with self-harm, suicide, and overall
mortality risk in youths with mood disorders.



Design, Setting, and Participants A population-based retrospective cohort study was
performed using Ohio Medicaid claims data linked with death certificate data. The
analysis included 204 780 youths (aged 10-24 years) with a diagnosis of mood
disorders between July 1, 2010, and December 31, 2017, who were followed up to 365
days from the index diagnostic claim until the end of enroliment, the self-harm event, or
death. Statistical analysis was performed from April 4 to July 17, 2020.

Exposure Physician-diagnosed CUD defined using oufpatient and inpatient claims
from 180 days prior to the index mood disorder diagnostic claim through the 365-day
follow-up period.

Main Outcomes and Measures Nonfatal seli-harm, all-cause mortality, and deaths by
suicide, unintentional overdose, moior vehicle crashes, and homicide. Marginal
structural models using inverse probability weights examined associations between
CUD and outcomes.

Results This study included 204 780 youths (133 081 female participants [65.0%];
mean [SD] age at the time of mood disorder diagnosis, 17.2 [4.10] years). Cannabis use
disorder was documented for 10.3% of youths with mood disorders {n=21 040) and
was significantly associated with older age (14-18 years vs 10-13 years: adjusted risk
ratio [JARR], 9.35; 95% ClI, 8.57-10.19; and 19-24 years vs 10-13 years: ARR, 11.22;
95% Cl, 10.27-12.26), male sex (ARR, 1.79; 95% CI, 1.74-1.84), Black race (ARR, 1.39;
95% Cl, 1.35-1.44), bipolar or other mood disorders (bipolar disorders: ARR, 1.24; 95%
Cl, 1.21-1.29; other mood disorders: ARR, 1.20; 95% CI, 1.15-1.25), prior history of self-
harm (ARR, 1.66; 95% CI, 1.52-1.82), previous mental health outpatient visits (ARR,
1.26; 95% Cl, 1.22-1.30), psychiatric hospitalizations (ARR, 1.66; 95% Cl, 1.57-1.76),
and mental health emergency department visits (ARR, 1.54; 95% ClI, 1.47-1.61).
Cannabis use disorder was significantly associated with nonfatal self-harm (adjusted
hazard ratio [AHR], 3.28; 85% Cl, 2.55-4.22} and all-cause mortality (AHR, 1.59; 95%
Cl, 1.13-2.24), including death by unintentional overdose (AHR, 2.40; 95% CI, 1.39-
4.16) and homicide (AHR, 3.23; 95% ClI, 1.22-8.59). Although CUD was associated with
suicide in the unadjusted model, it was not significantly associated in adjusted models.

Conclusions and Relevance Cannabis use disorder is a common comorbidity and risk
marker for self-harm, all-cause mortality, and death by unintentional overdose and
homicide among youths with mood disorders. These findings should be considered as
states contemplate legalizing medical and recreational marijuana, both of which are
associated with increased CUD.
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Teen brain volume changes with small amount of cannabis use,
study finds

Date: January 14, 2019
Source: Larner College of Medicine at the University of Vermont

Summary:  Ata time when several states are moving to legalize recreational use of marijuana, new research
shows that concerns about the drug's impact on teens may be warranted. The study shows that
even a small amount of cannabis use by teenagers is linked to differences in their brains.
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At a time when several states are moving to legalize recreational use of marijuana, new
research shows that concerns about the drug's impact on teens may be warranted. The
study, published in The Journal of Neuroscience, shows that even a small amount of
cannabis use by teenagers is linked to differences in their brains.

Senior author and University of Vermont (UVM) Professor of Psychiatry Hugh Garavan, Ph.D., and first author and
former UVM postdoctoral fellow Catherine Orr, Ph.D., say this research is the first to find evidence that an increase
in gray matter volume in certain parts of the adolescent brain is a likely consequence of low-level marijuana use.

Few studies have looked at the effects of the first few uses of a drug, says Garavan. Most researchers focus on
heavy marijuana users later in life and compare them against non-users. These new findings identify an important
new area of focus.

"Consuming just one or two joints seems to change gray matter volumes in these young adolescents," Garavan
$3ys.

The new study, part of a long-term European project known as IMAGEN, included 46 kids who reported having
used cannabis once or twice by age 14. Their brains showed more gray matter volume in areas where cannabis
binds, known as cannabinoid receptors, compared to the kids who didn't use the drug. The biggest differences in
gray matter were in the amygdala, which is involved in fear and other emotion-related processes, and in the hip-
pocampus, involved in memory development and spatial abilities.



Exploiting the advantages of the study's longitudinal data, the researchers ruled out the likelihood that the
cannabis-using Kids had pre-existing differences in gray matter thickness or that they had specific personality traits
that might correlate with the difference in brain makeup.

"The implication is that this is potentially a consequence of cannabis use," Garavan says. "You're changing your
prain with just one or two joints. Most people would likely assume that one or two joints would have no impact on
the brain."

What the increased brain matter volume means is unclear.

Typically at that age, Garavan says, the adolescent brain undergoes a "pruning” process, where it gets thinner,
rather than thicker as it refines its synaptic connections.

"One possibility is they've actually disrupted that pruning process," Garavan says of the marijuana-using kids.

Story Source:

Materials provided by Larner College of Medicine at the University of Vermont. Original written by Jennifer
Nachbur. Note: Confent may be edited for style and length.
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Rates of cannabis use among adolescents are high, and are increasing concurrent with changes in the legal status of marijuana and societal
attitudes regarding its use. Recreational cannabis use is understudied, especially in the adolescent period when neural maturation may make
users particularly vulnerable to the effects of A-9-tetrabydrocannabinol (THC) on brain structure. In the current study, we used voxel-based
morphometry to compare gray matter volume (GMV) in forty-six 14-year-old human adolescents (males and females) with just one or two
instances of cannabis use and carefully matched THC-naive controls. We identified extensive regions in the bilateral medial temporal lobes as
well as thebilateral posterior cingulate, lingual gyri, and cerebellum that showed greater GMV in the cannabis users, Analysis of longitudinal data
confirmed that GMV differences were uniikely to precede cannabis use, GMV in the temporal regions was associated with contemporaneous
performance on the Perceptual Reasoning Index and with future generalized anxiety symptoms in the cannabis users. The distribution of GMV
effects mapped onto biomarkers of the endogenous cannabinoid system providing insight into possible mechanisms for these effects.

Key words: adolescent substance use; cannabis; cognition; marijuana; psychopathology; voxel-based morphometry
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Almost 35% of American 10th graders hme reported using cannabis and exnstmg research suggests that initiation of cannabis use
inadolescenceis associated with long-term neurocognitive effects. We understand very litile about the earliest effects of cannabis
use, however, because most research is conducted in adults with a heavy pattern of lifetime use. This study presents evidence
suggesting structural brain and cognitive effects of just one or two instances of cannabis use in adolescence. Converging evidence
suggests a role for the endocannabineid system in these effects. This research is particularly timely as the legal status of cannabis
is Lhangmg inmany ]ur:sdlctlons and the percewed risk by youth assouatedwnth smokmg cannabls has declined in recent years.
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Introduction

Preclinical evidence has consistently demonstrated a causal rela-
tionship between cannabis exposure and changes to brain mor-
phology (for review, see Panlilio and Justinova, 2018). The
human evidence, however, has been variable reporting both in-
creases and decreases in brain volumes {Ashtari ot al, 2011;
Cousifn et al., 2012; Gilman et al., 2014}, no volume differences
{Tager et al., 2007; Weiland et al., 2015; Gillespie et al., 2018), and
modest effect sizes (Weiland et al., 2015). Factors including the
age of cannabis use initiation, comorbid substance use, and levels
of use are believed to contribute to variability in the human find-
ings (Curran et al,, 2016).

Most neuroimaging research is conducted in adults with a
heavy, chronic pattern of cannabis use and does not reflect most
people’s experience, which is recreational (SAMHSA, 2014).
Dose-dependent associations with brain volumes have been reli-
ably identified in preclinical studies (for review, see Lorenzetti ot
al., 2010) with some evidence of the same in humans ( Battistella
etal., 2014; French et al,, 2015}, snggesting consequences of lower
levels of use. One study has reported differences in gray-matter
density and shape of the amygdala and nucleus accumbens in
recreational cannabis users (Gilman et al., 2014), but subsequent
research has suggested that these findings may be associated with
alcohol (Weiland et al., 20115) and nicetine (Gillespie eral., 2018)
exposure in the cannabis users.

One mechanism by which cannabis may produce neurobio-
logical changes is through the endogenous cannabinoid system
{eCB). The amygdala, hippocampus, striatuin, and cerebellum
(Lovenzelil €l al., 2016} are regions most [requently showing
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structural brain correlates of cannabis use and are also compo-
nents of the eCB system (Buras et al., 2007); the preclinical liter-
ature suggests a causal role of this system in the effects of cannabis
on brain morphelogy (Downer et al, 2001). The eCB system
miediates maturation-related neural reorganization (Fernindez-
Ruiz et al,, 2000), which may place adolescents at heightened
vulnerability to structural brain effects of cannabis exposure as
adulescence Is a time of rapid neural maturation (Rubino and
Parolare, 2008 ). Consistend with this suggestion, those who com-
menced cannabis use in adolescence typically show greater strue-
tural brain differences than those who initiated use in adulthood
{Battistella ct al., 2014; Lubman et al., 2013). These findings may
also have been influenced by the effects of other substances, how-
ever, a5 one study comparing adolescent daily cannabis users with
controls matched for alcohel and nicotine use found no diffex-
ences in subcortical gray-matter density or morphology (Weiland et
al., 2015).

In the present study we identified participants with just one or
two instance of cannabis use from a very large, population sample
of adolescents (IMAGEN, »n = 2400; Schumann et al., 2010) and
control participants matched on & range of variables, including
alcohol and nicotine consumption. We piedicted that even ex-
tremely low levels of cannabis use would be associated with struc-
tural brain differences in regions previously implicated in
cannabis use siudies and in the eCB syster: the amygdala, hip-
pocampus, striatum, and cerebellum. We adopted a whole-brain,
voxel-based morphometry (VBM) approachasitallows ustoalso
test more extensive regions of the eCB system including the fron-
tal cortex and posterior cingulate (Burns et al., 2007). We ex-
plored whether gray matter volume (GMV) predicted behavioral
features previously associated with cannabis use and with the ¢CB
system.

To test whether observed differences between cannabis users
and controls may precede cannabis use, we also identified partic-
ipants who were cannabis-naive at the time of imaging but went
on to use cannabis 2 years later and matched controls who re-
mained abstinent. Finally, to demonstrate association with the
eCB systern, we compared the spatial distribution of GMV effects
wilh two biomarkers of the eCB system using CB, receptor avaii-
ability taken from a previously published, independent sample
(D’Souza et al., 2016) and the expression of the CNR1 gene,
which encodes this receptor, taken from the Allen Human Brain
Atlas (Hawrylyez et al, 2012).,

Materials and Methods

Standurd operating procedures

Standard operating procedures for the IMAGEN project are available at
https:/fimagen-europe.com/resources/standard-operating-procedures/
and contain details on ethics, recruitment, and assessment.

Puarticipants
Data were acquired from alarge sample of adolescents recruited through
high schools in four European countries for the INAGEN project (http:#/
wwwimagen-eurepe.com). Recruitment into the IMAGEN study was
managed through eight sites and targeted adolescents for whom all four
grandparents were the same nationality as the participant; as such, the
sample is racially and ethnically homogenous. Raw, T1-weighted images
were visually inspected for the presence of anatomical abnormalities or
artifacts including head miotion or reconstruction crrors, After VBM
processing, images were again inspected for any errors in tissue segmen-
lation or normalization into MNT space. Images failing quality control
for any reason were excluded.

Cohorr 1. Forty-seven participants reported low levels of cannabis use
at bascline (only | or 2 lifetime instances of use) and complete demo-
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Table 1. Demographic characteristics of Cohort 1, those 14 year olds reporting 1 or
2 instancas of cannabis use (i == 46) and matched controls (n == 46)

Variable Cannabis Cantro! Statistic

Mean
Age .60 1451 figgy = 106
PDS 304 295 tisgy = 0.846
va 108.33 108.28 fiop, = 0.042
PRI 10285 103.77 oy = 0345
SES 18.80 18.72 Tiogy = 0.001
Total GAAY, mm* 74,955.12 72,8559.92 gy = 103
Lifetime alcoht consumption 346 35 toy = 0.214
Lifetime nicotine consumption 254 239 Loy = 0.101
Average age of first cannabis use 13.83 years

Summary
Sex 65% male 48% male U=28m4
Handedness 87%richthanded  87%rvightharded U = 1058
Site 1 3 2 U=108t
Site 2 12 7 =17
Site 3 4 1 v—na
Site 4 6 8 i = 1012
Site 5 7 8 {1 = 1035
Sited 3 8 {f =943
Site 7 n 12 ¥ —1035
Site 8 0 0
Ho. reporting cannabis use 10 (21.74)

in the past 30 d (%)
Ho, reporting cannabis use 6(13.04)
inthe past 7 d (%)

graphics o facilitale malching; one participant was excluded because of
poor scan quality, leaving 46 adolescent cannabis using participants. The
groups were malched on age, sex, handedness, puberlal development,
ntelligence quotient (1Q; verbal comprehension and perceptual reason-
ing index scores), socioeconomic status (SES), total GMV, aleohol use,
and nicotine use across group. All participants denied any other illicit
substance use, and none reported using the fictional control substance,
refevin, supporting the integrity of the self-report metrics. Table 1 sum-
marizes the demographic information. We also ensured that similay
numbers of cannabis wsers and controls were selected from each site
{Mann—Whitney U tests; Table 1) and contirmed that the proportion of
cannabis users and controls did not ditfer by site using a Kraskal-Wallis
st (X7, = 5.919, p = 0.432).

For a subset of the 14-year-old cannabis-using participants, data were
available al 2 year follow-up for substance use, cognitive ability, and
psychopathology at age 16 to aiflow us to assess the implications of
cannabis-velated GMV differences for {uture functioning in these do-
mains, Table 2 summarizes the demographic information for this subset
of participants.

Cohort 2. To determine whether group differences between cannabis
users and matched controls may have preceded cannabis use, we also
identified participants who were cannabis-naive at the age 14 baseline
assessment but reported ar least 10 instances of canpabis use by
follow-up 2 years later. Sixty-nine participants who were cannabis-
naive at baseline but with at least 10 instances of cannabis use by
follow-up provided complete demographic data and all had GMV
data that passed QC. Sixty-nine controls matched by group on the
same demographic measures as above and who reported no cannabis
use at baseline or follow-up were also identified. All participants
denied any other illicit substance use at baseline and follow-ap. Table
3 summarizes the demographic information for this sample of partic-
ipants. We again ensured that similar numbers of cannabis users and
controls were selected from each site (Mann—Whitney U tests; Table
3) and confirmed that the proportion of cannabis users and controls
did not differ by site using a Kruskal-\Wallis Test (x{;, = 4.633,p =
0.705).
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Table 2. Demographic characteristics for those members of Cohort 1 forwhom
spedific substance use, psychopathology, and cognitive measures were available at
16 year old folfow-up

Substance Psychopatholegy Delay discounting
use {7 — 31) (n—33) {n—31
Mean
Age 14.60 14.60 14.58
P0S 3.04 3.04 303
va 110.19 1103t 110.46
PRI 103.91 103.36 103.87
SES 19.01 19.47 18.40
Total GMV, mm*  74,2793.69 74,1208.83 74242843
Lifetime alcohol 3.61 3.64 3.61
cansumption
Lifetime nicotine 248 245 2.39
consumption
Surmmary
Sex, % 61 male 61 male 61 male
Handedness, % 90 right handed 88 right handed 87 right handed

Table 3. Demegraphic characteristics of (ohort 2, those 16 year olds who were
abstinent for cannabis use at baseline {age 14) but reported 10 or more instances
of cannabis use by age 16 {n = 69) and matched controls (n = 69)

Variabe Cannabis Cazitrel Statistic
Mean
hge 1443 1450 tozgy = 0.044
PDS 280 17 gy = 0.290
v 11248 110.29 ty3e = 0859
PRI 108.16 108.26 tirzg = 0.367
SES 17.97 1742 tig = 0835
Tatal GMV, mm* 75.5082.71 74775265 tuag = 0647
Lifetime alcohol 233 229 I = 0,166
conswnplion
Lifetime nicotine 133 116 {nayy = 0577
cansumption
Average age of first 1497
cannabis use, y
Surnmary
Sex 74% male 70% mate U=20n1
Handedness 939 right handed 919 right handed U= 1346
Site 1 3 7 th= 22425
Site 2 11 9 {f = 2449.5
Site 3 4 3 f = 2418
Site 4 8 & U= 24495
Site 5 1 0 = 2415
Site & 8 13 U= 2208
Site 7 15 1t U = 2553
Site 8 9 1 =215

Forbath cohorts, the control subjects were selected from a Jarger pool
of IMAGEN participants with T1 images thal passed QU and who sc-
ported no illicit substance use, This selection was done using Python
scripts written in our laboratory to randomly select subjects and compare
them with the sample of cannabis users on nominated characteristics (in
this case: age, sex, handedness, site {dummy coded as 8 binary variables),
pubertal development, VCIQ, PRIQ, SES, total GMYV, alcobol use, and
aicoline use) without experimenter intervention,

Substance use measures

Substance use was assessed at baseline (age 14) and follow-up (age 16) via
the European School Survey Project on Alcohol and Drugs (ESPAL;
Hibell ¢t al., 2004), a self-report questionnaire that measures use of
alcohol, nicoling, cannabis, inhalants, tranquilizers, amphelamines,
Tysergic acid diethylamide (LSD), magic mushrooms, crack, cocaine,
heroin, narcotics, methylenedioxymethamphetamine (MDMA}, kot~
amine, y-hydroxybutyric acid (GHB), anabolic steroids, and a fictional
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contro} measure (relevin), Participants indicated how frequently they
had used each of the substances in their Lifetine, in the past 12 months, i
the past 30 d, and in the past 7 d using a 7-point scale (0: never, §: 1-2
times, 2; 3~5 times, 3: 69 times, 4: 10—19 times, 5: 2039 times, and 6: 40
or more iimes}; they also indicaled the age at which they had first tried
each of the substances.

Cohort 1 comprised those participants with an ESPAL of | lor canna-
bis (i.e., I-2 instances of cannabis use) and no reported use of any other
illicit substances, and matched controls with no cannabis use and no use
of any other illicit substances. We also extracted lifedme alcohel and
nicotine use from the ESPAD to match the groups on these variables, To
explore possible relationships between GMV and cannabis use metrics,
we also extracted from the ESPAD age of first use, frequency of use in the
past 30 d, and lifetime use by age 16 for those who reported cannabis use
al baseline,

Cohort 2 comprised those participants with an ESPAD of 0 for canna-
bis at baseline, an ESPAD of 4, 5, or & for caniabis at follow-up (i.e.,
cansabis-natve at age 14 and with 10+ instances of cannabis use by age
16) and no reported use of any other illicil substancesat either baseline or
follow-up, and matched controls with no cannabis use and no use of any
other illicit substances at either time point. We also extracted lifetime
aleohol and nicotine use from the ESPAL to match the groups on these
variables.

Demographic measures

Biological sex was determined by karyotype analysis (chromosome 23:
XX = female, XY = male). Participants provided blood samples, which
were shipped to the Institute of Psychiatry, Lordon for genotyping with
TMlumina Human&10-Quad Bead Chips (fllumina). DNA extraction was
performed by a semiauromated process 10 ensure high quality and suffi-
cient quantity (Schumano et al., 2010}

SES was indexed by a score that sumimed: Mother’s Education Score,
Father's Bducation $core, Family Stress Unemployment Score, Financial
Difficulties Score, Home Inadequacy Score, Neighborhood Score, Finan-
cial Crisis Score, Mother Employed Scare, and Father Employed Score
from the parent report of the Development and Well-Being Assessment
interview (DAWBA; Goudman et al,, 2000; http/ivww.dawba.info).

Participants completed the Percepiual Reasoning, Matrix Reasoning,
Similarities and Vocabudary subscales from the Wechsler intelligence
scafe for children WISC-TV(Wechsler, 1949) to gencrate Verbal Compre-
hension (VCIQ) and Perceptual Reasoning (PRIQ) indices.

Physical maturily was assessed using the Pubertal Development Scale
(Petersen et al,, 1988), a self-report measure of physical signs associated
with Lhe onsct, progression, and completion of puberty.

Personality and temperament measures

Personality was assessed with the self-reported Substance Use Risk Pro-
file Scale (SURPS; Woicik ct al.,, 2009}, the NEQ Five Factor Invenlory
{NEQ-FFT; Costa and McCrae, 1992), and the Temperament and Char-
acter [nventory (1'Cl; Cloninger et al., 1994). "Fhe SURPS produced suni-
mary measures for personality traits of hopelessness, anxiery sensitiviry,
impulsivity, and sensalion-secking. The NEO-FFI produced summary
measures for five higher-order personality characteristics: nenroticism,
conscientiousness, extraversion, agreeableness, and openness to experi-
ence. The TCT produced measures for exploratory excitability versus
sloic rigidity, impulsivencss versus reflection, extravagance versus re-
serve, disorderliness versus regimentation, and a novelty-seeking sum-
mary statistic.

Cuognitive measures
Delay discounting was assessed with the Monetary Choice Questionnaire
{Kirby, 2009) that required participants to complete 27 two-alternative
forced-choice items in which they indicated whether they would prefera
“smaller sooner™ or a “farger later” reward (e.g., “Would vou prefer €14
today or €25 in 19 d?"). The sammary & statistic indexes the degree to
which a participant discounts more lemporally remote rewards.
Psychomotor speed and manual dexterity were assessed using the Pet-
due Pegboard {1iffin, 1968}, Parlicipants were asked Lo place as many
pins as possible in the small holes on the test board in 30 5, Participants
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completed three trials in cach of three conditions: using only the domi-
nant hand; only the non-dominant hand; and both hands.

Spatial working memory and decision-making were assessed using the
Cambridge Neuropsychological Test Automated Battery (CANTAB;
Robbins ctal, 1994). We examined the number ol memory failures made
during a visual search task and the risk-taking summary statistic from a
gambling task.

Psychapathology measures

Psychiatric symptoms of conduct disorder, opposilional defiant disor-
der, attention deficit/ hyperactivity disorder, generalized anxety, depres-
sion, specific phobia, social phobia, agoraphobia, panic disorder,
obsessive compulsive disorder, and eating disorders were assessed via the
DAWBA, which was administered to participants and their parents at
baseline and at follow-up. Computer generated band scores integrated
reported syrptoms and their impact with the approximate prevalence
rates in an epidemiological sample for each disorder and reflect the like~
lihood that the participant would be diagnosed with the disorder in
question {ranging from 0 to 5). Diagnostic criteria were based on the
Diagnostic Sratistical Mamual, version 4.

Neuroanatonrical MRI acquisition

MRE scanning was conducted at {he eight IMAGEN assessment sites
using 3T whole-body MR} systems (Siemens, 4 sites; Philips, 2 sites;
General Electric, | site; Bruker, 1 site). A high-resohution, three-
dimensional Ti-weighted brage was acquired using a magnetization
prepared gradient echo sequence based on the ADNT protocol (hitp:f/
adniloniusc.edu/methods/mri-toolimri-analysis/}, which specifies pro-
locols designed Lo minimize differences in image contrast and signal-to-
noise across scanner makes and models. Twoe additional quality control
procedures were regularly implemented: (1) the American College of
Radiology phantom was scanned every 2 months at each site and after
every hardware and software upgrade to provide information zboul geo-
metric distortions and signal uniformity related to hardware differences
in radiolrequency coils and pgradien! systems, image contrast, and tem-
poral stability; amd (2) twice per year at each site and after any hardware
or software upgrade, human volunteers were scanned to determine inter-
site variability in raw MRI signal and tissue relaxation properties (Schu-
mann ct al,, 20100,

Voxel-based morphometry

T1-weighted images were processed using the Statistical Parametric
Mapping v& (SPM8; hupd/ www filion.uclacukfspaisoftware/spmsy)
VBM toolbox (hiip://dbm.nevro.uni-fena.defvbnift with default param-
eters incorporating the DARTEL toolbox implemented in MATLAB 7.0
{MathWorks). Image processing comprised ilerative lissue segmentation
and spatial normalization using both linear {12-parameter affine) and
nonlincar transformations (Ashbwmer and Friston, 20003 Ashburner,
2007) without skull stripping, $PM8 default settings were used to be
consistent with other VBM publcations from the IMAGEN Consor-
tium. To preserve information about absolute volume, the gray mat-
ter concenlralion images were modulated by mulliplying by the lincar
and nonlinear components of the Jacobian determinants generated
during spatial normalization. Thus, the dependent measure in the
subsequent analysis was absolute gray matter volume. Voxel resolu-
tion afler normalizalion was 1.5 X 1.3 X 1.5 mm. To make the resid-
uals in later analyses conform more closely to a Gaussian distribution
and to account for individual differences in brain anatomy, the mod-
ulated Gl images were smoothed with an isotropic Gaussian kernel
of 8§ mm full-widith at bali-maximum.

Experimental design and staristival analyses

Whole-brain voxehwise analyses were conducted using the peneral linear
model, implemented in AFNI (Cox, 1996). We tested for GMV differ-
ences al baseline between: (1)} Cohort 1, those 46 parlicipants who re-
ported low [evels of cannabis use at baseline and their matched controls;
and {2) Cohort 2, those 69 parlicipants who reparled cannabis usc by age
16 and their matched controls. Age, sex, handedness, and total GMV
were included in the models as covariates of no interesl. Imaging site was
included as an additional covariate; given the cohort sizesand large num-
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ber of covariates already used, additional measures inter-sitc imaging
variance were not included in this analysis. Type 1 error was controlled
using & combination of voxel-level significance and custer extent: fol-
lowing Eklund el al, (20161, the updated AFNI program 3d1Test
with the option —clustsim (hups//aininimh.anih.govpabidist/doc
preograms, ekp/3dttest + + himl) was used to determine the custer ex-
tent of contiguous significant voxels required to adequately correct for
multiple comparisons. Within a gray matter mask, significant voxels
{p < 0.001) were required to be part of a cluster of at least 600 voxels
{2025 1) to maintain familywise error at 5%. Anatomic regions impli-
caled by these clusters were determined by the AAL Atlas. Given that the
AAL atlas does not Jabel the ventral striatum (V3), we used the Qxford-
G3K-Inmanova structural striatal atlas (Tziortzi et al.,, 2011) to separate
the VS from the caudate and putamen.

We also conducted region-of-interest analyses in Cohort 2 in which we
extracted GMV from the regions showing significant volume differences
between baseline users and controls to confirin that GMV differences in
these specific vegions did not precede cannabis use, Note that these re-
gions were defined by the analysis of Cohort 1 (# = 46), and then tested
onan independent colwort (Cohort 2, n — 69).

A series of pust hoe analyses were conducled to ensure that group
differences in GMV between baseline users and controls could not be
accounted for by any differetces in cognitive ability, personality, or
symptloms of psychopathology. Independent groups # Lests were used 1o
test for differences in the continuous variables and Mann—-Whitney U
tesss were used to test for differences in the ordinal DAWBA band scores.
We did not correct {or multiple comparisons for these tests so as to have
a liberal threshold for identifying any group differences. We then re-
peated the voxehwise GMV unalyses with any behavioral variables that
dilfered between the groups included as addilional covariales.

We explored whether individual differences in GMV in those re-
gions that differed between cannabis users and controls were associ-
ated with substance nsc factors (lifetime alcohol or nicotine
cotsumption, recent cannabis use, or age of onset of cannabis use) in
those participants reporting cannabis use at baseline. We also assessed
whether GMV in regions that differed between cannabis users and
controls were associated with individual differences in specific cogni-
tive and psychopathological domains previously related ro cannabis
misuse in those participants reporting cannabis use. Spatial working
memory, risk-taking, delay discounting, psychomotor speed, depres-
sion, generalized anxiety, and ADHD were assessed at baseline, For a
subsct of those participants reporting cannabis use at hascline, psy-
chopathology (7 = 33), delay discounting (# = 31}, and substance
misuse data (# = 31) were also available a follow-up 2 years later. We
assessed whether regional GMV al baseline predicted symptoms of
depression, generalized anxiety, or ADHD; delay discounting: or fu-
ture cannabis use, For all post hoc analyses, regional GMV was nor-
majized by 1olal GMV.

Cannabinoid 1 receptor availability. To test for associations between
the spatial distribution of group differences in GMV and a receptor for
the ¢CB systemn, we used a nap of CB, recepror availability generated
from the healthy control participants in a previously published study
(LYSouza et al., 2016), Maps of CB, receptor availability were generated
using positron emission tomography and the reversible ligand | ''CJO-
MAR in 21 adult males aged 18-35 (I"Souza et al., 2018), the 21 indi-
vidual participant maps were averaged to provide an estimate of CB,
receptor availability ar each voxel.

The map of the GMV comparison between cannabis users and
conirols was downsampled Lo the resolution of the PET map {3 X 3 X
3 mm* voxels} and Spearman correlations were conducted between
the { statistic at each voxel and the average CB, receptor availability at
the same site using the AFNI program 1dCorrelate. First, we tested all
voxels within a gray matter mask; we then tested only those voxels
within regions showing significant GMV differences between canna-
his users and controls.

Gene expression, Associations between the spatial distribution of group
differences in GMV and expression of the gene that encodes the CB,R
were tested wilh relerence to the Allen 1Tuman Brain Atlas {1 lawiviyez ol
ak, 2012). Using the allerinf toolbox {Gorgolewski et al,, 2014} we ex-
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tracted normalized gene expression values for CNR1 (averaged within
spherical ROLs with radii of 3 mm) from within a gray matter mask and
then used random-label permutation to test for an association between
CKR1 expression and rthe 1 statistic of GMV effects. Distributions of
Spearman corrclations belween 50 randomly selected genes and the ¢
statistics of GMYV effects were obtained by 5000 buotstrap resamples and
then merged to build a null model. The 95% confidence interval of this
unull distribution was calculated as the cutoff point against which the
strength of the association between GMV effects and CNR1 gene expres-
ston was assessed. The list of randomly chosen genes, their expression at
cach sampling site, the expression of CNRI, and the GMV 1 statistic at
each sampling site are available in Extended Data Tables 1-3, available at
https:/fdoi.org/ 10323 INEUROSCL3375-17.20 18101 - 13 https:/
Jdoiorg/10.1523/INEUROSCL3373-17.2018.41-2; hetps:/idoi.org/
[0.1523/INEUROSCEI375-17.2018.11-3.

Results

Cohort i: group differences in GMV associated with low rates
of cannabis use

Figure 1 flkbustrates extensive regions of greater GMYV in those
participants who reported low levels of cannabis use refative to
matched controls. Bilateral medial temporal regions, including
the hippocampus, the amygdala, and the striatum, and bilateral
parietal regions were implicaled, as were regions of the cercbel-
lumn and the left middle temporal gyrus (Table 4). Because of the
relevance of the striatal subregions, especially the ventral stria-
tum, for addiction and substance use, Table 3 details the number
of voxels (and proportion of volume) implicated in each of the
putamen, caudate, and ventral striatum as defined by the Oxford-
GSK-Umanova structural striatal atlas (Tziortzi et al., 2011). Fig-
ave 2 iflustrates the distribution of regional GMV, normalized by
total GMYV, for those regions at which GMV differed between
cannabis users and conlrols,

Of all the variables describing cognitive ability, symptoms of
psychopathology, and personality, only agoraphobia (U =
868.00, pncorr = 0.038) and the sensation secking measure from
the SURPS (fgyy = 2.824, pacore = 0.006) differed between the
cannabis users and controls with the cannabis users reporting
higher levels of both. When agoraphobia band score and sensa-
tion seeking were included in the voxelwise analysis as covariates,
the three clusters reported in Figure 1 and Table 4 were still
observed {albeit, wilh a small reduction in volume that may be
accounted for by the reduction in power because of the addition
of extra covariates). One additional cluster centered on the left
inferior temporal gyrus (Table 6) was also revealed in this analysis
as showing significantly greater GMV in the cannabis users than
the controls.

Cohort i: associations between GMV and contemporaneous
behavioral measures

In light of the individual differences in normalized GMV effects
in the camnnabis using group, we conducted post Joc analyses to
explore whether any of the demographic variables on which the
groups were matched was associated with GMV in the ROls for
those adolescents reporting cannabis use. Age was not associated
with normalized GMYV in any of the identilied ROIs; the difler-
ence between males and femmales in GMYV in the bilateral parietal
cluster approached bt did nol reach the corrected significance
level (t,,,) = 2.226 Py e = 0.031) with normalized GMYV greater
inmales than females. When controlling for handedness, sex, and
age, normalized GMV in theleft and right temporal clusters (1,
= =041, Pegry = 0.037 and 1,y = =0.457, peyre = 0.012, re-
spectively) were negatively associated with PRIQ such that
greater relative volume in these regions was associated with ro-
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Figure 1. g Those regions showing significantly greater GMV in 14-year-olds reporting one or two instances of cannabis rse than in matched controls { gy < 0.05). From lefi te right, slices are
taken from anterior ( ¥ — —18) to posterior { y — 72} in 15 am increments, The left hemisphere is o the right of the image. &, Outlines of anatomical regians (AAL stlas) superimposed on 3
binarized mask of the voxels showing significantly greater GMY in 14-year-alds reporting oneor two Instances of carmabis use than in matched controls { prye < 0.05). For dlarity, only those regions
for which at least 10% of their volume was included in the significant clusters are represented. From feft to right, slices are taken from anterior { ¥ = — 18) 1o posterior (¥ == 72)in 15 mm
increments. The left hemisphere is to the right of the image. ¢, Outlines of striatal subregions (Oxford-G5K-Imanova stroctural striatal atlas; Fziortz et ak, 2011) superimpesed on a binarized mask
of the voxels showing significantiy greater GMV In 14-year-olds repotting angor two instances of cannabis use than in matched controls { prye << 0.05). From feft toright, slices areaken from inferior
(¢ = —10) to superior {z = 8) in 6 mm increments. The left hemisphere is to the right of the image.

duced PRIQ (Fig. 3), VCIQ, PDS, SES, alcobol use, and nicotine
use were not associated with GMV in any of the identified ROIs.
The cannabis use metrics {age of use or whether cannabis was
used in the last month) were not associated with GMV.

Of the specific cognitive and psychological domains assessed
at baseline, only psychomotor speed showed an association with
GMV (Fig. 4): normalized GMV in the left temporal cluster
showed a negative association with the number of pegs placed
with the non-dominant hand (rj;, = —0.454, p. = 0L.030}

Cohort 2: associations between GMV and future cannabis use
There were no regions at which GMV differed between the future
cannabis users and their matched controls. ROI analyses fo-
cused on those regions from Cohort 1 that differed between
baseline users and matched controls also revealed no signifi-
cant differences between future cannabis users and matched
controls {Table 7).

Cohort 1: associations between GMV and future

behavioral measures

A post ror Mann—-Whitney U test showed that baseline GMV in
the right temporal cluster was significantly greater for thosc can-
nabis users who went on to have higher levels of generalized
anxiety (DAWDBA band scores of 1 or greater vs DAWBA band
scores of 0: U = 43, p... = (.009, Fig. 5). No other associations
between regional GMV and cognition or psychopathology
reached significance.

Cohort 1; spatial associations between GMYV effects and CB,
receptor availability

Comparison of the ¢ statistic map of GMYV differences between
cannabis users and controls with the roap of average CB; receptor
availability in an independent sample (1Y’Souza el al, 2016)
showed significant (p < 0.05) spatiad association {rsyp, =
0.1131, 95%% CI: 0.10468, 0.12152), Comparison of only those
voxels showing a significant GMV difference between cannabis
users and confrols also showed a significant (p < 0.05) spatial
association between the magnitude of GMV effects and CB, re-
ceptor availability (r,)5,9,) = 0.0803, 95% CIL: 0.02537, 0.13444).
This more conservative test illastrates that even within those re-
gions showing a significant GMV difference between cannabis
users and controls, the magnitude of the difference was associated
with CB, receptor availability.

Cohort 1: spatial associations between GMV effects and CNR1
gene expression

Comparison of the  statistic map of GMYV differences between
cannabis users and controls with the map of CNR1 gene expres-
sion showed significant { p << 0.05) spatial associalion (r(zes5, =
0.311, 95% CL 0.279, 0.341), while the nuil model showed no
association with GMV (95% CIL: —0193¢, 01977).

Discussion

J. We present evidence of GMYV differences in adolescents associ-
ated with only one or two instances of cannabis use. Although
novel, this work is consisient with reports of a dose-response
effect of cannabis on behavioral and brain measures following
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Table 4, Those regions showing significantly greater GMV in 14 year olds reporting
1 or 2 instances of cannabis use than in matched contrels
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Table 5. The number of ventral striatum voxels [and percentage of total
anatomical volume) showlng significantly greater GMV in 14 year alds reporting
1 or 2 instances of cannabis use than in matched controls

No,of Anatornical
significant region No. of sigaificant Anatomical region
Anatemica] region (AAL} voxels Implicated, % voxels implicated, %%
Cluster 1: left temporal (Vol, 4965 vo; 16,767 ul; Ventral striatum, jeft 131 3032
Fope = 888, p,,, = 0.008; Ventral striatum, right 126 54.72
peak voxe] —55, —2, —14)
Frontal fobe
Offactory cortex 136 057 heavier use {{.orenzetti et al., 2010; Silins et al,, 2014}, We iden-
Gyrus tectus - 8 233 tified significantly greater GMV in adolescents who reported only
Superior frontal gyrus (pars orbitals) e 134 one ar two instances of cannabis use relative to cannabis naive
Te”l':fjerr;?;ﬂfbrgntalgyms {pars abitals) » 0.5 controls in large medial temporal clusters incorporating the
Superior temparal yrus o 787 amygdala, h1ppocafnp.us, and striatum, extending into the Ie_ft
Middie temporat gyrus 164 138 prefrontal cortex. $ignificantly greater GMV was also observed in
Hesch's gyriss 3 0.55 the lingual gyri, posterior cingulate, and cerebellum. The regions
Superior tempozal pole 13 043 identified in this whole-brain, VBM approach replicated previ-
Relandic operculum 5 0.21 ous findings of differences in volume (Yiicel et al., 2008; Ashiari
Inferior temporal gyrus 5 0.07 ct al,, 201§; Schachr et al., 2012) and shape (Gilman et al,, 2014
Subcortical Smith et al., 2014, 20i5) associated with cannabis use in ROI
Amygdala 382 A studies and with the spatial distribution of the eCB system {Burns
Hippocampus n 3563 et al., 2007). Although cannabis nse has been associated with
ﬁ;tl?:ﬂ fg‘z %;g reduced brain volumes, studies typically report on adults wilh
Insula 640 1579 heavy substance use histories (cf. Ashtari et al., 2011). Gi?mlan
ParaHippoczmpal gyras 202 856 el al. {2014}, however, have reported gray-matter density in-
Caudate 9 408 creases in the amygdala and nucleus accumbens of young adult
Cluster 2: Right semporal {Vol. 3710 vox; 312,491 pl); recreational users and dedina ¢t ab. {2007} abserved hippocam-
Froea = 5.88, gy, = 0.018; pal enfargement in cannabis using adolescents. Cur results are
peak voxel 30, — 11, —27) also consistent with the Avon Longitudinal Study of Parents and
Teinporal lobe Children (French et al., 2015), which showed a trend for greater
Heschl's gysus 68 .62 cortical thickness in male adolescents with <5 instances of can-
Superiar temporal gyrus 3 0.67 nabis use relative to THC-naive controls.
Superfor temporal pole v 034 Converging evidence suggests that these effects may be a con-
S"bfm“gl 439 7o sequence of cannabis exposure. GMV differences could not be
Hg?x:nipus 146 3313 explained by group differences in demographic, personality, psy-
Palidum m 26.46 chopathology, or other substance use factors. Examination of
Putamen 564 220 THC-naive 14-year-olds who later used cannabis showed no
Parahippocampal gyrus 410 1561 GMYV differences, even using a more liberal RO test, suggesting
tnsula 185 439 that the differences do not precede cannabis use and are not

Cluster 3: Bilateral Pasterior (Vol. 4959 vox; 16,737 l);
Fran =143, =B0X 107%
peak voxel —24, -~583,3)

Temporat iobe
Fusiform gyrus {1} 8 5.18
Fusiform gyrus (R) 14 1.91
Parictal lobe
Posterior cingulate {R) 59 1.98
Posterior cingulate {L) n 1.97
Pracuneus {R) 268 345
Precuneus (L) Fxbl 2.55
Ocaipital lobe
Lingual gyrus (R} 1158 2.4
Lingual gyrus (L} 818 16.01
Calcarina (L} 268 5.16
Calcarine (R) 7% 1.87
Cerebellum
Cerebellar vermis (4 5} 258 17.61
Corebellar lobule 4 5 (R) 308 14.62
Cerebellar lobule 6 (1} R 8.20
Cerebellar lobule 6 (R) 265 6,13
Cerebellar fobule 45 {L) 156 5.80
Cerebellar vermis {5} 7 0.88
Crus cerebeflum (1) 8 0.13

because of unidentified factors in those predisposed to use. Fi-
nally, the spatial distribution of GMV eflects was associated with
the eCB system, suggesting cantnabis exposure may causc these
findings.

The preclinical literature presents a number of possilsle mech-
anisms by which low levels of cannabis exposure could result in
greater GMV relative to THC-naive controls. Adolescent rats
treated with cannabinoid agonist showed altered gliogenesis in
regions including the striatum and greater preservation of oligo-
dendroglia relative to control animals (Bortelato et alb., 2014),
Zebra finches treated with cannabinoid agonist showed greater
dendritic spine densities (Gitbert and Soderstrom, 2011); criti-
cally, these effects were observed in late-prenatal but not aduit
animals. Of particular relevance to this study, a single dose of
AITHC transiently abolished eCB-mediated long-term depres-
sion (L'TD) in the nucleus accumbens and hippocampus of ado-
lescent mice (Mato ot al. 2004). Suspension of LTD may
interrupl maturation-related neural pruning and preserve gray
matter. Future studies should assess whether these processes op-
erate in human adolescents and whether they produce persisting
alterations in GMV.

These findings should be interpreted in light of the study’s
limitations. ‘The IMAGEN sample is racially and ethnically ho-
mogenous so it reanains to be determined whether the findings
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Figure2,  Distribution of Average GMV in the regions showing significantly different GMV between those 14-year-olds reporting ane or two instances of cannabis use and matched controls.
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E Table 7. No significant GMV differences were observed at baseline between those
5 participants who were abstinent for cannabis use at age 14 but reported at [east
Z poos : 10 instances of use by age 16 and matched controls {i.e., Cohort 2) in those regions
P definedin Cohort 1
B :!/' Region Vol Peak voxel
60 Ly 80 o0 100 1o 120 130 140 Left temporal 4968vox (16,767 pl) =55, —2,—M  Fyqp — 3.026,0,,, — 0252
PRIQ Right temporal 3710vox (12,491 pul) 30, -1, -2 Fopg = 5626,p,,, — 0057
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Figure3. Inverse correlations were observed between PRIQ and normalized GMV in the left inferior parictal

(ray = — 0417, p,,, = 0.037) and right (r,,,, = — 0457, p,,,, = 0.012} temporal clusters
for those participants reporting one or two instances of cannabis use.

generalize to youth from more diverse backgrounds. Substance
use was assessed using self-report and we do not have standard
dose units of cannabis nor information on mode of use or a
measure of drug metabolites. Combining images {rom different
sites and imaging platforms remains controversial and is not
completely controlled by including site as a covariale. Tulure
studies should replicate the present results using images acquired
at the same site on the same scanner or with equal numbers of
cases and controls per scanner. We also note that the CNRI gene
expression (Hawrylyez et al,, 2012) and CB, receptor density
(D'Souza et al., 2016) maps were generated in independent sam-
ples of adults and may not accurately represent the ¢CB system in

our sample of adolescents. Although we report significant spatial
associations between GMV effects and both CNR1 gene expres-
sion and CB, receptor density, the effect sizes were small and any
suggestion that these associations represent mechanisms for
the effects we observe is speculative and requires [(urther
investigation.

We adopled a whole-brain, VBM approach (o delect elfects
that were not limited by anatomical boundaries and to allow
exploration of spatial relationships between GMV effects and the
eCB system. There is evidence, however, that brain perfusion can
influence VBM measures of local volume (Franklin et al., 2013,
2015; Ge et al,, 2017; ¢f. Hawkins et al.,, 2018) so future studies
should combine VBM with other measures of brain structure to
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Figure 5.  Associations between normalized GMV in the right temporal cluster at baseline
and Generalized Anxiety Disorder DAWBA band scores at follow-up. For those participants re-
porting one or two instances of cannabis use at baseline, those with DAWBA band scores of zero
at follow-up had significantly lower GMV at baseline than those with DAWBA band scores of 1 or
greater at follow-up (U = 43, p,,,,, == 0.009).

provide confirmatory evidence. In particular, shape analysis has
been shown to be sensitive to brain structural differences associ-
aled with cannabis use (Gilman et al., 2014; Smith el al., 201,
2015 Weiland et al,, 2015). Moreover, combining morphometry
metrics allows for testing ol associations between them, which
can identify different relationships between shape deformations
and local volume (Gilman et al,, 2014) providing evidence of
further differences between cannabis users and controls.

One source of variability in the human findings on brain
structural correlates of cannabis use may be comorbid substance
use (Weiland et al,, 2015; Gillespic ¢t al,, 2018). Given recent
evidence of different patterns of functional connectivity in
groups using alcohol, nicoting, and cannabis alone and in com-
bination (Vergara et al., 2018), it will be important to account for
any possible interaction effects of cannabis with other psychoac-
tive substances. This issue is particularly important considering
the ways in which comorbid substance use has been addressed in
two recent, widely cited studies. Gilman et al. (2014) covaried for
alcohol and nicotine use and found gray-matter density increases
and shape deformations associated with cannabis use. Weiland et
al. (2015} matched groups on alcohol and nicotine use and re-
ported no morphometric differences associated with cannabis
use, concluding that previously reported differences associated
with cannabis may instcad be attributable to alcohol use. The
participants in Weiland et al.’s (2015) study, however, were using
alcohol and nicotine at higher levels than those in Gilman et al.’s
(2014) study. 1t is possible that cannabis, alcohol, and nicotine
have differential effects on brain morphometry; specifically, rec-
reational cannabis use has been associated with volume increases,
whereas alcohol has been associated with'volume reductions. In
the current study, we matched the groups on alcohol and nicotine
use and, within the cannabis using group, neither alcohol nor
nicotine use was associated with individual differences in GMV,
suggesting that the GMV differences we report are associated
with cannabis use,

We note individual differences in GMV effects: although re-
gional GMV was greater at the group level lor adolescents with
low levels of cannabis exposure, the distributions showed a high
degree of overlap such that many cannabis users had GMV equiv-
alent to that of controls. Nonc of the tested demographic, per-
sonality, or substance use factors stratified GMV in the cannabis
users. We note evidence that an association between cannabis use
and cortical thickness was stratified by genetic risk for schizo-
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phrenia (French et al., 2015) and that an association between
cannabis use and hippocampal shape was stratified by dopamine-
relevant genes (Batalla et al., 2018). Some adolescents may be
vulnerable to GMV effects at extremely low levels of cannabis use
and it will be critical to identify those at risk as these structural
brain changes may be associated with individual risk for psycho-
pathology and deleterious effects on mood and cognition,

Of the behavioral variables tested, only sensation seeking and
agoraphobia differed between the cannabis users and controls
and these factors were not related to GMV differences. In the
cannabis using participants, GMV in the medial temporal clus-
ters was associated with PRIQ and psychomotor speed such that
greater GMYV in these regions was associated with reduced per-
formance. The finding that right medial temporal GMV pre-
dicted generalized anxiety symptoms at follow-up for those
participants who had used cannabis should be interpreted with
caution given the small sample size and that we were not able to
identify factors that drove the individual differences in cannabis
cffects on GMV at baseline. These findings arc notable, however,
as panic and anxiety symptoms are frequently reported side ef-
fects by naive and occasional cannabis users (Hall and Solowij,
1998). We also note fMRI evidence of hypersensitivity of the
amygdala to signals of threal in a partly overlapping sample of
cannabis using adolescents (Spechler etal,, 2015) and a relation-
ship between adolescenl cannabis use and [uture mood com-
plaints (Wittchen et al,, 2007), even with comparatively low levels
of use (Cheung et al,, 2010).

We have revealed greater GMV in adolescents with only one
or two instances of cannabis use in regions rich in CB, recep-
tors and CNR1 gene cxpression. Critically, we were able to
control for a range of demographic and substance use effects,
Lo confirm that these structural brain effects were nol associ-
ated with comorbid psychopathology, and to demonstrate
that these effects were unlikely to precede cannabis use. The
pattern of results is characterized by individual differences in
GMYV effects in the cannabis users; these individual differences
were associated with PRIQ and with vulnerability to future
symptoms of generalized anxiety. Given the increasing levels
of cannabis use among adolescents today, we suggest that
studying the effects of recreational use early in life is an area of
particular importance that should be addressed in the future
by large scale, prospective studics.
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