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Caudate Nucleus-Dependent Navigational Strategies are Associated
With Increased Use of Addictive Drugs

Veronique D. Bohbot,'* Daniel Del Balso,' Kate Conrad,* Kyoko Konishi,! and Marco Ley"con2

ABSTRACT:  This study aimed to investigate the relationship between
navigational strategies and the use of abused substances in a sample of
healthy young adults. Navigational strategies were assessed with the 4-on-8
virtual maze (4/8VM), a task previously shown to dissociate between
hippocampal-dependent spatial navigational strategies and caudate
nucleus-dependent stimulus-response navigational strategies. Spatial strat-
egies involve learning the spatial relationships between the landmarks in an
environment, while response learning strategies involve learning a rigid set
of stimulus-response type associations, e.g., see the tree, turn left. We have
shown that spatial learners have increased gray matter and fMRI activity in
the hippocampus compared with response learners, while response learners
have increased gray matter and fMRI activity in the caudate nucleus. We
were interested in the prevalence of use of substances of abuse in spatial
and response learners because of the evidence that people who score high
on traits such as novelty seeking, sensation seeking, reward seeking, and
impulsivity, are more cue-responsive and more likely to use substances of
abuse. Since response learners show increased activity and gray matter in
the caudate nucleus of the striatum, which is a brain area involved in addic-
tion, we hypothesized that response learners would have a greater use of
abused substances than spatial learners. Fifty-five young adults were tested
on the 4/8VM and completed a time-line follow-back assessment of drug
and alcohol use. We found that response learners had smoked a signifi-
cantly greater number of cigarettes in their lifetime than spatial learners,
were more likely to have use(gi cannabis, and had double the lifetime alcohol
consumption. We discuss the possible relationship between substance abuse
and resfponse strategies as well as the implications for the hippocampus,
risks of neurological and psychiatric disorders, and healthy cognition.
© 2013 The Authors. Hippocampus Published by Wiley Periodicals, Inc.
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INTRODUCTION

Humans and non-human animals use multiple memory systems that
involve distinct brain structures when they navigate in the environment
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(O’Keefe and Nadel, 1978). The hippocampus is crit-
ical for allocentric spatial learning and memory, and
the formation of a cognitive map, i.e. learning and
memory for the relationships between environmental
landmarks irrespective of the position of the observer,
such that any target location can be reached in a
direct path from any starting position (Scoville and
Milner, 1957; O’Keefe and Nadel, 1978; Eichenbaum
et al.,, 1990; Bohbot et al., 1998). The striatum, in
comparison, is critical for response learning and mem-
ory, and habit formation by making rigid stimulus-
response associations (Packard et al., 1989; McDonald
and White, 1993; McDonald and White, 1994;
Alvarez et al., 1995; Packard and McGaugh, 1996;
Wolbers et al., 2004). The hippocampus and striatum
are also involved in decision making processes (van
der Meer et al., 2010). The decision making process
dependent on the hippocampus, involves projecting
one-self into future situations to create expectations
about action outcomes. In contrast, the decision mak-
ing process dependent on the striatum, uses past expe-
riences to associate actions with values.

It is suggested that these systems function in a
cooperative fashion (Lansink et al., 2009), independ-
ently (Bohbot et al., 2004; Mizumori et al., 2004)
and competitively (Packard, 1999). In a dual-
solution task, which allows both spatial and response
navigational learning strategies, studies in rodents
showed increased basal levels of acetylcholine in the
hippocampus of rodents prior to the spontaneous
use of the spatial strategy. In comparison, rodents
that spontaneously used a response strategy in the
dual solution task had increased basal levels of ace-
tylcholine in the striatum (Chang and Gold, 2003).
Similarly, we found that young adults who navigated
using a spatial strategy showed greater fMRI activity
(Taria et al., 2003) and gray matter (Bohbot et al.,
2007) in the hippocampus. Conversely, young adults
who navigated using response strategies showed
increased fMRI activity (laria et al., 2003) and gray
matter (Bohbot et al., 2007) in the caudate nucleus
of the striatum.

The use of spatial strategies decreases across the
lifespan (Barnes et al., 1980; Rapp et al., 1997; Boh-
bot et al.,, 2012; Etchamendy et al., 2012; Rodgers
et al., 2012). Whereas ~90% of 7- to 8-year olds use
spatial learning strategies, this drops to fewer than
40% in adults in favor of response learning strategies,
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perhaps as early as age 17 (Bohbot et al., 2012; Lin et al.,
2012). This shift from spatial to response strategies may be a
biologically adaptive mechanism that is hypothesized to be
associated with three potential factors: repetition that normally
occurs during the formation of habits, stress and reward. Each
will be discussed in turn.

Response strategies are efficient when navigating in an envi-
ronment where the start and target locations are constant, as in
route learning paradigms (Hartley et al., 2003; Iaria et al.,
2003; Head and Isom, 2010). This increased efficiency is
reflected by a reduction in latencies and errors to find target
locations (laria et al., 2003) and it results from the repetition
of traveling from a constant start to target location. In fact, it
has been shown that rodents trained to find a target location
on a plus maze initially use spatial strategies, but then after a
few days adopt a response strategy. Therefore, repetition of a
behavior leads to a shift from hippocampus-based spatial strat-
egy to a caudate-nucleus based response strategy (Packard and
McGaugh, 1996; Gold, 2004).

In contrast to the way response strategies can be efficient as
described above, response strategies can also be inefficient when
the relationship between the start and target position changes
and a novel path must be derived (Hartley et al., 2003; Dris-
coll et al., 2005). Spatial strategies, which involve building rela-
tionship between environmental landmarks to form a cognitive
map, now become more efficient as they enable deriving novel
paths. In summary, response strategies are more efficient when
there are constant start and target locations, evidenced by faster
latencies and error reduction. However, response strategies are
less efficient when a new pathway needs to be derived, because
in the absence of a cognitive map, the individual gets lost with
novel start and target locations. The drive toward efficiency
may be an important underlying factor behind the shift in
strategies across the life span. With the repetition of a success-
ful behavior and a constant start and target location, a response
strategy emerges, leading to the automatization of behavior or
habit formation (Iaria et al., 2003). However, this shift toward
response strategies comes at a cost when a novel path must be
derived requiring a cognitive map to navigate successfully.

Other lifestyle factors can produce a shift from using spatial
strategies to response strategies. For example, stress and addic-
tion related rewards, have been shown to affect the integrity of
the hippocampus. Stress was reported to impair the hippocam-
pus through the actions of glucocorticoids (Sapolsky et al.,
1990; Sapolsky, 1994; McEwen and Sapolsky, 1995; Conrad
et al., 1996; McKittrick et al., 2000; Kleen et al., 2006) and
was shown to have an effect on navigational strategies. Schwabe
et al. (2007, 2008, 2010, 2012) found that chronic stress,
acute stress, and prenatal stress can also increase the use of
response strategies in rodents and humans tested on a naviga-
tion task. Interestingly, stress has also been shown to shift goal-
directed behaviors to habitual actions that are dependent on
the striatum (Schwabe et al., 2011). Addiction related rewards
such as tobacco (Piri et al., 2012), opiates (Lu et al., 2010),
psychostimulants (Arias-Cavieres et al., 2010) and alcohol
(Welch et al.,, 2013) all have been shown to have negative
effects on the hippocampus.

Hippocampus

Response learning and various forms of impulsivity are
associated with cue sensitivity (Gray, 1987). For example,
response learning is based on stimulus-response associations
where stimuli act as cues. As well, aspects of impulsivity,
such as behavioral disinhibition, sensation seeking and nov-
elty seeking, are increased in human drug users (Tarter et al.,
2003; Milivojevic et al., 2012; Castellanos-Ryan et al., 2013;
Pingault et al., 2013), while rodent analogs of these traits are
thought to include heightened cue-sensitivity (Flagel et al.,
2010, 2011; Saunders and Robinson, 2010; Saunders and
Robinson, 2011; Belin and Deroche-Gamonet, 2012). More-
over, impulsivity, cue sensitivity and susceptibility to sub-
stance abuse are all associated with increased striatal gray
matter (Ersche et al., 2011; Groman et al., 2013). As the use
of response strategies over spatial strategies is associated with
more gray matter in the caudate nucleus of the striatum,
research in the current paper investigates whether response
learners are more susceptible to using substances of abuse, as
compared with spatial learners. To establish a relationship
between drug use and navigation strategies we tested a large
group of healthy young adults with no substance use disor-
ders on a virtual navigation task that can be solved using
cither a spatial or response learning strategy and assessed
their lifetime drug consumption.

METHODS

Participants

Sixty healthy young adult participants (mean age =21.4,
SD =2.56, 36 women, 24 men) entered in the study. An
extensive phone questionnaire was administered to screen for
past history of psychiatric or neurological disorders. The
questionnaire includes various components such as demo-
graphic information, vision, motion sickness, medical history,
cardiovascular diseases, neurological disorders, medical condi-
tions, psychiatric disorders, substance abuse, general medica-
tion, family history, and handedness. Participants were asked
whether they have ever been treated for using drugs or alco-
hol abusively to exclude for any substance use disorders.
Fifty-five participants completed the study; one was excluded
for past history of psychiatric illness and four others were
excluded due to incomplete data. Of the included partici-
pants six were left-handed. Testing occurred at the Memory
and Motion Laboratory at the Douglas Mental Health Uni-
versity Institute. Participants volunteered for the testing ses-
sion after being recruited through word of mouth. Informed
consent was obtained in conformity with the local ethics
committee requirements.

Task

The 4-on-8 Virtual Maze (4/8VM) is a virtual reality task
that was created using programming software from a
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FIGURE 1. Schematic drawings and first person views of the
four on eight virtual maze (4/8VM) learning trials (left) and probe
trial (right). The 4/8VM is an eight-arm radial maze that is sur-
rounded by both distal and proximal landmarks: two trees, moun-
tains, and a sunset. Parts 1 and 2 administered during the learning
trials are situated in the environment depicted in the top right pic-
ture. The top left diagram shows a top view of part 1 of the learning

commercially available computer game (Unreal Tournament;
Epic Games, Raleigh, NC) (Fig. 1). Before beginning the
task participants practiced navigating using a standard key-
board in a similar but landmark-free virtual environment to
practice the motor aspects of the task. The 4/8VM consists
of an eight arm radial maze situated in an enriched environ-
ment. The environment contains distal landmarks: two trees,
mountains, and a sunset. At the end of each arm there are
stairs that lead to a small pit where, in some cases, a partici-
pant can pick up an object. The participant is always unable
to see the objects from the center of the maze.

The task consists of five trials where each trial has a Part 1
and a Part 2. In Part 1, a set of barriers block four of the
eight arms. The participant is instructed to pick up objects
located at the end of the four open arms. Additionally, the
participant is told to remember where they visited because in
Part 2, all of the arms are accessible and the objects are situ-
ated in the arms that were previously inaccessible. All land-
marks are visible during Part 1 and Part 2 of the first three
trials or until participants reach a criterion of no errors on
part 2 of a single trial. This criterion ensures that all partici-
pants have learned the task.

trials, where four arms are blocked and four arms are open. Bottom
left diagram shows a top view of part 2 of the learning trials, where
all arms are open. Part 1 of the probe trial is the same as part 1 of
the learning trials. In part 2 of the probe, all landmarks are removed
and a wall is raised around the environment, as depicted in the bot-
tom left picture.

Once this criterion is reached, a probe trial is adminis-
tered. During Part 1 of the probe trial the participants still
collect the objects from the open arms and all landmarks are
present, however, in Part 2 when all of the arms are accessi-
ble, a wall is erected around the maze so that the participants
cannot see the environment. Participants can solve the
4/8VM using either of two strategies. The first, a “spatial”
strategy, depends on the relationship between the objects and
the environment. For example, a participant would remember
the position of an object relative to the trees and the moun-
tain. The second is a “response” strategy where a counting or
patterning system is used to remember the sequence of
rewarded arms. The probe trial does not disturb the perform-
ance of participants using a response strategy as their
sequence does not depend on the environmental landmarks.
Conversely, participants using a spatial strategy have difficulty
on Part 2 of the probe trial because they require the land-
marks to properly retrieve the objects. Therefore, Part 2 of
the fourth trial is considered a probe trial because it differen-
tiates participants who use a spatial strategy from those who
use a response strategy. For example, participants who rely on
the landmarks in the environment will be more likely to

Hippocampus
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FIGURE 2. Response learners consume more tobacco than
spatial learners: Response learners (N = 43) consumed signifi-
cantly more cigarettes (mean = 5600 = (SEM) 2301.9) through-
out their lives compared to spatial learners (N = 12; mean =
714.17 = (SEM) 510.76) (ts2y = —2.072; P < 0.05). Tobacco

data for one participant was unavailable. The large variability
stems from the fact that both groups include users and non-users.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

make errors when the landmarks are removed (Iaria et al.,
2003). The last trial again consists of a Part 1 and a Part 2;
however, landmarks are visible in both parts. This trial allows
us to assess whether participants who use a spatial strategy
during the first three trials will switch to a response strategy
after the probe.

At the end of the task participants were debriefed. They
were asked to report how they knew which pathways con-
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FIGURE 3. A higher proportion of cannabis users in response

learners: A chi-square analysis examining cannabis users and non-
users in each navigational strategy group showed that there was a
significantly higher proportion of non-users in the spatial group
(66.6%) compared with the response group (32.6%). In the
response group, there was a higher proportion of cannabis users
(67.4%) compared with non-users (32.6%) (X 2(53) = 4.55; P <
0.05). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Hippocampus

tained objects and which were empty in the Part 2 trials.
Based on their description, participants were categorized in
either a spatial strategy group or a response strategy

group.

Questionnaire

Participants also completed a time-line follow-back assess-
ment of lifetime drug and alcohol use. Drugs assessed included
tobacco, cannabis, cocaine, amphetamine, psilocybin, methyle-
nedioxymethamphetamine  (MDMA), ketamine, gamma-
hydroxybutyric acid (GHB), ephedrine, steroids, opiates, and
lysergic acid diethylamide (LSD). Beside each listed substance
of abuse, participants were asked to note whether or not they
had used the drug and the number of times they used that
drug throughout their lives.

RESULTS

Fifty-five participants were tested on the 4/8VM and were
given the questionnaire on substance use. Subjects were
divided into two groups based on their initial strategy on the
4/8VM. Strategy was assessed according to verbal reports. A
total of 78.2% (N=43) of the participants spontaneously
employed a response strategy while 21.8% (V= 12) used a
spatial strategy. Although not significant, spatial learners
(mean = 0.67) made slightly more probe errors than response
learners (mean =0.42) (= —1.1, P=0.275). Both spatial
and response learners had similar latencies and errors
throughout the learning trials (Latency: F=0.489, P> 0.05;
Errors: F=0.223, P>0.05). Spatial and response learners
did not differ in age (spatial =20.08 * 1.38, response =
21.72 % 2.83; 154 =1.931, P>0.05), or IQ measured by
the Shipley IQ test (spatial =110.67 =4.68, response =
106.65 = 8.75; t(54) = —1.52, P> 0.05).

Results from the drug-use questionnaire demonstrated that
the groups had different lifetime patterns of tobacco use.
Response learners (N =42; mean =5600.21 = 14918.24)
consumed significantly more cigarettes than spatial learners
(N=12; mean =714.17 £ 1769.32) throughout their lives
(#52) = —2.072; P < 0.05) (Fig. 2). The large standard devi-
ation values reflect considerable variability in the data. A
close inspection of the data indicates two subgroups within
the tested population. A subgroup of the population are non-
smokers and therefore have very low values, while another
subgroup are heavy smokers and have high lifetime use val-
ues. Because there were two subgroups with regards to
tobacco use (i.e. smokers and non-smokers), we performed a
chi-square analysis, which was not significant (x> = 1.043,
P = 0.307).

A chi-square analysis examining the proportion of cannabis
users and non-users in each strategy group showed that there
were a significantly higher proportion of non-users in the spa-
tial group compared with the response group (Fig. 3).
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TABLE 1.

Substances of abuse: total lifetime uses, total number of subjects, and total number of users.

Spatial

Response

Total # of subjects

Substances of abuse Total lifetime uses (mean * SD)

Number of users

Total # of subjects

Total lifetime uses (mean * SD) Number of users

Alcohol 893 (89.3 = 100.07} N =10 7,271 (201.97 £335.56) N =36

N =9 (90%) N = 33 (92%)
Cannabis 593 (49.42 = 115.76) N =12 21,697 (504.58 * 1,656.89) N=43

N = 4 (33%) N = 29 (67%)
Tobacco 8,570 (714.17 *= 1,769.32) N =12 235,209 (5,600.21 = 14,918.24) N=43

N=4 (33%) N = 21 (49%)
Cocaine 6 (0.5 =1.73) N=12 370 (8.6 + 45.83) N=43

N =1 (8%) N = 6 (14%)
Amphetamine 3 (0.25 £0.87) N =12 89 (2.07 = 8.23) N=43

N =1 (8%) N =5 (12%)
Psilocybin 2 (0.17 %£0.58) N =12 23 (0.53 = 1.24) N=43

N =1 (8%) N =7 (16%)
MDMA 10 (0.83 * 2.89) N =12 116 (2.70 = 10.19) N=43

N =1 (8%) N = 6 (14%)
Ketamine 00 =0 N =12 10 (0.23 = 1.52) N=43

N =0 (0%) N =12%)
GHB 1 (0.08 £0.29) N =12 14 (0.33 * 1.58) N=43

N =0 (0%) N =2 (5%)
Ephedrine 00 =0 N =12 00 =0 N=43

N =0 (0%) N =0 (0%)
Steroids 0(0 = 0) N =12 3 (0.07 +0.46) N=43

N =0 (0%) N=102%)
Opiates 00 =*=0) N =12 0(0 =0) N =43

N =0 (0%) N =0 (0%)
LSD 00 =0 N =12 2 (0.05 =0.21) N =43

N =0 (0%) N =0 (0%)

*Users>1 use; non-users < 1 use.

Response learners had a higher proportion of cannabis users
(67.4%) than non-users (32.6%) while spatial learners had a
higher proportion of non-users (66.7%) than users (33.3%)
(¥*(s3 = 4.55; P < 0.05). Furthermore, we found a correlation
between tobacco and cannabis use (= 0.62, P < 0.001). Par-
ticipants were classified as a user if they had more than one
lifetime use of cannabis. Participants with one or zero lifetime
use of cannabis were considered non-user. There was no signifi-
cant difference in strategy (x> = 0.37, P=0.85) and perform-
ance (errors, latency, probe: P>0.05) between participants
with one or zero lifetime use of cannabis.

Response learners tended to have higher lifetime incidence
rates of alcohol intoxication compared with spatial learners
(Response mean = 201.97 * 335.56, Spatial mean =89.3 *
100.07; +=1.041, P=0.303). However, discrepancies were
found within the data concerning the interpretation of alco-
hol intoxication in the questionnaire. Some individuals inter-
preted the question as alcohol intoxication requiring a

hospital visit, while others interpreted the question as ine-
briation. Therefore, values provided for alcohol intoxication
may be underestimated for certain individuals. Alcohol data
were missing for nine participants. Nevertheless, the average
rate of intoxication among response learners was double that
of spatial learners.

No other statistical analyses were carried out for the remaining
drugs of abuse because usage within the tested population was too
minimal. While cannabis and tobacco involved 33 and 25 users,
respectively, cocaine, amphetamine, psilocybin, and MDMA
involved 10 users or less (Table 1). Furthermore, ketamine, GHB,
ephedrine, steroids, opiates, and LSD had fewer than five users.
Similar spatial/response distributions were observed for alcohol
(Fig. 4, bottom), cannabis (Fig. 4, middle), nicotine (Fig. 4, top),
cocaine, amphetamine, psilocybin, and MDMA. The other drugs
(ketamine, GHB, ephedrine, steroids, opiates, and LSD) did not
have enough users to display a distribution. All substances users
were more likely to be response learners.

Hippocampus
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FIGURE 4. Distribution of spatial and response learners’

lifetime use of tobacco (top), cannabis (middle), and alcohol
(bottom). Individual participants are lined up vertically for
each substance used to display the distribution of individual
participants. Therefore, a higher number of participants is
reflected in a higher number of circles that are line up verti-
cally. The highest circle represents the total number of subjects
for that use of substance. The red ellipses surround the distri-
bution of spatial learners. As can be seen in the figure, the dis-
tribution of spatial learners revolves around the zero
consumption of all three substance of abuse use. Although a
number of response learners do not consume substances of
abuse, it is apparent that most of the people who are consumers
(indicated by the green ellipse) are in the response learning
group. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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DISCUSSION

This study investigated the prevalence of use of substances
of abuse in healthy young adults in relation to navigational
strategies measured with the 4/8VM task. We found that
response learners, compared with spatial learners, reported sig-
nificantly more use of substances such as tobacco and cannabis
and had double the lifetime consumption of alcohol. There-
fore, as hypothesized, the prevalence of use of substances of
abuse was high in response learners. A longitudinal study will
be needed to establish the causal relationship between response
strategies and drug use. In other words, the use of response
strategies early in life could predispose an individual to drug
use, and conversely, drug use could increase the probability of
using of response strategies. It is most likely a combination of
both and we provide evidence for the two mechanisms below.
Importantly, this is the first study to demonstrate an association
between use of drugs of abuse and the use of response strat-
egies in a dual solution task.

In support of the theory that strategy may influence use of
drugs of abuse, previous studies showed that response naviga-
tional strategies emerge as early as age 7 years old (Bohbot
et al.,, 2012; Lin et al., 2012), well before the onset of using
abused substances. In other words, cue sensitive response learn-
ers (measured with our virtual navigation task, the 4/8VM)
may also be more responsive to reward cues, making them
more susceptible to trying and using drugs.

Substances of abuse may also promote the use of caudate
nucleus-based response learning through their stimulation of
the striatum (White, 1996). In turn, people who regularly
engage in striatal dependent reward seeking behavior may be
more likely use response learning strategies when navigating.
Specifically, dopamine release has been measured in the caudate
nucleus of participants not only exposed to amphetamines
(Boileau et al., 2007), cocaine (Cox et al., 2009), and alcohol
(Barrett et al., 2008), but also to other types of rewards, which
are more common such as chocolate (Small et al., 2001) and
video games (Koepp et al., 1998; Erickson et al., 2010). In
fact, video game users, engaging in only 9 h of video games
per week or more, were shown to have a significantly larger
striatum  (including the nucleus accumbens and caudate
nucleus) (Kuhn et al., 2011). In another study gray matter in
the striatum at baseline predicted the level of video game skill
acquired by the research participants (Erickson et al., 2010). In
this study, gray matter in the hippocampus had no impact on
participant’s ability to acquire skills with the video game. Fur-
thermore, studies that specifically investigated superior visuo-
spatial performance in action video game experts demonstrated
that this skill was not correlated with gray matter in the hippo-
campus, but rather with gray matter in the right posterior pari-
etal cortex (Tanaka et al., 2013). In another study, the volume
of the entorhinal cortex, which sends afferent projections to
the hippocampus, negatively correlated with playing action
video games (Kuhn and Gallinat, 2013) suggesting that the
entorhinal cortex shrinks with time playing action video games.
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Interestingly, the same region of the brain positively correlated
with time playing logic and puzzle games. These results are
consistent with the hypotheses derived from a study by Foerde
and Shohamy (2011) showing that delaying feedback timing
will shift from learning based on the striatum to hippocampus.
Therefore, in the case of video games, the immediate rewards
present in action video games would stimulate the striatum to
grow and the entorhinal cortex to shrink, whereas the delayed
rewards present in puzzles or logic games would stimulate the
entorhinal cortex to grow (Foerde and Shohamy, 2011; Smith-
Dijak et al., 2013; Shohamy and Adcock, 2010). While a
region of interest analysis shows a correlation between a com-
posite measure of time playing video games and grey matter in
the hippocampus, Kuhn and Gallinat (2013) did not report
whether the hippocampus also correlated negatively to action
video games, as did the entorhinal cortex. Interestingly, consist-
ent with the findings of the current paper, the authors did
report a significant correlation between time playing video
games and both internet addiction and alcohol consumption.
Therefore, reward seeking behavior may engage the striatum
which in turn would promote response navigational strategies.
Since reward seeking behavior can be expressed at a very young
age in childhood (for example in the form of a child secking
food rewards like chocolate, or material rewards such as toys,
games, and playing video games), reward seeking behavior in
childhood may also stimulate the striatum and precede the
onset of response navigational strategies which were measured
as early as 7 years of age in ~5% of the children tested by Lin
et al. (2012). In summary, reward seeking behavior at a very
young age could engage the striatum and response learning,
and predispose to drug seeking behavior.

There is a transition from voluntary use to involuntary com-
pulsive use of substances of abuse (Schwabe et al., 2011). Vol-
untary use is dependent on the prefrontal cortex and
dorsomedial striatum and involves goal-directed behaviors.
This behavior is driven by the hedonic effects of the drugs
and/or rewards. In contrast, involuntary use depends on the
dorsolateral striatum and involves habitual action that are inde-
pendent of the expected outcome (Everite et al., 2001; Everitt
and Robbins, 2005). Dopamine is involved in the development
of habitual actions, and as mentioned earlier, is increased in
the striatum after drug use. Habitual response to drugs of
abuse have especially been shown to develop remarkably fast
(Dickinson et al., 2002; Miles et al., 2003). As such, drug use
can lead to a fast transition from goal-directed behavior to
habitual action and drug addiction.

Since response learners show less activity and gray matter in
the hippocampus than spatial learners (laria et al., 2003; Boh-
bot et al., 2007), the current results may also reflect an impact
of drug use on hippocampal based spatial strategies. Interest-
ingly, acute nicotine has been shown to positively affect certain
cognitive domains (Swan and Lessov-Schlaggar, 2007). In addi-
tion, several rodent studies have shown that differential doses
of nicotine facilitates spatial memory (Socci et al., 1995;
Abdulla et al., 1996; Bernal et al., 1999), while others have

shown that chronic nicotine exposure negatively affects spatial
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memory and hippocampal morphology (Scerri et al., 2006).
Therefore, nicotine may have positive effects on spatial mem-
ory with acute administration, but detrimental effects under
chronic administration. In our study, participants were neither
given nor deprived of tobacco. Therefore, the potential effects
of tobacco on navigational strategies result from chronic con-
sumption and do not result from acute effects of tobacco on
non-smokers, or withdrawal effects in smokers. Consistent with
previous studies, chronic tobacco consumption was detrimental
to spatial memory strategies in the current study.

Abrous et al. (2002) taught rats to self-administer nicotine
at similar levels to those of a heavy smoker. They found that
nicotine had several deleterious effects on the dentate gyrus of
the hippocampus: decreased neurogenesis, decreased expression
of a cell adhesion protein associated with cell migration, and
increased cell death. Their results provide a physiological expla-
nation for deficits in hippocampal based tasks seen in rodents.
For example, Scerri et al. (2006) found that rats given high
doses of nicotine had impairments learning a spatial task such
as the Morris Water Maze. The same group reported less neu-
rogenesis in the dentate gyrus of rats given high doses of nico-
tine compared with rats given low doses of nicotine and
nicotine naive rats. In human smokers, chronic nicotine expo-
sure is associated with a lower concentration of an axonal cell
marker in the hippocampus when compared with non-smokers
(Gallinat et al., 2007). Although nicotine is a main constituent
of tobacco smoke, humans inhale countless numbers of other
toxic substances while smoking. These substances could also
affect the integrity of the hippocampus. Indeed, rats exposed to
chronic cigarette smoke have neuropathological alterations in
the hippocampus (Ho et al., 2012). Therefore, through affect-
ing the morphology of the hippocampus, smoking could
decrease the likelihood of using spatial learning strategies.

In addition, we found a correlation between tobacco and
cannabis use and so it follows that response learners, who con-
sumed a significant amount of cigarettes in their lifetimes, were
more likely to smoke cannabis than spatial learners. However,
aside from cigarette smoking, smoking cannabis may also affect
the use of spatial strategies due to its impact on the hippocam-
pus and spatial memory. This impact is noted in rodent as well
as human literature. Rubino et al. (2009) found that adolescent
rats pretreated with tetrahydrocannabinol (THC), the active
substance contained in cannabis, show impaired spatial mem-
ory in adulthood, measured by a radial maze task. The same
group also found morphological changes in the dentate gyrus
of THC pretreated rats. Further, heavy cannabis use negatively
correlated with gray matter in human hippocampus (Yucel
et al., 2008) while moderate cannabis use was associated with
reduced performance on a logical memory task, that is gener-
ally considered to be a measure of episodic memory (Indlekofer
et al,, 2009). Cannabis use has also been associated with
decreased activity in the hippocampus during an associative
memory task (Jager et al., 2007). In summary, cannabis use
was shown to be detrimental to the hippocampus.

A recent study supports the hypothesis that substances of abuse
have a negative impact on hippocampus-dependent spatial
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FIGURE 5. Inverse relationship between hippocampus and cau-
date nucleus gray matter in mice (left) and humans (right). The
mouse MRI image depicts a correlation between hippocampus CA1
gray matter (taken from a region near the lower red square) and
whole brain gray matter, indicating a negative correlation with the
striatum (identified with the top red square). Mice were trained for
5 days on one of four different versions of the Morris water maze:
spatial MWM (standard spatial memory version of the Morris water
maze task), spatial cued MWM (version involving a cue over the tar-
get platform and visible extra-maze landmarks), non-spatial cued
MWM (version with a cue over the target platform and a curtain
around the maze hiding extra-maze landmarks), and controls (mice
which were handled but did not receive training). Non-spatial mice
in this task are engaged in a stimulus-response strategy. Using high-
resolution MRI, authors revealed a negative correlation between
gray matter in the hippocampus and striatum in all mice. In other
words, mice with more gray matter in the hippocampus have less
gray matter in the striatum and vise versa. The mouse MRI image
and data are courtesy of Dr. Jason Lerch, Mouse Imaging Centre,
Hospital for Sick Children, Toronto, Ontario, Canada and was pub-
lished in Lerch et al. (2011). The human MRI images depict regres-

learning and promotes caudate-nucleus dependent response learn-
ing. Researchers looked at the impact of reward processing on spa-
tial and response learning in mice: drug (morphine)-rewarded
mice performed significantly better than control mice on a cue dis-
crimination task that involved stimulus-response learning. In con-
trast, drug-rewarded mice were significantly impaired in a spatial
task compared with control mice (Baudonnat et al., 2011). The
group also saw an altered expression pattern of phosphorylated
CREB, a transcription factor associated with learning, in drug
reinforced mice: CREB was expressed in the striacum of mice irre-
spective of the task (cue or spatial). Control mice showed CREB
expression in the striatum or hippocampus depending on whether
they leaned the cue task or spatial task, respectively. Therefore,
drug reinforcement negatively affected hippocampal learning in
favor of response learning (Gabriele et al., 2009). These results
combined with the toxic effects of drugs on hippocampal integrity
may have adverse long term effects on cognition.

Data showing a concurrent impairment of spatial memory
and promotion of response learning in drug-taking mice (Bau-
donnat et al.,, 2011) are consistent with the observation of an
inverse relationship between gray matter in the caudate nucleus
of the striatum and hippocampus, in both humans (Bohbot
et al., 2007) and rodents (Lerch et al., 2011). In the human
study, participants MRIs were regressed against a measure of
spatial strategies with voxel based morphometry (Fig. 5).
Results showed a positive correlation between spatial memory

Hippocampus

Human
®  spatial =5
0.45 response-EL
04 - *  shift
g response-SP
0.35 I
E -5
3 03 i
® . . ,
E 025 & A
7
02 .
. .
0.15 .
]
0.1 ‘

0.65 0.7 0.75 0.8 0.85 0.9

Hippocampus

sion analyses between errors made by young adult participants while
performing the 4/8VM probe trial (when all landmarks were
removed) and whole brain gray-matter density. Gray matter in the
hippocampus positively correlated with probe errors while gray mat-
ter in the caudate nucleus negatively correlated with probe errors.
Images show the results superimposed onto an anatomical MRI and
are displayed in the sagittal plane. There was a negative correlation
between gray matter in the hippocampus at peak (x = 24, y = 13,
z = 20) and gray matter in the caudate nudcleus at peak (x = 14, y
= 28, z = 4) (indicated with the red squares: top for caudate
nucleus and bottom for the hippocampus). Spatial and Response
navigational strategy groups depicted are further divided into the
following groups: spatial learners who maintain using spatial strat-
egies with training (spatial), spatial learners who shift to using a
response strategy with training (shift), response learners who used a
pattern of open and closed pathways from an external landmark
such as a tree (response-EL), and response learners who used a pat-
tern of open and closed pathways from the starting position
(response-SP). Human MRI images were adapted from a previous

publication (Bohbot et al., 2007).

and gray matter in the hippocampus and a negative correlation
with the caudate nucleus of the striatum. Importantly, gray
matter in the hippocampus and caudate nucleus were nega-
tively correlated such that an increase in gray matter in one
area was associated with a decreased gray matter in the other
(Bohbot et al., 2007). In rodents, a prospective training study
showed that mice trained on a spatial memory version of the
Morris water task had a significant increase in gray matter in
the hippocampus, in contrast to the mice trained on the
stimulus-response version of the task, whereby they learned to
swim to a visibly identified platform (Lerch et al., 2011).
Importantly, after only five training days, significant morpho-
logical changes occurred, providing evidence for the fact that
experience has a significant impact on gray matter. As in the
human MRI study, gray matter in the hippocampus and stria-
tum of trained mice were negatively correlated (Fig. 5). These
data suggest that using the caudate nucleus-dependent response
strategy comes at a cost for the hippocampus-dependent spatial
strategy. As argued earlier, reward seeking behaviors may be
present at a very young age in childhood, thereby promoting
the caudate nucleus at a cost for the hippocampus very early
on in life. In fact, response strategy users exhibit a decrease in
hippocampus to striatal volume from age 8 to 18 while spatial
strategy users exhibit an increase in hippocampus to striatal
volume from childhood to adolescence (Lin et al., 2012). Con-
sequently, the inverse relationship between the caudate nucleus



of the striatum and the hippocampus was found in rodents
and in humans, in terms of gray matter (Fig. 5) and function
(Packard and McGaugh, 1996; laria et al., 2003), suggesting
that reward seeking behavior, possibly in childhood, can pro-
mote the striatum at the expense of the hippocampus.

It is well established that substances of abuse have a negative
impact on hippocampal integrity and function; however, the
reverse relationship may also be true: an impaired hippocampus
could also increase vulnerability to substance use and addiction.
In a rodent study, suppression of adult hippocampal neurogen-
esis increased vulnerability to addiction and increased resistance
to extinction in rats trained to self-administer cocaine (Noonan
et al., 2010). Stress is a factor known to suppress hippocampal
neurogenesis (Tanapat et al., 2001). Rodents experiencing great
amounts of stress by being exposed to a predator’s smell, in
this case a fox, were shown to have significantly reduced neuro-
genesis in the hippocampus. Therefore, early stress may have
an impact on the hippocampus, which in turn will increase
vulnerability to substance abuse. Mothers of response strategy
users reported having experienced significantly more stressful
events during pregnancy compared with mothers of spatial
strategy users (Schwabe et al., 2012). In fact, even genetic dif-
ferences have been shown to be associated with the use of
response strategies (Bueller et al., 2006; Banner et al., 2011).
In summary, an impaired hippocampus will increase vulnerabil-
ity to substance abuse. Engagement in substance abuse early in
life, or later in life, will further increase stimulation of the
striatum at the expense of the hippocampus.

Conversely, a number of studies have looked at the protective
effect of exercise on rodent models of drug addiction (McMillan
etal., 1995; Cosgrove et al., 2002; Smith et al., 2008; Smith and
Pitts, 2011) because voluntary wheel running (considered exer-
cise) is associated with increased neurogenesis in the dentate
gyrus of the hippocampus (van Praag, 2008). For example, Smith
and Pitts (2011) showed that voluntary wheel running before
drug self-administration reduced acquisition and levels of active
drug secking behaviors when compared with the behavior of
rodents who were not allowed to exercise. Similar to rodents,
exercise increases the size of the hippocampus in humans (Erick-
son et al., 2011), and exercise attenuates cigarette cravings and
withdrawal symptoms in humans (Taylor et al., 2007). Since spa-
tial learning strategies are associated with increased activity and
gray matter in the hippocampus (laria et al., 2003; Bohbot et al.,
2007), spatial learners could be less likely to exhibit reward seek-
ing behaviors in a similar fashion to exercise. In fact, spatial
learning stimulates growth in the hippocampus, beyond the
effects of exercise (Lerch et al., 2011).

To date, there are few longitudinal studies in humans that
associate brain areas with vulnerability to addiction. Cheetham
et al. (2012) reported that adolescents who started using canna-
bis had smaller orbitofrontal cortex (OFC) volumes prior to ini-
tiation of drug use than their non-drug using peers. The OFC
is associated with impaired decision making in drug addiction
(London et al., 2000) while an intact OFC plays an important
role in spatial learning: an intact OFC is essential for acquisition
and consolidation of spatial memory in rats (Vafaei and
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Rashidy-Pour, 2004) and it is involved in the retrieval of route
related contextual information in humans (Brown et al., 2010).
Consistent with these findings, repeated high-frequency transcra-
nial magnetic stimulation (rTMS) of another region of the fron-
tal cortex, the dorsolateral prefrontal cortex (DLPFC), reduced
cigarette consumption (Amiaz et al., 2009; Feil and Zangen,
2010). Furthermore, spatial strategies assessed with the 4/8VM
have been associated with increased gray matter in the OFC
(Dahmani and Bohbot, 2013). Therefore, the OFC is involved
with both reward based decision making and spatial navigation.
Thus, decreased function of the OFC may not only impact an
individual’s propensity to seck rewards but may also decrease
their likelihood of using a spatial navigation strategy.

It would also be of interest in future studies to examine naviga-
tional strategies in addicts and use this information to guide inter-
vention strategies. For example, response strategy patients may be
more responsive to extinction training, while spatial strategy
patients may be more responsive to cognitively guided therapies.

In summary, we found that a greater proportion of response
learners smoked cannabis and smoked a greater number of cig-
arettes in their lifetime than spatial learners. Response learners
also had double the lifetime consumption of alcohol relative to
spatial learners. Further, we found a positive correlation
between smoking cigarettes and smoking cannabis. Cue-driven
individuals may be more likely to use response navigational
strategies and try and use drugs later in life.

Data in the literature also show that chocolate and video
games stimulate dopamine release in the striatum. Video games
are associated with a larger striatum, action video games are
negatively correlated with grey matter in the entorhinal cortex
and skills gained with video game playing are not associated
with the hippocampus, but are associated with a larger striatum
at baseline. Even the visuospatial superiority noted in action
video game experts was not associated with gray matter in the
hippocampus. Therefore, the vulnerability to substance abuse
reported in this paper may be preceded by reward secking
behaviors in childhood such that individuals who seek rewards
(foods such as chocolate, toys, games, video games etc.), also
seek novelty and display response navigational strategies at the
expense of hippocampus-based spatial memory strategies.

Additional research is required to elucidate the causal link
between drug use and the use of response strategies. Numerous
questions also remain concerning anatomical correlates between
drug use and the use of response strategies. Although it is
unclear as to whether the same regions of the striatum are
involved in response learning and addiction, studies have
shown an inverse relationship between the function and gray
matter of the hippocampus and caudate nucleus of the stria-
tum. Therefore regular reward stimulation may come at a cost
and compromise the hippocampus. In turn, reduced gray mat-
ter in the hippocampus has been associated with an increased
risk for numerous neurological and psychiatric disorders such
as Schizophrenia (Pantelis et al., 2003), post-traumatic stress
disorder (Gilbertson et al., 2002), depression (Amico et al.,
2011) and Alzheimer’s disease (Apostolova et al., 2006; Swan
and Lessov-Schlaggar, 2007). Therefore, substance abuse may

Hippocampus
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be preceded by reward seeking behaviors in childhood such
that individuals who seck rewards, novelty, and display
response navigational strategies at the expense spatial memory
strategies during navigation, also have increased risks of neuro-
logical and psychiatric disorders associated with reduced gray
matter in the hippocampus. Such individuals would benefit
from a physical exercise program or stimulation of the frontal
cortex, which have been shown to reduce drug seeking behav-
jor. In addition, a cognitive training program designed to
increase the use of hippocampal-based spatial strategies may
benefit these individuals in combination with cognitive behav-
ioural therapies aimed at reducing reward-secking behaviors.
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