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Abstract Rationale and objective: The present study
tested the hypothesis that chronic interference by cann-
abis with endogenous cannabinoid systems during peri-
pubertal development causes specific and persistent
brain alterations in humans. As an index of cannabi-
noid action, visual scanning, along with other atten-
tional functions, was chosen. Visual scanning undergoes
a major maturation process around age 12-15 years
and, in addition, the visual system is known to react
specifically and sensitively to cannabinoids. Methods:
From 250 individuals consuming cannabis regularly, 99
healthy pure cannabis users were selected. They were
free of any other past or present drug abuse, or history
of neuropsychiatric disease. After an interview, physi-
cal examination, analysis of routine laboratory para-
meters, plasma/urine analyses for drugs, and MMPI
testing, users and respective controls were subjected to
a computer-assisted attention test battery comprising
visual scanning, alertness, divided attention, flexibility,
and working memory. Results: Of the potential pre-
dictors of test performance within the user group,
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including present age, age of onset of cannabis use,
degree of acute intoxication (THC+THCOH plasma
levels), and cumulative toxicity (estimated total life
dose), an early age of onset turned out to be the only
predictor, predicting impaired reaction times exclu-
sively in visual scanning. Early-onset users (onset
before age 16; n = 48) showed a significant impairment
in reaction times in this function, whereas late-onset
users (onset after age 16; n = 51) did not differ from
controls (n = 49). Conclusions: These data suggest that
beginning cannabis use during early adolescence may
lead to enduring effects on specific attentional func-
tions in adulthood. Apparently, vulnerable periods dur-
ing brain development exist that are subject to
persistent alterations by interfering exogenous cannabi-
noids.
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Introduction

For both its recreative and medicinal properties,
cannabis has been used and abused for thousands of
years. Today, it represents the illicit drug most widely
consumed, especially by young people. Consumption
has been increasing in the western world during the
past years, growing into a problem of substantial pro-
portions. Regular intake of cannabis by youngsters has
been associated with disruptive effects on family life,
education, the pursuit of intellectual careers, and job
motivation. In fact, the “amotivational syndrome
hypothesis” claims that regular marijuana use in young
people may contribute to the development of passive,
inward-turning, amotivational personality characteris-
tics (McGlothlin and West 1968). Ongoing debates
on legalization of cannabinoids have intensified
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discussions on potential persistent effects of cannabi-
noids on brain functions, which have not been clearly
demonstrated in humans thus far (Pope et al. 1995).
The characteristic effects of A9-tetrahydrocannabinol
(A9-THC), the major psychoactive constituent of
cannabis, on cognition and behavior have mainly been
viewed as effects of a transient intoxication with rapid
onset and a return to “normal” within a few hours to
days (Hollister 1986; Pope et al. 1995). Recent studies,
however, have questioned such a fast return to normal
(Block 1996; Fletcher et al. 1996; Pope and Yurgelun-
Todd 1996; Solowij et al. 1995).

Cannabinoids exert their cognitive and behavioral
effects through specific interaction with brain cannabi-
noid receptors. A high density of these binding sites in
cortical and subcortical brain structures known to be
involved in the complex organization of cognitive and
emotional networks (Mesulam 1981, 1990; Mirsky
1987; Posner and Petersen 1990; Halgren and
Marinkovic 1995; Zihl and Hebel 1997) has been shown
by autoradiography, RNA isolation and in situ
hybridization. Not only do cannabinoid receptors
belong to the most abundantly expressed neurotrans-
mitter receptors in the brain, but interestingly, their dis-
tribution in specific brain areas is also unique and
highly conserved in mammalian species (Herkenham
et al. 1990; Matsuda et al. 1990; Mailleux et al. 1992;
Thomas et al. 1992; Westlake et al. 1994). Receptor
densities in these areas vary during developmental
stages, specifically during puberty, and reflect differen-
tial maturation of cannabinoid-related systems. Most
importantly, receptors undergo downregulation in
response to chronic THC stimulation (McLaughlin and
Abood 1993; Oviedo et al. 1993; Rodrigez de Fonseca
et al. 1993, 1994), and chronic exposure of immature
rats to cannabinoid administration has been shown to
result in irreversible discrete effects on behavior and
brain morphology (Stiglick and Kalant 1985; Landfield
et al. 1988). This suggests a particular vulnerability to
chronic cannabis administration during certain phases
of development. To date, no studies have addressed
such potential vulnerability to cannabis use in humans.

This study is concerned with the effects of early onset
of cannabis use. Early onset is not infrequent. For
instance, the US National Household Survey on Drug
Abuse estimates the proportion of adolescents aged
12-17 years using marijuana as 7.1% in 1996 (US
Department of Health and Human Services 1996).
Does early onset of cannabis use impair attentional
functions in adult life? In the present study, we look
for evidence concerning the hypothesis of a specific and
persistent impairment of visual scanning. This hypoth-
esis is based on two kinds of observations: (1) in a pre-
vious study assessing the development of attentional
functions in 253 healthy children, adolescents and
adults, we found visual scanning to have the most pro-
nounced acceleration of the speed of information pro-
cessing in mid-puberty (age 12-15 years) among

various functions that are known to be affected by
cannabis use (Kunert et al. 1996); (2) a specific recep-
tivity of the visual system to cannabinoids is reflected
by data on marijuana intoxicated subjects showing an
impaired speed of visual information processing (Braff
et al. 1981). If one puts these two observations — a pro-
nounced acceleration of visual scanning around age
12-15, and a specific receptivity of the visual system
to cannabinoids — together, then the hypothesis emerges
that early onset of cannabis use may lead to enduring
effects on visual scanning in adult life.

Materials and methods

The study protocol has been approved by the Committee for
Medical Ethics (Georg-August-University of Gottingen, Germany).
Subjects participated after having given their written informed con-
sent. A substantial number of carefully selected healthy young reg-
ular cannabis consumers were recruited by advertising in the local
newspapers in Gottingen, Germany, a university town with approx-
imately 30000 students. The minimum requirement for “regular
use” was a once-per-week consumption of cannabis for at least half
a year. Strict criteria were defined to collect a homogeneous sam-
ple of 99 pure cannabis users, predominantly accustomed to intake
via inhalation. As controls, 49 healthy young individuals, compa-
rable regarding age, sex, and educational status, without any past
or present drug (including cannabis) consumption were used. Both
groups consisted predominantly of students, thus forming a fairly
homogeneous sample concerning sociodemographic status and
intelligence. The groups did not differ with respect to the estimated
premorbid intelligence level (Wilson et al. 1978). All subjects were
within 15% of their ideal body weight. They were free of any past
or present neurologic or psychiatric disease, or head injury.
Individuals with previous or present abuse of other drugs (with the
exception of nicotine or caffeine) were rejected. Alcohol consump-
tion was accepted only in an occasional and modest manner (< 3
beers per week). At the time of testing, subjects had to be free of
any alcohol. In order objectively to confirm the inclusion criteria
and to control the validity of the subjects’ verbal reports, each indi-
vidual underwent a complete physical examination. In addition,
samples were taken from each test subject for (a) blood analysis of
routine laboratory parameters, (b) extensive urine screening (using
immunological routine methods) for drugs of abuse (benzodi-
azepines, barbiturates, amphetamines, ephedrines, morphine and
related opioids, methadone, cocaine, alcohol), (c) determination of
blood concentrations of AYTHC and its major metabolites, THCOH
and THCCOOH, by gas chromatography/mass spectrometry
(Moeller et al. 1992) and (d) measurement of total THC metabo-
lites in urine by fluorescent polarization immunoassay (FPIA)
(Moeller et al. 1992). Moreover, subjects underwent a semistruc-
tured psychiatric interview and a psychopathometric test (Minnesota
multiphasic personality inventory; short version, MMPI-S) to
exclude individuals with depression or other psychopathological
conditions potentially affecting test results. Of 250 cannabis con-
sumers screened, 110 were tested and of those, 11 had to be excluded
retrospectively (high depression score: n = §; alcohol in the urine
sample: n = 3). Only 99 users were included in the final evaluation.
All tests were carried out in random order, and the time of day of
each testing was documented to control for a possible influence on
performance. The total life dose of cannabis was extrapolated, based
on the past and present consumption habits of individual users.
(Subjects had to estimate the average number of days of
consumption per week separately for each half year over the total
years of use.)



Attention testing

To evaluate specifically a spectrum of attentional functions, the
computer-assisted test battery recently developed by Zimmermann
and Fimm (1993) was administered. This test battery integrates
experimental and clinical evidence collected, relating defined func-
tional and morphological brain damage to specific attentional dys-
functions (Mesulam 1981, 1990; Mirsky 1987; Posner and Petersen
1990; Halgren and Marinkovic 1995; Zihl and Hebel 1997). The
five subtests used and described in the following were selected
because they evaluate the functions of brain areas known to express
cannabinoid receptors (Herkenham et al. 1990; Matsuda et al. 1990;
Mailleux et al. 1992; Thomas et al. 1992; Westlake et al. 1994).

In visual scanning, a total of 100 serially appearing square matri-
ces, each consisting of 5 x 5 small squares all open to one particu-
lar side, have to be read. The subject is asked to respond to the
presence or absence (“critical versus non-critical stimulus™) of a U-
shaped square in the matrix by pushing one of two buttons accord-
ingly. This test addresses complex overlapping cortical and
subcortical networks. It reflects the ability visually to scan and iden-
tify critical stimuli, integrating the generation of eye movement
(involving subcortical structures like the superior colliculus, thala-
mus and striatum). Alertness measures the reaction time to a cross-
shaped stimulus presented on the monitor screen without a
preceding acoustic signal (“tonic alertness”) and with one, repre-
senting functions related to reticulo-thalamo-frontal pathways. The
median reaction times in both conditions and their difference divided
by the median reaction time of the total test are then calculated
(“phasic alertness,” representing the ability to enhance the level of
attention, in expectation of a high-priority stimulus). The experi-
ment is carried out via ABBA design (A: without acoustic signal;
B: with acoustic signal), with 20 stimuli per condition. The inter-
vals between acoustic signal and visual stimulus are set by chance.
To test divided attention in the typical dual task paradigm, 100 visual
and 200 acoustic stimuli are presented simultaneously. In the visual
task, a specific square formed by successively appearing crosses has
to be recognized, while in the acoustic task, any irregularity of con-
tinuously alternating deep and high tones has to be detected. In this
test, mainly parietal and frontal structures are assessed. In flexibility,
two competing stimuli (digits and letters) are presented simultane-
ously on the left and the right side of the screen in a series of 100
consecutive trials. The subject has to respond in an alternate way
to either digit or letter as the critical stimulus by pressing a hand
key on the corresponding side. This test reflects the ability to shift
the focus of attention flexibly and involves frontal, parietal, and
subcortical pathways. To test working memory, 100 mixed single-
digits are presented consecutively on the screen. Whenever the sub-
ject identifies a digit as identical to the penultimate one, a button
has to be pressed immediately. This test reflects the capacity to
process and store information within a very brief period of time,
to generate a short-lasting neuronal representation of a stimulus.
This function is mainly attributed to frontal
structures.

Results and discussion

The last cannabis use as reported by the subjects
averaged 29.8 h (range 2 h to 1 week) prior to testing.
Mean plasma levels of THC, THCOH, and THC-
COOH of users were low (1.0 =2.1, 0.3 £0.7, and
11.4 £ 25.0 ng/ml, respectively). Mean urine levels of
total THC metabolites were 321.8 = 1.031 ng/ml
(range 0—-8990 ng/ml). There were high pairwise corr-
elations among THC, THCOH, and THCCOOH lev-
els in plasma (r = 0.97; 0.91; 0.89; respectively), as well
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as between plasma levels and total THC metabolites
in urine (r = 0.90; 0.85; 0.79), on the one hand, and
between plasma levels and the subjects’ reports on the
drug-free interval within 24 h prior to testing
(r = —0.58), on the other hand (all Ps = 0.0001). These
consistent results underline the credibility of the infor-
mation obtained from the semistructured interview
which provided the basis for estimation of the individ-
ual life dose.

In the absence of an experimental manipulation of
the age of onset of cannabis use (for ethical reasons),
one needs to carefully specify criteria that can support
the hypothesis of an effect of early onset against alter-
native interpretations. The key alternative explanation
is that an observed impairment is due to intoxication
rather than to a persistent effect. Due to the complex
pharmacokinetics of cannabinoids with accumulation
in fat stores and urinary excretion of metabolites after
months of abstinence (Pope et al. 1995), the question
as to whether neurological impairment is due to a
residue of the drug in the brain or to a distinct brain
alteration effect is a serious methodological issue. How
can we distinguish between these two alternative expla-
nations? The following criteria should be fulfilled if an
impairment in visual scanning is due to an early onset
in cannabis use and not to acute intoxication.

1. Age of onset should be a significant predictor of
the reaction times in visual scanning, but indicators of
acute intoxication and cumulative toxicity should not.
We measured THC + THCOH plasma levels as indi-
cators of acute intoxication, and estimated total life
dose and present age as indicators of a potential cumu-
lative toxic effect. A stepwise regression analysis showed
that age of onset was the only significant predictor of
the reaction times in visual scanning, both for the crit-
ical stimuli (F = 11.0, P =0.001, R* = 0.10) and non-
critical stimuli (F=11.4, P = 0.001, R* = 0.10). All the
tests reported in this paper were performed with alpha
= 0.05 and power = 0.90. Neither THC + THCOH
plasma levels, nor estimated life dose, nor present age
could predict the reaction times in visual scanning or
in the other four attentional functions. Furthermore,
age of onset did not predict the reaction times in any
of the other four attentional functions, consistent with
the hypothesis of a specific impairment. Figure 1 shows
the relationship between age of onset and performance
in the various attentional tasks. With early onset of
cannabis use (between age 12 and 16), reaction times
in visual scanning are impaired for both types of stim-
uli (Figs. 1A and B); when the onset is after about age
16, no such impairment can be observed.

2. A second criterion is that the average reaction
time in visual scanning should be longer in the early-
onset group than in the late-onset group, whereas the
average reaction time in the late-onset group should
not differ from the control group: early onset >late
onset = control. This prediction is implied by the
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Fig. 1A-F Distribution of the medians of reaction times for visual
scanning (detection of the critical stimulus: A; detection of the non-
critical stimulus: B) and for alertness without tone (C) (alertness
with tone shows an almost identical pattern—not shown), divided
attention (D), working memory (E) and flexibility (F) in relation to
the age of onset of cannabis use in a fairly homogeneous popula-
tion of 99 cannabis users. Beginning cannabis consumption in early
adolescent years is associated with longer reaction times in visual
scanning in adulthood, that is, the time of testing (cf. Table 1). An
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inspection of A and B suggests that the regression line hides the
effect of a vulnerable phase for cannabis use up to age 16. An
increase in reaction time can mainly be observed in onset before
that age, whereas no impairment is noticeable from age 17 on. The
solid line represents the regression of the age of onset to the reac-
tion time which is significant in A (¥ =11.01, P = 0.001, R>=0.10)
and B (F=11.37, P =0.001, R = 0.10), but not in C, D, E, and F
(all R* =0.00 except for F with R> = 0.02). The power of these tests
is. 90 for o = 0.05



hypothesis of a sensitive phase in which cannabis use
can persistently impair visual scanning. Late onset does
not lead to impairment. This prediction should hold
for both types of stimuli (“critical” and “non-critical”)
in the visual scanning test. If, however, an observed
impairment was due to acute intoxication, then the late-
onset group should show the same impairment as the
early-onset group, and the reaction times in both
groups would be longer than in the control group: early
onset = late onset >control. Table 1 shows the reac-
tion times in the five attentional functions for early
onset (up to age 16), late onset (17 years and older),
and the control group. (The cut-off between early and
late onset was chosen according to the results in
Fig. 1 and is also the median of the age of onset in our
users.) The two measures for visual scanning are the
only ones that exhibit the pattern early onset >late
onset = control. There was no difference between early
and late onset in any of the other attentional functions,
consistent with the regression analysis reported above.
Flexibility, working memory, and the various measures
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of alertness (except phasic alertness) showed no impair-
ment following cannabis use, whether onset was early
or late. The only other attentional functions in which
cannabis users differed from controls (but not with
respect to early or late onset) were phasic alertness and
divided attention. Thus the effect of early onset appears
to be specific for visual scanning, which is the only
attentional function that displayed the pattern early
onset >late onset = control. The fact that the reaction
times in visual scanning showed this pattern is consis-
tent with the hypothesis that the observed impairment
is persistent and not just due to acute intoxication.

3. A non-experimental design can never exclude all
alternative explanations, but one can try to exclude sev-
eral by analyzing further data on the early-onset, late-
onset, and control groups. The three groups were
indistinguishable with respect to sociodemographic
data and estimated premorbid intelligence (Wilson
et al. 1978). They did not differ in the personality
dimensions in psychometric testing. Also, the early-
onset and late-onset groups did not differ in the amount

Table 1 Effect of early versus
late age of onset of regular
cannabis use on five
attentional functions

Early age Late age Control group
of onset of onset
(<16 years) (=17 years)
(n=48) (n=151) (n=49)
Age of onset 150+ 1.1 184+ 1.8 -
Attentional functions®
Alertness
Without acoustic signal 223.4+24.0 221.3 £23.7 2272272
With acoustic signal 222.7+252 217.4 £ 23.4 214.4 £ 26.0
Phasic alertness™®¢ 0.00 £ 0.07 0.02 £ 0.06 0.06 £ 0.06
Divided attention®™%-¢ 640.0 + 69.2 646.1 + 60.2 588.3 + 64.7
Flexibility 705.4 +219.1 639.0 + 122.7 657.0 + 191.7
Working memory 539.2 £ 164.5 560.4 = 142.7 510.8 £ 121.6

Visual scanning
Critical stimulus®

Non-critical stimulus®®¢

Group characteristics
Present age (years)®
Male/female ratio

Last use before testing (h)

2374.2 £ 516.9
4384.1 £ 1178.9

Weekly frequency of use in the last

1/2 year (days per week)
Years of regular use

Estimated life dose (days of use)®

THC+THCOH (ng/ml plasma)®

2040.9 £ 418.3
3699.7 £ 921.2

2132.1 £ 496.8
3626.1 £ 995.1

21.6 4.0 248143 23.5+39
28/20 35/16 29/20
26.0 £ 274 33.4£31.2 -
39+21 32217 -
46%38 39+£3.0 -
1087.5 £ 1127.0 709.8 £ 558.0 -
1.9+37 0712 -

Analyses of variance were performed between the two experimental groups and the control group,
and were followed by a-error correction (Scheffé test; o = 0.05) for multiple testing. The differences in
cannabis use habits and pharmacological analyses between the two experimental groups were analysed
by t-test (o = 0.05; power 1-f = 0.90). Mean = SD presented

4Given are reaction times = SD (ms); reaction time = mean of medians of reaction times

PSignificant group differences in the analysis of variance (o = 0.05) between the two experimental groups

(all users) and the control group

“Significant group differences between the two experimental groups “early age of onset” and “late age

of onset”

dSignificant group differences between the experimental group “early age of onset” and control group
“Significant group differences between the experimental group “late age of onset” and control group
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of cannabis intake in the last 6 months, a fact which
is important for excluding the alternative hypothesis
that the effect of cannabis on visual scanning is due to
differences in cumulative intoxication. But there are
some differences between the early-onset and late-onset
group (Table 1) that might be linked to the impair-
ment of visual scanning found. The members of the
early-onset group were younger (a prerequisite for the
comparability of both user groups with regard to their
years of regular use), there were more males, their esti-
mated life dose was higher, and so was their THC +
THCOH plasma level (Table 1). Could these
differences account for the impairment of visual scan-
ning? In order to test this possibility, a subsequent
group analysis was performed, which, however, did not
yield significant effects (o = 0.05, power = 0.90). In
addition, sex, age, THC + THCOH, and estimated life
dose were simultaneously used as covariates; neverthe-
less, the group difference in visual scanning persisted
for both the critical and non-critical stimuli (all
Ps <0.001). These results are again consistent with the
hypothesis that there is a vulnerable phase up to about
age 16, during which cannabis use permanently impairs
visual scanning.

Several molecular mechanisms may explain a disin-
tegrative input of exogenous cannabinoids during a vul-
nerable period of developing attention-related neuronal
networks. Cannabinoids regulate gap-junction perme-
ability, thereby controlling intercellular communication
in astrocytes as well as neuron-glial interaction, for
example by preventing the recruitment of subpopula-
tions of astrocytes and the subsequent activation of
contacting groups of neurons (Venance et al. 1995). In
addition, regulation of a neuronal form of focal adhe-
sion kinase by cannabinoids has been described, indi-
cating that these compounds play a role in synaptic
plasticity (Derkinderen et al. 1996).

Taken together, these results provide support for the
hypothesis that early use of cannabis — up to about age
16 — is associated with a specific impairment in visual
scanning in adult life. The alterations described here
are subtle, and individuals seem to be largely func-
tional. The effect of early onset is specific to visual scan-
ning within the five attentional functions measured in
this study; but this does not exclude that specific impair-
ments may be found with other cognitive functions as
well. The specificity of cannabinoid effects in turn may
provide a key to understanding physiological mecha-
nisms involved in the development of attentional
functions.
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