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Cannabis points to the synaptic pathology
of mental disorders: how aberrant
synaptic components disrupt the highest
psychological functions
Paul D. Morrison, FRCPsych, PhD; Robin M. Murray, FRS
Cannabis can elicit an acute psychotic reaction, and its long-term use is a risk factor for schizophrenia. The main active
psychoactive ingredient ∆9-tetrahydrocannabinol (Δ9-THC) activates cannabinoid 1 (CB1) receptors, which are localized
to the terminals of glutamate and GABA neurons in the brain. The endogenous cannabinoids are involved in information
processing and plasticity at synapses in the hippocampus, basal ganglia, and cerebral cortex. Exogenously applied CB1
receptor agonists disrupt neuronal dynamics and synaptic plasticity, resulting in cognitive deficits and impairment of
the highest psychological functions. Various other pro-psychotic drugs, such as ketamine and methamphetamine, exert
their effects in the same microdomain of synaptic spines as Δ9-THC. Additionally, many of the most robust findings in
psychiatric genetics include components that localize to dendritic spines and have important roles in information processing
and plasticity.
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It is well known that persistent heavy use of cannabis
increases the risk of schizophrenia-like psychoses. There
are numerous reviews of the topic,1,2 so we will not present
the evidence yet again. Rather, we will discuss the possible
molecular mechanisms underlying the psychotogenic effects
of cannabis and its effects on cognitive functions such as
memory. The main psychoactive component of cannabis is
∆9-tetrahydrocannabinol (Δ9-THC) which is an agonist at
the endocannabinoid cannabinoid 1 (CB1) receptor. Agonists
at the CB1 receptor can have a major effect on the higher

faculties, including the induction of an acute psychotic reaction.3 Synthetic CB1 receptor agonists appear to produce a
more florid psychotic reaction than Δ9-THC.4,5

The phenomenology of endocannabinoid CB1
receptor agonists
The acute psychosis resulting from exogenous cannabinoid
effects on CB1 receptors is polymorphic, with features that
can be categorized as positive, negative, and disorganized.6
Thinking can be grandiose, “a feeling of great insight…
I must write down this fantastic theory,” or have a more
sinister, paranoid flavor, “every occurrence, cough, object,
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test, has deeper and connected meaning…it was all deliberate, planned…some sort of prank, to make a fool of
people.”7

The circuitry of the hippocampus is reasonably well understood. This is the case both at the gross anatomical level
and at the micrometer level of individual synapses.9 The
intrinsic circuitry of the hippocampus follows a regular and
There can also be an apparent disconnect in the unity of well-demarcated pattern, a characteristic made use of by
the highest faculties. In normal consciousness, the will to cellular electrophysiologists deciphering the general rules of
move, the movement itself, and the recognition that one synaptic plasticity. The most well-known form of plasticity,
has just moved are part of a coherent whole, which is taken long-term potentiation (LTP), was discovered at excitatory
for granted. Under CB1 receptor agonists, there can be an synapses within the hippocampal complex in 1973.10,11 Ten
apparent fragmentation, for instance “…there was a disso- years later, it was demonstrated that the potentiated synapse
ciation between movement and the will to move.” The same uses glutamate as a neurotransmitter, and that transmiseffect can also occur in the domain
sion via the postsynaptic N-methof language, for example “There’s
yl-d-aspartate (NMDA) receptor is
CB1 receptor agonists
an incredible disconnection between
essential for the induction of LTP.11
thinking and saying something” and
can have a marked effect This form of plasticity, NMDA-re“The key theme in hallucinations…
ceptor–dependent LTP, has been
on neuronal dynamics,
you do not realize if you are saying
found throughout the central nervous
which manifest as a
these words out loud or just thinking
system, reflecting the role of glutait.”7 So-called first-rank symptoms
mate as the main excitatory transtransformation of the
of schizophrenia, in which there are
mitter in the brain. Through LTP,
experience of lived reality glutamate synapses can be strengthabnormalities in selfhood, can occur
with CB 1 receptor agonists, such
ened. The NMDA receptor acts as a
as “It feels like my legs are being
coincidence detector, with channel
controlled by strings from the ceiling. Yes… actual strings.”7 opening in response to presynaptic activity (“sensed” at the
These reports indicate that CB1 receptor agonists can have glutamate binding site of the receptor) and concurrent posta marked effect on neuronal dynamics, which manifest as a synaptic activity (the voltage sensor in the receptor). Essentransformation of the experience of lived reality.
tially, the NMDA receptor functions as a logical “AND
gate.”12 The influx of Ca2+ through the NMDA channel
Effects of CB1 receptor agonists on hippocampal
pore is the primary event, eliciting an array of downstream
functioning
changes, which make the postsynaptic neuron more sensitive to glutamate.11 Short-lived strengthening appears to be
It is well established that cognitive functioning can be essential for holding information for minutes to hours.11
impaired under CB1 receptor agonists. The deficits are Long-lived strengthening is believed to underlie the inscripapparent over the range of cognitive domains, including tion of relatively permanent memory traces into the nervous
executive functioning and delayed recall.3,7
system. The latter process necessitates the synthesis of new
components and structural alterations at the synapse.13
Delayed recall of new information depends on the proper
functioning of the hippocampus. The hippocampus acts In the years since the discovery of NMDA-dependent LTP,
as a buffer, which stores information in the background, numerous forms of synaptic plasticity have been discovered
obviating the need to continuously circulate information in throughout the brain.14 Plasticity can be expressed through
consciousness.8 Hippocampal functioning is easily tested presynaptic as well as postsynaptic mechanisms. Typically,
by the recall of a list of words, some 15 to 20 minutes after the amount of glutamate released from the presynaptic
the initial presentation of the list. In laboratory studies, terminal, in response to an action potential, can be enhanced
delayed recall is invariably disrupted under Δ9-THC condi- or diminished, over various time frames.15
tions.3,7 Essentially, Δ9-THC and other endocannabinoid
CB1 receptor agonists disrupt the proper neurophysiological The hippocampus was again the locus for the discovery and
functioning of the hippocampus.
elucidation of a novel form of plasticity, which was found to
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be mediated by endogenous cannabinoid molecules.16 The
mechanisms turned out to be highly unorthodox. Normally,
synapses are conceptualized as transferring information
in a presynaptic to postsynaptic direction. Endogenous
cannabinoid signaling in the hippocampus is very different.
The transmitter, in this case a small lipid molecule called
2-arachidonoylglycerol (2-AG) is produced postsynaptically in dendritic spines, whereas the receptor for 2-AG,
the CB1 receptor is found on the presynaptic terminal. Thus,
endocannabinoid signaling in the hippocampus constitutes
retrograde transmission, in that the flow of information is in
the postsynaptic to presynaptic direction.17 When activated
by 2-AG, CB1 receptors evoke a decrease in presynaptic
neurotransmitter release. This decrease can be short-term
or prolonged. The latter case is referred to as long-term
depression (LTD).17
LTD, mediated via endocannabinoid transmission, would
soon be discovered at additional loci in the brain, especially in those structures where learning and the inscription of new memory traces is intrinsic to their function;
the amygdala (fear memory) the striatum (habit learning),
the cerebellum (psychomotor learning), and the cerebral
cortex.17 An emergent generality was that the main output
neurons in the amygdala, striatum (medium spiny neurons),
cerebellum (Purkinje neurons), and cerebral cortex (pyramidal neurons), are able to synthesize and release endocannabinoids from their dendritic spines, and in doing so
have the ability to fine-tune their synaptic inputs.17 It also
became apparent that CB1 receptors are found, not just on
glutamate terminals, but also on GABA terminals. Thus,
principal neurons can fine-tune their incoming excitatory
(glutamate) and inhibitory (GABA) signals. This fine-tuning
can be short-term or relatively permanent.17
Endocannabinoid signaling is essential for the proper functioning of the hippocampus as a memory buffer. In normal
physiology, the synthesis and subsequent metabolism of
2-AG is under precise control.18 However, exogenously
applied CB1 receptor agonists cannot replicate the subtleties of endogenous cannabinoid signaling. For example,
whereas 2-AG pushes the balance in hippocampal circuits
toward LTP and associative learning, exogenously applied
cannabinoids inhibit LTP.19,20 Exogenous cannabinoids also
disrupt theta rhythms, which are known to be fundamental
for the proper orchestration of hippocampal functioning, and
for LTP in the hippocampus.20 Finally, exogenous cannabi-

noids disrupt the synchronized firing of individual hippocampal neurons.20 At the behavioral level, endocannabinoid
signaling in the hippocampus is important for learning and
memory, whereas in stark contrast, exogenously administered CB1 receptor agonists impair hippocampal-dependent
memory performance.
In the last decade, our knowledge of endocannabinoid
signaling and endocannabinoid-mediated plasticity in the
hippocampus has reached new heights of unorthodoxy.21
For instance, it has become apparent that hippocampal
astrocytes express CB1 receptor. Upon CB1 receptor stim-

Figure 1. A nerve fiber from the cerebral cortex is shown
forming an excitatory synapse at the dendritic spine of a
principal striatal neuron. Glutamate (GLU) released from the
terminal activates postsynaptic receptors of the AMPA and
NMDA class. A dopamine (DA) fiber and varicosity is shown
at the spine neck. The synapse can be strengthened through
the mechanism of long-term potentiation (LTP) by opening
of the NMDA channel and the influx of calcium. Sustained
LTP requires protein synthesis and morphological changes in
the dendritic spine. The endocannabinoid molecule 2-AG is
produced “on demand” in the dendritic spine and functions
as a retrograde transmitter at CB1 receptors on the presynaptic terminal. Endocannabinoids reduce presynaptic transmitter release and elicit a form of synaptic plasticity, which is
expressed presynaptically, called long-term depression (LTD).
Endocannabinoid synthesis in the dendritic spine requires the
action of dopamine at D2 receptors. The pro-psychotic drug
∆9 -tetrahydrocannabinol acts at the CB1 receptor; ketamine,
at the NMDA channel; and methamphetamine, on dopamine
varicosity. AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA, N-Methyl- d -aspartate; 2-AG, 2-arachidonoylglycerol
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ulation, astrocytes release glutamate, which acts at receptors on neighboring neurons (gliotransmission). In one
scenario, astrocytic-derived glutamate evokes presynaptic
LTP in the hippocampus by activating metabotropic glutamate (mGlu) receptors on nerve terminals.21 Additional
complexity will no doubt emerge, further emphasizing
the gulf between the effects of endogenous and exogenous cannabinoids. To summarize, endocannabinoids are
important components in how the hippocampal networks
hold information in memory. In contrast, Δ9-THC and other
exogenous cannabinoids disrupt information processing in
the hippocampus.

Psychosis and pro-psychotic drugs
Unlike the case with deficits in episodic memory, psychosis
cannot be mapped onto a specific brain structure as easily.
Psychosis is a less defined concept. Over time, there have
been attempts to localize psychosis within various brain
structures, including the hippocampus, the basal ganglia,
dopamine neurons, and the cerebral cortex; others have
conceptualized a more generalized, widespread deficit
in information processing.22-25 Currently, there is no firm
ground on which to base an answer. Another difficulty is
that it is possible to be psychotic in various ways. In some
cases, persecutory delusions are the dominant theme, in
others, a profound breakdown in the normal sense of selfhood and agency. Finally, psychosis is also much more difficult to measure than episodic memory performance. Indeed,
it is not at all clear if it makes sense, or constitutes scientific
progress, to put numbers on psychosis and to then search
for statistical correlations between psychosis scores and a
selected biological variable.
One solution is to return to the synaptic level, and thereafter to consider the effects of pro-psychotic drugs. The
higher faculties—thinking, planning, selfhood, etc—do
not reside in a single neuron, but are assumed to emerge
from a network of neurons.26 Nervous tissue is immensely
powerful because of the rich, dynamic, temporally coherent,
and highly plastic interconnectivity between neurons.27 For
example, a 1-mm voxel of cerebral cortex (a standard functional magnetic resonance imaging [fMRI] unit) contains a
sobering, ~300 million local synaptic connections.
Just as was the case for cannabis-induced impairments
in hippocampal-dependent memory, acute cannabinoid

psychoses are probably the result of disrupted information
processing in neuronal networks at the synaptic scale. An
important observation is that other pro-psychotic molecules
act in the same microdomain as Δ9-THC (Figure 1).
Repeated, heavy use of stimulant drugs such as crystal methamphetamine and crack cocaine can elicit a classic paranoid
psychosis. The psychomotor effects of stimulants can be
blocked by dopamine D2 antagonists, standard antipsychotic
drugs used in psychiatry.28 Dopamine plays an important
role in synaptic plasticity within the hippocampus and in the
striatum.29 Whereas the effects of dopamine on hippocampal
synapses are mediated via the D1 receptor class, the effects
of dopamine on striatal synapses are mediated by both D1
and by D2 receptors.29,30 Dopamine D2 receptors are located
at dendritic spines, where they can elicit endocannabinoid
synthesis and downstream LTD at cortical inputs to the striatum.30
Ketamine can elicit a profound transformation in the experience of lived reality, in which insight is absent. Healthy
subjects describe phenomena that go beyond the realms of
a paranoid psychosis.31 Ketamine can induce a euphoric,
dream-like oneiroid state with bizarre posturing on the
surface. Reports are of time stopping, dissolution of the
ego, being dead, meeting (or being) God, and travel through
fractal geometries.31 The psychedelic effects of ketamine
appear to stem from blockade of the NMDA-receptor
channel and inhibition of short- and long-term potentiation
(STP and LTP) at glutamate synapses.32 Lysergic acid diethylamide (LSD) elicits a marked transformation in conscious
experience with absence of insight via stimulation of serotonergic 5-HT2A receptors.33
Any enterprise that proposes a detailed, unifying theory for
the various pro-psychotic drugs risks being outmoded, in
a fairly short time frame, as our knowledge of the microanatomy and physiology of synaptic networks reaches new
heights of complexity. For instance, it now appears that a
joint dopamine D2 and endocannabinoid CB1 mechanism
can evoke LTP at cortical inputs to the striatum, rather than
the canonical LTD, which dominated the literature for a
decade.34 Technically, it means that bidirectional plasticity
is the new order at corticostriatal synapses. Ongoing efforts
are elucidating the precise spatiotemporal circumstances at
the synaptic level, which determine whether the direction
of plasticity is toward LTP or toward LTD.34
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As is the case for the effects of Δ9-THC on the hippocampus
and memory described above, some tentative conclusions
can be drawn for the effects of pro-psychotic drugs. The
basic assumption of course, as was stated in the beginning
of this section, is that the higher faculties emerge from
the rich, dynamic, temporally coherent and highly plastic
interconnectivity between neurons. The pro-psychotic
drugs Δ9-THC, ketamine, and methamphetamine, all share
the ability to disrupt synaptic signaling within the same
microdomain. It is likely that the pro-psychotics exert their
dramatic and bizarre effects on the highest human faculties
of thought, knowledge, and selfhood by disrupting information processing in neuronal networks at the synaptic
level. Whether the essential disruption for psychosis can
be localized to the striatum, the hippocampus, the cortex, a
combination of these structures, or the long-range signaling
between structures remains unknown but is perhaps not that
critical. The pivotal events in psychosis, at least as far as
pro-psychotic drugs go, appear to occur at the submicrometer scale in axon terminals and dendritic spines.

The central idea is that neuronal networks are sculpted by
experience during development and that with age, network
stability takes priority over new learning.36 A window also
applies for the peak expression of genes involved in synaptic
plasticity and schizophrenia.42 Notably, the risk-increasing
effect of cannabis for schizophrenia43 and neuropsychological impairment44 appears to be greatest following exposure
during the adolescent phase of brain development. A similar
window of vulnerability exists in animal models, in which
exposure to CB1 receptor agonists in adolescence results in
persistently reduced social interaction and impaired cognitive functioning.45-47

Pro-psychotic drugs as pointers to endogenous
mental illness: the dendritic spine

Many neuropsychiatric and intellectual disorders are associated with abnormalities in synaptic components 36,48,49
(Figure 2).50 These components often have a fundamental
role in structural plasticity.36,49,50 There are proteins that span
the synaptic cleft, tethering and stabilizing the presynaptic
terminal to the adjacent dendritic spine. Deletions in these
cell-adhesion molecules, such as neurexin-1, are associated
with autism and schizophrenia.36,49,51 For example, deletions
that disrupt neurexin-1 exons confer a ten-times-greater risk
for schizophrenia.52

Compounds such as Δ9-THC may act as pointers toward the
abnormal neurophysiology of endogenous mental illness.35
Pro-psychotic drugs can be thought of as eliciting a “lesion”
at the protein level, which is translated via altered synaptic
dynamics, and ultimately manifests as altered conscious
experience. Progress in molecular neuroscience has revealed
that the hitherto unknown cause of many developmental
disorders is abnormal protein components, which regulate
structural plasticity. The dendritic spine, in particular, has
emerged as a key locus for synaptic pathology. Dendritic
spines are highly dynamic structures that undergo morphological change as part of learning and memory.36 Pro-psychotic drugs, including Δ9-THC, impact upon the structural
plasticity of dendritic spines.26,37-40

Variation in the CACNA1C gene has been consistently
associated with bipolar disorder, schizophrenia, major
depression, autism, and attention-deficit hyperactivity
disorder (ADHD).53 CACNA1C codes for an alpha subunit
of a postsynaptic, voltage-dependent, L-type Ca2+ channel
(Cav1.2). The Cav1.2 channel is found in dendritic spines
and shafts, where it has a key role in synaptic plasticity.54,55
In the striatum for example, the coincidence of presynaptic activity (sensed by mGlu receptors), postsynaptic
activity (sensed by L-type Ca2+ channels), and dopamine
release (sensed by D2 receptors) evokes endocannabinoid
synthesis and release from dendritic spines.56 The released
endocannabinoid elicits plastic adaptations at the presynaptic cortical input.56

Spines can appear, change shape, enlarge, and disappear
throughout the lifespan in an activity-dependent manner.41
Essential processes for spine rearrangement include motility,
protein synthesis, stabilization, and pruning. Spine size is
highly correlated with synaptic strength (the magnitude
of excitatory postsynaptic potentials) and spine stability.36
There are critical periods of development during which
plasticity is intense, followed by a decrease with age. 36

Persistent memory traces and ingrained psychomotor
habits require relatively permanent structural changes at
synapses.13 The prolonged form of LTP requires the local
synthesis of new proteins.57 The machinery for protein
synthesis (and protein degradation) is found locally within
dendritic spines.58 Regulatory pathways include brain-derived neurotrophic factor (BDNF) receptor and tropomyosin
receptor kinase B (TrkB), and intracellular mediators such
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as AKT (also known as protein kinase B) and mammalian
target of rapamycin (mTOR).36 Several conditions, including
tuberous sclerosis and fragile X syndrome, are a result of
genetic abnormalities within the signaling components that
regulate protein synthesis, giving rise to intellectual and
psychiatric symptoms.36,49 Fragile X results in abnormalities
in plasticity (eg, LTD), and can present as autism, ADHD,
and intellectual disability.59 Variants in AKT are reported to
show an interaction with cannabis for the risk of developing
a psychotic disorder.60

already apparent that the long-sought-for pathophysiology
of major mental illness is not as distant as is sometimes
portrayed. What we are learning about the molecular mechanisms underlying the psychotogenic effects of drugs like
cannabis may hasten the day of understanding.

Actin filaments give spines their structural dynamism.61,62
Variation in numerous proteins of the RHO GTPase signaling
pathway, which control actin filaments, are a cause of intellectual disability and autism.36,49 Translocation or mutation
affecting the protein disrupted in schizophrenia 1 (DISC-1)
reportedly confers a risk for multiple psychiatric disorders,
including schizophrenia, and bipolar and major depression.63
DISC-1 is localized to dendritic spines, where it regulates
actin and spine morphology via kalirin-7 and Rac1.63,64
Finally, synapses that are destined for elimination express
complement C4, a tag that is recognized by microglia,
which engulf and clear the redundant synaptic elements.65
In the early stages of Alzheimer disease, before amyloid
deposition and tangle formation, there is an upregulation
of complement proteins, microglial phagocytosis, and the
loss of synapses.66 Thus, Alzheimer disease appears to be a
disorder of runaway synaptic loss. Schizophrenia has been
conceptualized as a disorder of impoverished connectivity.67
Variation in the complement C4 gene is strongly associated
with schizophrenia, and it has been hypothesized that excessive synaptic pruning by phagocytic microglia induced by
variants in complement C4 during adolescence is responsible for the onset of the disorder in some cases.68
In summary, our mental health is obviously dependent on
the health of synapses and neuronal networks. A range of
psychiatric disorders and intellectual disabilities are associated with synaptic pathology. The ability of a neuronal
network to learn from experience confers survival advantage. There are mechanisms for short-term and relatively
persistent change at individual synaptic connections;
strengthening, weakening, growth, stabilization, and
pruning. Learning mechanisms at synapses are elaborate,
consisting of a vast array of components in dynamic flux.
Molecular neuroscience will continue to add detail, but it is

Figure 2. A glutamate nerve terminal is shown synapsing on
a dendritic spine. Glutamate (GLU) released from the terminal activates postsynaptic receptors of the AMPA and NMDA
class. Activation of the NMDA receptor and the resultant
influx of Ca2+ is the prime mover in long-term potentiation
(LTP), the process by which the synapse becomes stronger. In
the short term, the AMPA receptor is sensitized to glutamate,
and more AMPA receptors are shuttled to the postsynaptic
membrane. Sustained LTP requires local protein synthesis and
the incorporation of new components into the postsynaptic
machinery. Training and new learning changes the morphology of the spine and stabilizes the synaptic connection. Filamentous actin provides motility, and cell-adhesion molecules
such as neurexin and neuroligin bridge the synaptic cleft.
Synapses can also express a tag, complement C4, which is
recognized by phagocytic microglia, which function to prune
redundant connections, particularly during adolescence.
A large number of psychiatric and intellectual disability
disorders are associated with abnormalities in local protein
synthesis (eg, fragile X syndrome), actin dynamics (learning
disability and schizophrenia), cell adhesion molecules (autism
and schizophrenia) and complement C4 (dementia of Alzheimer’s type and schizophrenia). The post-synaptic L-type Ca2+
channel (Cav1.2) is involved in dendritic spine plasticity (LTP,
long-term depression, and protein synthesis). Robust genetic
findings have demonstrated that variation in the CACNA1C
gene, which codes for an alpha subunit of Cav1.2, confers a
risk for bipolar disorder, schizophrenia, major depression, autism, and ADHD. AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; DISC-1, disrupted in schizophrenia 1;
NMDA, N-Methyl-D-aspartate; 2-AG, 2-arachidonoylglycerol
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Conclusions and future directions
There has been considerable progress in identifying the
genetic and environmental factors that predispose to mental
disorders, and cellular neuroscience continues to reveal the
workings of nervous tissue at a highly resolved level of
detail. Psychotropic molecules such as Δ9-THC, the main
psychoactive constituent of cannabis, have been useful
in showing how a precise, molecular manipulation that
elicits mental and intellectual disorder disrupts neuronal
processing at the synaptic scale. It is perhaps unsurprising
that other pro-psychotic molecules also work at the same
level, disrupting synaptic dynamics, but less so that a whole
host of psychiatric disorders and intellectual disabilities are
associated with disruptions in synaptic physiology. Dendritic
spines in particular appear to be implicated, which may be
a consequence of their importance in learning and memory.
The timing of extraneous effects on the brain such as adolescent cannabis use is important, as critical windows appear

within time; in the small scale, oscillations such as theta
waves permit LTP; but also over a longer scale, windows of
gene expression facilitate marked network reorganization.
Further developments will enhance our knowledge of the
effect of temporality on the emergence of synaptic pathology
and mental illness. It is already apparent from the emergence of genetic pleiotropy that the traditional diagnostic
systems in psychiatry are largely redundant. Additionally,
whole-brain imaging methods in humans look increasingly
blunt and remote from real progress, which is clearly at the
synaptic scale. Continued progress at the synaptic scale will
inevitably usher in personalized psychiatry, not yet perhaps
in terms of therapeutics, but in terms of precise formulation.
Psychiatric formulations will eventually be on a footing as
robust as those in medicine and neurology. n
Acknowledgments/Disclosures: Dr P. D. Morrison has had
no conflicts of interest in the last 3 years. Dr P. D. Morrison
was commissioned and paid to write this article.

References
1. Di Forti M, Quattrone D, Freeman TP, et al.
The contribution of cannabis use to variation in
the incidence of psychotic disorder across Europe
(EU-GEI): a multicentre case-control study. Lancet
Psychiatry. 2019;6(5):427-436.
2. Murray RM, Morrison PD, Henquet C, Di Forti
M. Cannabis, the mind and society: the hash realities.
Nat Rev Neurosci. 2007;8(11):885-895.
3. D’Souza DC, Perry E, MacDougall L, et al. The
psychotomimetic effects of intravenous delta-9-tetrahydrocannabinol in healthy individuals: implications for psychosis. Neuropsychopharmacology.
2004;29(8):1558-1572.
4. Kemp AM, Clark MS, Dobbs T, Galli R, Sherman
J, Cox R. Top 10 facts you need to know about synthetic cannabinoids: not so nice spice. Am J Med.
2016;129(3):240-244.e1.
5. Hobbs M, Patel R, Morrison PD, Kalk N, Stone
JM. Synthetic cannabinoid use in psychiatric patients
and relationship to hospitalisation: a retrospective
electronic case register study. J Psychopharmacol.
2020;34(6):648-653.
6. Sherif M, Radhakrishnan R, D’Souza DC, Ranganathan M. Human laboratory studies on cannabinoids
and psychosis. Biol Psychiatry. 2016;79(7):526-538.
7. Morrison PD, Zois V, McKeown DA, et al. The
acute effects of synthetic intravenous Delta9-tetrahydrocannabinol on psychosis, mood and cognitive
functioning. Psychol Med. 2009;39(10):1607-1616.
8. Lisman J, Buzsáki G, Eichenbaum H, Nadel L,
Ranganath C, Redish AD. Viewpoints: how the hippocampus contributes to memory, navigation and
cognition. Nat Neurosci. 2017;20(11):1434-1447.

9. Schultz C, Engelhardt M. Anatomy of the hippocampal formation. Front Neurol Neurosci. 2014;
34:6-17.
10. Collingridge GL, Bliss TVP. Memories of
NMDA receptors and LTP. Trends Neurosci. 1995;
18(2):54-56.
11. Nicoll RA. A brief history of long-term potentiation. Neuron. 2017;93(2):281-290.
12. Daw NW, Stein PSG, Fox K. The role of NMDA
receptors in information processing. Annu Rev Neurosci. 1993;16(1):207-222.
13. Nakahata Y, Yasuda R. Plasticity of spine
structure: local signaling, translation and cytoskeletal reorganization. Front Synaptic Neurosci.
2018;10:29.
14. Citri A, Malenka RC. Synaptic plasticity: multiple forms, functions, and mechanisms. Neuropsychopharmacology. 2008;33(1):18-41.
15. Malenka RC, Bear MF. LTP and LTD: an embarrassment of riches. Neuron. 2004;44(1):5-21.
16. Katona I, Freund TF. Multiple functions of
endocannabinoid signaling in the brain. Annu Rev
Neurosci. 2012;35:529-558.
17. Chevaleyre V, Takahashi KA, Castillo PE. Endocannabinoid-mediated synaptic plasticity in the CNS.
Annu Rev Neurosci. 2006;29:37-76.
18. Castillo PE, Younts TJ, Chávez AE, Hashimotodani Y. Endocannabinoid signaling and synaptic
function. Neuron. 2012;76(1):70-81.
19. Chevaleyre V, Castillo PE. Heterosynaptic LTD
of hippocampal GABAergic synapses: a novel role
of endocannabinoids in regulating excitability. Neuron. 2003;38(3):461-472.

20. Robbe D, Montgomery SM, Thome A, Rueda-Orozco PE, McNaughton BL, Buzsaki G.
Cannabinoids reveal importance of spike timing
coordination in hippocampal function. Nat Neurosci.
2006;9(12):1526-1533.
21. Araque A, Castillo PE, Manzoni OJ, Tonini
R. Synaptic functions of endocannabinoid signaling in health and disease. Neuropharmacology.
2017;124:13-24.
22. Lieberman JA, Girgis RR, Brucato G, et al.
Hippocampal dysfunction in the pathophysiology
of schizophrenia: a selective review and hypothesis
for early detection and intervention. Mol Psychiatry.
2018;23(8):1764-1772.
23. Howes OD, Kapur S. The dopamine hypothesis
of schizophrenia: version III--the final common pathway. Schizophr Bull. 2009;35(3):549-562.
24. Lewis DA, Hashimoto T, Volk DW. Cortical
inhibitory neurons and schizophrenia. Nat Rev Neurosci. 2005;6(4):312-324.
25. Fornito A, Zalesky A, Pantelis C, Bullmore ET.
Schizophrenia, neuroimaging and connectomics.
Neuroimage. 2012;62(4):2296-2314.
26. Morrison PD, Murray RM. The antipsychotic
landscape: dopamine and beyond. Ther Adv Psychopharmacol. 2018;8(4):127-135.
27. Lichtman JW, Pfister H, Shavit N. The big
data challenges of connectomics. Nat Neurosci.
2014;17(11):1448-1454.
28. Iversen SD, Iversen LL. Dopamine: 50 years in
perspective. Trends Neurosci. 2007;30(5):188-193.
29. Hansen N, Manahan-Vaughan D. Dopamine
D1/D5 receptors mediate informational saliency

DIALOGUES IN CLINICAL NEUROSCIENCE • Vol 22 • No. 3 • 2020 • 257

Original article

Cannabis points to the synaptic pathology of mental disorders - Morrison, Murray

that promotes persistent hippocampal long-term
plasticity. Cereb Cortex. 2014;24(4):845-858.
30. Mathur BN, Lovinger DM. Endocannabinoid-dopamine interactions in striatal synaptic plasticity.
Front Pharmacol. 2012;3:66.
31. Jansen KL. A review of the nonmedical use of
ketamine: use, users and consequences. J Psychoactive Drugs. 2000;32(4):419-433.
32. Ingram R, Kang H, Lightman S, et al. Some distorted thoughts about ketamine as a psychedelic and
a novel hypothesis based on NMDA receptor-mediated synaptic plasticity. Neuropharmacology.
2018;142:30-40.
33. Liechti ME. Modern clinical research on LSD.
Neuropsychopharmacology. 2017;42(11):2114-2127.
34. Xu H, Perez S, Cornil A, et al. Dopamine-endocannabinoid interactions mediate spike-timing-dependent potentiation in the striatum. Nat Commun.
2018;9(1):4118.
35. Murray RM, Paparelli A, Morrison PD, Marconi
A, Di Forti M. What can we learn about schizophrenia from studying the human model, drug-induced
psychosis? Am J Med Genet B Neuropsychiatr
Genet. 2013;162B(7):661-670.
36. Bernardinelli Y, Nikonenko I, Muller D. Structural plasticity: mechanisms and contribution to
developmental psychiatric disorders. Front Neuroanat. 2014;8:123.
37. Rubino T, Realini N, Braida D, et al. Changes
in hippocampal morphology and neuroplasticity
induced by adolescent THC treatment are associated
with cognitive impairment in adulthood. Hippocampus. 2009;19(8):763-772.
38. Fernández-Cabrera MR, Higuera-Matas A, Fernaud-Espinosa I, DeFelipe J, Ambrosio E, Miguéns
M. Selective effects of Δ9-tetrahydrocannabinol on
medium spiny neurons in the striatum. PLoS One.
2018;13(7). doi:10.1371/journal.pone.0200950.
39. Miller ML, Chadwick B, Dickstein DL, et al.
Adolescent exposure to Δ9-tetrahydrocannabinol
alters the transcriptional trajectory and dendritic
architecture of prefrontal pyramidal neurons. Mol
Psychiatry. 2019;24(4):588-600.
40. Volkow ND, Morales M. The brain on drugs:
from reward to addiction. Cell. 2015;162(4):712-725.
41. Lendvai B, Stern EA, Chen B, Svoboda K.
Experience-dependent plasticity of dendritic spines
in the developing rat barrel cortex in vivo. Nature.
2000;404(6780):876-881.

42. Skene NG, Roy M, Grant SG. A genomic lifespan program that reorganises the young adult brain is
targeted in schizophrenia. Elife. 2017;6. doi:10.7554/
eLife.17915.
43. Arseneault L, Cannon M, Poulton R, Murray R,
Caspi A, Moffitt TE. Cannabis use in adolescence
and risk for adult psychosis: longitudinal prospective
study. BMJ. 2002;325(7374):1212-1213.
44. Meier MH, Caspi A, Ambler A, et al. Persistent
cannabis users show neuropsychological decline
from childhood to midlife. Proc Natl Acad Sci
U S A. 2012;109(40):E2657-E2664.
45. O’Shea M, Singh ME, Mcgregor IS, Mallet
PE. Chronic cannabinoid exposure produces lasting memory impairment and increased anxiety in
adolescent but not adult rats. J Psychopharmacol.
2004;18(4):502-508.
46. Schneider M, Koch M. Chronic pubertal, but
not adult chronic cannabinoid treatment impairs
sensorimotor gating, recognition memory, and the
performance in a progressive ratio task in adult rats.
Neuropsychopharmacol. 2003;28(10):1760-1769.
47. Schneider M, Schömig E, Leweke FM. Acute and
chronic cannabinoid treatment differentially affects
recognition memory and social behavior in pubertal
and adult rats. Addict Biol. 2008;13(3-4):345-357.
48. Smoller JW. Psychiatric genetics begins to find
its footing. Am J Psychiatry. 2019;176(8):609-614.
49. van Spronsen M, Hoogenraad CC. Synapse
pathology in psychiatric and neurologic disease.
Curr Neurol Neurosci Rep. 2010;10(3):207-214.
50. Roeper J. Closing gaps in brain disease-from
overlapping genetic architecture to common motifs
of synapse dysfunction. Curr Opin Neurobiol.
2018;48:45-51.
51. Rujescu D, Ingason A, Cichon S, et al. Disruption
of the neurexin 1 gene is associated with schizophrenia. Hum Mol Genet. 2009;18(5):988-996.
52. Hu Z, Xiao X, Zhang Z, Li M. Genetic insights
and neurobiological implications from NRXN1 in
neuropsychiatric disorders. Mol Psychiatry. 2019;
24(10):1400-1414.
53. Moon AL, Haan N, Wilkinson LS, Thomas KL,
Hall J. CACNA1C: association with psychiatric disorders, behavior, and neurogenesis. Schizophr Bull.
2018;44(5):958-965.
54. Nanou E, Catterall WA. Calcium channels,
synaptic plasticity, and neuropsychiatric disease.
Neuron. 2018;98(3):466-481.

258 • DIALOGUES IN CLINICAL NEUROSCIENCE • Vol 22 • No. 3 • 2020

55. Kano M, Ohno-Shosaku T, Hashimotodani
Y, Uchigashima M, Watanabe M. Endocannabinoid-mediated control of synaptic transmission.
Physiol Rev. 2009;89(1):309-380.
56. Kreitzer AC, Malenka RC. Dopamine modulation of state-dependent endocannabinoid release
and long-term depression in the striatum. J Neurosci.
2005;25(45):10537-10545.
57. Bliss TVP, Collingridge GL. A synaptic model of
memory: long-term potentiation in the hippocampus.
Nature. 1993;361(6407):31-39.
58. Alvarez-Castelao B, Schuman EM. The regulation of synaptic protein turnover. J Biol Chem.
2015;290(48):28623-28630.
59. Dahlhaus R. Of men and mice: modeling the
fragile X syndrome. Front Mol Neurosci. 2018;11.
doi:10.3389/fnmol.2018.00041.
60. Forti MD, Iyegbe C, Sallis H, et al. Confirmation
that the AKT1 (rs2494732) genotype influences the
risk of psychosis in cannabis users. Biol Psychiatry.
2012;72(10):811-816.
61. Bhatt DH, Zhang S, Gan WB. Dendritic spine
dynamics. Annu Rev Physiol. 2009;71:261-282.
62. Yan Z, Kim E, Datta D, Lewis DA, Soderling
SH. Synaptic actin dysregulation, a convergent
mechanism of mental disorders? J Neurosci. 2016;
36(45):11411-11417.
63. Tropea D, Hardingham N, Millar K, Fox K.
Mechanisms underlying the role of DISC1 in synaptic plasticity. J Physiol. 2018;596(14):2747-2771.
64. Hayashi-Takagi A, Takaki M, Graziane N, et
al. Disrupted-in-schizophrenia 1 (DISC1) regulates
spines of the glutamate synapse via Rac1. Nat Neurosci. 2010;13(3):327-332.
65. Coulthard LG, Hawksworth OA, Woodruff TM.
Complement: the emerging architect of the developing brain. Trends Neurosci. 2018;41(6):373-384.
66. Hong S, Beja-Glasser VF, Nfonoyim BM, et
al. Complement and microglia mediate early synapse loss in Alzheimer mouse models. Science.
2016;352(6286):712-716.
67. Glausier JR, Lewis DA. Dendritic spine pathology in schizophrenia. Neuroscience. 2013;251:
90-107.
68. Sekar A, Bialas AR, de Rivera H, et al. Schizophrenia risk from complex variation of complement
component 4. Nature. 2016;530(7589):177-183.

