Curr Behav Neurosci Rep (2017) 4:254-279
DOI 10.1007/s40473-017-0120-y

@ CrossMark

GENETICS AND NEUROSCIENCE (C O’TUATHAIGH, SECTION EDITOR)

Molecular Basis of Cannabis-Induced Schizophrenia-Relevant
Behaviours: Insights from Animal Models

Rose Chesworth' - Tim Karl '

Published online: 1 August 2017
© Springer International Publishing AG 2017

Abstract

Introduction Cannabis use is a well-established component
risk factor for schizophrenia; however, the mechanisms by
which cannabis use increases schizophrenia risk are unclear.
Animal models can elucidate mechanisms by which chronic
cannabinoid treatment can induce schizophrenia-relevant neu-
ral changes, in a standardised manner often not possible using
patient-based data.

Methods We review recent literature (within the past 10 years)
using animal models of chronic and subchronic treatment with
cannabinoids which target the cannabinoid 1 receptor [i.e. A’-
tetrahydrocannabinol, CP55,940 and WINS55,212-2].
Schizophrenia-relevant behavioural consequences of chronic
cannabinoid treatment are first briefly summarised, followed
by a detailed account of changes to several receptor systems
[e.g. cannabinoid, dopaminergic, glutamatergic, y-
aminobutyric acid (GABAe)rgic, serotonergic, noradrener-
gic], dendritic spine morphology and inflammatory markers
following chronic cannabinoids. We distinguish between ad-
olescent and adult cannabinoid treatments, to determine if
adolescence is a period of susceptibility to schizophrenia-
relevant molecular changes.

Results Chronic cannabinoid treatment induces behaviours
relevant to positive, negative and cognitive symptoms of
schizophrenia. Chronic cannabinoids also cause region- and
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subtype-specific changes to receptor systems (e.g. cannabi-
noid, dopaminergic, glutamatergic, GABAergic), as well as
changes in dendritic spine morphology and upregulation of
inflammatory markers. These changes often align with molec-
ular changes observed in post-mortem tissue from schizophre-
nia patients and correspond with schizophrenia-relevant be-
havioural change in rodents. There is some indication that
adolescence is a period of susceptibility to cannabinoid-
induced schizophrenia-relevant neural change, but more
research in this field is required to confirm this hypothesis.
Conclusions Animal models indicate several molecular
mechanisms by which chronic cannabinoids contribute to
schizophrenia-relevant neural and behavioural change. It is
likely that a number of these mechanisms are simultaneously
impacted by chronic cannabinoids, thereby increasing schizo-
phrenia risk in individuals who use cannabis. Understanding
how cannabinoids can affect several molecular targets
provides critical insight into the complex relationship between
cannabis use and schizophrenia risk.

Keywords Mouse model - Chronic cannabinoid treatment -
A9-Tetrahydrocannabinol - WINS55,212-2 - CP55,940 -
Glutamate receptor - Cannabinoid receptor - Dopamine
receptor - y-Aminobutyric acid receptor - GABA receptor -
Dendritic spine morphology - Inflammation

Introduction

Cannabis use increases the risk of developing schizophrenia
[1, 2], particularly in individuals with genetic susceptibility for
the disorder [3]. However, the precise mechanisms by which
cannabis use increases schizophrenia risk are unclear.
Elucidating these mechanisms in humans is difficult because
of potentially confounding factors including the amount and
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frequency of cannabis smoked, cannabinoid composition,
polydrug use, genetic predisposition, early life trauma and
comorbid mental disorders. Rodent models of cannabis abuse
provide an excellent opportunity to determine the molecular
and cellular consequences of chronic cannabis abuse in a high-
ly standardised manner and to relate these to behavioural im-
pairments relevant to schizophrenia [for a review of
cannabinoid-induced schizophrenia-relevant behaviour, see
[4e<]].

This review will present recent preclinical data (<10 years)
to determine cannabinoid-induced changes in receptor expres-
sion and function, dendritic morphology and inflammatory
markers and will relate brain pathology to schizophrenia-
relevant behavioural changes in rodents. We will focus on
the behavioural and molecular effects of cannabinoids
targeting the CB, receptor (CBR), as the psychotic effects
of cannabinoids are predominantly mediated by presynaptic
CB/R activation [5e, 6]. Subchronic (3—7 days) and chronic
(>7 days) administration paradigms will be discussed. These
treatment designs are most relevant for modelling long-term
cannabis use, which can precede the development of psychotic
disorders in human patients [5e¢]. We will distinguish between
adolescent and adult cannabinoid treatments, as adolescence
appears to be a period of heightened susceptibility to cannabis-
induced behavioural and brain changes [7¢]. In this review,
rodent adolescence will be broadly defined as post-natal day
(PND) 21-60, which corresponds with preadolescence (8—
10 years) until adulthood (18 years) in humans [8, 9].

Behavioural Consequences of Chronic Cannabinoid
Administration

Methodological details for references in this section are pre-
sented in Table 1.

Positive-Like Behaviours

Positive symptoms of schizophrenia (e.g. hallucinations, de-
lusions) are modelled in rodents through baseline and
psychomimetic drug-induced locomotor activity, as this be-
havioural assay shares mechanisms of action with positive
symptoms (i.e. enhanced prefrontal dopamine release) [58,
59¢] and mimics elevated locomotor activity observed in pa-
tients with schizophrenia [60, 61].

Chronic cannabinoid treatment affects locomotor tolerance
differently in adolescence and adulthood. The development of
tolerance to the locomotor-suppressive effects of chronic or
subchronic treatment with A9-tetrahydr0cannabin01 (THC, the
main psychoactive component in cannabis) or CP55,940 (CP,
a CB/R agonist) is present in adult rats [12, 17, 19, 22] but not
adolescentrats [[14, 15, 21, 22] for mice, see [16, 20]]. Effects
of chronic adolescent THC on locomotion appear to be

modulated by genetic susceptibility to schizophrenia, e.g. mu-
tation in the Neuregulin 1 (Nrgl) and catechol-O-
methyltransferase (COMT) genes [16, 18]. These genes regu-
late processes including neuronal migration, myelination, syn-
aptic plasticity [NRG! [62]] and dopamine metabolism
[COMT [63]], and polymorphisms in these genes are associ-
ated with increased cannabis abuse [NRG1 [64]] or increased
risk of psychosis following cannabis abuse [COMT [3]]. The
CB;R agonist WIN55,212-2 (WIN) has different effects to
THC and CP during chronic treatment, elevating locomotion
at low doses [10] and suppressing locomotion at high doses
[11]. Different effects of WIN on locomotion compared to
THC and CP may arise from distinct CB;R affinities of these
cannabinoids [65]. After an extended drug-free period, chron-
ic cannabinoid treatment has no effect on drug-free locomotor
activity at either age [[13, 14, 18, 23] although see [15]], but
alters sensitivity to the locomotor-stimulating effects of
psychomimetic drugs [12, 13, 23], suggesting that persistent
neural adaptations occur within locomotor circuitry.

Negative-Like Behaviours

Negative symptoms in schizophrenia include social withdraw-
al, emotional blunting, anhedonia, avolition and alogia, and
can be modelled in rodents with for example tests of social
interaction and social preference (modelling social withdraw-
al) and sucrose preference (modelling anhedonia) [66].
Chronic THC or WIN treatment in adolescence impairs social
interaction when animals are tested during the treatment peri-
od [16, 25, 28] or drug free in adulthood [18, 23, 26-29, 31].
Gene mutations in Nrg/ and COMT appear somewhat protec-
tive against adolescent cannabinoid-induced impairment in
social behaviour [[16, 27] but see also [18]]. Chronic THC
and WIN treatment in adolescence but not adulthood reduces
preference for palatable food or sucrose, when animals are
tested drug free in adulthood [adolescence: [24e, 29, 30];
adulthood: [24e, 29]]. These results suggest that adolescence
is a period of increased susceptibility for cannabinoid-induced
negative-like behaviours.

Cognitive Impairment

Cognitive impairments in schizophrenia are characterised
by deficits in attention, working memory, long-term mem-
ory and executive function, and rodent behavioural tasks
can model some aspects of these domains [67+¢]. Chronic
THC impairs spatial working memory, when animals are
tested drug free during adolescence or in adulthood [[18,
23, 31, 44-47] but see [48]]. Chronic adolescent THC,
WIN or CP also causes short-term recognition memory
impairments up to 4 days after treatment cessation [19,
40] and in adulthood [[18, 23, 28, 29, 31, 33, 34,
40—43] but see [38]]. Subchronic THC in late adolescence
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slows acquisition of cerebellar-dependent delayed eye-
blink conditioning [36].

Some cannabinoid-induced cognitive impairments are de-
pendent on the type of cannabinoid administered. Chronic
adolescent WIN impairs acquisition of spatial learning in the
Morris water maze (MWM) [32, 34], recall of associative fear
learning [[37] but see also [32]] and reversal learning and
intra-dimensional shift in adult rats [13], but THC has no
effect in these domains [[44, 45, 50-52] but see [35]]. THC
only affects performance in operant tasks where cognitive
load is high [[39], for non-human primates, see [49]]. WIN’s
more prominent effects may be due to WIN being a more
potent CBR agonist than THC [65], thus having stronger
deleterious effects on performance.

Sensorimotor Gating Disruption

Sensorimotor gating is a neural process of filtering out
irrelevant stimuli and can be measured through tests of
prepulse inhibition (PPI) of the acoustic startle response.
PPI is considered an endophenotype for schizophrenia and
appears associated with some aspects of cognition and
global function, but should not be considered an indicator
of cognitive function [68]. Chronic THC, CP and WIN
treatment in adolescence impairs PPI in adulthood in rats,
but not mice [15, 16, 37, 53, 54, 57]. Chronic cannabinoid
treatment in late adolescence or adulthood does not impair
PPI when animals are tested drug free [37, 55, 56].
Furthermore, chronic adolescent WIN impairs PPI in adult
drug-free COMT knockout (KO) but not wild type (WT)-
like mice [27].

Neural Consequences of Chronic Cannabinoid
Administration

Methodological details for references in this section are pre-
sented in Table 2.

CB;R Changes

There are discrepancies in the direction of change for
CB;R protein and messenger RNA (mRNA) expression
in human schizophrenia imaging studies and post-
mortem tissue [e.g. CB{R protein is up- or downregulated
depending on the detection technique [79]]. Nonetheless,
these changes in schizophrenia patients may indicate
increased susceptibility to cannabinoid-mediated neural
dysregulation. In rodent models, chronic adolescent and
adult cannabinoid treatments impact on cannabinoid
CB R expression in several brain regions; mostly, a
reduction in CB;R mRNA and protein expression is
observed following chronic cannabinoid administration.

Prefrontal Cortex

Chronic cannabinoid treatment reduces CB|R binding in the
prefrontal and cingulate cortices. Treatment with THC, WIN
or CP in adolescence reduces prefrontal cortex (PFC) CB;R
binding within a week of treatment cessation or after an ex-
tended drug-free period [[25, 31, 41, 46, 72] but see [16]].
Levels of the endogenous cannabinoid, anandamide, are also
reduced in the PFC following chronic adolescent THC treat-
ment [46]. Monoacylglycerol lipase (MGLL, which breaks
down the endocannabinoid 2-arachidonoylglycerol; 2-AG)
binding is unchanged in the PFC following chronic adolescent
WIN [41]. These effects appear dependent on cannabinoid
dose and treatment regime, as low doses do not alter CB;R
protein expression in the PFC [12], and shorter, subchronic
dose regimes (i.e. 3 days) also do not affect cortical CB;R
protein levels [20]. There appears to be some recovery of
CB|R expression after a prolonged drug-free period, as
CBR protein expression was not different to controls more
than 100 days after cessation of THC treatment [69]. It is
possible that reduced CBR function in the PFC may contrib-
ute to cannabinoid-induced cognitive impairment, for in addi-
tion to CB;R effects, adolescent cannabinoid treatment also
reduces endocannabinoid-mediated cortical long-term depres-
sion [46] and impairs short-term recognition and spatial mem-
ory in adulthood [41, 46]. Indeed, in human schizophrenia
patients, cannabis use leads to cortical thinning in CBR-rich
areas critical for cognitive function (e.g. DLPFC, anterior cin-
gulate cortex) [80, 81].

Hippocampus

Chronic cannabinoid treatment has sex-specific effects on hip-
pocampal CB;R protein and mRNA expression in rodents. In
male rats and mice, adolescent or adult THC or CP treatment
reduces CB;R protein levels and receptor binding in the hip-
pocampus [16, 19, 25, 30, 70-72]; however, there are some
reports of no change to CB|R expression or protein levels
following adolescent THC treatment, particularly after an ex-
tended drug-free period [37, 50, 69]. Reductions in CB;R
expression appear to occur on hippocampal y-aminobutyric
acid (GABA )ergic interneurons [19, 72]. The activation of G
protein-coupled receptors by acute CP is also reduced in male
rats following chronic adolescent THC treatment [30]; how-
ever, chronic adolescent WIN elevates protein expression of
metabolic enzymes for 2-arachidonoylglycerol and ananda-
mide [37]. Collectively, these data suggest decreased hippo-
campal CB1R function in male rodents following chronic can-
nabinoid treatment. In contrast, hippocampal CB|R function
appears upregulated in female rats: CBR protein and mRNA
are elevated in the hippocampus following chronic adolescent
THC treatment [51, 70]. Hippocampal CB;R may modulate
cannabinoid-induced cognitive function in male rodents, as
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male mice lacking CB;R on hippocampal GABAergic cells
do not exhibit THC-induced short-term recognition memory
impairment, where control mice do [19].

Striatum and Substantia Nigra

In the striatum and substantia nigra (SN), chronic adolescent
and adult cannabinoid treatments reduce CB;R mRNA and
protein expression immediately after treatment cessation;
however, CB R levels return to control levels when animals
are drug free for an extended period. Chronic THC in adoles-
cent male and female rats reduces CB;R receptor binding and
mRNA expression in the striatum 24 h after treatment cessa-
tion [[12, 25, 30], but see [50]]. A similar acute reduction in
CB;R mRNA and protein expression is observed in the SN
after repeated adolescent THC [12, 16, 25]. With an interval of
at least 2 weeks between treatment cessation and tissue col-
lection, chronic adolescent or adult cannabinoid treatment
does not change CB;R binding in male and female rodents
[15, 29, 51]. This transient decrease in CB;R mRNA and
protein expression suggests that acute downregulation of
CB;R may be due to the acute effects of cannabinoid admin-
istration, rather than long-lasting effects on receptor function,
which could have an enduring impact on schizophrenia-
relevant behaviour. In addition, cannabinoid-induced changes
to striatal and SN CBR protein or mRNA expression have not
yet been linked to any behavioural changes.

Hypothalamus, Amygdala and Cerebellum

There is some evidence for altered CB;R binding and function
in other brain regions following chronic cannabinoid treat-
ment. Chronic adolescent THC reduces hypothalamic CB;R
binding 2 days after treatment cessation [16], while subchron-
ic adult treatment with THC or the synthetic CB;R agonists
JWH-018 or JWH-073 reduces CB;R binding and CBR-in-
duced activation of G protein-coupled receptors in the hypo-
thalamus [20]. Adult subchronic THC treatment reduces
CB;R expression in the cerebellum for up to 5 days following
treatment cessation [36]. Also, chronic adolescent THC treat-
ment reduces CB R binding, as well as CBR-induced activa-
tion of G protein-coupled receptors in the amygdala of adult
rats [30, 55]; these effects are not present when animals are
treated with THC in adulthood [29]. It is possible that the
effects of adolescent THC treatment on CB;R function in
the amygdala may affect social behaviour. Social withdrawal
induced by chronic adolescent phencyclidine treatment is ac-
companied by reduced anandamide levels in the amygdala
and cortex, and these social deficits are reversed following
repeated adult treatment with URB597, an inhibitor of
endocannabinoid degradation [82]. Chronic adolescent THC
treatment also reduces social interaction and CBR expression
in the amygdala of adult female rats, and impairments in social
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interaction are reversed following URB597 treatment [29],
suggesting that amygdala CB;R expression may contribute
to social impairment in schizophrenia.

Dopaminergic System Changes

The dopaminergic system is critically involved in expression
of psychotic symptoms [e.g. antipsychotic drugs inhibit dopa-
mine D, receptors (D,R) to limit psychotic symptoms [83]],
and in schizophrenia patients, there is dysregulation of dopa-
minergic receptor expression in a region- and receptor-specific
manner. Dopamine receptor 2 expression is elevated in the
striatum and PFC of schizophrenia patients, but decreased in
other regions (e.g. thalamus) [84—86], whereas DR expres-
sion is elevated in the parieto-temporal cortex, but reduced in
the PFC [[85] but see also [87]]. There are no consistent
changes to dopamine transporter (DAT) expression in schizo-
phrenia patients [86, 88]. Some of these changes are observed
in rodents following chronic cannabinoid treatment.

Striatum and Hippocampus

In the striatum and hippocampus, chronic treatment with
CB/R agonists causes up- or downregulation of the dopami-
nergic system in a region- and receptor-specific manner. DR
binding and mRNA expression in the nucleus accumbens
(NAcc) of male rats are elevated following chronic adolescent
CP or adult WIN treatment [11, 73]. Similarly, chronic THC in
adulthood increases AFosB expression in D;R-expressing
cells in the NAcc and dorsal striatum of male mice [74].
Effects of chronic cannabinoids on D,R binding are also re-
gion specific. Adult chronic THC increases post-synaptic
D,;3R binding in the dorsal striatum [12], while adolescent
CP treatment reduces D,R binding levels in the hippocampal
CA1 region [73]. Finally, DAT expression in the striatum is
reduced in female but not male rats following chronic adoles-
cent CP [73]. The animal data show some similarities to hu-
man data and suggest an imbalance in dopaminergic system
activity following chronic cannabinoid exposure. In particular,
an imbalance between DR and D,R subtype expression in the
striatum may contribute to altered sensitivity to the locomotor-
stimulating effects of dopaminergic agents in cannabinoid-
treated rodents [12].

Ventral Tegmental Area and Substantia Nigra

Chronic cannabinoid treatment in adolescence or adulthood
causes downregulation of dopaminergic cell expression in
the ventral tegmental area (VTA) and SN. Adolescent or adult
THC treatment reduces tyrosine hydroxylase-positive (TH+; a
marker of dopaminergic neurons) cell density and mRNA
expression in the VTA [12, 69], while chronic WIN in adult-
hood decreases D,R mRNA expression in the VTA [11].
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Similarly, chronic adult WIN decreases D,R mRNA expres-
sion, as well as DAT mRNA and protein levels in the SN [11].
While chronic adolescent WIN increases the number of spon-
taneously active dopaminergic neurons in the VTA [13], this
may be a compensatory mechanism to account for reduced
dopaminergic cell or receptor density [13]. Interestingly,
COMT KO mice show a greater reduction in TH+ cell size
following chronic adolescent THC than control mice [69].
Considering that COMT KO mice exhibit higher basal levels
of dopamine release, extracellular dopamine levels and dopa-
mine metabolites in PFC [27], additional VTA dopamine re-
lease induced by chronic THC may have led to greater dopa-
minergic downregulation in these mice compared to controls.
Importantly, downregulation of VTA dopaminergic function
following chronic cannabinoid treatment appears associated
with positive and cognitive behaviours in schizophrenia ro-
dent models—changes in dopaminergic VTA cell activity im-
pair cognitive tasks, including reversal learning and intra-
dimensional shift and enhance locomotor activity to amphet-
amine challenge [13]. Furthermore, acute administration of
the dopamine D;R antagonist U-99194A in adulthood re-
verses short-term recognition memory deficits induced by ad-
olescent WIN [33]. Thus, it appears that dopaminergic down-
regulation in the VTA and SN following chronic cannabinoids
may contribute to cognitive impairment and sensitivity to psy-
chotomimetic agents in schizophrenia.

Glutamatergic System Changes

Human imaging and post-mortem studies in schizophrenia
patients generally report elevated tissue levels of glutamate
in the medial prefrontal cortex (mPFC), basal ganglia and
hippocampus [89, 90]. Despite substantial evidence
supporting N-methyl-D-aspartate receptor (NMDAR) dys-
function in the pathophysiology of schizophrenia [89, 91],
there are no consistent alterations of mRNA or protein expres-
sion of glutamate receptors across brain regions [92, 93].

Prefrontal Cortex

Changes to prefrontal glutamatergic release, glutamate NMDA
and o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) subunit receptor expression are present following
chronic adolescent cannabinoid treatment. Chronic adolescent
THC exposure elevates glutamate release in the PFC and dorsal
striatum in response to acute phencyclidine treatment but not at
baseline; this elevation of extracellular glutamate corresponds
with an elevated locomotor response to acute phencyclidine
[23]. There are conflicting reports on the direction of glutamate
receptor expression changes following adolescent cannabinoid
treatment. Chronic WIN increases phosphorylation of the
NMDAR subunit N2RB in the infralimbic cortex of the PFC
in adulthood [40], and chronic THC elevates cortical levels of

post-synaptic density protein 95 (PSD95), as well as the
NMDAR and AMPAR subunits GluN2, GIuN2B and GluA1
up to 30 days post-treatment [16, 46]. However, chronic THC
and CP have also been reported to reduce PSD95 and
synaptophysin protein expression in the PFC in adulthood
[45, 76], while chronic WIN treatment reduces expression of
metabotropic glutamate receptor 2/3 in the mPFC in adulthood
[41]. Despite these treatment protocols causing both up- and
downregulation of glutamatergic receptor expression, these
treatments produce spatial memory impairments [45, 76] and
short-term recognition memory deficits [41, 76], when animals
are tested drug free in adulthood. Thus, it appears that dysreg-
ulation of prefrontal glutamate contributes to cognitive impair-
ment following chronic cannabinoid treatment. It is unclear
whether these changes occur only following adolescent treat-
ment, as no adult treatment studies have investigated gluta-
matergic changes to the PFC.

Hippocampus

Glutamatergic receptor expression in the hippocampus is
downregulated following chronic adolescent or adult cannabi-
noid exposure. Chronic adolescent WIN reduces expression
of metabotropic glutamate receptor 5 in the hippocampus in
adult mice [37], while chronic adolescent THC reduces
PSD95 and NMDAR protein expression in hippocampus of
adult rats [44]. Another study reports a non-significant reduc-
tion in PSD95 hippocampal protein expression in THC-
treated adolescent rats [76], supporting a similar direction of
change to markers of glutamatergic synaptic sites in the hip-
pocampus. Conversely, mutation in Nrg/ transmembrane do-
main elevates NMDAR binding in the hippocampus after
chronic adolescent THC treatment, suggesting that Nrgl/ TM
HET mutation modulates how THC affects hippocampal
NMDAR expression [16]. Reductions in hippocampal gluta-
matergic receptor expression may only occur after an extend-
ed drug-free period—changes in glutamatergic receptor ex-
pression are observed more than a month after treatment ces-
sation [37, 45], but not within a week, in control animals [16,
75]. Cannabinoid-induced reductions in hippocampal gluta-
matergic receptor expression are associated with spatial work-
ing memory impairment [44] and deficits in recall of fear-
associated contextual memory [37]. This suggests that
cannabinoid-induced hippocampal glutamatergic dysfunction
may correspond with spatial learning and context recognition
deficits.

GABAergic System Changes
There is evidence for downregulation of the GABAergic sys-
tem, particularly in the PFC and hippocampus, in human

schizophrenia patients [e.g. reduced expression of glutamate
decarboxylase 67 (GADG67), which converts glutamate to
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GABA, reduced GABA reuptake transporter and altered
GABAergic receptor subunit expression; see [94]].

Chronic cannabinoid administration in adolescence and
adulthood reduces expression of GABAergic receptors and
basal extracellular GABA levels in the forebrain. Adolescent
THC reduces protein levels of GAD67 and basal GABA
levels in the PFC, when tissue is collected in adulthood [23].
GADG67 expression is reduced both in parvalbumin- (PV) and
cholecystokinin-containing interneurons [23]. Also, chronic
adolescent THC reduces PFC PV soma size in COMT KO
compared to WT mice, potentially indicative of reduced
GABAergic function in PV-containing PFC cells in COMT
KO mice [69]. Adolescent WIN self-administration increases
expression of the GABA transporter in the infralimbic cortex
of the mPFC [40], which could reduce extracellular GABA
due to increased reuptake. Chronic WIN may have dose-
dependent effects on GABAR subtype expression—when
adolescent rats self-administer low-dose WIN, expression of
mPFC GABA-B2R is elevated [40]; however, a higher dose in
adulthood decreases GABA-AR binding in the dorsal striatum
and SN [11].

Human and rodent studies suggest that prefrontal
GABAergic dysfunction contributes to cognitive impairment
in schizophrenia [reviewed in [95, 96]]; however, evidence
supporting cannabinoid-induced impairment in GABAergic
system function contributing to cognitive impairment is limit-
ed and mixed. The THC treatment regime which reduces PV
soma size in COMT KO mice [69] also impairs short-term
spatial memory in the Y-maze [18]. Also, while WIN-
induced changes to GABA-B2R expression are correlated
with performance on a delay-match-to-sample working
memory task, WIN treatment improves cognitive performance
in this task [40]. Finally, silencing GAD67 expression in the
PFC using small interfering RNA, in a manner akin to that
which occurs following adolescent THC treatment, does not
affect short-term recognition memory in the NORT [23].
There appears some association between cannabinoid-
induced changes in GABAergic receptor expression and
cell-type characteristics, but more research is required to de-
termine if chronic cannabinoid treatment alters GABAergic
system function, in a manner which corresponds with cogni-
tive impairment.

Changes to Serotonergic and Noradrenergic Receptor
Systems

Human post-mortem studies indicate that serotonergic and
noradrenergic system changes in patients with schizophre-
nia—elevated PFC serotonin receptor subtype 1A (5-
HT;sR) binding, reduced PFC 5-HT,5R binding [meta-
analysis: [97]] and elevated brain noradrenaline
concentration [98]—are observed in post-mortem tissue
from patients with schizophrenia. These findings are similar
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to changes induced by chronic cannabinoids, although it
should be noted there are a limited number of reports in
this field.

Chronic adolescent THC treatment in rodents has dis-
tinct effects on serotonin receptor subtypes: chronic THC
reduces 5-HT,R binding in the insula, cingulate and ven-
tral pallidum and increases 5-HT,,R binding in the stria-

m [16], but has no effect on 5-HT;,R binding in the
hippocampus, cingulate cortex and lateral septum [25].
Reductions in 5-HT,;5R expression may be due to a lower
neural firing rate of 5-HT-expressing cells in the dorsal
raphe following chronic cannabinoid treatment in adoles-
cence, but not adulthood [24¢]. Reduced serotonergic sys-
tem function following chronic cannabinoid treatment is
associated with behaviours representing negative symptoms,
including anhedonia-like behaviour (i.e. decreased sucrose
preference) [24¢] and impaired social interaction [16].
Furthermore, Nrg/ TM HET mice treated with THC in
adolescence exhibit a less severe social interaction impair-
ment and fewer THC-induced reductions in 5-HT,, recep-
tor binding across several forebrain regions [16]. This sug-
gests that cannabinoid-induced impairments in serotonergic
function could contribute to negative-like symptoms in
schizophrenia animal models.

There is limited evidence for noradrenergic system
changes following chronic adolescent cannabinoid treatment.
Chronic adolescent, but not adult, WIN treatment dose-
dependently enhances burst firing of noradrenergic cells in
the locus coeruleus (LC) in adulthood [24¢]. Considering
that CB|R agonism stimulates LC noradrenergic activity
[99], it is possible that the enhanced noradrenergic neural
activity observed was due CB;R upregulation in the LC
[24+]. The elevation of noradrenergic activity in the LC fol-
lowing chronic WIN may correspond with elevated anxiety-
like behaviour in the same treatment model—novelty sup-
pressed feeding is inhibited following chronic high-dose, but
not low dose, WIN [24¢].

Effects on Dendritic Spine Density and Morphology

Changes to dendritic spine density and morphology may
contribute to schizophrenia aetiology, as developmental
synaptic pruning and remodelling occur during a similar
age bracket as the onset of schizophrenia (i.e. adolescence,
early adulthood) [100]. Also, post-mortem brain tissue from
schizophrenia patients exhibits reduced dendritic spine den-
sity and arborisation in the PFC [101].

Chronic cannabinoid treatment in adolescence and adult-
hood reduces dendritic spine density and complexity in the
hippocampus and PFC. Chronic THC in adolescence
reduces dendritic spine length and number in the hippocam-
pus, for more than 30 days after treatment cessation [44].
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Also, subchronic and chronic WIN in adulthood reduces
dendritic spine density in the dentate gyrus of the hippocam-
pus [77]. Similar effects of chronic cannabinoids on dendrit-
ic spine density are observed in the PFC—chronic
adolescent CP reduces the number, length and complexity
of basal dendritic spines of pyramidal neurons of the PFC
for more than 40 days after treatment cessation [76].
Alterations to dendritic spine density in the hippocampus
are associated with performance in a radial arm maze, such
that having fewer dendritic spines is associated with a great-
er number of errors in a radial arm maze in adult rats [44].

Effects of Chronic Cannabinoid Treatment
on Inflammatory Markers

Increased neural inflammation during critical developmental
periods may impair subsequent brain maturation (e.g.
changes to structural connectivity, synaptic pruning) via
processes such as excitotoxicity, oxidative stress, neuroin-
flammation and excessive activation of the hypothalamic/pi-
tuitary/adrenal axis [102, 103]. Indeed, expression of
proinflammatory cytokines and markers of inflammation in
blood and cerebrospinal fluid [e.g. tumour necrosis factor
alpha (TNF-«), interleukin-13 (IL-1f3), IL-6, IL-8] [104]
and reduced serum and plasma antioxidant markers [105]
are observed in schizophrenia patients. Similar findings are
reported in rodents: repeated cannabinoid administration in
adolescence and adulthood generally increases protein and
mRNA expression of inflammatory markers [10, 31, 36, 78¢].

In the hippocampus, THC-induced expression of proin-
flammatory cytokines can change over time. Within 24 h of
chronic THC treatment, there is an acute reduction of
proinflammatory cytokine markers (e.g. TNF-«, IL-13) in
the hippocampus of mice treated in adolescence or
adulthood with THC [78¢], but 47 days after treatment
cessation, elevation of proinflammatory cytokines in the
hippocampus is observed only in adolescent-treated mice
[78e].

There are also dose-dependent effects of cannabinoid
administration on hippocampal astrocyte activation.
Chronic adolescent treatment with a low dose of CP
increases cells labelled with glial fibrillary acidic protein
(GFAP, an astrocyte marker) in the dentate gyrus of the
hippocampus in adulthood [70], while a moderate-to-high
dose of THC in adolescence reduces GFAP protein expres-
sion in the hippocampus in adulthood [44].

Effects of cannabinoids on inflammatory markers are
region dependent in the PFC and striatum. Effects of chronic
WIN in the striatum during adulthood are transient—chronic
WIN enhances striatal nuclear translocation of peroxisome
proliferator-activated receptor y (PPAR-y), as well as
receptor expression of TNF-x« and cyclooxygenase-2

(COX-2) immediately after drug treatment cessation, but
these effects return to control levels after 48 h [10]. Effects
on inflammatory markers last longer in the PFC—chronic
adolescent THC increases expression of the proinflammatory
markers TNF-«, inducible nitric oxide synthase (iNOS) and
COX-2, reduces IL-10 expression and upregulates CB,R
expression on microglial cells when tissue is collected in
adulthood [31].

In the cerebellum, subchronic THC in adult mice
increases mMRNA expression of the neuroinflammatory
markers IL-13, TNF-x, COX2, integrin alpha M (ITGAM)
and chemokine (C-X-C motif) ligand 2, as well as protein
expression of ITGAM for up to 5 days post-treatment [36].

Long-lasting (i.e. between 5 and 47 days) enhancement
of proinflammatory markers following chronic cannabinoid
treatment is associated with cognitive impairment. Chronic
THC-induced increases in PFC expression of TNF-«, iNOS,
COX-2 and CB, on microglia, as well as decreases in IL-10,
are associated with impaired short-term recognition memory
in adulthood [31]. Importantly, blocking microglial
activation with ibudilast during THC treatment significantly
attenuates short-term memory impairments in adulthood and
prevents increased TNF-«, iNOS and COX-2 levels as well
as the upregulation of CB, receptors on microglial cells [31].
In the cerebellum, subchronic adult THC increases mRNA
expression of neuroinflammatory markers and impairs
cerebellar-dependent eyeblink conditioning [36]; these
impairments are reversed when animals are treated with
the immunosuppressant and microglial inhibitor minocycline
after THC treatment cessation [36]. These data indicate that
upregulation of inflammatory markers following chronic
cannabinoid treatment, particularly in the PFC and
cerebellum, may contribute to cognitive impairment relevant
to schizophrenia.

Synthesis and Conclusions

Chronic cannabinoid treatment in adolescence and adult-
hood causes substantial changes to receptor expression and
function across the brain, as well as marked changes to
dendritic morphology and inflammatory markers. Changes
in brain function and connectivity correspond with behav-
ioural impairments relevant to schizophrenia and, indeed,
indicate which symptom domains are particularly affected
by chronic cannabinoid treatment.

Positive symptoms appear to correspond with cannabinoid-
induced changes in dopaminergic system function—an
imbalance of D;R/D,R expression in forebrain regions and
downregulation of dopaminergic cell function in the VTA
and SN alters sensitivity to locomotor-stimulating
dopaminergic agents. Behaviours corresponding with
negative symptoms correlate with region-specific impairment
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in CB|R expression and serotonergic system function:
cannabinoid-induced impairments in social interaction and an-
hedonia correspond with reduced amygdala CB;R
expression, impaired forebrain 5-HT,, receptor
expression and reduced dorsal raphe 5-HT firing.

Cognitive impairment following chronic cannabinoid
treatment appears dependent on altered receptor
expression, dendritic morphology and increased
inflammation; these effects often occur in the forebrain.
Persistent downregulation of dopaminergic receptor
expression in the VTA and SN, reductions in
glutamatergic receptor expression in the hippocampus and
lower PFC and hippocampal CB|R expression are associat-
ed with persistent cannabinoid-induced cognitive impair-
ment. Reduced dendritic spine density in the PFC and hip-
pocampus contributes to spatial memory and short-term rec-
ognition memory impairment. Long-lasting upregulation of
inflammatory markers across the brain causes short-term
recognition memory and cerebellar-dependent eyeblink con-
ditioning impairment. It is presently unclear how chronic
cannabinoid treatment causes persistent disruption of senso-
rimotor gating, but pharmacological manipulation of senso-
rimotor gating suggests that it may involve dysfunction in
dopaminergic and glutamatergic systems [68].

From the animal data reviewed, there is some indica-
tion that adolescence is a critical period of susceptibility
to cannabinoid-induced brain changes in rodents. Most of
the research cited in this review examines how adolescent
cannabinoid treatment affects neural function in adult-
hood, without comparison to an adult treatment group
[studies with age comparison: [24e, 78¢]]. Comparisons
between studies using adolescent and adult treatment
regimes [24+, 78] demonstrate greater impairment in neu-
ral function following chronic adolescence cannabinoid
treatment, compared to adult treatment; however,
considering the small number of studies directly
comparing the two age groups, it is clear that more re-
search is required in this field. Finally, sex differences
during adolescence and adulthood also require further
investigation; most studies reviewed here examine
responses in one sex only, and this is often males.
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