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ABSTRACT 

Cannabis is one of the most consumed illicit drugs worldwide mainly 

for recreational purposes. Nowadays the interest of cannabis and 

its derivatives for therapeutic purposes is increasing, and 

controversy concerning its beneficial and detrimental effects have 

been prominent in society. In this Thesis we used murine models to 

study the structural, functional, and molecular mechanisms involved 

in THC detrimental effects on hippocampal memory. Specifically, we 

reported that a single exposure to THC alters the proteasome 

system, a key component in cell protein homeostasis. Moreover, we 

described how a single exposure to THC is sufficient to transiently 

alter hippocampal structural plasticity and the phosphorylation state 

of plasticity related proteins. Finally, we characterized the effect of 

a repeated exposure to a non-amnesic low dose of THC on memory 

and structural and functional plasticity. Overall, we combined 

behavioral and biochemical approaches to advance in the 

knowledge of the neurobiological mechanisms underlying the 

memory impairment produced by THC. 

 

RESUM 

El cànnabis és una de les drogues il·lícites més consumides a tot el 

món, principalment amb propòsits recreatius. Actualment, l’interès 

del cànnabis i els seus derivats amb finalitats terapèutiques està 

augmentant i la controvèrsia sobre els seus efectes beneficiosos i 

perjudicials ha estat palès en la societat. En aquesta Tesi utilitzem 

models murins per a estudiar els mecanismes estructurals, 

funcionals i moleculars implicats en els efectes perjudicials del THC 
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sobre la memòria hipocampal. En concret, vam detectar que una 

sola exposició al THC altera el sistema del proteasoma, un 

component clau en l’homeòstasi de les proteïnes cel·lulars. A més, 

vam descriure com una sola exposició al THC és suficient per 

alterar transitòriament la plasticitats estructural de l’hipocamp i 

l’estat de fosforilació de proteïnes relacionades amb la plasticitat. 

Finalment, vam caracteritzar l’efecte d’una exposició repetida a una 

dosi baixa i no amnèsica  de THC sobre la memòria i la plasticitat 

estructural i funcional. De forma global, hem combinat enfocs 

conductuals i bioquímics per avançar en el coneixement dels 

mecanismes neurobiològics subjacents a les alteracions de la 

memòria produïdes pel THC.   
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1. THE ENDOCANNABINOID SYSTEM  

 

 

“By using a plant that has been around for thousands of years, we 

discovered a new physiological system of immense importance”  

Raphael Mechoulam 

 

 

The endocannabinoid system (ECS) was discovered following the 

studies on the Cannabis sativa plant. Cannabis sativa is commonly 

used worldwide for its recreational and therapeutic properties. The 

main psychoactive component of Cannabis sativa is Δ9-

tetrahydrocannabinol (THC). The isolation and identification of this 

component in 1964 (Gaoni and Mechoulam, 1964) became the first 

step in the characterization of the ECS, a new physiological system 

widely distributed in the organism. 

The ECS operates mainly as an homeostatic regulatory system in a 

wide range of physiological processes (Pertwee et al., 2015). This 

system is comprised of cannabinoid receptors, cannabinoid ligands 

(endocannabinoids), and anabolic and catabolic enzymes implicated 

in the production and degradation of endocannabinoids. All these 

components will be detailed below. 

 

1.1. Cannabinoid receptors 

The first hypothesis on the mechanism of action of THC had into 

consideration its high lipophilicity, which could explain the possibility 

to interact with the cell membrane, altering its state through a non-

specific mechanism (Hillard et al., 1985; Martin, 1986). Nonetheless, 
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a few years later, it was demonstrated in the rat brain that THC 

exerted its action through a specific receptor, the cannabinoid type-

1 receptor (CB1R) (Devane et al., 1988; Matsuda et al., 1990). Later 

on, another type of cannabinoid receptor was found in the spleen, 

the cannabinoid type-2 receptor (CB2R) (Munro et al., 1993). 

CB1R and CB2R are the main representative cannabinoid receptors 

of the ECS and both are G-protein coupled receptors (GPCRs) 

(Figure 1). The characteristic that best distinguishes these receptors 

is their differential distribution, and consequently different function, 

in the body.  

 

 

 

 

 

 

 

 

 

Other less abundant receptors can be also modulated by exogenous 

and endogenous cannabinoids. These are: the orphan G-protein 

coupled receptors GPR55 and GPR119, the transient receptor 

potential vanilloid-1 (TRPV1), TRPV2, TRPV3, TRPV4, TRPA1, 

Figure 1. CB1R and CB2R structure. Common amino acids are 

represented in black and uncommon amino acids in white (Suero-García 

et al., 2015). 
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TRPM8, and the peroxisome proliferator activated receptors 

(PPARs) (Maccarrone, 2019). 

 

1.1.1. Cannabinoid type-1 receptor  

CB1R is the major receptor of the ECS in terms of distribution 

(Pertwee 2008) and the most abundant GPCR in the central nervous 

system (CNS) (Montesi et al., 2002). This makes CB1R one of the 

principal receptors in charge of brain homeostasis, as well as the 

principal mediator of cannabinoids action in the CNS. 

CB1R expression changes throughout development. CB1R is 

already expressed at low levels in the brain during embryogenesis 

where it has a relevant functional role (Fride et al., 2009). In the 

brain, CB1R expression increases during transition to adulthood 

(Verdurand et al., 2011) and in the adult brain it has a marked 

regional distribution. CB1R is strongly expressed in the cortex 

(higher cognition), the amygdala (emotions), the hippocampus 

(memory), the substantia nigra of the midbrain (reward and 

movement), the cerebellum (motor coordination), the periaqueductal 

grey (motivation and autonomic functions, as well as pain 

modulation) and some subcortical structures such as basal ganglia 

(movement) and olfactory regions (olfaction). Moderate levels can 

be detected in the nucleus accumbens (reward), the hypothalamus 

(hormone release, appetite), the basal forebrain (wakefulness) and 

the spinal cord. Finally, low levels have been detected in the 

brainstem (autonomic functions) and the thalamus (relaying sensory 

signals and control of alertness, consciousness and sleep) (Freund 

et al., 2003; Mackie, 2005; Svíženská et al., 2008; Tsou et al., 1998) 

(Figure 2).  
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CB1R is not solely a CNS receptor. On the contrary, its transcripts 

are present almost in all the tissues according to GTEx Portal (Aguet 

et al., 2017). Some examples are the peripheral nervous system and 

certain tissues and organs where it is less abundant, such as 

adipose tissue, liver, gastrointestinal tract (Matias et al., 2006), 

pancreas, skeletal muscle (Tam et al., 2010), urinary bladder 

(Walczak et al., 2009), retina (Porcella et al., 2000), and reproductive 

organs (Lewis and Maccarrone, 2009). 

 

CB1R expression also varies depending on its cellular and 

subcellular location, which has been assessed using ultra-structural 

studies. CB1R in the brain is expressed at low levels in glia and at 

high levels at neuronal pre-synaptic terminals, where it is distributed 

Figure 2. Distribution of CB1R in mouse brain. (a) Autoradiographic film 

image with the CB1R ligand CP-55,940. (b) CB1R Immunostaining (Modified 

from Katona 2009) 
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differently between neuronal populations (Katona et al., 1999; 

Kawamura et al., 2006). For example, GABAergic terminals in the 

hippocampus present more CB1R expression than glutamatergic 

terminals (Gutiérrez-Rodríguez et al., 2017). CB1R can be also 

detected at lower levels in intracellular compartments as endosomes 

and mitochondria (Hebert-Chatelain et al., 2016; Melser et al., 2017). 

This differential expression allows CB1R to have different cellular 

functions across locations (Zou et al., 2018) (Figure 3).  

 

 

Due to its abundance in the pre-synaptic membrane, one of the main 

effects of CB1R activation is to inhibit neurotransmitter release 

(Kano et al., 2009). Nevertheless, this fact does not mean that other 

locations and functions are negligible. Indeed, CB1R has been 

Figure 3. Subcellular localization and function of CB1R. CB1R is mainly located in the 

extracellular membrane where it inhibits cAMP accumulation, Ca2+ influx and prompts the 

modulation of mitogen activated protein kinase (MAPK) pathway. After CB1R activation, some 

receptors are internalized in endosomes through the action of different proteins such as β-

arrestin. In the lysosome, CB1R can lead to the release of Ca2+from internal stores and an 

increase in lysosome permeability. In the mitochondria, CB1R inhibits cAMP synthesis and 

inhibits cellular respiration (Zou et al. 2018). 
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detected in 30% of the mitochondria (mtCB1R) in the Cornu 

Ammonis 1 (CA1) region from hippocampus. This proportion 

represents 15% of the total CB1R at CA1 (Bénard et al., 2012), 

suggesting an important role of CB1R in mitochondrial function. 

Indeed, mtCB1R controls cellular energy metabolism and neuronal 

plasticity (Bénard et al., 2012; Costa and Colleoni, 2000; Rangaraju 

et al., 2014) having an impact on neurotransmitter release and 

prominent hippocampal functions such as memory (Hebert-

Chatelain et al., 2016).  

 

1.1.2. Cannabinoid type-2 receptor 

CB2R is mainly expressed in the immune system and peripheral 

tissues such as pancreas, gut, heart, liver, bones, kidneys, 

endocrine glands, reproductive organs, lymph cells and blood 

vessels (Guindon and Hohmann, 2008; Howlett, 2002; Miller and 

Stella, 2008). Some years ago, CB2R was assumed to be expressed 

only in these locations because it was not detectible in the CNS. 

However, the use of more sensitive techniques have allowed the 

detection of CB2R expression in the CNS at low levels in naïve 

conditions (Onaivi et al., 2006) in both glia (Mackie, 2008; 

Palazuelos et al., 2009) and neurons (Stempel et al., 2016; Xi et al., 

2011; Zhang et al., 2017). 

Generally, CB2R activation have been observed to have a protective 

role in the body, as its expression is induced in some pathological 

conditions and usually it is involved in inflammatory processes 

(Jordan and Xi, 2019). In the CNS, CB2R is predominantly involved 

in inflammation processes as well (Mackie, 2008; Palazuelos et al., 

2009). However, it has also been observed that CB2R in this location 
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helps to regulate synaptic plasticity (Ratano et al., 2017), including a 

specific form of hippocampal synaptic plasticity at CA3 and CA2 

areas (Stempel et al., 2016). In addition, CB2R may also contribute 

to memory regulation as it is involved in the enhancement of aversive 

memory by 2-AG in a CB1R-independent manner (Ratano et al., 

2018) and by anandamide with which CB1R activation plays a more 

relevant role (Ratano et al., 2017). Furthermore, the lack of CB2R 

has different memory implications depending on brain areas and/or 

memory types (non-emotional or emotional memories) (Li and Kim, 

2016). When broken down into different types of memory, CB2R may 

oppositely affect non-emotional or emotional memories as mice 

lacking CB2R present a slightly enhanced spatial working memory 

and an impairment of aversive and contextual fear memory (García-

Gutiérrez et al., 2013; Li and Kim, 2016). This deleterious effect 

seems to be present only in hippocampal-dependent fear memories 

(Li and Kim, 2016). 

 

1.1.3. Cannabinoid receptor signaling 

Cannabinoid receptor signaling is complex for several reasons 

(Bosier et al., 2010): 

(i) Both CB1R and CB2R homodimers can signal through 

different G-protein subtypes (Gi/o, Gs and Gq/11) leading to 

activation of several signaling pathways that are responsible 

for the wide variety of functions attributed to the ECS (Zou 

et al., 2018) (Figure 4); this regulation of different G-proteins 

depends on the context (mainly type of cell, subcellular 

location) (Busquets-Garcia et al., 2018a). 
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(ii) G-protein independent signaling thanks to the association 

with other molecules. Some examples are the Cannabinoid 

receptor interacting protein 1a (CRIP1a) (Booth et al., 2019), 

the Factor associated with neutral sphingomyelinase (FAN) 

or the Adaptor protein 3 (AP-3) (Howlett et al., 2010). 

(iii) establishment of oligomers with other receptors, influencing 

their signaling pathways and functions. CB1R has been 

observed establishing heteromers with CB2R (Callén et al., 

2012), GPR55 (Martínez-Pinilla et al., 2014), adenosine, 

dopamine, orexin (Ward et al., 2011), and serotonin 

receptors (Galindo et al., 2018; Viñals et al., 2015), 

suggesting a crosstalk between neurotransmitter systems. 

(iv) coupling with GPCR modifier proteins. 

(v) interaction with lipid raft domains that influence GPCR 

receptor signaling and trafficking. 

(vi) distinct mechanisms of desensitization to control signal 

duration/amplitude such as β-arrestins that are involved in 

CB1R and CB2R desensitization, resensitization, 

internalization, and  downregulation (Badal et al., 2017; 

Bosier et al., 2010).  

A general overview of several activated molecular pathways 

involving CB1R activation will be exposed in the following lines. 

 

 

 

https://www-sciencedirect-com.sare.upf.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/beta-arrestin
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a) Regulation of adenylate cyclase activity 

The first characterized signal transduction of CB1R was the inhibition 

of adenylate cyclase (AC) through a Gi/o protein subtype in 

neuroblastoma cultured cells (Howlett et al., 1986; Howlett and 

Fleming, 1984). When CB1R activates Gi/o protein it inactivates AC 

leading to a decrease in the production of cyclic adenosine 

monophosphate (cAMP) and in the activity of protein kinase A (PKA) 

in most tissues (Howlett, 2005). However, more recent studies also 

in neuroblastoma and hybrid neuron-neuroblastoma cells, have 

demonstrated that CB1R can also bind to Gs leading to the opposite 

effect: an increase in cAMP via an indirect effect of Gs whereby it 

diminishes the Gi/o effect on AC (Eldeeb et al., 2016). Together with 

the fact that CB1R can modulate different G-protein isoforms, this 

receptor can also modulate specific AC isoforms (Rhee et al., 1998) 

influencing the response to CB1R activation (Demuth and Molleman, 

2006; Rhee et al., 1998). 

Figure 4. Examples of CB1R signalling through different G-protein 

isoforms. Assossiation of CB1R to different G-protein subtypes contributes 

to the wide variety of responses regulated by CB1R (Adapted from Bosier et 

al. 2010). 
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b) Modulation of ion channels activity 

CB1R activation is also coupled to modifications of several types of 

ion channels that can be regulated in a cAMP-dependent or 

independent manner in different experimental models such as 

cultured neurons and in different areas of mouse brain. Some 

examples are different types of K+ channels (Mu et al., 1999; Robbe 

et al., 2001; Schweitzer, 2000), including G-protein coupled 

inwardly-rectifying potassium channels (GIRKs), and Ca2+ channels 

(Hoffman and Lupica, 2000; Mackie and Hille, 1992; Zou et al., 

2018), including voltage-gated Ca2+ channels (VGCCs) (Turu and 

Hunyady, 2010). In addition, CB1R activation can also trigger the 

release of Ca2+ from intracellular stores, which can, in turn, affect 

downstream cellular processes (Demuth and Molleman, 2006).  

c) Activation of other signaling pathways  

Activation of CB1R modulates several pathways in the brain such as 

the mitogen-activated protein kinase family (MAPK) (Derkinderen et 

al., 2001a; Turu and Hunyady, 2010), focal adhesion kinases 

(Derkinderen et al., 2001b; Howlett, 2005; Tang et al., 2015), the 

phosphatidylinositol 3-kinase PI3K/Akt (Ozaita et al., 2007), the 

protein kinase C (PKC) (Busquets-Garcia et al., 2018b) and the 

mammalian target of rapamycin (mTOR) (Puighermanal et al., 2009; 

Ratano et al., 2018). Such activations end up in several functions as 

control of gene transcription, protein translation, cell cycle 

progression and cell survival (Cargnello and Roux, 2011; Switon et 

al., 2017).  
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d) Inhibition of neurotransmitter release 

Electrophysiological and biochemical techniques have 

demonstrated that activation of CB1R inhibits the release of a wide 

variety of neurotransmitters (Schlicker and Kathmann, 2001) 

including GABA, glutamate, glycine, serotonin, dopamine, 

norepinephrine, acetylcholine  and cholecystokinin, among others 

(Howlett, 2002; Kano et al., 2009). 

Regarding the molecular mechanisms underlying this effect, it has 

been suggested that they are different depending on the type of 

synapse. For example, in the hippocampus VGCCs would be 

responsible for inhibition of GABA release (Hoffman and Lupica, 

2000), which is similar to inhibition of glutamate release in 

corticostriatal synapses (Huang et al., 2001), calyx of Held synapses 

(Kushmerick et al., 2004), and in the synapses of cerebellar parallel 

fiber-Purkinje cells (Brown et al., 2004). In other regions K+ channels 

have been proposed for inhibition of glutamate release within the 

NAc (Robbe et al., 2001) and at parallel fiber-Purkinje cell synapses 

(Daniel et al., 2004; Daniel and Crepel, 2001).  

 

1.2. Cannabinoid receptor ligands 

1.2.1. Endocannabinoids 

With the discovery of CB1R, the search for the endogenous ligands 

that would naturally activate the receptor started. When these 

endogenous ligands were identified they received the name of 

endocannabinoids (eCB). The first eCB to be discovered was N-

arachidonoyl ethanolamine (AEA), also called anandamide from the 

Sanskrit word ananda (“supreme joy” or “bliss”) and it was purified 
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from rat brain (Devane et al., 1992). The second eCB identified was 

2-arachidonoyl glycerol (2-AG) and was isolated from peripheral 

tissues (Mechoulam et al., 2014, 1995) (Figure 5). Other putative 

eCB have been identified since, such as dihomolinolenoyl 

ethanolamide, docasatetraenoyl ethanolamide, 2-arachidonyl 

glycerol ether (noladin ether) or arachidonoyl-ethanolamine 

(virodhamine) (Matias and Di Marzo, 2007). Further studies are 

needed to elucidate their role and relevance in the ECS function. 

 

 

 

 

 

 

 

AEA is a partial agonist of CB1R and CB2R and activates other 

receptors such as TRPV1, GPR55, GPR119, and PPARs 

(Maccarrone, 2017). 2-AG works exclusively on CB1R and CB2R, 

working as a full agonist (Sugiura T, Kishimoto S, Oka S, 2006).  

Under basal conditions, 2-AG levels in the brain is approximately 2 

to 5 orders of magnitude higher than AEA (Béquet et al., 2007; Caillé 

et al., 2007; Sugiura T, Kishimoto S, Oka S, 2006). However, the 

physiological relevance may not be correlated with this basal state, 

as microdialysis data point to opposite expression of 2-AG and AEA 

depending on the context. If the production of one eCB is increased, 

the synthesis of the other eCB is decreased and vice-versa (Béquet 

Figure 5. Molecular structures of AEA and 2-AG 
(Mechoulam et al. 2014). 
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et al., 2007; Caillé et al., 2007). This Indicates that their 

concentration will vary in opposite direction depending on the 

situation, suggesting different biological functions for each eCB.  

Several metabolic pathways for both eCB have been identified 

(Figure 6). For anabolism diacylglycerol lipase-α (DAGLα) is 

involved in the synthesis of 2-AG and N-acyl 

phosphatidylethanolamine phospholipase D (NAPE-PLD) is involved 

in the synthesis of AEA. For catabolism there is a hydrolysis pathway 

with two major enzymes MAGL for 2-AG hydrolysis and FAAH for 

AEA hydrolysis (Cravatt et al., 1996; Dinh et al., 2002; Wei et al., 

2006). There is also an oxidation pathway through cyclooxygenase 

and lipoxygenase (COX and LOX) a metabolic pathway not specific 

of eCB that produces the oxidation of the arachidonic moiety 

(Vandevoorde and Lambert, 2007). 

 

Figure 6. Main anabolic and catabolic pathways of AEA and 2-AG (Simon and Cota 2017). 
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a) Mechanism of action of endocannabinoids 

Endocannabinoids were first described as retrograde messengers at 

the synapse (Nicoll and Wilson, 2001). Nowadays, increasing 

evidence have demonstrated the involvement of other mechanisms 

as endocannabinoid autocrine signaling through the Transient 

receptor potential vanilloids (TRPVs) (Muller et al., 2019; Ohno-

Shosaku and Kano, 2014) or the contribution of glia in the 

endocannabinoid signaling (Araque et al., 2017; Castillo et al., 

2012). It is still to be determined the relative weight of these different 

mechanisms in brain function (Araque et al. 2017).  

 

a.1. Retrograde eCB signaling  

Under conditions of strong postsynaptic depolarization postsynaptic 

Ca2+ levels increase. This increase triggers the synthesis of AEA and 

2-AG (Kunos et al., 2007) that are released on demand into the 

synaptic cleft. Then, eCB bind to CB1R present in the pre-synapse 

(retrograde action) and inhibit neurotransmitter release in a fast and 

activity dependent manner (Howlett, 2002) (Figure 7). This 

mechanism mediates both excitatory and inhibitory short-term 

synaptic plasticity (Kreitzer and Regehr, 2001; Nicoll and Wilson, 

2001; Ohno-Shosaku et al., 2001) and long-term synaptic plasticity 

(Castillo et al., 2012). In this way, the eCB act as regulators of 

synaptic activity further detailed in the next section. The specific 

catabolic enzymes mentioned above then metabolize the eCB to 

stop their signaling (Zou et al., 2018).  
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a.2. Non-retrograde eCB signaling  

Endocannabinoids can also signal in an autocrine manner (Van Der 

Stelt and Di Marzo, 2005). For example, it has been observed that 

eCB, such as AEA, can activate TRPV1 channels (Pertwee et al., 

2010; De Petrocellis and Di Marzo, 2010) present in the extracellular 

membrane. It has also been shown that eCB can activate TRPV1s 

in intracellular compartments in the trans-Golgi network, 

endoplasmic reticulum, and probably vesicles (Dong et al., 2010). In 

this sense, AEA is a full agonist of TRPV1 channels (Pertwee et al., 

2010; De Petrocellis and Di Marzo, 2010). Interestingly, TRPV1 

activation also regulates synaptic plasticity in the CNS (Gibson et al., 

2008; Kauer and Gibson, 2009; Li et al., 2008), although further 

investigations will be needed to assess the role of AEA in this 

process. As an example, AEA action through TRPV1 influences the 

operant attention task (Panlilio et al., 2009) and the control of 

Figure 7. Endocannabinoid 

retrograde signaling. After 

postsynaptic activation, the 

postsynaptic terminals produce 

eCB. 2-AG is synthesized by 

DAGLα while AEA is synthesized by 

NAPE-PLD. Once the eCB are 

synthesized they are released to the 

synaptic cleft where they will 

activate the presynaptic CB1R in a 

retrograde manner. Then Ca2+ influx 

will be inhibited leading to inhibition 

of neurotransmitter (NT) release 

(Zou et al 2018). 
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hippocampal paired-pulse depression of population spikes (Al-

Hayani et al., 2001). On the other hand, there is also evidence of 

autocrine signaling by 2-AG, which can activate CB1R coupled to 

GIRKs (Bacci et al., 2004; Marinelli et al., 2009, 2008), as well as 

activate mtCB1R (Bénard et al., 2012). 

 

a.3. Endocannabinoids as a messenger between neurons and glia. 

The tripartite synapse.  

Until the 1980s-90s it was believed that only neurons were able to 

synthesize and respond to neurotransmitter signaling and that 

astrocytes had a passive role in synaptic transmission. But data 

started to indicate that astrocytes were more than a passive support. 

First, it was demonstrated that astrocytes were important during 

neuronal development, as they were able to metabolize ions and 

neurotransmitters and had a possible role in synaptic transmission 

(Cornell-Bell et al., 1990). Secondly, in 1990 Ca2+ waves between 

astrocytes in response to glutamate were demonstrated for the first 

time (Cornell-Bell et al., 1990). In 2001 it was first observed that 

astrocytes contained neurotransmitter receptors and could 

synthesize what were called “gliotransmitters” (Bezzi and Volterra, 

2001), including glutamate (Angulo et al., 2004; Jourdain et al., 

2007), GABA (Jo et al., 2014; S. Lee et al., 2010), ATP (Panatier et 

al., 2011; Pascual et al., 2005) and D-serine (Henneberger et al., 

2010; Kang et al., 2013), among others (Petrelli and Bezzi, 2016). 

These gliotransmitters are released to the synaptic cleft in order to 

regulate synaptic transmission (Araque et al., 2014) and this 

symbiotic relationship between neurons and astrocytes received the 

name of “Tripartite synapses” (Araque et al., 1999; Perea et al., 

2009). These discoveries opened a new avenue to study astrocytes 
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as synaptic regulators. Of our concern, functional CB1R at the 

surface membrane of astrocytes has been demonstrated in rodents 

(Navarrete and Araque, 2008) and humans (Navarrete et al., 2013). 

Moreover, several types of glial cells (astrocytes, and microglial 

cells) can synthesize eCB (Smith et al., 2019; Stella, 2010, 2004; 

Walter et al., 2004) playing a role in synaptic plasticity (Smith et al., 

2019) (Figure 8).  

 

 

 

Figure 8. General representation of the ECS components in neurons and glia. A summary 

of all ECS components can be observed in this image. CB1R and CB2R are mainly present at 

the extracellular membranes, where they usually mediate their action through G-protein 

mechanisms. CB1R can be also located at intracellular compartments as mitochondra 

(mtCB1R). When CB1R is activated in the presynapses by AEA or 2-AG, it inhibits 

neurotransmitter release to the presynaptic cleft. Whereas activation of mtCB1R inhibits 

mitochondrial oxidative phosphorylation and the syntesis of ATP. eCB can also act in an 

autocrine manner activating internal receptors as TRPV1 or GABAR. DAGLα synthesizes 2-

AG on demand and after its action, 2-AG is degraded mainly by MAGL in neurons and 

astrocytes. In the case of AEA, NAPE-PLD is the major anabolic enzyme, while FAAH is the 

main catabolic enzyme (Lutz et al., 2015).   
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A

) 
B 

Figure 9. THC molecular structure. A) 2D molecular structure B) 3D molecular structure 
(Yikrazuul,2009). 

1.2.2. Phytocannabinoids 

The Cannabis sativa plant contains more than 560 compounds, at 

least 120 of which are phytocannabinoids (ElSohly et al., 2017). 

Among these 120 phytocannabinoids THC was isolated and 

identified as the main psychoactive component. THC is principally 

accumulated in the resin glands (trichomes) of Cannabis sativa 

(Brenneisen, 2007; Taura et al., 2007) as a form of  self-defense 

against ultraviolet light, insect predation, and environmental stress 

(Lydon et al., 1987; Murari et al., 1983; Pate, 1983; Rothschild and 

Fairbairn, 1980). THC is a lipidic and hydrophobic compound with 

low volatility (Pate, 1994) (Figure 9). In cannabis THC is usually 

inactive as monocarboxylic acid but it is quickly decarboxylated 

becoming active when heated (e.g. smoking), dried, or expose to 

light (Dinis-Oliveira, 2016; McPartland et al., 2015).  

 

 

 

 

 

Nonetheless, other phytocannabinoids are currently under heavy 

scrutiny. Some examples are cannabidiol (CBD), cannabigerol 

(CBG), cannabichromene (CBC), cannabinol (CBN) and 

tetrahydrocannabivarin (THCV) (Papaseit et al., 2018) (Figure 10), 

being CBD the most studied among these.  
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CBD is the most abundant cannabinoid in Cannabis sativa 

(Brenneisen, 2007). It does not have psychoactive effects, shows 

anti-inflammatory properties on its own, and decreases some of the 

unwanted side-effects induced by THC (Niesink and van Laar, 

2013). Altogether, these characteristics point CBD as an interesting 

candidate for potential therapeutic use (Fraguas-Sánchez and 

Torres-Suárez, 2018; Iuvone et al., 2009; O’Connell et al., 2017).  

 

1.2.3. Synthetic cannabinoids 

Identification of THC and the cannabinoid receptors allowed for the 

creation of synthetic active analogs with cannabimimetic 

characteristics presenting different selectivity and affinity properties. 

These synthetic analogs can be separated in two different groups 

according to their activity. One group is cannabinoid receptor 

Figure 10. Major phytocannabinoids (Meotti et al. 2014). 
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agonists such as CP55,940, HU-210 or WIN55,212-2. The other 

group is cannabinoid receptor antagonists, including CB1R 

antagonists such as AM251 and SR141716A (rimonabant) or CB2R 

antagonist such as AM630 (Gatley et al., 1996; Pertwee et al., 1995).  

 

1.3. Physiological role of the ECS  

The ECS is a pro-homeostatic system widely distributed in the 

organism. Endocannabinoids are local mediators synthesized on 

demand when the context requires their action (Iannotti et al., 2016). 

This homeostatic role means that in the CNS the ECS is a key 

component for maintaining a proper cerebral functioning and for 

compensating possible brain alterations that can arise (Castillo et al., 

2012; Iannotti et al., 2016). For instance, it is involved in 

neuroprotection after brain injury or neurodegeneration (Bilkei-

Gorzo, 2012; Klein, 2005; Pryce et al., 2003). Additionally, it is 

involved in many diverse functions such as locomotion, appetite and 

feeding behavior, mood, pain perception, activation of the reward 

system, and directly related to the objective of this Thesis, in learning 

and memory processes (Kano et al., 2009; Morena and 

Campolongo, 2014) (Figure 11). Given the multifunctional role of the 

ECS, when the ECS fails to conduct its physiological purpose it can 

result in a number of disorders and pathologies as psychiatric 

disorders, intellectual disabilities, neurodegenerative disorders 

(Basavarajappa et al., 2017; Fernández-Ruiz et al., 2015) anxiety, 

depression, and addiction (Kano et al., 2009; Mechoulam and 

Parker, 2013; Zou et al., 2018). From a mechanistic perspective, the 

processes underlying these effects are diverse and include neuronal 

progenitor proliferation, axon guidance, pyramidal specification, 

astroglial differentiation, neuronal survival, and neuroprotection, as 
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Figure 11. Main brain 

regions with CB1R 

expression and their 

functions. Red coulour 

indicates regions with 

high CB1R content. 

Black coulour indicates 

moderate expression of 

CB1R (International 

Pharma Trials, 2017). 

 

well as brain maturation and connectivity. This complex reality turns 

the ECS into a valuable asset to evaluate as a therapeutic target.  

 

 

 

 

 

 

 

 

1.3.1. Consequences of cannabis and THC consumption 

Cannabis has been used since ancient times for medical, 

recreational and even religious purposes. The first record of such 

uses comes from the Assyrians B.C. Both beneficial and adverse 

consequences of its use, were recorded in the ancient Chinese 

pharmacopeia, Shen-nung Pen-ts’ao Ching, where it is explained 

how cannabis was used for many diseases “but taken in excess it 

could cause seeing devils” (Mechoulam, 1986). Later on, Jacques-

Joseph Moreau (1804-1884) was the first occidental physician to 

write down his observations on hashish effects when he recorded 

“There is not a single, elementary manifestation of mental illness that 

cannot be found in the mental changes caused by hashish” (Moreau, 

1845). Since then, numerous documents have described the 

different effects of cannabis preparations on mood, pain, and 

cognition, among other functions. Nowadays cannabis is mostly 

used for recreational purposes while there is a tremendous interest 
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in harshening its therapeutic properties. This section will focus on 

the adverse effects of cannabinoids focusing on those of THC, while 

the next section will focus on THC and cannabinoids as possible 

therapeutics.  

After the isolation of THC, it was demonstrated that the psychoactive 

symptoms of cannabis were mainly due to this component. THC 

possesses psychomimetic properties that depend on the dose 

consumed (Di Forti et al., 2009). In humans, high doses of THC can 

trigger paranoia, short-term psychosis, and aversive and euphoric 

effects (D’Souza et al., 2016b; Morrison et al., 2011; Murray et al., 

2016; Nottage et al., 2015; Volkow et al., 2016). Other side effects 

include anxiety, depersonalization, increase in heart rate, physical 

and mental sedation, confusion and memory alteration (Martin-

Santos et al., 2012; McPartland et al., 2015; Wachtel et al., 2002). 

THC has also been associated with an increased risk of pathologies 

such as schizophrenia (Volkow et al., 2016), particularly to those 

who are genetically vulnerable to these pathologies (Lupica et al., 

2017). Furthermore, as the main psychoactive component in 

cannabis preparations, THC is also responsible for the reinforcing 

properties of cannabis. This is important given that cannabis 

dependence is already recognized as a pathological condition in the 

Diagnostic and Statistical Manual of Mental Health Disorders (DSM-

V) (American Psychiatric Association, 2013). In this regard, one 

current concern about cannabis consumption is the high THC 

proportion in some street cannabis (Curran et al., 2016) and new 

synthetic cannabinoids with higher potency and efficacy than THC 

that have been produced for recreational purposes (Fantegrossi et 

al., 2014; Lupica et al., 2017; Wiley et al., 2015). 
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One of the mentioned undesired effects of acute and chronic use of 

cannabis and THC in humans is a dose-related memory impairment. 

This is more relevant in verbal learning, attention, working memory 

(Bolla et al., 2002; Solowij and Battisti, 2008), declarative 

(Bhattacharyya and Schoeler, 2013), episodic, and emotional 

memories (Ballard et al., 2013; Englund et al., 2013; Stern et al., 

2015). In this regard, THC has also been shown to alter both short-

term and long-term memories (Broyd et al., 2016; Ranganathan and 

D’Souza, 2006). Moreover, users present a reduced mental flexibility 

(Lundqvist, 2005).  

The effects of THC on memory have been widely studied in murine 

models in order to better understand the mechanisms of action 

behind THC memory alterations. From this research, it is becoming 

increasingly clear that THC effects on memory may vary depending 

on context, age, brain integrity, and the dose of THC. In adult healthy 

mice, THC affects short-term episodic, working, and spatial 

memories (Busquets-Garcia et al., 2018b; Mechoulam and Parker, 

2013; Varvel et al., 2001). THC also affects long-term recognition 

(Puighermanal et al., 2009) and spatial and fear memories (Chen et 

al., 2013). Conversely, THC was found to have memory enhancing 

properties at low and ultra-low doses, mainly in old mice and in 

mouse models of Alzheimer’s disease. In old mice, new evidence 

indicate that THC could reverse the cognitive degeneration 

produced naturally by age (Bilkei-Gorzo et al., 2017; Sarne et al., 

2018). In animal models of Alzheimer’s disease, THC enriched 

preparations can reduce Aβ plaques and neurodegenerative 

processes (Aso et al., 2015; Chen et al., 2013) as well as improve 

memory performance (Aso et al., 2015). Additionally , in healthy rats, 

a new study has paved the way to a possible new paradigm where 
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THC is able to produce neurogenesis improving memory in a dose 

dependent manner, although the memory performance of control 

animals could be in question (Suliman et al., 2018).  

 

1.3.2. Cannabinoids as therapeutic agents 

As stated above, cannabis usage as a therapeutic tool has an 

extensive tradition over thousands of years. More recently, its use 

has been hindered by appearance of  more specific medicines and 

due to changes in legislation that did not consider either cannabis, 

nor cannabis derivates as potential therapeutic agents (EMCDDA, 

2018). In fact, few months ago, the United Nations Commission on 

Narcotic Drugs (CND) removed cannabis from Schedule IV of the 

1961 Single Convention on Narcotics, recognizing its potential 

therapeutical use and facilitating from now on research in the field of 

cannabis therapeutic use. The Single Convention classifies drugs 

depending on their potential harm versus therapeutic utility, being 

Schedule IV the one to include the most harmful drugs with virtually 

no therapeutical usage.  

Despite the unwanted psychotropic side effects that limit THC use 

as a therapeutic agent (Amin and Ali, 2019), THC and other 

cannabinoids have been prepared as  standardized medicines 

(Fraguas-Sánchez and Torres-Suárez, 2018), allowing for a better 

understanding of the balance between its beneficial and detrimental 

effects. In fact, there are now commercialized preparations to treat 

chronic pain, nausea and vomiting caused by chemotherapy, 

spasticity in multiple sclerosis, and epilepsy (Amin and Ali, 2019). 

Several of these medications are listed below: 
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• Nabilone (Cesamet®): synthetic cannabinoid 

for oral administration that mimics THC. There 

is 1 mg of nabilone per each Cesamet® 

capsule (Figure 12). It is prescribed to reduce 

vomiting frequency, nausea, and to increase 

food intake in patients undergoing cancer 

chemotherapy. Distributed in USA, Canada, 

UK, Ireland and Australia.  

 

• Dronabinol (Marinol®): synthetic THC for 

oral administration (Figure 13). Each capsule 

contains either 2.5, 5, or 10 mg of dronabinol. 

It is used to reduce nausea and vomiting in 

patients undergoing cancer chemotherapy 

and to stimulate appetite in patients with AIDS 

experiencing anorexia associated with weight 

loss. Distributed in USA, Germany, Canada, 

South Africa, Australia and New Zealand.  

 

• Liquid Dronabinol (Syndros): dronabinol 

oral solution, 5mg/mL (Figure 14). Prescribed 

to treat anorexia in patients with AIDS and 

nausea and vomiting caused by 

chemotherapy.  

 

• Nabiximols (Sativex®): oromucosal spray with similar amounts 

of THC and CBD (1:1 proportion) used to treat spasticity in 

multiple sclerosis (Figure 15). Distributed in USA, Canada, South 

Africa, Australia, Israel, Mexico, Colombia, Kuwait, New Zealand, 

Figure 12. Cesamet® 

Figure 13. Dronabinol 

Figure 14. Syndros 
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Germany, UK, Switzerland, Sweden, Norway, Austria, Denmark, 

Poland, Iceland, Finland, Italy, and Spain. 

 

 

 

 

 

 

 

• Cannabidiol (Epidiolex®): oral solution of cannabidiol (Figure 

16). Prescribed to treat seizures associated with Lennos-Gastaut 

syndrome or Dravet syndrome. Approved in USA and Europe. 

 

 

 

 

 

 

 

Several studies in humans describe that cannabis preparations are 

more efficacious than THC alone for symptoms such as nausea and 

vomiting, muscle spasticity, and wasting syndrome. Other disorders 

more related to the CNS shared similar benefits according to user 

descriptions (Wachtel et al., 2002). This phenomena is due to the 

existence of other compounds in cannabis preparations that act 

synergistically modifying the effects of the primary compounds 

(McPartland and Russo, 2001; Russo, 2011; Williamson, 2001). As 

mentioned before, cannabis has more than 560 compounds (ElSohly 

et al., 2017). Among these compounds, one can find cannabinoids, 

but also non-cannabinoid active compounds such as  flavonoids, 

Figure 15. Sativex® 

Figure 16. Epidiolex® 
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terpenoids and alkaloids (Andre et al., 2016). Cannabidiol (CBD) is 

the most abundant cannabinoid in Cannabis sativa (Brenneisen, 

2007) and has no psychoactive effects but, as terpenoids 

(McPartland and Russo, 2001; Russo, 2011; Russo and McPartland, 

2003), decreases some of the side-effects of THC (Niesink and van 

Laar, 2013). The better understanding of such types of interaction, 

an intense area of research nowadays will be relevant in order to 

improve cannabis-based medicines. 

 

1.3.3. Tolerance to THC effect 

In humans, repeated exposure to cannabinoids results in tolerance 

to most of the central and peripheral effects such as hypothermia 

and tachycardia (Colizzi and Bhattacharyya, 2018). In adult rodents, 

repeated THC exposure produces tolerance to THC effects on 

hypothermia, motor inhibition, analgesia, anticonvulsant activity, and 

immobility (Maldonado and De Fonseca, 2002; Núñez et al., 2004). 

Specifically, tolerance develops differently regarding its instauration 

and its duration for each effect of THC. For example, the tolerance 

to the hypothermia produced by THC (30 mg/kg, administered for 5 

days) is diminished 14 days after treatment cessation, while changes 

to locomotor activity are unchanged under those same conditions 

(Tai et al., 2015). In addition, the strength of the tolerance is 

selectively sex-dependent, as female rats, for example, develop 

more antinociceptive tolerance than male rats (Wakley et al., 2014). 

Nevertheless, in rats the deleterious effects of THC on memory 

maintain their potency up to 1 month of daily use of a high dose of 

THC (10 mg/kg) treatment (Hampson et al., 2003). 

The molecular mechanism underlying selective THC tolerance can 

be partially explained through the desensitization and 
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downregulation of CB1R. THC decreases CB1R levels and G-

protein coupling efficiency (Pertwee, 2008). Moreover, the potency 

of these effects depends on one hand on the brain area, being 

stronger in the hippocampus than in other areas such as basal 

ganglia (Breivogel et al., 1999; Sim-Selley and Martin, 2002) and on 

the other hand on the neuronal population, as it was described in the 

hippocampus how a repeated dose of THC produces more 

downregulation of CB1R in hippocampal GABAergic neurons than in 

glutamatergic neurons (Puighermanal et al., 2013).  
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2. MEMORY  

  

 

Forgetting mechanism needs to know how long an entity should be 

stored: some memories are relevant only for the next few minutes, 

some are important even after the passage of several years. 

(Tetzlaff et al., 2012) 

 

Memories are malleable entities that are encoded, updated, 

maintained, recalled or even forgotten, but the neurobiological 

mechanisms underlying these processes are mostly unknown. To 

understand how a memory exists is an ancient question with an 

answer that has widely changed through the years depending on the 

paradigm and the technology available, being frequently restricted 

by philosophical and technological boundaries. In ancient times 

memory process was conceived as the will of a God. Yet as 

technology started to evolve and paradigms started to change it was 

discovered that the origin of memory was inside the individual. 

Specifically, memory was localized to the brain, a framework that 

was later refined to include the function of cells, synapses, and brain 

networks (Queenan et al., 2017).  

Memory is defined as the faculty by which the mind stores and 

remembers information (Stevenson, 2010) and can be classified 

according to different parameters. If we define memory types 

according to their time-scale, the classification would be as follows 

(Tetzlaff et al., 2012) (Figure 17): 
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Sensory memory (SM) (milliseconds): the information captured by 

our senses is shortly stored just long enough to be used for working 

memory or to be transferred to short-term memory (Carlson et al., 

2009). 

Working memory (WM) (from milliseconds to minutes): as 

defined by George A. Miller, the author of this nomenclature, WM 

functions as quick-access and is used for the execution of our plans 

(Miller et al., 1960). It is labile and limited, as it has a maximum 

number of items that can be retained (Tetzlaff et al., 2012). This 

lability entails that this kind of memory is rapidly forgotten if we are 

either not paying attention to it or if it is not frequently repeated 

(Baddeley and Hitch, 1974; Brown, 1958; Cowan, 2005). In daily life 

it plays a crucial role in activities such as arithmetic problem solving 

without paper, not forgetting why we are performing a task (Tetzlaff 

et al., 2012), language comprehension, and reasoning and learning 

(Baddeley, 1992). Brain and lesion imaging studies indicate that the 

prefrontal cortex is the main brain region responsible for this kind of 

memory (Cohen et al. 1997; Fuster  1973; Owen 1997). 

Short-term memory (STM) (from minutes to days): STM differs 

from WM in duration, as it can be maintained from minutes to days 

in humans and from minutes to hours in rodents. However, there is 

still controversy about considering them separate types of memory, 

which is probably due to a lack of clarified definitions (Cowan, 2016; 

Cowan et al., 2008). Another difference between them is that the 

most relevant brain areas for the preservation of STM are the 

hippocampus (Kumaran, 2008) and the amygdala, with the latter 

being more related to emotional memories (McGaugh, 2000). 
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Long-term memory (LTM) (from days to years): LTM is the type 

of memory that can be maintained for prolonged periods of time 

(from days to years in humans and from hours to days in mice) and 

it is considered as an individual’s knowledge (Cowan et al., 2008; 

Tetzlaff et al., 2012). LTM can be broken down in different categories 

according to the type of information hold. First, it can be classified 

using the dichotomy of declarative (explicit memory) and non-

declarative memory (implicit memory). Declarative memory refers to 

conscious memory and it is retained after several exposures to the 

information. In turn, declarative memory can be separated into 

episodic and semantic memory. Episodic memory is defined as 

memory of experiences, and semantic memory is defined as 

memory of facts and concepts (e.g. knowledge learnt at school) 

(Squire, 1992; Squire and Zola, 1996; Zola-Morgan and Squire, 

1993). In animals, declarative memory is considered the processing 

of contextual, spatial, configurational, and relational information 

(Akirav and Richter-Levin, 2002). Non-declarative memory is also 

named implicit memory because the individual is not aware of using 

it and it is related to skill behavior. Some examples include the 

execution of learned habits or skills (Schacter and Cooper, 1993; 

Zola-Morgan and Squire, 1993). LTM formation requires several 

brain regions and dynamic synaptic plasticity (Costa-Mattioli et al., 

2009b; Xu et al., 2009; Yang and Li, 2012).  
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The process of building up a memory has different stages named 

acquisition (encoding), consolidation (storage), retrieval, and 

extinction. The first step, acquisition, takes place when the subject 

learns new information (Abel and Lattal, 2001). After acquisition a 

STM is encoded and needs to be stabilized in order to become a 

LTM (Alberini and Ledoux, 2013; Dudai, 2004). Thus, this labile 

STM, which can be disrupted and updated (Abel and Lattal, 2001; 

Walker et al., 2003) undergoes a transition to a more permanent 

state (McGaugh, 2015). Once a memory is consolidated it can be 

retrieved/remembered, allowing it to become labile again and 

susceptible to changes or updates. The memory can then be 

reconsolidated (Ben-Yakov et al., 2015; Miller and Matzel, 2000; 

Walker et al., 2003) allowing for new information to be added to the 

previously acquired memory trace (Lee, 2010, 2008; Rodriguez-

Ortiz et al., 2005). Finally, the last phase is extinction when a 

memory is suppressed. The process seems to involve the creation 

of a new memory that replaces the original one without erasing it, as 

Memory

Sensory 
memory 

(sec)

Working 
memory    

(sec-min)

STM
(min-hrs)

LTM
(hrs-life time)

Explicit memory/ 
Declarative  

(conscious)

Episodic 
memory 

(experiences, 
events)

Semantic 
memory       

(facts, concepts)

Implicit memory/ 
Non-declarative 

(unconscious)

Tasks, skills

Figure 17. Different types of human memories depending on the timescale. 
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it seems that it can be reminded under certain circumstances. Thus, 

this process leads the original memory to be suppressed but not 

deleted (Abel and Lattal, 2001; Lacagnina et al., 2019). 

 

2.1. Neuroanatomical basis of memory: The Hippocampus. 

Memories are complex events that need fine coordination between 

nearly all brain areas. In this sense, prefrontal cortex, amygdala, and 

hippocampus, are essential for STM and LTM. In the past, the 

prefrontal cortex used to be more associated with decision making, 

yet nowadays its involvement in recent, STM and LTM has been 

demonstrated (Euston et al., 2012). On the other hand, the amygdala 

has a relevant role in emotional memories (Richter-Levin, 2004), 

thus having an important position in affective and fear memories 

(McGaugh et al., 2002; McIntyre et al., 2006; Zola-Morgan and 

Squire, 1993). Finally, the hippocampus is crucial for short-term and 

long-term declarative memories (Eichenbaum, 2017a, 2017b; 

Moscovitch et al., 2006), playing an important role in all memory 

stages (Baldi and Bucherelli, 2015; Eichenbaum, 2001; Remondes 

and Schuman, 2004). Interconnections between these brain areas 

are essential, dynamic and complex (Huff et al., 2016; McDonald and 

Mott, 2017; Moscovitch et al., 2006; Remondes and Schuman, 2004; 

Richter-Levin, 2004; Varela et al., 2001). 

Furthermore, potential differences between brain areas and the 

principal type of memory stored in them, established a division in 

memory study between hippocampus-dependent memories and 

hippocampus-independent memories. Nonetheless, the “standard 

consolidation theory” assumes that hippocampus has an important 

and central role also in non-hippocampus-dependent memories, 
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being a temporal center of information recruitment (Sawangjit et al., 

2018). For example, episodic memory (consolidated as a LTM in the 

PFC) is initially encoded in the hippocampus, then, during 

consolidation there is a redistribution to neocortical networks from 

days to months, becoming independent of the hippocampus in the 

end (Eichenbaum, 2000; Frankland and Bontempi, 2005). This 

process occurs crucially during sleep (Sawangjit et al., 2018) and is 

accompanied by a dynamic synaptic turnover in the hippocampus 

(Attardo et al., 2015a). In essence, all information that may be 

potentially stored as a memory, is processed in the hippocampus, 

therefore pointing to the hippocampus a relevant center of 

information management. 

In this Thesis we have mainly focused in the hippocampus. 

Anatomically, the hippocampus is a brain region that belongs to the 

limbic system, and it is located in the in the caudal part of the brain, 

covered by the retrosplenial, motor, and somatosensory cortices on 

at the dorsal part and by the temporal cortex at the ventral part 

(Figure 18).  

 

 

 

 

 

 
Figure 18. Location of the hippocampus (green structure) in a 

coronal section. Image credit: Allen Institute 
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Rodent hippocampus can be differentiated in several regions: the 

dentate gyrus, the cornus Ammonis (CA) fields (CA1, CA2 and CA3) 

and the subiculum cortex (altogether conforming a C-shaped 

structure). In addition, the parahippocampal region (composed of the 

entorhinal, the perirhinal, and the postrhinal cortex), as well as the 

presubiculum, and parasubiculum, are also important in learning and 

memory processes (Amaral and Witter, 1989; van Strien et al., 2009) 

(Figure 19). All areas are interconnected through a precise circuitry 

(Figure 20). 

 

 

 

 

Figure 19. Topographical situation of the mouse (C57BL/6) hippocampus 

(Nissl stain). Hippocampus with the Cornus Ammonis (CA) with its subdivisions 

(CA1-CA3) and dentate gyrus (DG). Moreover, it is also visible the location of 

the subicular region (subiculum, parasubivulum and presubiculum), the 

entorhinal cortex and the perirhinal cortex (Schröder, Moser and Huggenberger, 

2020). 
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At neuronal level, the hippocampus is comprised mainly of 

glutamatergic and GABAergic neurons with different characteristics 

(Wheeler et al., 2015). The role of GABAergic neurons is to 

coordinate glutamatergic ones, becoming critical for the generation 

of the circuit oscillations in gamma (30-80 Hz) and theta (4-14Hz) 

bands (Chapman and Lacaille, 1999; Cobb et al., 1995; Nagode et 

al., 2011) that are necessary during the execution of behavioral tasks 

and hippocampal-dependent memories (Cobb et al., 1995; Glickfeld 

et al., 2008).  

 

 

Figure 20 Schematic representation of hippocampal circuitry. The cingulate cortex and 

the association cortex project to the entorhinal cortex through the perirhinal cortex (Richter-

Levin, 2004). Then, the entorhinal cortex projects to dentate gyrus and CA3 through the 

perforant pathway and to CA1 and subiculum regions. The dentate gyrus projects to CA3 

through the mossy fiber pathway and CA3 projects to CA1 through the Schaffer-collateral 

pathway, being the main input at CA1 (Amaral and Witter, 1989; Steward and Scoville, 1976; 

van Strien et al., 2009).  
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2.2. Neuroplasticity and memory 

Neuroplasticity is the ability of the nervous system to change 

functionally and structurally in response to external and internal 

stimuli (Ganguly and Poo, 2013). This plasticity is essential for the 

proper functioning of the nervous system and can be observed at 

different scales of organization, from molecular and subcellular 

changes in individual synapses to large-scale changes in the 

neuronal network to “macroscopic level” modulation that can be 

observed with several brain activity recording techniques such as 

magnetic resonance imaging (MRI), magnetic encephalography 

(MEG) and positron emission tomography (PET) (Caroni et al., 2014) 

Surprisingly, in the past, brain plasticity was considered to occur only 

during development, with scientific consensus largely settling on the 

idea that the adult brain was static due to its complexity. It was not 

until the 20th century that strong evidence started to reveal that the 

brain could dynamically restructure. The word ‘plasticity’ was used 

to describe a key characteristic property of the CNS for the first time 

in the early 1900s by Ramón y Cajal (Ramón y Cajal, 1913, 1907), 

eliciting a large controversy in the field. Decades later, only a few 

studies demonstrated neurogenesis in cat, rat (Altman, 1962; 

Rosenzweig et al., 1972) and birds (Goldman and Nottebohm, 1983) 

and its potential role in neuroplasticity. But the studies were either 

not taken into consideration based on the novelty of their techniques, 

in the case of the studies with cats and rats, or considered unrelated 

with mammalian brain events, in the case of the studies with birds 

(Leuner and Gould, 2010). Nowadays, it has been widely 

demonstrated that in fact, the nervous system is extremely plastic 

beyond the generation of new neurons, at different levels (cellular 

and subcellular) and at different time frames (short and long-term).  
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The hippocampus preserves information for approximately 3-4 

weeks in adult mice and for much longer in humans (Frankland and 

Bontempi, 2005). The classic hypothesis of memory retention is that 

memories are encoded through dynamic changes in synapses that 

manage to recruit sets of neurons that conform the engram for that 

memory episode. Thus, taking into consideration the definition of 

Tonegawa (2015) ‘‘Engram’’ refers to the enduring physical and/or 

chemical changes that were elicited by learning and underlie the 

newly formed memory associations. Every time that a specific 

engram is activated, a specific memory encoded by this engram is 

retrieved” (Josselyn et al., 2015). The creation of these patterns of 

activity among neuronal populations rely on synaptic plasticity 

changing the efficacy of synaptic transmission among the neurons 

in the engram. Thus, one extensively studied type of neuroplasticity 

is the plasticity that takes places in synapses. Synaptic plasticity is 

defined as functional and structural changes at the synapse that lead 

to weakened or strengthened synaptic communication, leading to 

changes in neuronal networks and their connectivity (Bernardinelli et 

al., 2014; Fuchs and Flügge, 2014; Vitureira and Goda, 2013). 

Hereafter, we will address both structural and functional synaptic 

plasticity, as their intimate relationship has been reported to be 

crucial for memory. 

 

2.2.1. Functional plasticity and memory 

Memory is a complex process that needs fine coordination between 

different brain areas through the establishment of functional 

networks of synchronized oscillatory activity (Skosnik et al., 2016). 

For example, oscillations in the gamma-band (30-80 Hz) are related 
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to associative learning, sensory registration and integration, 

conscious awareness, and spatial and working memory (Uhlhaas et 

al., 2008; Zhang et al., 2019), while oscillations in the theta-band (4-

8 Hz) have been recorded during working memory (Tesche and 

Karhu, 2000), contextual memory consolidation (Boyce et al., 2016), 

spatial memories (Tort et al., 2008), episodic memories (Lega et al., 

2012) and memory recall (Makino et al., 2019). 

From a micro-scale perspective there are different mechanisms 

underlying functional plasticity. We will center our attention on 

functional synaptic plasticity, that can be separated by short-term 

and long-term phenomena.  

On the one hand, short-term plasticity is mediated by the activation 

of signal transduction pathways and lasts between milliseconds to 

minutes (Takeuchi et al., 2014; Zucker and Regehr, 2002). They are 

necessary for short-term adaptations to sensory inputs, short-term 

changes in behavioral states, and short-term forms of memory (Citri 

and Malenka, 2008).  

On the other hand, long-term mechanisms involve gene transcription 

and protein synthesis and degradation (Hegde, 2017; Takeuchi et 

al., 2014). The main representative patterns of long term changes in 

synaptic efficacy are long-term potentiation (LTP) and long-term 

depression (LTD) (Bliss and Collingridge, 1993; Cooke and Bliss, 

2006). In both cases, the principal regulators of these processes are 

the glutamate N-methyl-D-aspartate receptor (NMDAR) and α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

(AMPAR) together with Ca2+ influx. A summary of LTP and LTD 

characteristics can be found in Figure 21. 
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a) Long-term potentiation (LTP) 

LTP is a persistent increase in synaptic transmission between two or 

more neurons, generally leading to an increase in the strength of the 

post-synaptic response. Therefore, LTP is generally categorized as 

a mechanism to strengthen, or potentiate, synapses. This leads to 

an increase in the probability of neurotransmitter release. In contrast, 

a weakened, or depressed, synapse leads to a decrease in 

A) 

B) 

Figure 21. LTP and LTD responses. A) (Left) LTD model. Evoked by a moderate influx of Ca2+. In 

contrast to LTP, AMPAR are internalized in order to be removed from cell membrane (Right) LTP 

model. Activation of NMDAR leads to Ca2+ influx, which activates CaMKII, PKC and PKA that 

phosphorylates AMPAR and evoke the transport of AMPAR from internal pools to the cell membrane. 

(Vitureira and Goda, 2013). B) Plot of synaptic strength as function of time. Synaptic strength is 

defined as the initial slope of the field excitatory post-synaptic potential (fEPSP) normalized to 

baseline. (Left) LTD induced by low-frequency stimulation (two trains of 5 Hz for 3 minutes with an 

interval of 3 minutes); (Middle) LTP induced by high-frequency tetanic stimulation (100 Hz for 1 

second); (Right) Diagram of the set up in rodent hippocampal slice. Representative electrode 

placements for recording synaptic plasticity in CA1 area evoked by stimulation at Schaffer collateral 

neurons (stim: stimulating electrode, rec: recording electrode) (Citri and Malenka, 2008). 
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probability of neurotransmitter release (Stevens and Wesseling, 

1999). From an ionic point of view, generation of LTP requires a 

substantial increase of post-synaptic concentrations of Ca2+, 

generally through Ca2+-permeable NMDAR and neuronal internal 

stores. This modulates channel properties and recruits AMPAR to 

the synaptic surface, causing those synapses undergoing LTP to be 

more sensitive to released glutamate (Oh et al., 2006).  

LTP is necessary for the creation of hippocampal dependent 

memories (Hoffman and Lupica 2013; Whitlock et al. 2006). There 

are at least two different mechanisms to produce LTP in the 

hippocampus: NMDAR-dependent LTP, present in CA1 region; and 

NMDAR-independent LTP, present in CA3 (Harris and Cotman, 

1986). LTP in CA1 is the most studied type of LTP (Malenka and 

Bear, 2004). To measure LTP in this region, one stimulates Schaffer 

collateral fibers and records 

either the extracellular field 

population response in CA1 

using field electrodes, or a 

single neuron response using 

the whole-cell patch-clamp 

technique (Figure 22) (Cooke 

and Bliss, 2006). There are 

several established protocols to 

induce LTP under these 

recording conditions. The most 

commonly used are: (i) high-

frequency stimulation (HFS) 

(usually a train of 50-100 stimuli 

at 100 Hz or more) and, (ii) theta burst stimulation (TBS) (generally, 

Figure 22. Example of electrodes positioning 

in extracellular field population response in 

CA1. The stimulating electrode stimulates 

Schaffer collateral fibers that activate CA1. The 

strength of the response is perceived by the 

recording electrode. 
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several short bursts of 4-5 shocks at 100 Hz with an interburst 

interval of 200 milliseconds to mimic the “theta” frequency of 5 Hz) 

(Bliss and Collingridge, 1993; Kouvaros and Papatheodoropoulos, 

2016). Theta burst stimulation is closer to physiological learning 

conditions, since it mimics the spike train patterns of neuronal activity 

in CA1 during learning tasks (Otto et al., 1991). 

Importantly, LTP can be separated in two phases: the early phase 

(E-LTP) and the late phase (L-LTP), each of which has different 

characteristics (Figure 23). Distinguishing these phases can be 

informative since they rely on different molecular mechanisms that 

can be individually affected in the alterations of memory 

performance. 

 

 

 

 

 

 

 

 

a1. Early phase LTP (E-LTP)  

The early phase of LTP is characterized by a cascade of 

phosphorylations that awaken ‘silent synapses’, or synapses that 

present NMDAR, but not much AMPAR in the cell membrane 

(Kerchner and Nicoll, 2008). In NMDA-dependent LTP, activation of 

Figure 23. E-LTP and L-LTP phase of LTP. A 

single stimulus (arrow) induces E-LTP that decays 

over several hours. A train of repetitive stimuli 

induces E-LTP and later L-LTP, globally producing 

LTP (Huang 1998). 
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NMDAR leads to a Ca2+ influx. Such surge in Ca2+ activates several 

proteins including MAPK, calpains, PKA, PKC and Ca2+/calmodulin-

dependent protein kinase II (CaMKII). One function of CaMKII and 

PKC is to activate the synapse by increasing AMPAR activity and 

promoting the insertion of more AMPAR into the postsynaptic 

membrane (Baltaci et al., 2019). In this regard, the number of 

AMPAR at mature synapses correlates with synaptic strength and 

spine size (Matsuzaki et al., 2001).  

 

a2. Late phase LTP (L-LTP) 

The late phase-LTP potentiation is expressed and maintained by 

gene transcription and protein synthesis/degradation mainly in the 

post-synaptic region (Dong et al., 2014a; Ryan et al., 2012).  

Two of the pathways activated during L-LTP are ERK-MAPK 

(Kelleher et al., 2004; Maffei, 2018; Sweatt, 1999) and mTOR 

(Huang et al., 2013; Kovács et al., 2007). These signaling cascades, 

among others, ultimately evoke protein synthesis and changes in 

synaptic morphology observed in L-LTP (Maffei, 2018), including 

pre- and post-synaptic structures (Maffei, 2018; Sweatt, 1999). 

Interestingly, protein synthesis has been observed both in the pre-

synapses (e.g. synaptotagmin) and in the post-synapses (e.g. 

AMPAR) (Maffei, 2018). 

 

b) Contribution of the ECS on synaptic functional plasticity in 

the hippocampus 

During intense neuronal activity, eCB are released to the synaptic 

cleft in order to inhibit the pre-synaptic response. When eCB activate 
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CB1R it causes inhibition either of GABA or glutamate release. If this 

event occurs during a short period of time (from milliseconds to 

minutes) it is classified as short-term plasticity and it receives the 

name either of eCB depolarization-induced suppression of inhibition 

(eCB-DSI) in GABA synapses, or excitation (eCB-DSE) in 

glutamatergic synapses (Alger, 2002; Melis et al., 2004; Riegel and 

Lupica, 2004). On the other hand, when eCB are released for longer 

periods of time (from minutes to hours) that mediates long-term 

synaptic plasticity, including LTP and LTD (also called eCB-LTP and 

eCB-LTD) (Carlson et al., 2002; Kortleven et al., 2011). If eCB-LTD 

happens in inhibitory terminals in the hippocampus (I-LTD) it can 

facilitate induction of LTP in excitatory inputs (Carlson et al., 2002; 

Wachtel et al., 2002).  

 

2.2.2. Structural plasticity and memory 

There is a strong link between synaptic structure and its function 

(Takahashi, 2019). Yet, until recently attention was mainly focused 

on the molecular and functional changes behind LTM, leading 

possible synaptic structural modifications aside. However, molecular 

changes are often short-lived and are not solely sufficient to explain 

LTM. For this reason, attention has shifted to focus on changes in 

the structure of neuronal connections as they can be maintained 

over time (Lamprecht and LeDoux, 2004).  

Structural plasticity is defined as the rearrangement of cell structure 

in response to formative stimuli (Theodosis et al., 2008). It includes 

the creation of new synapses, removal of poorly active/functional 

connections, and remodeling of existing ones. Remodeling is a 

particularly complex facet of structural plasticity that encompasses 
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morphological changes (enlargement, pruning, growth, stabilization) 

of different parts of the cell (soma, astrocyte processes, axons, 

dendrites and dendritic spines) at different time scales (from minutes 

to days) (Bernardinelli et al., 2014; Theodosis et al., 2008). In the 

case of synapses, these structural modifications serve to strengthen 

or weaken synapses, and thus, brain/neuronal networks. 

One focus of interest regarding structural plasticity has been the 

dendritic spine dynamics, including their shape, density, and turn-

over in relation with memory 

performance. Dendritic spines are 

mainly where excitatory synapses 

occur (Figure 24). These post-

synaptic structures are modified 

by the activity of their inputs 

(Attardo et al., 2015b; Caroni et 

al., 2012; Gu et al., 2014). 

Moreover, spines are highly 

dynamic, undergoing multiple 

morphological changes related to 

their function (Arellano et al., 2007). Dendritic spines exhibit a variety 

of shapes. These can be roughly grouped in three main categories: 

(i) mushroom shape (wide head and narrow neck), (ii) thin shape 

(small head, narrow neck), (iii) stubby shape (protuberance without 

defined head or neck) (Peters and Kaiserman-Abramof, 1970) 

(Figure 25). Two additional categories called filopodia and 

branched/cup shaped are commonly used as well but they are not 

frequently exhibited in adult mice CA1 area (Skoff and Hamburger, 

1974) and will not be discussed here.  

Figure 24. Scheme of a pyramidal 

neuron and dendritic spines. (Smrt 

and Zhao 2010) 
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Density and morphology of dendritic spines are directly associated 

with learning and memory (Bailey et al., 2015; Jaworski et al., 2018; 

Lamprecht and LeDoux, 2004; Yang et al., 2014). For example, 

contextual fear conditioning causes an increase in dendritic spine 

density in CA1 and the anterior cingulate cortex (Restivo et al., 2009; 

Vetere et al., 2011). More specifically, evidence indicates that 

learning involves a turnover of the existing networks of spines, while 

memory would need both spine-turnover and the maintenance of 

preexisting spines (Caroni et al., 2012; Xu et al., 2009; Yang et al., 

2009) (Figure 26). 

Spine head 

Spine neck 

Figure 25. Representation of spine development and actin regulatory 

mechanisms.  A) Spine creation starts with activity input and subsequent 

elongation B) Spine elongation is possible thanks to actin filament 

polymerization and actin binding proteins (A and B would correspond to the 

‘stubby-shape’). C) Spine head formation starts, and cell adhesion proteins are 

externalized to the membrane surface. The role of ADF/cofilin is important to 

maintain an actin monomer pool and to control the proper length of actin 

filaments, preventing the formation of abnormal protrusions (this morphology 

would correspond to thin-shape spines). D) Mature spines present a higher 

number of adhesion molecules, post-synaptic density (PSD) proteins, and 

glutamate receptors that have been externalized (morphology corresponding to 

mushroom-shape). Modified from Hotulainen and Hoogenraad 2010. 



 
 

49 
 

 

Furthermore, functional and structural plasticity may be 

interdependent. Dendritic spine density and morphology are 

sensitive to LTP paradigms both in vitro and in vivo (Hübener and 

Bonhoeffer, 2010; De Roo et al., 2008). LTP produces an increase 

in spine turn-over (Engert and Bonhoeffer, 1999; Nägerl et al., 2004; 

De Roo et al., 2008) and a specific stabilization of some activated 

synapses (Hill and Zito, 2013; Keck et al., 2008; De Roo et al., 2008; 

Xu et al., 2009).  

From a molecular perspective, dendritic spines contain all the 

necessary machinery to respond to synaptic stimulation, as well as 

rich actin cytoskeletal content that permits dynamic spine 

remodeling (Hotulainen and Hoogenraad, 2010). In fact, dendritic 

spines are the most actin-enriched structures in the brain (Korobova 

and Svitkina, 2010; Matus, 2000). They contain receptors, ion 

channels, scaffolding proteins, cytoskeletal proteins, polyribosomes, 

smooth endoplasmic reticulum, lysosomes, mitochondria and a wide 

range of signaling pathways (Chidambaram et al., 2019) (Figure 27). 

Figure 26. Activity-dependent structural plasticity. (Left) synaptic networks 

rely on continuous dynamism of growth (dark blue spines) and removal (dotted 

line spine) of spines; (Middle) During learning the turn-over process is 

enhanced, remodelling the synaptic circuitry. ;(Right) In memory processes, 

recent and activated synapses are preferencially stabilized (red dotted circles) 

(Bernardinelli 2014). 
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Figure 27. Some key components of dendritic spines. Dendritic spines 

are complex post-synaptic structures composed by a high number of post-

synaptic molecules including neurotransmitter receptors, scaffolding proteins, 

signaling complexes, actin filaments and ABP (Calabrese et al., 2006). 

 

 

 

 

 

 

 

  

 

 

 

 

Most of these components are stabilized in the post-synapse through 

the post-synaptic density (PSD), a highly organized structure visible 

with an electron microscope (Bosch et al., 2014) (Figure 28).  

Consequently, the bigger the spine head is (e.g. mushroom shape) 

the more elements for signaling transduction are found (Nakahata 

and Yasuda, 2018). This is the reason why spine head size typically 

correlates with synaptic efficacy (i.e. the larger the spine head is, the 

stronger the synapse is) (Matsuzaki et al., 2004).  

Figure 28. Dendritic spine image 

taken with an electron microscope. 

F-actin fragment is labeled and false-

colored. Colors indicate spine head 

(red) and dendritic shaft (yellow). 

Arrows signal the spine neck (Bosch 

et al. 2012 
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Even though dendritic spines are highly dynamic and difficult to track 

in real time, taking visual snapshots of their density and morphology 

can reveal synaptic irregularities in some disorders (Penzes et al., 

2011; Phillips and Pozzo-Miller, 2015), including pathological 

conditions (Herms and Dorostkar, 2016) and the effects of certain 

drugs (Caffino et al., 2018) (Figure 29).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 29. Spine density during neurodevelopment in health and disease. A) 

Characterization of dendritic spines in different mental disorders. Grey: standard 

subject. Spine density increases during early development and in adolescence spines 

are selectively pruned and then maintained during adulthood. Diverse mental disorders 

are associated with an affectation of this process (Phillips and Pozo-Miller 2015). B) 

Numerical spine density during developmental staged in standard subject (Normal, 

black), schizophrenia (SZ, green), autism spectrum disorder (ASD, pink) and 

Alzheimer’s disease (AD, blue) (Penzes et al. 2011). 
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2.3. Protein turnover and the mTOR signaling among the 

molecular pathways supporting memory 

Gene expression and protein synthesis/degradation are especially 

important for memory (Artinian et al., 2008; Asok et al., 2019; 

Kandel, 2001). A number of signaling pathways/components 

relevant for memory function have been pinpointed over the years. 

These include the MAPK family, important for short-term and long-

term memory consolidation (Feld et al., 2005; Igaz et al., 2006), the 

mTORC1 pathway, the transcription factor cAMP responsive 

element binding protein (CREB) necessary for LTM but not STM 

(Busquets-Garcia et al., 2018b; Silva et al., 1998; Wang and Peng, 

2016), and PKA signaling, which is necessary for LTM consolidation 

(Kandel, 2001), among others.  

In this Thesis, I will focus on the role of the mTORC1 pathway, and 

protein synthesis and degradation as possible elements behind the 

memory impairment produced by THC. 

 

2.3.1. mTORC1 pathway 

mTOR is a serine/threonine kinase that takes part in a wide range of 

cellular functions such as cellular metabolism, actin cytoskeleton 

regulation, gene transcription, and protein translation. This is 

important for cell growth, cell survival, immune function, 

tumorigenesis, neuronal development, aging, and of relevance for 

this Thesis, synaptic plasticity and memory (Bockaert and Marin, 

2015; Huang and Fingar, 2014; Puighermanal et al., 2009; 

Radwanska et al., 2011; Tee et al., 2016). mTOR may participate in 

at least two protein complexes with somewhat specific cellular 

functions: mTOR complex I (mTORC1) and mTOR complex 2 
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(mTORC2) (Saxton and Sabatini, 2017; Yang et al., 2013) (Figure 

30). These two complexes allow the cell to separately control 

different processes. mTORC1 is mainly involved in the regulation of 

cell growth, involving autophagy, protein synthesis and ribosome 

biogenesis, while mTORC2 participates in the cell cycle, cytoskeletal 

dynamics, and energy metabolism (Beauchamp and Platanias, 

2013; Saxton and Sabatini, 2017; Shimobayashi and Hall, 2014; 

Yang et al., 2013). Thus, coordination between them both is 

important (Xie and Proud, 2014, 2013). 

 

 

There are currently four groups of mTOR inhibitors that are used to 

probe mTOR pathway function: antibiotic allosteric mTOR inhibitors 

(first generation), mTOR/PI3K dual inhibitors, ATP competitive 

mTOR inhibitors (second generation), and new mTOR inhibitors 

(third generation) (reviewed in Chen & Zhou 2020). 

The first generation of inhibitors, also called ‘rapalogs’, include 

rapamycin and its analogs, as temsirolimus or everolimus (Chen and 

Figure 30. mTOR complexes. mTOR (catalytic subunit) can be bound to different 

components in order to build two different complexes, mTORC1 and mTORC2, allowing each 

complex to have mainly different functions. Both complexes share in common mLST8, Deptor 

and Tti1/Tel2, apart from mTOR subunit. While PRAS40 and Raptor are linked only to 

mTORC1, and mSin1, Protor and Rictor to mTORC2 (Adapted from Castellanos et al. 2016). 
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Zhou, 2020). These are partial inhibitors of mTORC1 with a fairly 

immediate effect, while mTORC2 inhibition only occur after 

prolonged exposure in certain cell-types (Sarbassov et al., 2006) 

which allows to have a closer knowledge of the different functions of 

mTORC1. Conversely, the second generation of inhibitors have dual 

action and inhibit both mTOR complexes (Vilar et al., 2011; Zaytseva 

et al., 2012). The third generation of inhibitors is more heterogenous, 

being most of them dual inhibitors (reviewed in Chen & Zhou 2020). 

There are several extracellular stimuli that may enhance mTORC1 

activity. This may come from the activation of channels and surface 

receptors, including NMDAR, AMPAR, mGluR, dopamine receptors, 

and BDNFR. Subsequently, several signaling components of the 

pathway such as PDK1, PI3K, Akt, tuberous sclerosis 1/2 (Tsc1/2) 

may be triggered, and enhance the activity of  mTORC1 (Hay and 

Sonenberg, 2004; Hoeffer and Klann, 2010; Schicknick et al., 2008; 

Slipczuk et al., 2009). In terms of plasticity and memory, data 

suggest that mTORC1 controls protein synthesis (Jaworski and 

Sheng, 2006; Swiech et al., 2008) via phosphorylation of the 

translation initiation machinery promoting local control of activity-

dependent protein synthesis in dendrites (Jung et al., 2014; Takei et 

al., 2004). mTORC1 activation is implicated in LTM consolidation 

(Lana et al., 2017; Puighermanal et al., 2009) and reconsolidation  

(Bellfy and Kwapis, 2020; Jarome et al., 2018), although not for STM 

(Busquets-Garcia et al., 2018b). This difference may be related with 

the fact that the activation of protein synthesis is necessary to create 

a LTM (Hoeffer et al., 2011; Shrestha et al., 2020) and to stablish the 

L-LTP (Cammalleri et al., 2003) necessary for LTM formation 

(Giovannini et al., 2015; Hoeffer and Klann, 2010; Horwood et al., 

2006).  
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2.3.2. Protein synthesis and degradation 

Protein synthesis became the focus of learning, memory and 

synaptic plasticity as it was hypothesized that new proteins served 

to strength synaptic connections and, consequently, the storage of 

memory  (Bailey et al., 1999; Mayford et al., 2012; Schafe et al., 

1999). More recently, it has also been shown that protein 

degradation is as important as protein synthesis in memory function 

and a proper balance of protein synthesis and degradation is crucial 

in memory processes (reviewed in Jarome & Helmstetter 2014 and 

Park & Kaang 2019). 

 

a) Protein synthesis and memory 

The first study that confirmed the implication of protein synthesis in 

memory was carried out in 1963 with the emergence of protein 

synthesis inhibitors. This seminal study demonstrated that protein 

synthesis was required during memory consolidation as bi-lateral 

injections of protein synthesis inhibitors into the temporal lobe 

(caudal cortices and hippocampi) 1-2 days after learning blocked 

LTM in mice (Flexner et al., 1963). It has now been demonstrated 

that protein synthesis inhibition in diverse memory-relevant brain 

areas alters memory consolidation (Inda et al., 2005; Jarome and 

Helmstetter, 2014; Quevedo et al., 2004; Rossato et al., 2006; 

Schafe and LeDoux, 2000), without affecting the maintenance of 

STM (Romero-Granados et al., 2010; Rossato et al., 2007). 

Moreover, the new pool of proteins supporting memory consolidation 

need to be synthesized in a specific time window after learning 

(Banko et al., 2006; Costa-Mattioli et al., 2009b; Kelleher et al., 

2004). Similarly, synthesis of new proteins is also necessary during 
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other stages of memory as retrieval (Lopez et al., 2015) and 

reconsolidation (Artinian et al., 2008; Lee, 2008; Nader et al., 2000; 

Roesler, 2017; Romero-Granados et al., 2010). Interestingly, there 

is evidence indicating that dendritic spines are the key points of this 

protein homeostatic phenomena since translation can be rapidly and 

specifically activated in response to synaptic activity, allowing for 

modulation of a wide range of long-term synaptic plasticity onsite 

(Crino, 2016; Lipton and Sahin, 2014; Miller et al., 2002; Steward 

and Schuman, 2003; Sutton and Schuman, 2006). In fact, the 

expression of some proteins in dendritic spines have shown to be 

necessary for memory. For example, animals with reduced CaMKIIα 

in dendritic spines present memory impairment (Miller et al., 2002). 

It should be noted that while the majority of studies reveal the need 

for new protein synthesis to support memory consolidation as 

described above, there is some controversy concerning the 

constitutive need for new protein synthesis, as some studies have 

demonstrated that both L-LTP and memory consolidation can also 

occur without it (Abbas, 2013; Abbas et al., 2011, 2009; Abraham 

and Williams, 2008; Fonseca et al., 2006; Kramár et al., 2015; Villers 

et al., 2012). 

 

b) Protein degradation and memory: The ubiquitin-proteasome 

pathway (UPP). 

There are two main pathways for protein degradation in the cell: the 

autophagy-lysosome pathway and the ubiquitin-proteasome 

pathway (UPP). Here I will discuss the latter.  

The eukaryotic proteasome (26S proteasome) is a large protein 

complex weighting approximately 2,500 kDa and is principally 
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responsible for the degradation of cytosolic and nuclear proteins 

(Demasi and da Cunha, 2018). It has important roles controlling 

other cell processes such as the cell cycle, transcription, apoptosis, 

and protein synthesis (Jarome et al., 2011).  

The proteasome can be divided in three parts, two caps on each side 

of the complex, called 19S regulatory particles (RPs), and one 

central catalytic domain called the 20S core particle (CP). All 

together conform the 26S proteasome (Coux et al., 1996; Murata et 

al., 2009) (Figure 31). The 19S RPs are in charge of recognizing 

target proteins, as well as removing ubiquitin tags (Kowalski and Juo, 

2012). Structurally, RPs can be divided into base components and 

lid components. Base components have 9 subunits, 6 of which are 

ATPase subunits (RPT1-RPT6), and three of which are non-ATPase 

subunits (RPN1, RPN2, RPN13). Lid components are formed by 9 

non-ATPase subunits (RPN3, RPN5-9, RPN11, RPN12 and RPN15) 

(Murata et al., 2009; Tanaka, 2013). The 20S core has a barrel 

shape composed by 4 layers of seven either α- or β-subunits 

arranged as a ring. The two outermost rings (entrance control layers) 

are formed by α-subunits, while the two inner rings are composed by 

β-subunits. This constitutes a proteolytic compartment with the 

capacity for caspase-like, trypsin-like, and chymotrypsin-like 

activities (Arendt and Hochstrasser, 1997; Heinemeyer et al., 2004).  

 

 

 

 

 

Figure 31. Proteasome structure. The 

26S proteasome is composed by a 

catalytic 20S proteasome (conformed by 

2 outer α-rings and 2 inner β-rings) and 

two 19S regulatory particles in each end 

of the 20S proteasome (Murata et al., 

2009). 
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Three groups of associated proteins are reversibly bound to the 

proteasome: one group is bound to a 19S RP and delivers ubiquitin 

tagged proteins to the proteasome, while another group is bound to 

the 20S CP and is in charge of opening its axial channel. The last 

protein group is made up of ubiquitin ligases and deubiquitinating 

enzymes (DUBs) that are responsible for removing and recycling 

ubiquitin respectively (Lee et al., 2010). In the mammalian 

proteasome, 20S CP is coupled to three DUBs: Rpn11 (psmd14), 

Ups14, and Uch37 (4-22), where Rpn11 is a permanent subunit. 

The process of 26S-mediated protein degradation is as follows: first, 

the target protein is marked by abound ubiquitin tag. Then, this 

protein is directed to the proteasome where 19S RPs determine if 

the protein needs to be degraded by their DUBs (Jin et al., 2012; B. 

H. Lee et al., 2010). For those proteins that end up being degraded, 

ubiquitin is removed and recycled while the protein is unfolded and 

translocated to the proteasome’s catalytic core (Figure 32). This 

process is mediated by the ATPase subunits that open the α-ring 

channel (Murata et al., 2009; Smith et al., 2011; Tian et al., 2011). 

Of these subunits, Rpn11 is essential for removing ubiquitin from the 

proximal part of the protein to be degraded (Song et al., 2017; Verma 

et al., 2002; Yao and Cohen, 2002). 
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Specific protein targeting by 26S relies on ubiquitin tag variants. 

Ubiquitin links to lysine residues of the substrate of interest through 

a covalent bond (ubiquitylation), forming either mono-ubiquitin tags 

or poly-ubiquitin tags, depending on the protein size (Finley, 2009; 

Thrower et al., 2000). Depending on the pattern of the ubiquitin tag, 

this can signal degradation, transport to lysosomes, or even DNA 

repair (Kwon and Ciechanover, 2017; Ye and Rape, 2009) (Figure 

33). 

 

Figure 32. The ubiquitin proteasome system. Ubiquitin can be found 

either as polyubiquitin or linked to a ribosomal protein (RP in the figure). 

DUBs produce free ubiquitin by hydrolysis. Then ubiquitin can be 

conjugated to the target substrate. The ubiquitin-conjugation pathway 

consists of three different consecutive enzymes: E1 (ubiquitin-

activation enzyme), E2 (ubiquitin-conjugation enzyme) and E3 

(ubiquitin ligase) (Murata et al 2009). 
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The molecular mechanism underlying 26S proteasome function is 

related to the activation of NMDAR that leads to an increase in 

CaMKII activity that phosphorylates Rpt6 (Ser120). Rpt6 is a 19S 

regulatory subunit involved in proteasome activation (Djakovic et al., 

2009). When it is phosphorylated, Rpt6 evokes the translocation of 

proteasome to dendritic spines (Jarome et al., 2011; Jarome and 

Helmstetter, 2013; Rosenberg et al., 2016). Interestingly, this 

phosphorylation site is necessary for activity-dependent spine 

growth (Hamilton et al., 2012; Hamilton and Zito, 2013) and synaptic 

strength in hippocampal neurons (Djakovic et al., 2009). In this 

regard, increasing evidence demonstrates that the proteasome 

Figure 33. Ubiquitin code. Ubiquitin is usually bound to the ɛ-amino group of lysine (Lys) 

residues in the substrates. Ubiquitylation of one site (monoubiquitylation) or multiple sites 

(multi-monoubiquitylation) can avoid interactions, recruit binding partners, modulate protein 

activity, or change protein localization. Ubiquitin has seven Lys residues that allow it to form 

an ubiquitin chain. Moreover, the animo terminal allows for a linear ubiquitin chain. Ubiquitin 

chains can vary in pattern and functin. Ubiquitin chains attached by Lys48 and Lys11 mark 

proteins for degradation by the 26S proteasome. Ubiquitin chains attached by Lys63 usually 

recruit binding partners, which can be invoved in activation of nuclear factor κB (NF-κB), 

control of DNA repair, or proteins transport to the lysosome. Other ubiquitin chains, such as 

Lys6 and Lys29 or branched ubiquitin chains, need further study to better understand their 

function (Ye and Rape 2009). 
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system plays an important role in neuronal signaling (Fonseca et al., 

2006; Karpova, 2006), LTP (Dong et al., 2008; Vashisht et al., 2018) 

and memory. This is because learning increases the degradation of 

polyubiquitinylated proteins and proteasome activity, and 

proteasome inhibition in memory-related functions leads to memory 

impairment (Artinian et al., 2008; Cullen et al., 2017; Jarome et al., 

2011; Jarome and Devulapalli, 2018; Lee, 2008; Lopez-Salon et al., 

2001; Reis et al., 2013; Rosenberg et al., 2016). Moreover, the 

proteasome system is also involved in AMPAR internalization and it 

can be anchored to glutamate receptors, modulating their trafficking 

(Ferreira et al., 2015). In addition, 26S can anchor to scaffolding 

proteins and is involved in the regulation of mitochondrial activity 

(Escobar-Henriques et al., 2019; Lehmann et al., 2016). All the 

aforementioned characteristics are related to consolidation of LTM, 

which strongly suggests 26S is an integral component in the cellular 

mechanisms that underlie LTM (Cullen et al., 2017; Jarome et al., 

2011).  
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3. EFFECTS OF THC ON MEMORY MECHANISMS  

 

Cannabis consumption changes brain structure and function 

producing cognitive and behavioral outcomes (Bloomfield et al., 

2019; Broyd et al., 2016; Fischer et al., 2014; Hoffman et al., n.d.). 

In this section, I will summarize the data revealing the effects of THC 

on hippocampal plasticity in adult mice, at a functional, structural, 

and molecular level.  

 

3.1. Effects of THC on hippocampal functional plasticity 

Amnesic doses of THC have been observed to alter, under diverse 

conditions, some of the functional plasticity events described in the 

previous chapter (Chen et al., 2013; Hoffman et al., 2007; Mato et 

al., 2004) through diverse mechanisms (Hoffman et al., n.d.).  

3.1.1. Acute exposure to THC 

THC has been demonstrated to evoke a bi-phasic effect on 

functional plasticity in vitro. THC at low concentrations (10 pM) 

increased CA1 excitability, whereas higher concentrations than 10 

pM (100 pM and 1000 pM) produced the opposite effect (Foy et al., 

1982; Nowicky et al., 1987). Furthermore, THC was found to block 

LTP in a dose-dependent manner, an effect also produced by other 

synthetic CB1R agonists (Misner and Sullivan, 1999; Nowicky et al., 

1987).  

 

In this regard, data in vivo is consistent with the data previously 

obtained in vitro. A single administration of THC (3 mg/kg) blocks 

eCB-mediated retrograde signaling I-LTD (Mato et al., 2004), 15-20 
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hours after its administration. This effect would be transient, since 

24 hours after THC (10 mg/kg) administration CA1-LTP is not 

significantly altered (Hoffman et al., 2007).  

Interestingly, it has been observed that THC also activates mtCB1R 

(Hebert-Chatelain et al., 2016), a receptor that contributes to 

hippocampal DSI (Bénard et al., 2012), as well as to memory 

formation probably as a consequence of reducing mitochondrial 

energy metabolism, eventually reducing synaptic transmission 

(Djeungoue-Petga and Hebert-Chatelain, 2017; Hebert-Chatelain et 

al., 2016). These data point to the modulation of the synaptic 

metabolism as a possible mechanism by which THC affects brain 

functionality and memory (Hebert-Chatelain et al., 2016).  

 

3.1.2. Repeated exposure to THC 

Repeated hippocampal exposure to cannabinoids and THC alters 

hippocampal functionality through several different mechanisms. 

THC decreases theta oscillations (Robbe et al., 2006; Sherif et al., 

2018) which is strongly correlated with cannabinoid memory 

impairment (Robbe et al., 2006). In addition, cannabinoids also 

disrupt theta frequency communication between the hippocampus 

and prefrontal cortex (Hájos et al., 2000; Kucewicz et al., 2011; 

Lupica et al., 2017; Nagode et al., 2014; Robbe et al., 2006). These 

effects could rely on THC alteration of the balance between LTP and 

LTD. Repeated exposure to THC (10 mg/kg) abolishes CA1 

hippocampal LTP induced either by HFS or TBS (Hoffman et al., 

2007). This effect is not immediate, but rather cumulative, as the 

impairment starts to be visible on the 3rd day of treatment. Moreover, 

this change is semi-permanent since LTP function is not completely 
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recovered until 14 days after treatment cessation. From a molecular 

perspective, THC increases the probability of glutamate release and 

alters AMPAR function. Another study confirmed these effects and 

added that repeated THC exposure also blocks LTP at perforant 

path synapses in dentate granule cells (Fan et al., 2010), increasing 

glutamate release and decreasing AMPAR and NMDAR. 

Additionally, THC (10 mg/kg) was found to trigger the over-

expression of COX-2 in the hippocampus. Such alteration was 

associated to the LTP impairment both in CA3-CA1 synapses and in 

perforant path-dentate gyrus synapses (Chen et al., 2013), which 

were associated to down-regulation of glutamate transporters, 

increased PGE2 (COX-2 metabolite) and a commensurate increase 

in glutamate in the synaptic cleft.  

 

3.2. Effects of THC on hippocampal structural plasticity 

Few studies have been focused on the effects of THC on adult 

rodent hippocampal dendritic spines. It has been observed that in 

female rats, administration of THC during adolescence has an 

impact in adulthood, causing a decrease in the density of both 

dendrites, dendritic spines, and a decrease in dendritic length 

(Rubino et al., 2009). In addition, in adult mice, repeated treatment 

with THC (10 mg/kg) decreased dendritic spine density, particularly 

mushroom shaped spines with more expression of NMDAR and 

AMPAR. Repeated THC also decreased the number of glutamate 

receptors, as well as levels of post-synaptic protein PSD-95 (Chen 

et al., 2013), which is important for postsynaptic signaling and 

plasticity, given that PSD-95 is the most abundant scaffolding protein 

in the post-synaptic density (Cheng et al., 2006). 
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3.3. Molecular mechanisms underlying the effects of THC on 

memory. 

THC-induced memory impairment depends on hippocampal CB1R, 

which is strongly expressed (Han et al., 2012; Lichtman and Martin, 

1996; Wise et al., 2009). THC is a CB1R agonist (Hoffman et al., 

2010; Paronis et al., 2012; Shen and Thayer, 1999), working  as a 

full agonist on CB1R in specific GABAergic synapses and as a partial 

agonist on CB1R in glutamatergic synapses (Shen and Thayer, 

1999; Straiker and Mackie, 2005). In addition, GABAergic synapses 

have more CB1R content than glutamatergic ones (Kawamura et al., 

2006; Marsicano and Lutz, 1999). These facts imply that THC 

decreases GABA release more strongly and, as a consequence, 

increases glutamate drive (Katona and Freund, 2012) as has been 

previously observed in the prefrontal cortex (Pistis et al 2002).  

CB1R activation by THC leads to direct and indirect aberrant 

activation of different molecular mechanisms and can be linked to 

THC-induced memory impairment. Furthermore, chronic 

administration of amnesic doses of THC have been associated to 

alteration of pathways downstream of NMDAR and AMPAR: mTOR 

(Puighermanal et al., 2009), Akt-ERK/MAPK-NF-lB-COX-2 (Chen et 

al., 2013), PIK3-Akt-GSK3 (Ozaita et al., 2007) and MAPK-ERK 

pathways (Valjent et al. at 2001), as well as protein translation 

machinery (Puighermanal et al., 2009).  Interestingly, it seems that 

the effects of THC on STM and LTM depends on different molecular 

pathways, both acutely activated by THC administration. On one 

hand, THC impairs STM through the over-activation of the PKC 

pathway independently of either the mTOR pathway or protein 

synthesis. On the other hand, THC alteration of LTM is primarily 

dependent on the mTOR pathway and protein translation while it is 
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independent of PKC pathway (Busquets-Garcia et al., 2018b; 

Puighermanal et al., 2009).  

 

As previously discussed in this Thesis, a wide diversity of molecular 

mechanisms is involved in memory processes and THC seems to 

interfere with a relevant number of them. This points to a complex 

scenario where an orchestra of multiple cellular types and receptor 

locations play both parallel and convergent roles in memory deficits 

produced by THC.  
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4. BEHAVIORAL MODELS TO EVALUATE COGNITION 

AND MEMORY 

 

Murine memory tests have been developed to study different types 

of memory and the underlying neurobiological mechanisms. Some 

examples are tests designed to study working memory: T- or Y-maze 

(Deacon and Rawlins, 2006); recognition memory: novel object 

recognition memory test (Dere et al. 2007); spatial memory: novel 

object in place, Barnes maze and Morris water maze tests (Barnes, 

1979; D’Hooge and De Deyn, 2001), and associative learning: fear 

memory (trace, delay and context tests) or active avoidance test 

(Maren, 2001). There are other tests more complex that involve 

different kinds of memories being some examples either social 

recognition test or the radial arm maze (Olton, 1987). In this Thesis 

the novel object-recognition test (NOR) was used to study the effect 

of THC over a non-emotional (low arousal) memory, while fear 

conditioning test was selected to study THC effect over an emotional 

(high arousal) memory type.   

 

4.1. Novel object-recognition (NOR) test 

NOR test is used to study non-emotional declarative memories 

(Winters et al., 2008) that involve a proper functioning network 

between medial temporal lobe regions (Balderas et al., 2015). The 

developers of this test arrived to the conclusion that the three main 

advantages of this test were that it allows comparison between 

species, it does not need either positive or negative reinforcements 

such food or electric shocks, as it is based on the spontaneous 

behavior of the animals and thus, it is closer to human studies 

(Ennaceur and Delacour, 1988). In fact, numerous studies have 
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demonstrated the innate behavior of rodent preference for novelty, 

exploring more a novel object rather than a familiar one (Bengoetxea 

et al., 2015; Berlyne, 1950; Vogel-Ciernia and Wood, 2014). In 

addition, it can also be used in different mouse strains obtaining 

comparable results (Katona et al., 1999).  

4.2. Fear conditioning 

Fear conditioning tests are based on the classical conditioning 

stablished by Pavlov’s research in which learning consists of the 

association of a neutral stimulus (conditioned stimulus, CS) such as 

a sound, a light, or the same conditioning chamber where 

conditioning takes place (context), to a posterior non-neutral 

aversive (footshock, strong light) stimulus (unconditioned stimulus, 

US). Thus, after conditioning, when the animal is exposed to the CS 

it remembers the US as well. In fear conditioning the retrieval of the 

association between CS ad US manifests as complete 

immobilization of the animal except for breathing (freezing behavior) 

that will be measured as an indicator of memory (Blanchard and 

Blanchard, 1969; Gerlai, 1998). These emotional paradigms 

consolidate a strong memory that can last a lifetime, although it is 

possible to forget them by repeated re-exposure to the CS alone.  

Depending on the protocol applied, the relevance of the brain areas 

involved will change. In general, the amygdala is the most relevant 

brain region for emotional memories (LaBar and Cabeza, 2006). 

Nevertheless, it has been observed that the hippocampus has as 

well a relevant role in contextual fear conditioning, where the context 

acts as the CS (Holland and Bouton, 1999; Kim et al., 1993; Phillips 

and LeDoux, 1992), and in trace fear-conditioning where the CS is 

separated from the US by a time gap, hippocampus is the most 

relevant brain area (Raybuck and Lattal, 2011). 
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The negative effect that THC produces on memory is one of its main 

detrimental and unwanted side-effects. In our laboratory it was 

previously demonstrated that over-activation by THC of signaling 

pathways relevant for new protein synthesis was one of the causes 

of THC memory impairment. Besides, compelling data indicate that 

THC may act in a sort of accumulative way, probably starting by 

modifying molecular pathways related to synaptic structure with an 

impact on synaptic function. For this reason, the main hypothesis of 

this Thesis is that the effects of THC on memory could be 

accumulative and impact on synaptic processes, which are a 

relevant for brain plasticity. Furthermore, this event would occur 

even with low non-amnesic doses of THC when the treatment is 

prolonged in time. 

In order to assess this hypothesis, we stablished the following 

objectives: 

1. To study the effect of a single amnesic and well-

characterized dose of THC (10 mg/kg) on the hippocampal 

synaptoneurosomal proteome, and the possible altered 

pathways of this proteome. Published results: (Salgado-

Mendialdúa et al., 2018). 

2. To study the effect of a single amnesic dose of THC (10 

mg/kg) on structural plasticity and on relevant proteins for 

functional and structural plasticity. 

3. To characterize the effects of a repeated exposure to a non-

amnesic dose of THC (1 mg/kg) on hippocampal cognition 

and structural and functional plasticity.  

 



 
 

72 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

73 
 

 

  

MATERIAL 

AND METHODS 



 
 

74 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

75 
 

1. Experimental animals and general procedures 

 

Different mice strains were studied during the development of this 

Thesis. 

For general biochemistry and behavioral studies 10-12 weeks 

old male CD1 (Charles River, France) were used. 

For structural plasticity studies Thy1-EGFP-M transgenic male 

mice aging minimum 10 weeks old and maximum 20 weeks old were 

used. Experimental mice were obtained by crossing male Thy1-

EGFP-M (Feng et al., 2000) with female wild-type C57BL/6J 

(Jackson Laboratory stock 007788). Mice were used in 

heterozygous state for Thy1-EGFP. To assess the related 

biochemical studies male C57BL/6J (Jackson Laboratory stock 

007788) were used, aging from 8 to 10 weeks. 

All animals were located in cages of 4 in a controlled temperature 

(21 ± 1ºC) and humidity environment (55 ± 10%). Food and water 

were available ad libitum. The dark/light cycle had 12-hours (from 8h 

AM to 8h PM). All the studies were carried out during the light phase. 

All animal procedures were conducted in accordance with standard 

ethical guidelines (European Communities Directive 2010/63/EU) 

and approved by the local ethical committee (Comitè Ètic 

d'Experimentació Animal-Parc de Recerca Biomèdica de Barcelona, 

CEEA-PRBB). 

For electrophysiological studies, 10–12-week-old male C57BL6 

background CB1+/+ mice (NIH, MD, USA) were used. All 

electrophysiological studies were approved by the NIDA IRP Animal 
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Care and Use Committee and carried out in accordance with NIH 

guidelines. 

2. Drugs and treatments. 

 

For structural plasticity, biochemical and behavioral studies, 

Δ9-tetrahydrocannabinol (THC) was provided by THC-Pharm-GmbH 

(Frankfurt, Germany), cremophor-EL was provided by Sigma–

Aldrich (Madrid, Spain) and temsirolimus was provided by LC 

Laboratories (Woburn, MA). 

For electrophysiological studies THC was provided by NIDA Drug 

Supply (Rockville, MD, USA).  

THC and temsirolimus were prepared with the same vehicle solution 

(5% ethanol: 5% cremophor EL: 90% saline). 

THC (10 mg/kg, 1 mg/kg) or its vehicle were administered either 

once or once a day for 7 days at 10 mL/kg, i.p. Temsirolimus (1 

mg/kg) or its vehicle was administered at 10 mL/kg i.p. 20 minutes 

before administration of THC or its vehicle. 
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3. Memory tests 

3.1. Object recognition test 

The procedure for the test consists of three sessions: habituation, 

training/familiarization and test (9 minutes each) (Figure 34) which 

are performed in an arena, in our case, in a maze with a V-shape (V-

maze) in order to reduce the space and thus increase the total 

exploration time of the objects. During habituation phase, mice are 

placed in the V-maze to freely explore the new environment and get 

used to it. Twenty-four hours later, mice perform the training phase, 

where two identical objects are placed at the end of the corridors in 

the V-maze, so mice can explore and generate a memory of them. 

Then, either 3 hours later (if short-term memory is the interest) or 24 

hours later (if long-term memory is studied) the test phase is carried 

out. In this case, one of the familiar objects is exchanged by a new 

one with different shape and made from a different material. Time 

exploring both objects (novel and familiar) is annotated and can 

Figure 34. Scheme of the V-maze-NOR protocol and the different memory stages 

associated. Every test phase (habituation, familiarization, and test) is carried out during 9 

minutes with a 24 hour interval in between for long-term memory. In the habituation phase 

animals explore freely the V-maze. In the familiarization phase two identical objects are 

placed at the ends of the corridors and animals can explore them freely. Memory for objects 

is acquired. During the next hours memory retrieval can be assessed by placing the animal 

back in the V-maze. In such a test phase, one of the familiar objects is replaced for a new 

one different in shape and material and the exploration time for both novel and familiar 

objects is measured. 
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serve to evaluate animal performance in different ways: index of 

global habituation, discrimination index and preference index 

(Antunes and Biala, 2012). 

In this work we studied long-term memory and took into account the 

discrimination index (DI): (Exploration time of novel object − 

Exploration time of familiar object) / Total exploration time 

(Novel+Familiar). The higher the DI the better the memory for the 

familiar object. 

 

3.2. Fear conditioning test 

Different CS and US can be used having different inter-intervals, 

giving certain flexibility to the test and being able of stablish diverse 

paradigms. In this Thesis two different protocols have been carried 

out (Figure 35): 

 

1. Trace fear-conditioning: the test consists of two phases. The 

first phase includes the habituation and the training. In this 

phase the animal is placed in a shuttle box (LE918, Panlab, 

Barcelona) for 2 minutes, subsequently, a timer sounds (CS) for 

1 minute. Fifteen seconds after the sound stops (trace period) a 

footshock is delivered (US: 0.5 mA, 2 seconds). Thirty seconds 

later the animal is removed from the chamber and placed in his 

home cage. The second phase (test) is carried out 24 hours later 

to study LTM. Animals are placed in a new environment as a 

transparent cylinder that allows to observe the behavior of the 

animal. After 2 minutes mice are exposed to the sound of the 

timer (CS) and the freezing time is annotated (Figure 35A). 
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2. Context: The tests consist also in two phases similar to the 

trace fear-conditioning but without a sound. During the first 

phase the mouse is placed in the shuttle box for 2 minutes and 

then the electrical shock is applied (US: 0.35 mA, 2 seconds). 

Thirty seconds later the animal is removed until next day when 

it will be exposed again to the same chamber to study LTM. In 

this case, the animals are placed in the box during 5 minutes 

without any other stimulus and the freezing behavior is 

annotated (Figure 35B).   

 

 

Figure 35. Scheme of the traced and the context fear conditioning tests.  Fear 

conditioning learning consist in associate an aversive stimulus (e.g., footshock) with a specific 

neutral stimulus (e.g., tone) or context (e.g., a room). When memory is retrieved it evokes fear 

responses in front of the neutral stimulus or context. A) Trace fear conditioning. During the 

training phase, the mouse is introduced into the shuttle box and 2 minutes later a timer starts 

to sound for 1 minute. Fifteen seconds after the sound finishes a footshock is delivered. 

Twenty-four hours later the mouse is introduced in a new context where after 2 minutes, the 

sound of the timer will be evoked again, and freezing behaviour will be annotated. B) Context 

fear conditioning. During the training phase animals are introduced into the shuttle box and 2 

minutes later a footshock is applied. Next day animals are introduced again to the same shuttle 

box and freezing behaviour is annotated.   
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4. Biochemical analysis 

In all cases, hippocampal tissues were collected at different time 

points after treatment with either THC (10 mg/kg, 1 mg/kg) or vehicle, 

and immediately frozen on dry ice before storage at -80 ºC until used. 

 

4.1. Obtention of synaptoneurosome samples and 

immunoblot analysis 

To obtain synaptoneurosome enriched samples, hippocampal tissue 

was dounce-homogenized by 10 strokes with a loose pestle and 10 

strokes with a tight pestle in 30 volumes of ice-cold 

synaptoneurosome lysis buffer (in mM: 2.5 CaCl2, 124 NaCl, 3.2 KCl, 

1.06 KH2PO, 26 NaHCO3, 1.3 MgCl2, 10 Glucose, 320 Sucrose, 20 

HEPES/NaOH pH7.4) including phosphatase inhibitors (in mM: 5 

NaPyro, 100 NaF, 1 NaOrth, 40 beta-glycerolphosphate) and 

protease inhibitors (1 μg/mL leupeptin, 10 μg/mL aprotinin, 1 μg/mL 

pepstatin and 1 mM phenylmethylsulfonyl fluoride). This crude 

homogenate was centrifuged for 1 minute at 2,000 xg, 4 ºC, the 

supernatant was recovered (S1) and the pellet resuspended in 1 mL 

of synaptoneurosome lysis buffer for further centrifugation (1 minute 

at 2,000 xg, 4 ºC). This second supernatant (S2) was recovered and 

combined with S1. Total supernatant (S1+S2) was passed through 

a 10 μm nitrocellulose filter and centrifuged for 1 minute at 4,000 xg, 

4 ºC to attain the supernatant (S3). S3 was transferred to a new tube 

and centrifuged for 4 minutes at 14,000 xg, 4 ºC. This final 

supernatant (S4) was discarded, and the pellet was resuspended in 

150 μL of synaptoneurosome lysis buffer and used as the 



 
 

81 
 

synaptoneurosomal fraction. Protein concentration was measured 

with DC-micro plate assay (Bio-Rad, Madrid, Spain). 

 

Fifteen micrograms of sample were separated in a 10 % SDS-

polyacrylamide gel and electrotransferred to nitrocellulose 

membranes (Bio-Rad Laboratories). Afterwards, nitrocellulose 

membranes were blocked for 1 hour at room temperature with a mix 

of bovine serum albumin (BSA) at 3% dissolved in T-TBS (0.1 % 

Tween-20, 100 mM NaCl, 10 mM Tris, pH 7.4). Then, membranes 

were incubated during 2 hours with primary antibodies: anti-αtubulin 

(mouse monoclonal, Sigma-Aldrich, 1:15000), anti-GSK3β (rabbit 

monoclonal, Cell Signaling, 1:800), anti-PSD95 (rabbit polyclonal, 

Cell Signaling, 1:500), anti-mGluR5 (rabbit polyclonal, 

Millipore/Chemicon, 1:800), anti-synaptophysin (mouse monoclonal, 

Sigma-Aldrich, 1:800), anti-pNMDAR1 (Ser890) (rabbit, Cell 

Signaling, 1:1,000), anti-NR1 (rabbit, Millipore, 1:800), anti-pGluR2 

(Ser880) (rabbit, Sigma-Aldrich, 1:1,000), anti pCofilin (Ser3) (rabbit, 

Millipore, 1:1,000), anti-pCaMKII (Thr286) (rabbit, Cell Signaling, 

1:800), anti-CaMKII (pan) (rabbit, Cell Signalling; 1:1,000)anti p-

LIMK1 (Thr508)/p-LIMK2 (Thr505) (rabbit, Cell Signaling, 1:1,000) 

and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(mouse monoclonal, Santa Cruz Biotechnology; 1:12,000, used as 

housekeeping control). After three washes with T-TBS, membranes 

were incubated for 1 hour with horseradish peroxidase-conjugated 

anti-mouse or anti-rabbit antibodies (Pierce, diluted 1:10,000 and 

1:5,000, respectively). Then, after three more washes, membranes 

were incubated for 2 minutes with the chemiluminescent substrate 

Luminata Forte (Millipore). Chemiluminescence images for the 

immunoreactive bands were acquired on a ChemiDoc XRS System 



 
 

82 
 

(Bio-Rad) and quantified with The Quantity One software v4.6.3 (Bio-

Rad). 

 

4.2. Obtention of total hippocampus homogenate and 

immunoblot analysis 

To obtain total hippocampal homogenate, hippocampal tissue was 

homogenized by 20 strokes twice, first with a loose pestle and 

secondly with a tight pestle in 30 volumes of lysis buffer (10 % 

glycerol, 1 % TX-100, 150 mM NaCl, 1 mM EDTA and  50 mM Tris-

HCl pH 7.4 ) including protease and phosphatase inhibitors (in mM: 

5 NaPyro, 1 NaOrth, 100 NaF, 40 beta-glycerolphosphate, 10 μg/mL 

aprotinin, 1 μg/mL pepstatin, 1 μg/mL leupeptin, and 1 mM 

phenylmethylsulfonyl fluoride). Homogenate was mixed for 10 

minutes and then, centrifuged for 20 minutes at 16.100 xg. All 

procedure was assessed at 4ºC. Protein concentration was 

assessed by DC-micro protein assay (Bio Rad). Twenty-five 

micrograms of sample were loaded in a 10% SDS-polyacrylamide 

gel and transferred to nitrocellulose membranes (Bio-Rad, Spain) by 

electrophoresis. The blocking of the membranes was carried out for 

1 hour with bovine serum albumin (BSA) at 3% with T-TBS (0.1% 

Tween-20, 100 mM NaCl, 10 mM Tris, pH 7.4). Then, membranes 

were incubated with primary antibodies for 2 hours: anti-Rpt6 

(mouse monoclonal, Enzo; 1:800), anti-Psmd14 (rabbit monoclonal, 

Abcam; 1:1,000), anti-CB1R (rabbit, Frontier Science, 1:1,000) and 

anti-GAPDH (mouse monoclonal, Santa Cruz Biotechnology; 

1:12,000, used as housekeeping control). Subsequently, a 

membrane wash cycle was carried out with T-TBS, three washes of 

4 minutes each time. Next, membranes were incubated for 1 hour 

with horseradish peroxidase-conjugated either anti-mouse or anti-
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rabbit antibodies (Pierce, diluted 1:10,000 and 1:5,000, 

respectively). Images were acquired on a ChemiDoc XRS System 

(Bio-Rad) and quantified with The Quantity One software v4.6.3 (Bio-

Rad). 

 

4.3. Synaptoneurosome preparation for proteomic analysis 

Fresh hippocampal tissue was dounce-homogenized following the 

same protocol previously explained to obtain synaptoneurosome 

fractions. The final supernatant (S4) was discarded, and the pellet 

was used as the synaptoneurosomal fraction. In this case, the pellet 

of synaptoneurosomal fraction was re-suspended in 4% SDS, 0.1 M 

HEPES (pH=8.5). All the procedure was carried out in cold. Protein 

concentration was measured with DC-micro protein assay (Bio Rad). 

 

5. Histological procedures. 

 

5.1. Hippocampal Slice Preparation for structural plasticity 

Mice were anesthetized with an irreversible dose of ketamine (100 

mg/kg)-xylazine (20 mg/kg) solution (0.2 mL/10g weight) 

administered i.p. and then perfused for 3 minutes with PFA 4%. 

Brains were removed and placed in 4 % PFA 0.1 M phosphate buffer 

(PB) pH 7.4 for 24 hours at 4 ºC. Then, brains were transferred to 30 

% sucrose in PB and stored at 4 ºC until brains sank down. 60 μm 

brain slices were obtained using a freezing microtome (LEICA SM 

2000). Finally, slices were washed in 0.1 M PB, and mounted in 

glass slides with mowiol for subsequent confocal analysis. 
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5.2. Hippocampal Slice Preparation for electrophysiology  

Isoflurane was used to anesthetize mice. Then they were euthanized 

by cervical dislocation and posterior decapitation. Brain was 

removed and quickly introduced in modified cold and oxygenate 

(95% O2-5% CO2) atificial cerebrospinal fluid (m-aCSF) containing 

NaCl 109mM, KCl 4.5 mM, MgCl2 1 mM, CaCl2 2.5 mM, NaH2PO4 

1.2 mM, NaHCO3 35 mM, Glucose 11 mM, HEPES 20 mM, sodium 

ascorbate 0.4 mM. Transverse hippocampal slices (280 µm) were 

cut using a vibratome tissue slicer (Leica VT1200S, Leica 

Biosystems Nussloch, Germany) while submerged in m-aCSF 

previously oxygenate. Then slices were transferred to continoulsy 

oxygenated m-aCSF at 35ºC for 20 minutes. After this time, they 

were maintained in oxygenated m-aCSF at room temperature for at 

least 40 minutes prior to recording. A maximum of five slices per 

animal per day were used for electrophysiological recordings.  

 

6. Electrophysiological recordings 

Extracellular field excitatory postsynaptic potentials (fEPSPs) were 

recorded in CA1 from hippocampus using previously described 

techniques (Lecca et al., 2019). The aCSF used for the recordings 

was composed by NaCl 126mM, KCl 3 mM, MgCl2 1 mM, CaCl2 2.4 

mM, NaH2PO4 1.2 mM, NaHCO3 26 mM, Glucose 11 mM. Caffeine 

(50 µM) was included in the aCSF to limit the influence of 

endogenous adenosine on fEPSPs. Hippocampal slices were 

submerged in a recording chamber (RC-26, Warner Instruments, 

Hamden, CT, USA), and continuously perfused with aCSF (2 

mL/minute) using a peristaltic pump (Cole-Parmer Instruments, 

Vernon Hills, IL, USA). Bath temperature was maintained at 30–32 
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°C by passing the aCSF through an in-line heater (TC324-C and 

SH27-B, Warner Instruments). Borosilicate glass electrodes (1.5 mm 

o.d. × 0.86 mm i.d., Sutter Instruments, Novato, CA, USA) were 

fabricated using a horizontal puller (P-97, Sutter Instruments) and 

filled with aCSF. Electrodes were connected to the headstage of an 

AC amplifier (Model 1800, A-M Systems, Sequim, WA, USA). The 

tip of a bipolar-stimulating electrode consisting of twisted formvar-

insulated nichrome wire (50 μm diameter; A-M Systems), connected 

to a constant current stimulus isolation unit (DS3, Digitimer LLC, Ft. 

Lauderdale, FL), was positioned in hippocampal area CA3 to 

activate Schaffer collateral axons forming synapses on CA1 

pyramidal neuron dendrites. The recording electrode was positioned 

in CA1 stratum radiatum using a manual micromanipulator, and 

gradually lowered while monitoring fEPSPs, so that the largest 

fEPSP for a given stimulus intensity was obtained. Recording 

electrodes were then fixed at this depth within the slice and input–

output (I/O) curves relating fEPSP amplitude to stimulus intensity 

(20–200 μA, 0.1 milliseconds) were generated. Baseline fEPSP 

responses of 30–50% of maximum were then obtained using a 

stimulus intensity determined from the I/O relationship (which was 

not statistically different among groups, data not shown). Following 

establishment of a stable baseline period of 15 minutes, theta burst 

stimulation (TBS) was applied in order to induce long-term 

potentiation (TBS-LTP). The TBS protocol consisted of 10 bursts of 

5 stimuli delivered at 100 Hz, separated by 200 milliseconds. 

Episodes were repeated 4 times at 5 seconds intervals. The 

stimulation, data acquisition and signal analyses were performed 

online using an A/D board (PCIe-6321, National Instruments, Austin, 

TX, USA) and WinLTP software (https://www.winltp.com/; Anderson 

and Collingridge, 2007). 

https://www.winltp.com/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6716152/#R2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6716152/#R2
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7. Confocal image acquisition and dendritic spine 

analysis. 

 

Images of dendritic spines from CA1 pyramidal neurons were 

obtained using a Leica TCS SP5 Confocal microscope. Image stacks 

were of 0.13 μm step thickness. Dendritic spines counting and 

classification (mushroom, thin, stubby) was assessed through 

Neuronstudio program (Version 0.9.92; 

http://research.mssm.edu/cnic/tools-ns.html, CNIC, Mount Sinai 

School of Medicine) (Rodríguez et al. 2008) after deconvolution of 

the images by Huygens Essential software (Huygens compute 

engine 4.3.1p3 64b, https://svi.nl/HuygensSoftware). We analyzed 

secondary and tertiary apical dendrites between 20 to 150 µm 

distance from soma, thus localized in the stratum radiatum 

(Gisabella et al., 2020). Spine analysis was carried out along 30 to 

80 µm dendrite segment length. The parameters used for the 

counting and classification were as follow. Voxel dimensions X: 0.08 

µm, Y: 0.08 µm, Z: 0.125 µm. For neurite tracing attach ratio: 1.3, 

Min Length: 3.0 and Discretion Ratio: 1.0. Dynamic and scattered 

sampling options were selected. For spine detection and 

classification, the program was trained with 300 examples of spines 

and analysis was then automatically performed. Clear erroneous 

detections were manually corrected. 

 

8. Tandem mass tag analysis 

 

Synaptoneurosomal fractions obtained from 6 THC-treated mice and 

6 vehicle-treated mice were obtained in parallel and re-suspended 

in 4% SDS, 0.1 M HEPES (pH=8.5) before they were pooled 

http://research.mssm.edu/cnic/tools-ns.html
https://svi.nl/HuygensSoftware
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together. Protein concentration of the THC-pooled sample and the 

vehicle-pooled sample were measured using DC-micro protein 

assay (Bio-Rad). Two samples from each pool (100 mg each), THC 

(T1 and T2) and vehicle (V1 and V2), were processed in parallel as 

follows. First, they were subjected to trypsin (Promega) digestion 

following the filter-aided sample preparation (FASP) protocol as 

described previously (Wiśniewski et al., 2009). Peptides generated 

in the digestion for all 4 samples were desalted with an Oasis 

Hydrophilic-Lipophilic-Balanced (HLB) cartridge (Waters), 

evaporated to dryness, dissolved in 0.5 M triethylammonium 

bicarbonate buffer and labeled with tandem mass tag-6 (TMT-6) 

reagents (Thermo Fischer Scientific) at lysines and terminal amine 

groups following the manufacturer’s protocol. Samples from THC-

treated mice were labeled with TMT-128 and TMT-129 reagents (T1 

and T2, respectively), and samples from vehicle-treated mice were 

labeled with TMT-126 and TMT-127 reagents (V1 and V2, 

respectively). Each of the 4 chemical labels dissociates in the mass 

spectrometer to produce one of the discrete reporter ions, which 

intensity is measured in a MS/MS scan and provides the peaks used 

for peptide quantification. After labeling, all 4 samples (V1, V2, T1, 

T2) were pooled. The pooled sample containing labeled peptides 

was desalted with an Oasis HLB cartridge (Waters), evaporated to 

dryness and fractionated using Strong Cation Exchange and Strong 

Anion Exchange chromatography as described previously 

(Wiśniewski et al., 2009). Each fraction was run on an Linear Trap 

Quadropole (LTQ) Orbitrap Velos (Thermofisher) fitted with a 

nanospray source (Thermofisher) previous nanoLC separation in a 

EasyLC system (Proxeon). Peptides were separated in a reverse 

phase column, 75 μm x 150 mm (Nikkyo Technos Co., Ltd.) with a 

gradient of 5 to 35% acetonitrile with 0.1% formic acid in 120 minutes 
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at a flow of 0.3 mL/min. The LTQ-Orbitrap Velos was operated in 

positive ion mode with nanospray voltage set at 2.2 kV and source 

temperature at 325 °C. The instrument was externally calibrated 

using Ultramark 1621 for the Fourier transform mass analyzer. An 

internal calibration was performed using the background 

polysiloxane ion signal at m/z 445.1200 as the calibrant. The 

instrument was operated in data-dependent acquisition (DDA) 

mode. In all experiments full MS scans were acquired over a mass 

range of m/z 350-2,000 with detection in the Orbitrap mass analyzer 

at a resolution setting of 60,000. Fragment ion spectra produced via 

high energy collision dissociation (HCD) were acquired in the 

Orbitrap mass analyzer with a resolution setting of 7,500 for the 

mass range of m/z 100-2,000. In each cycle of DDA analysis, 

following each survey scan the top ten most intense ions with 

multiple charged ions above a threshold ion count of 10,000 were 

selected for fragmentation at normalized collision energy of 45%. All 

data were acquired with Xcalibur 2.1 software 

Protein identification and quantitation was performed by Proteome 

Discoverer software v.1.4.0.288 (ThermoFisher) using Mascot v2.3 

(Matrix Science) as search engine. Data were processed by a search 

against a mouse SwissProt database that included the most 

common contaminants. Carbamidomethylation for cysteines, TMT 

for Lys and N-terminal were set as fixed modification. Acetylation in 

protein N-terminal and oxidation of methionine were set as variable 

modifications. Peptide tolerance was 7 ppm in MS and 20 mmu in 

MS/MS mode, maximum number of missed cleavages was set at 3. 

Peptides were filtered based on a FDR (False Discovery rate) lower 

than 5%, and only proteins containing at least two spectra were used 

for quantification.  
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9. Analysis of synaptoneurosomal proteome 

The obtained hippocampal synaptoneurosomal proteome was 

compared with several well-established synaptoneurosomal, pre- 

and postsynaptic proteomes and a highly pure postsynaptic density 

(PSD) proteome obtained in the Bayés’ laboratory (Bayés et al., 

2017, 2014; Burré et al., 2006; Distler et al., 2014; Engmann et al., 

2010; Gerlai et al., 1999; Györffy et al., 2016; Morciano et al., 2005; 

Phillips et al., 2005; Reig-Viader and Bayés, 2017; Takamori et al., 

2006; Zhou et al., 2015). Only the proteins appearing in at least one 

of the indicated proteomes were considered as synaptic, which were 

subsequently classified as (i) synaptic, when found in both pre- and 

postsynaptic proteomes or in any synaptoneurosomal proteome; (ii) 

postsynaptic, when absent from presynaptic proteomes; and (iii) 

presynaptic, when absent from postsynaptic proteomes. 

9.1. Differential expression analysis 

Specific protein expression was calculated using Proteome 

Discoverer software module for TMT quantification and the obtained 

ratios for the TMT reporters were normalized on protein median for 

each sample (V1, V2, T1, T2). The differential expression analysis 

comparing THC conditions and vehicle conditions was conducted 

using two alternative approaches. The first procedure, named 

“group-wise analysis”, considered the intensities of both vehicle and 

THC groups together. We selected as differentially expressed genes 

in THC-treated conditions compared to vehicle-treated conditions, 

those with a q-value < 0.05. The second procedure, named 

“individual-wise analysis”, was motivated by previous studies that 

used data from individual samples (Menche et al., 2017; Wang et al., 

2015). It consisted in pairing the determinations in each THC sample 
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(T1 and T2) with each vehicle sample (V1 and V2), and selecting the 

genes located in the extremes for all the 4 potential pairings: TMT-

128 (T1) vs. TMT-126 (V1); TMT-128 (T1) vs. TMT-127 (V2); TMT-

129 (T2) vs. TMT-126 (V1); TMT-129 (T2) vs. TMT-127 (V2). The 

extremes were defined using z-score < -2 and > 2. 

9.2. Network-based analysis of mouse proteome 

A mouse interactome containing known physical interactions 

between mouse proteins was created by integrating data from IntAct 

(Orchard et al., 2014), BioGRID (Chatr-Aryamontri et al., 2017), DIP 

(Salwinski et al., 2004) and HPRD (Keshava Prasad et al., 2009) 

using the BIANA software (Garcia-Garcia et al., 2010). In BIANA, we 

merged protein interactions in different databases by using the 

common identifiers used by these databases (such as ENTREZ 

gene id) or sequence identity (exact match of the protein sequence). 

Then, we filtered interactions coming from pull down assays (such 

as Tandem Affinity Purification) and used the largest connected 

component of the interaction network corresponding to the mouse 

interactome. Then we used GUILD (Guney and Oliva, 2012), a 

software to score the connectedness of the nodes in a network with 

respect to the seeds. Proteins of the mouse interactome were 

assigned an initial score of 1 or 0.01 depending on whether they 

were associated with the proteins modulated by THC (seeds) or not, 

respectively. We used NetScore algorithm that iteratively calculated 

the score that arrived from seeds to each node through multiple 

shortest paths between the node and the seeds (default parameters 

of 2 iterations with 3 repetitions were used). The 150 top-scoring 

proteins were selected for functional enrichment analysis. Gene 

Ontology terms significantly enriched among top-scoring proteins 

were identified using the FuncAssociate software (Berriz et al., 
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2009). The data and links of tools used in the network-based 

analysis are available online at 

http://sbi.upf.edu/data/cannabinoid_effects/. 

 

10. 20S proteasome activity assay 

Hippocampal 20S proteasome activity 3 hours after THC or vehicle 

administration was measured using the 20S Proteasome Activity 

Assay Kit (APT280, Chemicon, Temecula, CA, USA) following 

manufacturer’s instructions. The assay measures the chymotrypsin-

like activity in the hippocampal homogenates, using Suc–Leu–Leu–

Val–Tyr–(7-Amino-4-methylcoumarin) (LLVY-AMC) as a substrate. 

AMC fluorescence (380/460) released after cleavage was quantified 

using a fluorometer. Briefly, 40 µg of hippocampal homogenates per 

mouse were incubated in the presence of LLVY-AMC for 90 minutes 

at 37 ºC and then fluorescence was measured. AMC fluorescence 

resulting from chymotrypsin-like activity in the hippocampal samples 

from THC-treated mice was expressed as percentage to vehicle-

treated animals. 

 

11. Statistical analysis. 

Group data are expressed as mean ± standard error of the mean 

(SEM). In all cases the number of animals is indicated. The data 

were acquired from multiple animals per group to ensure that 

results were replicable. Significance was considered at p < 0.05 or 

minor (Prism v7, GraphPad Software). 

http://sbi.upf.edu/data/cannabinoid_effects/
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Immunoblot, proteasome activity data and context fear conditioning 

test were analyzed by Student’s t-test when only treatment with 

vehicle or THC were a factor. Two-way analysis of variance 

(ANOVA) was applied for dendritic spines analysis and trace fear 

conditioning studies when only a treatment was applied, without pre-

treatment. Three-way ANOVA was conducted for trace fear 

conditioning studies when both pre-treatment and treatment were 

administered.   
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1. Approach and objectives 

 

∆9-tetrahydrocannabinol (THC) is the main compound in Cannabis 

sativa preparations with a psychoactive action in the brain (Gaoni 

and Mechoulam, 1964; Mechoulam and Parker, 2013). Cannabis 

sativa preparations are globally used for recreational reasons 

(Mounteney et al., 2016; UNODC, 2017) and its potential use in 

medical forms is nowadays submitted to close scrutiny (Alexander, 

2016). THC exposure affects cognition as revealed in preclinical and 

clinical studies (Ranganathan and D’Souza, 2006; Zanettini et al., 

2011). The hippocampus is a key brain region relevant for memory 

function and an important target for the cognitive effects of THC 

since intrahippocampal THC administration mimics the spatial 

memory alterations produced by systemic THC (Lichtman et al., 

1995). At the molecular level, amnesic doses of THC enhance in the 

hippocampus several signaling pathways involved in synaptic 

plasticity such as those controlling the RNA translation machinery 

(Ozaita et al., 2007; Puighermanal et al., 2012, 2009). Importantly, 

protein synthesis is necessary for synaptic plasticity and memory 

(Costa-Mattioli et al., 2009a; Santini et al., 2014). However, the type 

of proteins synthetized after acute THC administration, and the 

impact they may have in synaptic plasticity remain to be elucidated. 

In this chapter we summarize the study of the acute effects of THC 

on protein expression in the hippocampus. We conducted an 

analysis of the proteome of hippocampal synaptoneurosomes to 

reveal the proteins acutely modulated by THC. We observed diverse 

pathways with greater representation of metabolic pathways, the 

actin cytoskeleton, and the proteasome system which activity was 

decreased by THC.  
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2. Results 

 

2.1. Validation of the synaptoneurosome samples 

To study the effect of THC on the protein content of hippocampal 

synaptoneurosomes we first validated our samples enriched in this 

fraction (Figure 36A). Immunoblot detection allowed to confirm in 

our synaptoneurosome fraction a greater content of pre- and 

postsynaptic components (synaptophysin, PSD95 and mGluR5) 

compared to cytosolic and microtubule proteins (GSK3 and α-

tubulin). On the other hand, when analyzing homogenate samples, 

we could observe a greater content of cytosolic and microtubule 

proteins compared to synaptic proteins. 

Then we conducted a proteomic analysis of this fraction 3 hours after 

the exposure to an amnesic dose of THC (10 mg/kg, i.p; THC-10). 

Proteomic analysis with tandem mass tagging (TMT) (Thompson et 

al., 2003) pinpointed 2,040 shared proteins in vehicle and THC-10 

animals. Then, we validated again synaptic enrichment by a second 

approach by comparing our detected proteins with eleven well- 

recognized synaptic proteomes (Figure 36B). The proteomes of 

reference were from synaptoneurosomes, presynaptic active zone 

(AZ), synaptic vesicles (SVs) or postsynaptic densities (PSDs) 

(Bayés et al., 2017, 2014; Burré et al., 2006; Distler et al., 2014; 

Engmann et al., 2010; Györffy et al., 2016; Morciano et al., 2005; 

Phillips et al., 2005; Takamori et al., 2006; Zhou et al., 2015). This 

approach indicated that out of 2,040 proteins, 1,912 had been 

previously detected in these proteomes of reference what implied a 

94% of the total detected proteins. When these 1,912 were classified 

depending on the location we found a 60% of pre-and postsynaptic 
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proteins, a 37.3% of PSD-specific proteins and a 2.7% of 

presynaptic-specific proteins.  

 

Figure 36. Sample validation of hippocampal synaptoneurosomes. (A) Immunoblot 

validation. Representative immunoblots and quantifications of synaptic and cytosolic 

components in homogenate (H) and synaptonerosomal (S) samples (10 μg of protein per 

sample). Synaptic enrichment (right panel) was calculated per each protein as following: 

(ImmS−ImmH)/(ImmS+ImmH) where ImmS refers to immunoreactive detection of S samples 

and ImmH of H samples. There were 4 original hippocampi that are represented by different 

symbols. Positive numbers indicate an enrichment of that protein in synaptoneurosomes while 

negative numbers indicate the opposite.  (B) Characterization of protein location. 1,911 

proteins out of the 2,040 detected proteins were identified in the proteomes of reference, what 

composes the 94% of the proteins. Inside this 94% of synaptic proteins 60% were identified 

as pre- and postsynaptic proteins, followed by 37.3% identified as PSD-specific proteins and 

a 2.7% as presynaptic-specific proteins. Blue colour denotes proteins identified in the 

proteome of reference while yellow colour corresponds to proteins not identified in synaptic 

proteomes.   
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2.2. THC affects the proteome of hippocampal 

synaptoneurosomes 

Once the proteome of our synaptoneurosomal samples was 

validated, we studied the effect of THC-10 over this protein content. 

First, we performed a differential expression analysis through two 

different approaches (farther explained in methods chapter): a 

group-wise and an individual-wise analysis. The first approach 

(Figure 37A) exhibited an alteration in the content of 122 proteins 

(q-value < 0.05), 42 showed an increased expression while 80 of 

them showed a decreased (Figure 37B). When we farther 

characterized these 122 proteins, we found a 58.2% of general 

Figure 37. Group-wise analysis. (A) Scheme of the conducted analysis.  Proteins with q-

value < 0.05 were considered modulated proteins and selected as seeds to run GUILD, an 

algorithm that scores proteins based on networks. (B) Volcano plot shows the protein 

distribution after treatment with THC-10. Orange indicates proteins modified by THC-10 (q-

value < 0.05) while blue indicates no significant alterations. (C) Characterization of the 122 

altered proteins. Out of the 122 modified proteins 71 (58.2%) were identified as postsynaptic 

proteins, 39 (32%) as pre- and postsynaptic proteins, 2 (1.6%) as PSD-specific proteins and 

10 (8.2%) were not identified in any proteome of reference. 
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synaptic proteins, 32% PSD proteins and a 1.6% specifically 

presynaptic (Figure 37C). 

Then we analyzed the connection of these 122 proteins with possible 

pathways that in consequence could be altered by THC-10. To this 

aim, we conducted a network-based analysis with these 122 proteins 

as seeds. Subsequently proteins were scored in the mouse 

interactome by using GUILD software  (Guney and Oliva, 2012). 

Finally, we analyzed the functional enrichment of the 150 proteins 

with the highest score. Functional enrichment analysis pinpointed a 

major predominance of metabolic processes as mitochondrial 

processes and pathways involved in the reorganization of the 

cytoskeleton (Table 1).  

Table 1. Functional enrichment analysis (top 40 functions, find the entire list in the 

following online resource: http://sbi.upf.edu/data/cannabinoid_effects/). 

GO term ID Go term name 

Log of 

odds 

ratio 

Adjusted 

p-value 

GO:1904395 positive regulation of skeletal muscle 

acetylcholine-gated channel clustering 

2.40145 0.01300 

GO:1904393 regulation of skeletal muscle acetylcholine-gated 

channel clustering 

2.17957 0.02450 

GO:1904398 positive regulation of neuromuscular junction 

development 

2.17957 0.02450 

GO:0016624 oxidoreductase activity, acting on the aldehyde or 

oxo group of donors, disulfide as acceptor 

2.03341 0.04300 

GO:1901628 positive regulation of postsynaptic membrane 

organization 

2.03341 0.04300 

GO:1903911 positive regulation of receptor clustering 2.03341 0.04300 

GO:0006099 tricarboxylic acid cycle 1.90032 <0.00050 

GO:0006101 citrate metabolic process 1.78749 <0.00050 

GO:0072350 tricarboxylic acid metabolic process 1.76555 <0.00050 

GO:0006734 NADH metabolic process 1.68310 0.00100 

GO:0005753 mitochondrial proton-transporting ATP synthase 

complex 

1.59268 0.03000 

http://sbi.upf.edu/data/cannabinoid_effects/
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GO:0006103 2-oxoglutarate metabolic process 1.59268 0.03000 

GO:0045259 proton-transporting ATP synthase complex 1.59268 0.03000 

GO:0005790 smooth endoplasmic reticulum 1.51266 0.00650 

GO:0016469 proton-transporting two-sector ATPase complex 1.40861 0.01650 

GO:0019674 NAD metabolic process 1.37308 0.02050 

GO:0043209 myelin sheath 1.35324 <0.00050 

GO:0045104 intermediate filament cytoskeleton organization 1.30968 0.03350 

GO:0043648 dicarboxylic acid metabolic process 1.30901 <0.00050 

GO:0045103 intermediate filament-based process 1.29517 0.04500 

GO:0015078 hydrogen ion transmembrane transporter activity 1.17573 0.00650 

GO:0046496 nicotinamide nucleotide metabolic process 1.17461 <0.00050 

GO:0019362 pyridine nucleotide metabolic process 1.15085 0.00050 

GO:0015992 proton transport 1.14287 0.03150 

GO:0006818 hydrogen transport 1.13449 0.04500 

GO:0072524 pyridine-containing compound metabolic process 1.13383 0.00050 

GO:0005759 mitochondrial matrix 1.13328 <0.00050 

GO:0006637 acyl-CoA metabolic process 1.11819 0.04750 

GO:0035383 thioester metabolic process 1.11819 0.04750 

GO:0006733 oxidoreduction coenzyme metabolic process 1.08642 0.00100 

GO:0006006 glucose metabolic process 1.07138 0.01950 

GO:0046034 ATP metabolic process 1.05320 0.02750 

GO:0005882 intermediate filament 1.01047 0.01450 

GO:0070013 intracellular organelle lumen 0.95295 0.00050 

GO:0043233 organelle lumen 0.93145 0.00050 

GO:0031974 membrane-enclosed lumen 0.91438 <0.00050 

GO:0006732 coenzyme metabolic process 0.91409 <0.00050 

GO:0005743 mitochondrial inner membrane 0.87998 <0.00050 

GO:0019866 organelle inner membrane 0.87344 <0.00050 

GO:0031966 mitochondrial membrane 0.83807 <0.00050 

 

As the involvement of THC with metabolic and cytoskeletal 

processes had been already described (Gholami et al., 2020; 

Hebert-Chatelain et al., 2016; Jimenez-Blasco et al., 2020; Njoo et 

al., 2015) and they are quite abundant in the synapse, we wondered 

if another altered pathway could be masked by these processes. For 

this reason, we carried out an individual-wise differential expression 

analysis. With this approach 28 proteins were observed at the 
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extremes of the normal data distribution (z-score < 0.05 and > 0.95) 

(Figure 38A). Then we analyzed the location of these proteins 

finding out that 7 (25%) were synaptic proteins (Increased: Rab8b, 

D430041D05Rik and Tmsb4x; Decreased: Sel1l , Timm8a1, Atp5j 

and Mtch1); 1 (3.6%) specifically pre-synaptic (Decreased: Cox5a); 

10 (35.7%) specifically postsynaptic (Increased: Krt6a, Krt16, Krt42, 

Figure 38. Individual-wise analysis. (A) Scheme of the conducted analysis. Vehicle and 

THC-10 samples were paired together and proteins that showed an extrema distribution were 

identified as modulated proteins. All four distributions were compared and the proteins that 

appeared in all of them were selected as seeds (28 proteins) to run GUILD and obtain a 

ranking of proteins highly related to the modulated proteins. The 150 highest-scoring related 

proteins are highlighted on the right, where a group of proteins associated to the proteasome 

can be observed. (B) Characterization of the 28 proteins common in all 4 distributions. Out of 

the 28 modulated proteins 7 (25%) were identified as pre-and postsynaptic proteins 

(Increased: Rab8b, Tmsb4x and D430041D05Rik ; Decreased: Mtchl, Atp5j, Timm8al and 

Sel11); 1 (3.6%) was identified as presynaptic-specific (Decreased: Cox5a); 10 (35.7%) as 

postsynaptic-specific (Increased: Dsp, Krt6a, Krt42, Krt16, Clic4 and Sfn; Decreased: Arsb, 

Psmd14 and Mecr) and 10 (35.7%) were not identified in the reference proteomes (Increased: 

Atg, Lsm4, Arfip1, H2afz and Ubxn8 ; Decreased: Riok1, Try10, Nrgn, Sirpb1c and Tmem44 

). 
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Dsp, Sfn and Clic4 ; Decreased: Psmd14, Arsb and Mecr); 10 

(37.7%) not detected in the proteomes of reference (Increased: 

Atg4b, Lsm4, Arfip1, H2afz and Ubxn8 ; Decreased: Riok1, Try10, 

Nrgn, Them44 and Sirpb1c ) (Figure 38B). 

Then a network-based analysis and a functional enrichment analysis 

from the 150 highest-scoring proteins was performed as previously 

explained. Functional enrichment analysis (Table 2) uncovered the 

proteasome complex as an enriched function (adjusted p-value < 

0.05). Next question to address was whether this proteasome 

alteration could be linked to either the up-regulated proteins or the 

down-regulated proteins. To this aim, the bioinformatics analysis 

was performed again taking solely the up-regulated or the down-

regulated seeds. The proteasome complex was pinpointed only in 

the analysis of the down-regulated pool of seeds. 

Table 2. Functional enrichment analysis (top 5 functions, find the entire list in the 

following online resource: http://sbi.upf.edu/data/cannabinoid_effects/) 

Seeds GO term ID Go term name 

Log of 

odds 

ratio 

Adjusted 

p-value 

All 

(28) 

GO:0033063 

Rad51B-Rad51C-Rad51D-XRCC2 

complex 2.39222 0.0085 

GO:0022624 proteasome accessory complex 2.04012 <0.00050 

GO:0005838 proteasome regulatory particle 1.94015 0.0015 

GO:0000502 proteasome complex 1.22498 0.0015 

GO:0005515 protein binding 0.3101 0.0425 

Up-

regulated 

(15) 

GO:0033063 

Rad51B-Rad51C-Rad51D-XRCC2 

complex 2.39548 0.01 

GO:0030216 keratinocyte differentiation 1.29883 0.0065 

GO:0009913 epidermal cell differentiation 1.10416 0.048 

GO:0001047 core promoter binding 0.89861 0.0155 

GO:0030855 epithelial cell differentiation 0.80806 0.0065 

Down-

regulated 

GO:0022624 proteasome accessory complex 2.02697 <0.00050 

GO:0005838 proteasome regulatory particle 1.92736 0.0045 

http://sbi.upf.edu/data/cannabinoid_effects/
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(13) 

GO:0007216 

G-protein coupled glutamate 

receptor signaling pathway 1.79261 0.0075 

GO:0007215 

glutamate receptor signaling 

pathway 1.40978 0.0005 

GO:0000502 proteasome complex 1.33929 <0.00050 

 

2.3. A single amnesic dose of THC decreases proteasome 

activity. 

Next step was to investigate whether THC-10 was affecting in some 

way the proteasome in the hippocampus. We started studying 

proteasome expression. For this purpose we studied through 

immunoblot the content of two relevant elements of the proteasome: 

Psmd14 (which expression was decrease in our proteomic analysis) 

and Rpt6, which is involved in the enhancement of the proteolytic 

activity of the proteasome, in hippocampal synaptic plasticity  (Bingol 

et al., 2010; Djakovic et al., 2012; Hamilton et al., 2012) and in 

memory (Jarome et al., 2013). THC-10 showed a non-significant 

tendency to decrease the expression of both components Psmd14 

and Rpt6 (Figure 39A). We further analyzed the functional status of 

the proteasome system after an acute administration of THC-10, 

since the relative amount of the two subunits did not seem to change. 

For this purpose, we analyzed the 20S proteasome activity by using 

an in vitro assay. Three hours after THC-10 treatment hippocampal 

samples were obtained and their homogenates were incubated with 

the fluorescently labeled peptide LLVY-AMC. Through this tool we 

observed that THC-10 significantly decreased the 20S activity 

(Figure 39B). This data confirmed a robust effect of THC-10 over 

the proteasome system activity, an effect that had not been 

previously identified. 
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Figure 39. Effect of acute THC-10 on the proteasome system. THC-10 was 

administered 3 hours before hippocampus was removed for analysis. (A) THC-10 tends to 

decrease the levels of Psmd14 (n =6; VEH: 100 ± 7.36; THC: 86.96 ± 7.63; t (10) = 1.23, p 

= 0.25) and Rpt6 (n =6; VEH: 100 ± 8.79; THC: 84.72 ± 12.64; t (10) = 0.99, p = 0.34). (B) 

Proteasome 20S chymotrypsin-like activity is decreased after the exposure to THC-10 (n 

=6; VEH: 100 ± 4.58; THC: 65.96 ± 4.86; t (10) = 5.09, p < 0.001). Dots represent individual 

measures. Statistical significance was calculated by Student’s t-test. *** p < 0.001 

compared to vehicle control. Data are expressed as average  SEM. 
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2.4. Repeated exposure to THC decreases proteasome 

expression and activity. 

Memory impairment is one of the detrimental effects of THC for 

which tolerance has not been observed. Indeed, 1 month of daily 

repeated exposure to THC does not show tolerance of the amnesic 

effects in rodents (Hampson et al., 2003) while it produces a rapid 

tolerance to the hypothermic and antinociceptive effects 

(Puighermanal et al., 2013; Wakley et al., 2014; Wiley et al., 2007). 

THC-10 after a 6-7 days of daily treatment produces alterations in 

memory, in functional plasticity and in structural plasticity (Busquets-

Garcia et al., 2018b; Chen et al., 2013; Hoffman et al., 2007; 

Puighermanal et al., 2009). Thus, the effect of THC-10 on the 

proteasome content and activity could be stronger after a repeated 

exposure to it, as the proteasome activity has been related to 

synaptic plasticity and memory (Djakovic et al., 2012; Hamilton et al., 

2012). To this aim we carried out an immunoblot detection of 

Psmd14 and Rpt6 and a 26S proteasome activity assay 24 hours 

after the last administration of a 7 days treatment with THC-10 

(Figure 40). A repeated administration with THC-10 produced a 

strong downregulation of both proteasome components Psmd14 and 

Rpt6. Furthermore, the proteasome activity was decreased in 

approximately the 50% of the control activity. This data had not been 

published in the article.  
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A 

B 

Figure 40. Effect of repeated THC-10 on the proteasome system. THC-10 was administered 

for 7 days once a day. Then 24 hours after the last administration hippocampus was removed 

and total hippocampal homogenate was used for analysis. (A) THC-10 downregulates Psmd14 

(VEH: 100 ± 6.78; THC: 72.85 ± 1.59; t (10) = 3.89, p < 0.01) and Rpt6 (VEH: 100 ± 5.30; THC: 

58.31 ± 2.29; t (10) = 7.2, p < 0.001) (n=6). (B) THC-10 strongly decreases the proteasome 20S 

chymotrypsin-like activity after repeated exposure (VEH: 100 ± 3.68; THC: 47.98 ± 5.42; t (12) = 

8.23, p < 0.001) (VEH, n=8; THC, n = 6). Dots represent individual measures. Statistical 

significance was calculated by Student’s t-test. ** p < 0.01, *** p < 0.001 compared to vehicle 

control. Data are expressed as average  SEM. 
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3. General conclusions 

 

Our study reveals the acute impact of THC-10 exposure on the 

hippocampal proteome emphasizing its effect on metabolic 

processes and the proteasome system, both important to assure a 

proper synaptic function. In addition, the continued action of THC-10 

lead to a stronger impact on the proteasome.  

An amnesic dose of THC modified the expression of 122 proteins in 

the synaptoneurosomal fraction of the hippocampus after a single 

administration. The network-based analysis of these proteins 

indicated a predominance of possible altered metabolic processes 

and the subsequent individual-wise analysis pinpointed to a potential 

alteration of the proteasome. Immunoblot data exhibited a tendency 

of a decrease in the expression of important proteosomal 

components after a single exposure to THC-10 that was significantly 

deceased after repeated exposure to THC-10. The ex vivo study of 

the 20S proteasome activity revealed that THC-10 decreases the 

activity of the proteasome system after a single and a repeated 

administration.  
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1.  Approach and objectives 

Cannabis consumption for recreational purposes has an early onset 

and continues to be a worldwide concern due to is detrimental effects 

(UNODC, 2017) and the recognition of cannabis dependence 

(American Psychiatric Association, 2013). In addition, its use for 

medical purposes is hindered by several unwanted side effects. 

Among those, memory impairment, extensively reported both in 

humans and rodents (Curran et al. 2016; Ford et al. 2018; Solowij 

and Battisti 2008) is of paramount relevance. However, the specific 

sequence of neurological and molecular mechanisms underlying the 

memory impairment produced by THC remain to be elucidated. 

The memory impairment produced by THC is readily noticeable after 

a single exposure, but little data are available regarding the 

sequence of the brain effects at a synaptic/neuronal level that may 

underlie those deficits in memory. We turned to the mouse to study 

this phenomenon. In this regard, two studies have shown that a 

single administration of THC may transiently affect functional adult 

hippocampal plasticity (Hoffman et al., 2007; Mato et al., 2004). 

Regardless that the functional parameter studied is different in both 

studies (LTP and I-LTD) from a general perspective the 

phenomenon studied is functional plasticity that is affected several 

hours after THC treatment and not affected the next day after 

treatment, what leads to hypothesized that the effect of a single dose 

of THC on synaptic functional plasticity may be transient , which 

matches the transient THC effect on memory (Curran et al., 2016). 

From a cellular perspective, LTP increases the volume of dendritic 

spines (Matsuzaki et al., 2004; Okamoto et al., 2004), which in turn 

correlates with an increase in glutamate receptors, an increase in 
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the post-synaptic density (Araki et al., 2015; Matsuzaki et al., 2004) 

and a fast and persistent increase in actin filaments polymerization 

(Borovac et al., 2018). On the contrary, LTD decreases spine volume 

(Chidambaram et al., 2019). Nevertheless, there is a lack of study 

regarding the acute effects of THC on synapse architecture or 

analyzing the effects on hippocampal glutamate receptors and actin 

binding proteins (ABPs), which support structural changes. 

Therefore, and considering the previous literature and our data, we 

hypothesized that a single amnesic dose of THC could modify 

synaptic dynamics at the structural level in the hippocampus, and 

the activity of proteins involved in synaptic efficacy.  

 

2.  Results 

 

2.1. THC rapidly and transiently alters structural plasticity 

after a single THC exposure in CA1 pyramidal neurons. 

To study the effect of a single exposure to THC-10 on hippocampal 

structural plasticity, we performed a structural analysis of dendritic 

spines in pyramidal neurons from CA1 using the Thy1-EGFP 

transgenic mouse line. This mouse line expresses EGFP in 

glutamatergic neurons and allows counting and classifying 

hippocampal dendritic spines through direct visualization (Feng et 

al., 2000). Thy1-EGFP mice were treated once with THC-10 or 

vehicle. We selected this dose of THC for two main reasons. First, 

this dose was previously reported to produce a significant cognitive 

impairment in the NOR test (Puighermanal et al., 2013, 2009) and to 

modulate relevant signaling pathways for hippocampal plasticity 

including MAPK/ERK (Derkinderen et al., 2003), PI3K/Akt (Ozaita et 
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al., 2007), mTORC1/p70S6K (Puighermanal et al., 2009) and PKC 

(Busquets-Garcia et al., 2018b). Second, it is the same dose used in 

studies where the hippocampal synaptic plasticity (Hoffman et al. 

2007) and structural studies (Chen et al., 2013) were performed. In 

addition, in Objective 1 we showed that THC-10 modulated a number 

of cellular pathways in the hippocampus, including the proteasome 

network. 

  

For the present study, primary and secondary apical dendrites from 

stratum radiatum were examined (Figure 41 A-C). To better 

characterize the acute effect of THC-10 a time course was carried 

out analyzing the dendritic spines 1 hour, 3 hours, 6 hours, 12 hours, 

and 18 hours after treatment. Additionally, a study of the sub-chronic 

effects of THC-10 was carried out by treating the animals once a day 

for 7 days and performing the analysis 24 hours after the last 

administration, following a treatment schedule similar to Chen et al. 

2013. This last condition of THC treatment was described to modify 

dendritic spine structure in the hippocampus (Chen et al., 2013). 
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Figure 41. Representative images of CA1 area and a segment of a CA1 dendrite from Thy1-

EGFP mice. (A) CA1 from a Thy1-EGFP mouse. Image before image processing, obtained with a 

fluorescence mycroscope. (B-C) Segment of a CA1 dendrite vizualized as a Z-stack after a process 

of deconvolution. Obtained with a confocal microscope. Visualizing the image in grey colour 

instead of green facilitates its analysis.  
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The analysis of dendritic spine density showed a significant overall 

decrease 6 hours after administration of a single dose of THC-10 

and no significant alterations in other time-points (Figure 42). 

Notably, repeated exposure to THC-10 produced a decrease in 

overall spine density visible 24 hours after the last THC-10 

administration (Figure 42), as previously observed (Chen et al., 

2013).  

 

 

 

Figure 42. Acute and sub-chronic THC-10 effect on CA1 hippocampal dendritic spine 

density. THC-10 was administered either a single time or once a day for 7 days. After a single 

administration analysis was performed 1 hour after exposure (n = 5-4; VEH: 23.01 ± 0.46; 

THC: 22.59 ± 0.47; t (7) = 0.63, p = 0.55), 3 hours (n = 8; VEH: 27.64 ± 1.27; THC: 28.1 ± 

1.37; t (14) = 0.24, p = 0.81), 6 hours (n = 6; VEH: 25.49 ± 0.51; THC: 23.62 ± 0.59; t (10) = 

2.37, p < 0.05), 12 hours (n = 6-7; VEH: 27.13 ± 0.64; THC: 25.35 ± 0.69; t (11) = 1.86, p = 

0.09) and 18 hours (n = 5; VEH: 22.75 ± 0.71; THC: 24 ± 0.65; t (8) = 1.30, p = 0.22) after 

treatment. THC-10 decreases dendritic spine density 6 hours after treatment. This effect is 

recovered 12 hours after administration. The effect of a sub-chronic treatment with THC-10 

was studied 24 hours after treatment cessation. Repeated exposure to THC-10 decreases 

dendritic spine density (n = 8; VEH: 22.16 ± 0.66; THC: 19.57 ± 0.62; t (14) = 2.87, p < 0.05). 

Statistical significance was calculated by Student’s t-test. *p < 0.05 compared to vehicle 

control. Data are expressed as mean ± SEM.  
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We farther characterized dendritic spine morphology classifying 

spines according to their shape (mushroom, thin and stubby shapes) 

(Figure 43A). This revealed the complexity of the effect of THC-10 

on synaptic architecture. Six hours after a single THC-10 

administration there was a significant decrease of stubby spine-

shape. Instead, at 12 hours after treatment the number of stubby 

spines was stable and thin spines were reduced. At 18 hours after 

treatment all spine shapes exhibited normal density compared to 

control. In contrast, after sub-chronic THC-10 administration there 

was a dendritic spine alteration, still visible one day after treatment 

cessation, presenting a decrease of mushroom shape (Figure 43B) 

in agreement with the alterations previously reported (Chen et al., 

2013).  
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Figure 43. Acute and sub-chronic THC-10 effect on CA1 hippocampal structural 

plasticity. (A) Example of dendritic spine classification into stubby (S), thin (T), and mushroom 

(M).  (B) Time course of the effect of THC on CA1 dendritic spine morphology. THC does not 

affect dendritic spine morphology 1 hour after treatment (n = 4-5; spine type: F (2, 21) = 53.03, 

p < 0.001; treatment: F (1, 21) = 0.2615, p = 0.61; interaction: F (2, 21) = 0,7065, p = 0.50), 

nor 3 hours after treatment (n = 8; spine type: F (2, 42) = 68.04, p < 0.001; treatment: F (1, 42) 

= 0.07, p = 0.78; interaction: F (2, 42) = 1.45, p = 0.24). THC affects dendritic spine morphology 

6 hours after THC exposure (n = 6; spine type: F (2, 30) = 111.1, p < 0.001; treatment: F (1, 

30) = 4.66, p < 0.05; interaction: F (2, 30) = 1.92, p = 0.16), where stubby-shape is decreased. 

THC alteration of dendritic spine morphology is still present 12 hours after treatment (n = 6-7; 

spine type: F (2, 33) = 101.7, p < 0.001; treatment: F (1, 33) = 3.37, p = 0.07; interaction: F (2, 

33) = 0.89, p = 0.41) and recovered 18 hours after exposure (n = 5; spine type: F (2, 24) = 

49.18, p < 0.001; treatment: F (1, 24) = 1.44, p = 0.24; interaction: F (2, 24) = 0.41, p = 0.67). 

After 7 days-administration THC alters stubby-shape and decreases mushroom-shape (n = 8; 

spine type: F (2, 42) = 96.15, p < 0.001; treatment: F (1, 42) = 7.02, p < 0.05; interaction: F (2, 

42) = 0.89, p = 0.41). Statistical analysis was performed by Newman-Keuls post hoc test 

following two-way ANOVA. *p < 0.05 compared to vehicle control. Data are expressed as mean 

± SEM. 
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2.2. Single exposure to THC affects the phosphorylation state 

of synaptic glutamate receptors and ABPs in the 

hippocampus 

Glutamate receptors and ABPs are necessary to ensure functional 

and structural synaptic plasticity (Fukazawa et al., 2003; Gu et al., 

2010). To study the effect of a single administration of THC-10 over 

these elements we decided to evaluate synaptoneurosome enriched 

samples. First, we studied the phosphorylation state of two 

glutamate receptor subunits relevant for synaptic plasticity: NR1 

subunit at serine 890, pNR1 (Ser890); and GluR2 at serine 880, 

pGluR2 (Ser880) (Figure 44). These phosphorylation sites are 

relevant for the activity of NR1 and GluR2 receptors (Isaac et al., 

2007; Shipton and Paulsen, 2014). We observed an enhanced 

phosphorylation of both motives 30 minutes after a single THC-10 

administration (Figure 44A). We farther analyzed in the same 

samples the phosphorylation state of cofilin, an ABP in charge of 

disassemble actin filaments. When cofilin is phosphorylated at 

serine 3, pCofilin (Ser3), it becomes inactivated contributing to actin 

filament stabilization (Chen et al., 2007; Gu et al., 2010; 

Hlushchenko et al., 2016). We observed that THC-10 also enhanced 

phosphorylation of pCofilin (Ser3) (Figure 44B). Although these 

changes were observed rapidly after THC-10 administration, and no 

alterations in expression levels are expected, as was observed for 

GAPDH, future studies will need to assess the expression levels of 

GluR2 as well as cofilin, to discard other modulations apart from the 

strong changes in phosphorylation. 
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2.3. CaMKIIα and LIMK-1/2 as possible mediators of the over-

phosphorylation of the glutamate receptors and cofilin 

produced by THC. 

NMDAR regulate the translocation of CaMKIIα to the synapses 

(Thalhammer et al., 2006) which in turn regulates glutamate 

receptors phosphorylation, trafficking and function (Mao et al., 

2014). Furthermore, it has been observed that NMDAR/CaMKII 

associations is involved in hippocampal synaptic transmission 

(Incontro et al., 2018). Moreover, CaMKII is also implicated in actin 

remodeling in dendritic spines (Kim et al., 2015; Wang et al., 2019) 

and it is situated upstream LIMK-1/2, which phosphorylates cofilin at 

serine 3 (Arber et al., 1998; Yang et al., 1998). Furthermore, while 

pCofilin 

(Ser3) 

GAPDH 

THC 

B 

pGluR2 

(Ser880) 

GAPDH 

V T V T VEH THC 

pNR1 

(Ser890) 

GAPDH 

NR1 

A 

VEH 

Figure 44. THC-10 affects the phosphorylation state of NR1, GluR2 and cofilin. Animals 

were treated either with vehicle or THC-10, 30 minutes before the analysis of the hippocampal 

synaptoneurosome enriched samples. (A) Representative immunoblot and quantification of 

pNR1 (Ser890) (n = 4-5; VEH: 100 ± 13.3; THC: 235.2 ± 13.72; t (7) = 6.94, p < 0.001) and 

pGluR2 (Ser880) (n = 6; VEH: 100 ± 9.65; THC: 174.4 ± 17.09; t (10) = 3.79, p < 0.01) subunits. 

(B) Immunoblot detection showing the effect of THC-10 over pCofilin (Ser3) (n = 4-5; VEH: 100 

± 19.08; THC: 205.6 ± 21.22; t (7) = 3.6, p < 0.01). GAPDH immunodetection was used as 

housekeeping control. Data are expressed as mean ± SEM; ** p < 0.01, *** p < 0.001 compared 

to vehicle control by Student’s t-test. 
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LIMK-2 is widely expressed in different cell types, LIMK-1 is only 

expressed in neuronal tissues (Mori et al., 1997; Proschel et al., 

1995; Wang et al., 2000) having an important role in dendritic spines 

remodeling and in consequence in functional plasticity and learning 

(Medina et al., 2020; Meng et al., 2002; Sarmiere and Bamburg, 

2002; Wang et al., 2000). With this information in mind and the 

previous obtained results we studied in synaptoneurosome enriched 

hippocampal samples the phosphorylation state of pCaMKII 

(Thr286) and pLIMK-1 (Thr508)/ pLIMK-2 (Thr505) 30 minutes after 

administration of THC-10, in order to better understand the 

mechanism of action that leads to the over phosphorylation of pNR1 

(Ser890), pGluR2 (Ser880) and pCofilin (Ser3).  

A single exposure to THC-10 over phosphorylated CAMKIIα 

(Thr286) without affecting the total amount of CAMKIIα and did not 

over phosphorylate CAMKIIβ (Thr286) nor modify the total 

expression of CAMKIIβ 30 minutes after administration (Figure 

45A). In addition, THC-10 did not alter the phosphorylation state of 

neither common pLIMK-1 (Thr508) nor pLIMK-2 (Thr505). 

Interestingly, we observed an immunoreactive band below the 

expected Mw for pLIMK-1 (Thr508)/ pLIMK-2 (Thr505) that showed 

a strong increase in the THC-10 conditions (n = 4-5; VEH: 100 ± 6.8; 

THC: 189.8 ± 5.43; t (7) = 9.30, p < 0.001) (Figure 45B). Farther 

studies will need to assess LIMK-1/2 protein levels to assure that 

THC-10 does not affect their expression, and to elucidate the identity 

of the third protein band observed in LIMK-1/2 detection. 
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Figure 45. THC-10 increases phosphorylation of CaMKIIα but not CaMKIIβ nor LIMK1/2. 

Animals were treated either with vehicle or THC-10, 30 minutes before the analysis of the 

hippocampal synaptoneurosome enriched samples. (A) Representative immunoblot and 

quantification of pCAMKIIβ (Thr286) (n = 6; VEH: 100 ± 6.95; THC: 102.9 ± 8.09; t (10) = 0.27, 

p = 0.79) and pCAMKIIα (Thr286) (n = 6; VEH: 100 ± 5.88; THC: 123.5 ± 4.49; t (10) = 3.18, p 

< 0.01). (B) Representative immunoblot and quantification of pLIMK-1 (Thr508) (n = 4-5; VEH: 

100 ± 4.99; THC: 100.3 ± 8.05; t (7) = 0.03, p = 0.98) and pLIMK-2 (Thr505) (n = 4-5; VEH: 100 

± 4.53; THC: 94.46 ± 9.78; t (7) = 0.47, p = 0.65). GAPDH immunodetection was used as 

housekeeping control. Data are expressed as mean ± SEM; ** p < 0.01 compared to vehicle 

control by Student’s t-test. 
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2.4. Single exposure to THC-10 produces a rapid and 

prolonged downregulation of CB1R  

Downregulation of CB1R is one of the mechanisms for the 

desensitization of this receptor and it has been extensively reported 

after sub-chronic and chronic treatments with THC-10 (Breivogel et 

al., 2003, 2002; McKinney et al., 2008), as well as in human studies 

(D’Souza et al., 2016a; Hirvonen et al., 2012). We wondered how 

rapid this mechanism acts and how long the effect is endured. In this 

case we analysed homogenates of the whole hippocampus 30 

minutes, 2 hours, 4 hours, 16 hours, 18 hours, and 24 hours after 

treatment. Thirty minutes after the exposure to THC-10 the 

expression of CB1R showed a marked non-significant trend to 

decrease. This downregulation reached significance by 2 hours and 

was maintained at 4 hours after treatment. The extent of the 

downregulation started to recover by 8 hours, although, next day 

after the treatment CB1R was still downregulated (Figure 46).  
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Figure 46. Time course of the modulation of CB1R expression after THC-10 treatment. 

Representative immunoblots and quantification of CB1R from hippocampal homogenates 

30 minutes (n = 5-3; VEH: 100 ± 10.69; THC: 64.59 ± 17.36; t (6) = 1.85, p  0.11), 2 hours 

(n = 6; VEH: 100 ± 8.25; THC: 44.13 ± 2.08; t (10) = 6.56, p < 0.001), 4 hours (n = 4; VEH: 

100 ± 10.62; THC: 39.75 ± 1.85; t (6) = 5.59, p < 0.01), 8 hours (n = 6-5; VEH: 100 ± 6.00; 

THC: 82.39 ± 4.49; t (9) = 2.26, p < 0.05), 16 hours (n = 6; VEH: 100 ± 6.11; THC: 77.08 ± 

3.7; t (10) = 3.2, p < 0.01) and 24 hours (n = 4; VEH: 100 ± 10.13; THC: 64.07 ± 7.81; t (6) 

= 2.80, p < 0.05) after treatment with THC-10 or vehicle. GAPDH immunodetection was 

used as housekeeping control. Data are expressed as mean ± SEM; * p < 0.05, ** p < 0.01, 

*** p < 0.001 compared to vehicle control by Student’s t-test. 
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3. General conclusions 

 

A single amnesic dose of THC-10 produces a rapid and reversible 

alteration of synaptic structure, as well as a rapid and reversible 

downregulation of CB1R. Our data also point to an early modulation 

of glutamate receptor functionality and actin cytoskeleton re-

organization. Together, these results raise awareness about the 

rapidness of the impact of THC-10 on synaptic plasticity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

128 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

129 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 
Effect of a non-amnesic 

dose of THC (1 mg/kg) over 

hippocampal cognition and 

structural and functional 

plasticity 
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1. Approach and objectives 

 

The negative impact of THC on short-term and long-term memory, 

in humans and rodents is one of the factors that reduces the chances 

to consider THC as a therapeutic tool. THC produces dose-

dependent amnesic-like effects when administered acutely. Doses 

in the range of 10 mg/kg to 3 mg/kg in rodents have been mainly 

studied because of their direct amnesic effects, but these dosages 

represent a relevant amount of THC only found in heavy consumers. 

We considered that it would be relevant to assess whether lower 

doses of THC, that do not produce amnesic effects when used 

acutely, could also affect memory process and whether repeated 

THC exposure could affect hippocampal plasticity.  

With this aim, we characterized the effect of repeated THC at 1 

mg/kg (THC-1) on memory and plasticity. This dose does not affect 

STM (Busquets-Garcia et al., 2018) nor LTM (Puighermanal et al., 

2009) when administered acutely. In this sense, in order to better 

characterize the effect of THC-1 on LTM, a 12-days protocol was 

previously designed in our laboratory. This protocol consisted of 

testing NOR memory during 6 consecutive days of a daily THC-1 

treatment and throughout the following 6 consecutive days after 

treatment cessation. They observed that a single administration of 

THC-1 did not affect LTM, neither did two consecutive days of 

treatment (Figure 47). Nevertheless, from the 5th day of continued 

administration THC-1 started to significantly alter memory process 

(p < 0.001). This memory impairment remained several days after 

the last administration of THC-1, needing a period of time for the 

complete recovery of memory performance.  
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With the objective of characterizing hippocampal memory 

performance and plasticity, we considered the acute and the sub-

chronic effect of THC-1 on non-emotional (low-arousal) and 

emotional (high arousal) long-term hippocampal memories. After 

revealing a memory alteration produced solely by THC-1 sub-

chronic treatment in both types of memories, we focused on these 

experimental conditions of THC exposure to assess hippocampal 

structural and functional plasticity. For this purpose, we studied CA1 

dendritic spine density and morphology, and CA3-CA1 LTP 

production capability. We also explored whether the mTOR pathway 

could be involved in these THC effects by using the specific inhibitor 

temsirolimus.   

 

Vehicle or THC 

Figure 47. Characterization of the effect of THC-1 over NOR memory. Animals were 

treated with THC-1 or its vehicle for 6 days, once a day (arrows). NOR memory was assessed 
every day during the whole treatment and during the 6 following days after the end of it. Low 
dose of THC does not affect recognition memory after a single exposure to it nor after 4 days 
of exposure. THC effect on memory starts to be detectable after the 5th day of treatment. After 
treatment cessation memory impairment is still present for few days and recovers after 4 days 
of treatment cessation. Data is expressed as mean ± SEM  
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2. Results 

 

2.1. Setting the conditions for sensitive fear conditioning in 

CD1 mice 

NOR memory is a non-emotional type of memory that mainly 

depends on hippocampus. Non-emotional memories tend to be 

more labile than emotional memories, which tend to be stronger and 

more persistent in time. For this reason, we explored whether the 

low dose of THC was also able to alter a stronger hippocampal 

memory by studying trace and context fear conditioning memories.  

Most of the fear conditioning studies carried out in our laboratory 

were performed with the C57BL/6J inbreed strain, but in this case, 

we wanted to assess the effect of THC-1 on fear conditioning 

memory using CD1 outbreed strain. For this reason, the first step 

was to determine the minimum foot shock intensity sufficient to 

produce an emotional memory that could be measured the next day 

in CD1 mice. Generally, in studies with C57BL/6J strain performed 

in our laboratory the foot shock intensity is set at 0.35 mA and 

produces a conditioned freezing behavior of 40-50 % of the time 

during the sound re-exposure on the next day, in agreement with 

most of the scientific studies in the field. As CD1 strain tend to 

present less freezing behavior than C57BL/6J strain (Gerlai, 1998, 

2013), the assessed foot shock intensities were 0.4 mA, 0.5 mA and 

0.6 mA, using as control littermate mice that were not exposed to a 

foot shock (0 mA). Trace fear conditioning (TFC) and context fear 

conditioning (CFC) were performed. 
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As expected, a low percentage of freezing behavior was observed 

when mice did not receive a foot shock, either in the TFC test or in 

the CFC test, indicating that the animal did not create a strong fear 

memory (Figure 48). In this sense, the freezing behavior exhibited 

by the 0 mA group during the sound could be settled as the basal 

freezing reaction in front of the sound per se. The results of the TFC 

show that the three tested intensities provoked a similar freezing 

behavior of approximately 25 %. Once the sound stopped, the 

freezing behavior decreased in all the cases except for the 0.6 mA 

group, that still presented nearly the same freezing behavior. 

Indicating that this intensity could be excessively strong. In the CFC 

the freezing response was increasing gradually in correlation with 

the foot shock intensity, being the freezing response to 0.5 mA 

similar to the one to 0.6 mA. This way, the intensity of 0.5 mA evoked 

a freezing behavior higher than 0 mA in both tests, without creating 

a semi-permanent fear state as it seems to be produced by 0.6 mA. 

For these reasons, 0.5 mA was selected to conduct the following 

experiments. 

Figure 48. Trace and context fear conditioning memories in response to different foot 

shock intensities. CD1 naïve mice (n = 3) were tested for trace and context fear memories 24 

hours after conditioning with different foot shock intensities (a single 2 second long foot shock 

at 0 mA, 0.4 mA, 0.5 mA and 0.6 mA). Data are expressed as mean ± SEM. 
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2.2. A low dose of THC can affect emotional memories after 

prolonged exposures. 

The acute and sub-chronic effect of THC-1 on hippocampal 

emotional memory was assessed through studying TFC an CFC 

(Figure 49). A single THC-1 administration did not alter LTM neither 

in TFC nor in CFC (Figure 49A). However, THC-1 did produce a 

memory impairment after 7 days of consecutive treatment in both 

tests (Figure 49B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) 

B) 

Figure 49. Repeated exposure to THC-1 prevents the ability to create a fear memory. (A) 

Mice were treated once with vehicle or THC-1 and were tested for trace (left panel) and context 

(right panel) fear memory 24 hours after conditioning. Both treatment conditions presented 

strong freezing behavior in trace (n = 8; cue: F (2, 42) = 7.01, p < 0.01; treatment: F (1, 42) = 

0.052, p = 0.82; interaction: F (2, 42) = 0.83, p = 0.44) and context (n = 8; VEH: 21.11 ± 3.92; 

THC: 20.38 ± 6.30; t (14) = 0.10, p = 0.92) fear conditioning, indicating that fear memory 

acquisition was not affected. (B) Another batch of mice was treated for 7 days with vehicle or 

THC-1 and fear conditioning was tested 24 hours after treatment cessation through TFC (n = 

6; cue: F (2, 30) = 5.45, p < 0.01; treatment: F (1, 30) = 12.22, p < 0.01; interaction: F (2, 30) 

= 4.35, p < 0.05) and CFC (n = 8-7; VEH: 22.92 ± 4.97; THC: 7.80 ± 3.55; t (13) = 2.41, p < 

0.05). Vehicle group showed strong freezing behavior in both memory tests, while THC-1 

treated animals showed a significant impairment in both tests. Statistical analysis for TFC was 

performed by Newman-Keuls post hoc test following two-way ANOVA, ** p < 0.01 compared 

to vehicle control. Statistical analysis for CFC was performed by Student’s t-test, * p < 0.05. 

Data are expressed as mean ± SEM.  

B 
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The same memory tests to assess TFC and CFC were conducted 

one week after treatment cessation in the same mice and using the 

same experimental conditions to confirm that the memory 

impairment was due to an alteration of memory acquisition or 

consolidation instead of memory recall (Figure 50). In the TFC, 

vehicle-treated animals presented approximately the same 

percentage of freezing response before, during and after the sound, 

indicating a strong emotional fear memory, independent of the sound 

(Figure 50A). In the case of the THC-1 group, we observed a 

tendency of a freezing response to the sound. In order to fine 

characterize this response, we conducted the same test in a new 

environment (Figure 50B). In this case, vehicle animals showed 

again only the LTM conditioned to the sound, while THC-1 animals 

did not present LTM. Thus, vehicle animals created a new fear 

memory to the environment where Trace test was conducted for the 

first time while THC-1 group animals presented a tendency. The 

results from CFC confirmed that the THC-1 group, compared to the 

vehicle-treated mice, presented less fear memory to the context 

(Figure 50C). 
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A) 

B) 

C) 

Figure 50. Trace and context fear conditioning memory re-testing 1 week after 

treatment cessation. (A-B) TFC re-testing one week after treatment cessation in the same 

environment where TFC was performed for the first time (A) and in a new environment that 

mice never saw before (B). In the familiar environment, vehicle group presented a strong fear 

memory to the environment (n = 7; cue: F (2, 36) = 1.765, p = 0.18; treatment: F (1, 36) = 

18.16, p < 0.001; interaction: F (2, 36) = 0.239, p = 0.78), while in a new environment freezing 

behavior was only observed during the sound (n = 6; cue: F (2, 30) = 2.041, p = 0.15; 

treatment: F (1, 30) = 29.81, p < 0.001; interaction: F (2, 30) = 3.219, p = 0.054). In the case 

of THC-1 animals, a tendency of freezing behavior was observed during the sound in the 

familiar environment, while in a new environment THC-1 mice did not present a freezing 

response. (C) Both groups of treatment were exposed again to the same context where mice 

received the foot shock. Vehicle animals still presented a strong freezing behavior, indicating 

that a strong fear memory was created the week before. THC-1 animals did not show signs 

of fear memory similar to that observed a week before (n = 6; VEH: 24.51 ± 4.11; THC: 12.15 

± 3.67; t (10) = 2.24, p < 0.05). Data are expressed as mean ± SEM. Statistical analysis for 

CFC was performed by Student’s t-test. Statistical analysis of TFC was performed by 

Newman-Keuls post hoc test following two-way ANOVA, * p < 0.05, *** p < 0.001 THC group 

compared to vehicle control; ## p < 0.01 comparison within vehicle group. 
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2.3. Role of mTOR pathway underlying THC-1 effects on 

memory 

Previous results demonstrated that the impairment produced by 

THC on LTM depends on CB1R (Puighermanal et al., 2009; Wise et 

al., 2009) and involves mTOR pathway (Busquets-Garcia et al., 

2018b; Puighermanal et al., 2013). Our objective was to confirm 

whether THC at low dose acts through the same mechanisms as 

when it is administered at 10 mg/kg. 

To study the potential implication of mTOR pathway in the memory 

alterations produced by THC-1 we evaluated NOR (Figure 51A-B), 

TFC (Figure 51C) and CFC (Figure 51D) in another set of mice that 

additionally received a mTOR inhibitor before receiving THC-1. We 

first tested NOR memory, treating the animals with temsirolimus 

(mTORC1 pathway inhibitor) 20 minutes before the administration 

either of THC-1 or vehicle. We confirmed that neither THC-1 nor 

temsirolimus had any effect on memory after a single administration 

(Figure 51A). Instead, a 7 days treatment showed that temsirolimus 

was able to block the memory impairment produced by THC-1 in 

NOR (Figure 51B). Notably, the result was different when emotional 

memory was considered (Figure 51C-D). Temsirolimus did not block 

the emotional memory effect produced by THC-1, detected in the 

TFC (Figure 51C) nor in the CFC (Figure 51D). Furthermore, 

temsirolimus treatment modified TFC and CFC by itself (Figure 

51D). 
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 A) B) 

C) 

D) 

Figure 51. Effect of the mTOR inhibitor temsirolimus on the impairment of LTM produced by 

repeated exposure to THC-1. The same protocol as the Figure 47A was carried out with two 

different sets of animals, one for NOR test and one for fear conditioning test. Animals were treated 

with vehicle or temsirolimus 20 minutes before the treatment with vehicle or THC-1, once a day for 7 

consecutive days. (A) NOR test 24 hours after the first treatment. There is no effect over cognition 

neither of THC nor termsirolimus (n = 6-8; pre-treatment: F (1, 23) = 0.75, p = 0.39; treatment: F (1, 

23) = 0.08, p = 0.77; interaction: F (1, 23) = 0.86, p = 0.36). (B) NOR test 24 hours after cessation of 

a 7 days treatment. The impairment of memory produced by THC-1 was prevented by temsirolumus 

pre-treatment (n = 5-7; pre-treatment: F (1, 20) = 2.02, p = 0.17; treatment: F (1, 20) = 3.03, p = 0.09; 

interaction: F (1, 20) = 5.4, p < 0.03) (C) TFC test. Repeated exposure to THC-1 affected LTM 

emotional memory as expected. Temsirolimus did not prevent the effect produced by THC-1 on this 

kind of emotional memory (n = 6; cue: F (2, 60) = 27.55, p < 0.001; pre-treatment: F (1, 60) = 7.213, 

p < 0.01; treatment: F (1,60) = 8.71, p < 0.01; interaction: F (2, 60) = 1.93, p = 0.15) (D) CFC test. 

Continued exposure to THC-1 produced a decrease in the freezing response compared to control 

animals. Temsirolimus did not prevent this effect and produced a memory effect by itself (n = 8; pre-

treatment: F (1, 27) = 7.66, p < 0.05; treatment: F (1, 27) = 5.98, p < 0.02; interaction: F (1, 27) = 

4.76, p < 0.05). Data are expressed as mean ± SEM. Statistical analysis of panels A, B and D was 

performed by Newman-Keuls post hoc test following two-way ANOVA. Statistical analysis of panel C 

was performed through a three-way ANOVA. * p < 0.05, ** p < 0.01 THC group compared to vehicle 

control; & p < 0.05, && p < 0.01 comparison within the same group to assess the cue effect; ## p < 

0.01 temsirolimus pre-treatment compared with vehicle pre-treatment.  

Trace 
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2.4. THC at low dose alters dendritic spine density and 

synaptic plasticity 

It was previously described that a sub-chronic administration of THC-

10 alters hippocampal synaptic plasticity at the structural (dendritic 

spine density and morphology in CA1 area from hippocampus) and 

functional (LTP response) levels (Chen et al., 2013; Hoffman et al., 

2007). To assess whether sub-chronic treatment with a low dose of 

THC was altering synaptic plasticity the same way as a higher dose 

of THC, dendritic spine density/morphology and LTP response were 

analyzed in CA1 area from hippocampus. Dendritic spine analysis 

was carried out with THC-1 following a similar approach to the one 

described previously (Chen et al. 2013) with THC-10 (Figure 52A). 

We observed that sub-chronic treatment with THC-1 for 7 days also 

altered hippocampal dendritic spines, decreasing the overall spine 

density and the number of thin spines of CA1 pyramidal cells (Figure 

52B). Then, the following question was whether this dose was also 

producing a hippocampal functional alteration, assessing the ability 

to produce LTP in CA3-CA1 synapses. The next day after 7 days of 

treatment with THC-1, hippocampal slices were obtained and field 

EPSPs (fEPSPs) were recorded in the CA1 stratum radiatum. LTP 

was elicited by Schaffer collateral (sc) stimulation using a theta burst 

stimulation (TBS) protocol. Both groups, vehicle and THC-1 treated 

mice presented a stable response before TBS-stimulation. After 

stimulation, vehicle group presented a standard response in which 

LTP was maintained for 60 min following TBS. In contrast, whereas 

the THC treated group displayed normal induction of LTP during the 

initial phase following TBS, a trend towards reduced LTP at later 

timepoints was observed (Figure 52C). To further investigate this 

effect, we examined cumulative Gaussian distributions to assess the 
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extent of LTP within each slice 50-55 minutes following TBS. We 

observed that sub-chronic treatment with THC-1 resulted in a shift of 

the distribution such that a greater number of slices displayed 

reduced LTP. Together, these data suggest that the magnitude of 

the observed LTP was decreased in THC-1 treated animals (Figure 

52D). Moreover, it has been widely described how repeated 

exposure to amnesic doses of THC produce a downregulation of 

CB1R, the key component of its action. To study if this dose of THC 

had the same effect, we evaluated the levels of hippocampal CB1R 

after the 7 days of THC-1 treatment. Continued exposure to THC-1 

produced a decrease in CB1R in the hippocampus (Figure 52E). 
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Figure 52. Sub-chronic THC-1 effects on CA1 structural and functional plasticity. (A) 

Schematic representation of the protocol. (B) THC-1 affected dendritic spine density in pyramidal 

neurons from CA1 (n = 12; VEH: 23.14 ± 0.47; THC: 21.46 ± 0.28; t (22) = 3,07, p < 0.01) and 

decreased the proportion of thin-shape spines (n = 12; spine type: F (2, 66) = 107.2, p < 0.001; 

treatment: F (1, 66) = 4.03, p < 0.05; interaction: F (2, 66) = 1.23, p = 0.29) but did affect dendritic 

spine density in pyramidal neurons from CA1 (n = 12; VEH: 23.14 ± 0.47; THC: 21.46 ± 0.28; t (22) 

= 3,07, p < 0.01). Data are expressed as mean ± SEM. Statistical analysis for spine morphology 

was performed by Newman-Keuls post hoc test following two-way ANOVA. Statistical analysis for 

dendritic spine density was performed by Student’s t-test. * p < 0.05, ** p < 0.01 compared to vehicle 

control. (C) THC-1 effects on CA1 LTP response. Mean effect of 7 days chronic treatment with 

vehicle (n = 19 slices/4 animals) or THC-1 (n = 17 slices/4 animals) on LTP (indicated) in CA1 from 

hippocampal slices (time: F (73, 2482) = 92.82, p < 0.0001; treatment: F (1, 34) = 3.36, p = 0.07; 

interaction: F (73, 2482) = 2.51, p < 0.001). THC treated animals demonstrated a trend towards a 

reduced LTP response, although this did not reach statistical significance (p < 0.07). Statistical 

analysis was performed by two-way ANOVA. (D) LTP cumulative response distribution of LTP 

obtained 50-55 minutes following TBS. THC-1 treated animals did not fit the same distribution curve 

as vehicle treated mice (p < 0.0001). Statistical analysis was performed by non-linear regression 

comparison. (E) Representative immunoblot and quantification of CB1R in hippocampus (n = 6; 

VEH: 100 ± 6.07; THC: 61.15 ± 5.65, t(10)= 4.67, p < 0.001) Statistics: Student’s t-test. Data are 

expressed as average  SEM. **p < 0.01, *** p < 0.001 compared to vehicle control. 
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3. General conclusions 

 

A single administration of THC at 1mg/kg did not alter LTM, but it did 

cause a memory impairment when administered during consecutive 

days, affecting both, emotional and non-emotional memories. The 

amnesic-like effect of repeated THC-1 was paralleled by a reduction 

in spine density at CA1 pyramidal neurons and a significant 

alteration of LTP induction together with a downregulation of CB1R. 

In addition, THC-1 had an impact on memory acquisition or 

consolidation but not on memory recall. Indeed, the ability of creating 

a new emotional memory was not altered one week after treatment 

cessation. Moreover, we confirmed that an inhibitor of the mTOR 

pathway prevented the memory impairment of hippocampal non-

emotional memory, while it did not modify the impairment of 

hippocampal emotional memories. This study reveals the possibility 

that a single non amnesic dose of THC could produce memory 

deficits after a repeated and extended exposure in time, through the 

modification of structural and functional synaptic plasticity in the 

hippocampus.  
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It is well described that delta9-tetrahydrocannabinol (THC) modifies 

cognitive performance in human and in experimental animal models 

(Ballard et al., 2013; Broyd et al., 2016; Chen et al., 2013; 

Puighermanal et al., 2009; Ranganathan and D’Souza, 2006; Stern 

et al., 2015; Varvel et al., 2001) but the processes involved have not 

been totally clarified. The general aim of this Thesis was to better 

elucidate the neurobiological mechanisms underlying the memory 

impairment produced by THC with a special focus on hippocampal 

biochemical, structural and functional alterations. We describe, for 

the first time to the best of our knowledge, an acute effect of THC-

10 on hippocampal proteome pointing to short-term alterations in cell 

proteostasis, cell metabolism and actin cytoskeleton. Thus, the 

proteasome system, an important cellular protein complex involved 

in protein recycling and protein damage control, was found severely 

affected by acute and chronic THC-10 administration (objective 1). 

In addition, we describe for the first time a rapid and transient effect 

of an amnesic dose of THC-10 on hippocampal dendritic spines, an 

alteration that we found to be more severe with repeated THC-10 

exposure in agreement with Chen et al., 2013 (objective 2). Finally, 

we characterized the effect of a repeated non-amnesic low dose of 

THC on memory (1 mg/kg), as well as on structural and functional 

plasticity (objective 3). Overall, these novel results reveal a 

significant effect of THC in hippocampal physiology and functionality 

that may underlie the behavioral effect of cannabis on memory 

performance.  
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1. THC modifies the hippocampal synaptic proteome 

shortly after administration.  

 

We first addressed the effect that acute THC-10 could have over the 

pool of hippocampal synaptic proteins. This dose of THC was 

previously characterized by our group (Ozaita et al., 2007, 

Puighermanal et al., 2009; Puighermanal et al., 2013) and others 

(Chen et al., 2013; Hoffman et al., 2007) to be amnesic and to 

engage a number of hippocampal signaling pathways with a relevant 

role in the amnesic effect, and to modulate mouse hippocampal 

plasticity. Indeed, it was reported that in hippocampus THC-10 over-

activated protein translation already 1 hour after systemic 

administration, downstream mTOR over-activation, and avoiding 

protein synthesis prevented the amnesia produced by THC-10 

(Puighermanal et al., 2009). For this reason, we carried out a 

proteomic analysis shortly after THC-10 treatment. More specifically, 

we focused our study on hippocampal synaptoneurosomes, a 

synapse enriched fraction (Schrimpf et al., 2005; Villasana et al., 

2006). The reason for using such sub-cellular enrichment is based 

on the predominantly synaptic distribution of the ECS, as well as the 

compartmentalization of the synapse. Synapses are quite 

autonomous structures that control specific responses to local 

stimulus, thus the synaptic structure, or its proximity, contains most 

of the necessary biomolecular components to respond to synaptic 

stimulation, including protein translation machinery (Liu-Yesucevitz 

et al., 2011). We first validated the enrichment of synaptic 

components in our synaptoneurosomal fraction compared to their 

expression in total hippocampal homogenates, confirming an 

enrichment of pre- and post-synaptic proteins. The subsequent 
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proteomic study of the same synaptoneurosomal fraction identified 

2,040 proteins that were farther analyzed through bioinformatic 

approaches detecting a 94% of the proteins as proteins previously 

identified in synaptic pools, strongly supporting the enrichment on 

synaptic content. Out of 2,040 proteins, we found 122 altered 

proteins, 80 of them up-regulated and 42 down-regulated by acute 

THC-10. This result indicates, on the one hand, that an acute 

amnesic dose of THC-10 results in a quick modulation of a pool of 

synaptic proteins. On the other hand, this approach revealed that 

THC-10 could be affecting not only protein translation activation, as 

it was previously reported (Puighermanal et al., 2009), but also 

protein degradation as well, and therefore have an overall effect of 

synaptic protein homeostasis or proteostasis. Such proteostasis 

alteration could be indeed related to memory performance as a 

proper balance of protein synthesis and degradation is necessary for 

synaptic plasticity (Fonseca et al., 2006; Karpova, 2006) and 

memory consolidation (Artinian et al., 2008; Park and Kaang, 2019).  

In order to figure out which biological processes would be mainly 

affected by the acute administration of THC-10, we performed an 

enrichment analysis using the significantly modulated proteins. The 

biological processes highlighted by such analysis included those for 

the control of cell metabolism, the ubiquitin-proteasome system and 

the cell actin cytoskeleton. The two most represented cellular 

processes were those related with cell metabolism and proteasome 

system, while the actin cytoskeleton was represented by a reduced 

number of proteins. Notably, some studies described how THC alters 

the mitochondrial respiratory chain and brain metabolism (Costa and 

Colleoni, 2000; Wolff et al., 2015) with a link between THC and 

cannabinoid impairment of synaptic plasticity and memory (Hebert-
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Chatelain et al., 2016; Rangaraju et al., 2014). In these last studies, 

the lack of hippocampal mtCB1R protects from THC-induced 

decrease in mitochondrial mobility, synaptic transmission and 

memory impairment (Hebert-Chatelain et al., 2016). In addition, THC 

was previously found to cause alterations of cytoskeleton dynamics 

(Gholami et al., 2020; Njoo et al., 2015; Tahir et al., 1992) in 

agreement with the result of our enrichment analysis. Instead, there 

were no previous studies that described the effects of THC on the 

proteasome system.  

The proteasome is a key macromolecular complex belonging to the 

ubiquitin-proteasome system considered in eukaryotes the main 

system in control of short-lived and soluble proteins and poly-

peptides (Hersko and Ciechanover, 1998; Kocaturk and Gozuacik, 

2018). In general terms, the proteasome is composed by a lid (19S 

complex) on each proteasome end and one catalytic core (20S 

complex) in charge of breaking down the target proteins (Murata et 

al., 2009). We farther examined the hippocampal proteasome 

content after THC-10 exposure selecting two relevant 19S subunits, 

Rpt6 and Psmd14. Rpt6 has a key role in proteasome activation and 

translocation to spines (Bingol et al., 2010; Jarome et al., 2016). 

Psmd14 has a crucial role removing proximal ubiquitin molecules 

from ubiquitinated proteins, so ubiquitin is then recycled (Song et al., 

2017; Verma et al., 2002; Yao and Cohen, 2002). Our results 

showed that a single administration of THC-10 did not modify the 

content of these two 19S subunits. However, the fact that acute 

THC-10 did not affect the content of Rpt6 or Psmd14 proteasome 

subunits was not informative about the proteasome functionality 

state. For this reason, we assessed whether THC-10 was affecting 

20S proteasome activity in hippocampal homogenates. We found 
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that a single exposure to THC-10 decreased the proteasome 20S 

activity in preparations of hippocampal extracts obtained from mice 

3 hours after THC-10 administration. Then, we went farther 

analyzing the effect on the proteasome system of a 7 days repeated 

administration of THC-10 and revealing that THC-10 caused a 

striking significant decrease in the expression of Rpt6 and Psmd14, 

as well as a strong decrease in proteasome activity. A decrease in 

the proteasome activity entails an increase in possible damaged 

proteins, or unnecessary short-lived proteins and unfold/misfolded 

proteins and polypeptides (Hersko and Ciechanover, 1998; Kocaturk 

and Gozuacik, 2018) that could be altering the normal physiology of 

the synaptic compartment. Moreover, the ubiquitin-proteasome 

system has also been involved in a wide range of other cellular 

functions, including epigenetics, transcription and translation control 

(Duke et al., 2017; Jarome and Devulapalli, 2018; Woldemichael et 

al., 2014). Significantly, some reports have revealed an important 

role of the proteasome system in neuronal plasticity and memory 

(Fonseca et al., 2006; Jarome and Devulapalli, 2018). Therefore, 

further studies should address the relevance of the proteasome 

modulation in the amnesic-like effects of THC.  
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2. Effect of a single amnesic dose of THC (10 mg/kg) on 

structural plasticity and on relevant proteins for 

functional and structural plasticity  

 

The main objective of this work was to investigate the effect of an 

acute amnesic dose of THC-10 on structural and biochemical 

parameters in the mouse hippocampus. For learning and memory 

processes a correct dynamics of dendritic spines is crucial (Bailey et 

al., 2015; Lamprecht and LeDoux, 2004). After a learning event and 

the subsequent memory consolidation, new spines are created while 

preexisting spines are either maintained or removed in a continuous 

process of spine turn-over (Bernardinelli et al., 2014). This dynamic 

turn-over depends on the brain area and the period of time that 

information will be stored. Indeed, in the hippocampus the 

information is transiently stored and thus the dendritic spine turn-

over is higher, compared to that in the neocortex, where dendritic 

spines and the information retained are more permanent (Attardo et 

al., 2015b). The dynamic turn-over of dendritic spines needs a fine 

orchestration of different receptors and pathways, where glutamate 

receptors and actin cytoskeleton are key elements (Jaworski et al., 

2018; Matsuzaki et al., 2004). The effect of THC on structural 

plasticity in the mouse hippocampus has been studied solely after 

repeated exposure to THC-10 reporting an alteration of dendritic 

spine morphology and a decrease in dendritic spine density (Chen 

et al., 2013). These findings were parallel to a decrease in the 

number of clusters of the AMPAR GluR1 and the NMDAR NR2A and 

NR2B subunits (Chen et al., 2013; Fan et al., 2010), altogether 

bringing new mechanisms to light by which chronic THC-10 would 

affect memory. Nonetheless, whether this effect was the result of the 
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repeated exposure to THC-10, or the stability of structural alterations 

produced by a single dose of THC-10 are relevant questions that had 

not been addressed yet. 

 

2.1. Effect of THC on structural plasticity 

In order to determine the effects of an acute amnesic dose of THC 

on synaptic structure we used the Thy1-EGFP transgenic mouse 

model (Feng et al., 2000) that expresses the fluorescent protein 

EGFP under the control of the neuronal promoter for Thy1 gene. 

Thus, EGFP is expressed in neurons throughout the brain allowing 

to study neuronal morphology. We focused on CA1 pyramidal 

neurons in the stratum radiatum because it has a structured 

anatomical organization and THC systemic administration has well 

characterized effects reducing plasticity on this area (Chen et al., 

2013; Hoffman et al., 2007; Mato et al., 2004). Dendritic spines of 

CA1 pyramidal neurons in stratum radiatum have been shown to 

change in density and morphology after 7 days of THC-10 (Chen et 

al., 2013), but the acute effect of THC-10 had not been assessed. 

We observed that a single exposure to THC-10 is sufficient to 

transiently affected the morphology and the density of dendritic 

spines of pyramidal cells in CA1. In this regard, we found a decrease 

in both parameters, indicating that the impact is already noticeable 6 

hours after a single exposure, and reversible, being completely 

recovered by 18 hours after THC-10 administration. Surges of high-

frequency activity (as those experimentally evoked in LTP protocols) 

usually induce an enlargement of dendritic spines, as well as an 

increase in spine density (Bourne and Harris, 2008; Matsuzaki et al., 

2004), while prolonged low frequency activity (as in the protocols to 
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evoke LTD) is usually associated to a shrinkage of dendritic spines 

and a decrease in spine density (Bourne and Harris, 2008; Nägerl et 

al., 2004; Zhou et al., 2004). Thus, our results could bridge structural 

and functional plasticity alterations produced by THC, as structural 

and functional plasticity are interconnected processes (Caroni et al., 

2012; Matsuzaki et al., 2004). Indeed, other studies showed that 

hippocampal functional plasticity is affected 15 hours after THC-3 

administration (Mato et al., 2004), while no alterations were found 24 

hours after THC-10 administration (Hoffman et al., 2007), in 

agreement with the time window of dendritic spine alterations and 

recovery observed in our structural study. Moreover, our study and 

that of Chen (2013) described how this alteration was prolonged 

when the exposure to THC-10 was extended for 7 days since 

significant structural changes were observed 24 hours after the last 

administration. Notably, other studies have described that repeated 

THC-10 results in LTP obliteration 24 hours after the last 

administration (Chen et al., 2013; Hoffman et al., 2007) that remains 

for 14 days after THC withdrawal (Chen et al., 2013; Hoffman et al., 

2007). Taking these into account, it is plausible that, given that in 

pyramidal neurons the number of dendritic spines correlate with the 

number of excitatory synapses (Rochefort and Konnerth, 2012; 

Sheng and Hoogenraad, 2007), the decrease in dendritic spine 

density observed after THC-10 in stratum radiatum would entail a 

decrease in the number of excitatory synapses that could underlie 

the previously described impairment of hippocampal LTP. Both 

functional and structural changes, could underlie the amnesic-like 

effect of THC as both processes are necessary in order to sustain a 

memory. Furthermore, both described affectations concur with THC-

10 amnesic effects as a single dose of THC-10 is amnesic and a 7 
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days of treatment produce an amnesic effect that last at least 4 days 

after the last administration (Puighermanal et al., 2013). 

Considering our data in the light of previous findings, we 

hypothesized a connection of THC administration with alterations in 

functional plasticity, structural plasticity and memory. In addition, our 

results indicate a different rate of recovery of brain circuits in terms 

of structural plasticity for a single THC-10 exposure compared to a 

repeated THC-10 exposure, which correlates with the functional 

plasticity deficits described by others, and most probably underlie 

the deleterious effect of this THC dose over hippocampal memory. 

 

2.2. Effect of THC on relevant proteins for functional and 

structural plasticity  

Dendritic spine dynamics is accompanied by a fine coordination of 

synaptic pathways and associated signaling cascades. In this study 

we also attended the phosphorylation state of proteins related to 

synaptic efficacy and dendritic spine dynamics. We observed that a 

single exposure to THC-10 promoted the phosphorylation of the NR1 

subunit of NMDAR at serine 890, pNR1 (Ser890); the GluR2 subunit 

of AMPAR at serine 880, pGluR2 (Ser880); as well as the actin 

binding protein cofilin at serine 3, pCofilin (Ser3) and the 

Calcium/calmodulin-dependent protein kinase II alpha at threonine 

286, pCaMKIIα (Thr286). 

NMDAR are crucial for synaptic plasticity and memory processes 

(Mu et al., 2003; Paoletti et al., 2013; Rezvani, 2006). Indeed, THC-

10 produces the memory impairment influenced by these receptors 

(Puighermanal et al., 2009) that are heterotetramers located in the 

pre- and post-synaptic excitatory synapses and formed by two 
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necessary NR1 subunits, indicating an important basic role of this 

subunit, and two NR2/NR3 subunits (Paoletti et al., 2013; Verónica 

Baez et al., 2018). In fact, NR1 is essential for agonist binding and 

ion selectivity (Monyer et al., 1992) and deletion of this subunit in the 

mouse forebrain impairs fear memory, social and novel object-

recognition memory, and social motivation (Cui et al., 2004; Jacobs 

and Tsien, 2017), indicating the crucial role of this component in 

memory function. Our data indicates that a single dose of THC-10 

quickly over-phosphorylates pNR1 (Ser890) 30 minutes after its 

administration, an observation that concurs with previous data 

demonstrating the involvement of NMDAR in the acute amnesic 

effects of THC-10 (Puighermanal et al., 2013, 2009). Moreover, this 

phosphorylation of NR1 is mediated by PKC (Tingley et al., 1997), a 

pathway that results overactivated by THC and that it is involved in 

its amnesic effects, since inhibitors of this pathway prevented the 

short-term memory deficit of THC (Busquets-Garcia et al., 2018b). 

The phosphorylation of NR1 in Ser890 modulates its function by 

disrupting the receptor interaction with cytoskeleton and dispersing 

the clusters of NR1 subunits present in the membrane surface 

(Carroll and Zukin, 2002; Tingley et al., 1997). This may partially 

explain our findings related with the dendritic spine dynamics and 

the LTP alteration in CA1 reported after repeated exposure to THC-

10 (Chen et al., 2013; Hoffman et al., 2007), since prolonged 

excitatory activity diminishes synaptic NMDAR and their associated 

currents (Mu et al., 2003). On the other hand, it seems that the 

phosphorylation of pNR1(Ser890) would not have an effect on the 

content of NR1 in the surface membrane (Mu et al., 2003), although 

this extent should be confirmed.  
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We also observed that a single THC-10 administration rapidly over-

phosphorylates pGluR2 (Ser880). GluR2 subunit is crucial for 

AMPAR function. AMPAR are heterotetramers with variable 

composition (Dingledine et al., 1999; Hollmann and Heinemann, 

1994; Huganir and Song, 2002) but pyramidal cells in the 

hippocampus mainly express AMPAR composed by GluR1 and 

GluR2 (Sans et al., 2003). GluR2 subunit controls several of the 

most important properties of AMPAR, such as single channel 

conductance and rectification, receptor kinetics and Ca2+ 

permeability (Duprat et al., 2003; Isaac et al., 2007). In addition, 

GluR2 is the most regulated AMPAR subunit through mechanisms 

that include gene transcription, RNA editing, receptor assembly and 

receptor trafficking (Isaac et al., 2007). For this reason, alterations of 

GluR2 after THC-10 administration would imply detrimental effects 

on AMPAR function and the transmission of the information, having 

an impact on synaptic plasticity and memory process (Ghafari et al., 

2012; Wang et al., 2005). More specifically, phosphorylation of 

pGluR2 (Ser880), also preferentially produced by PKC, affects the 

interaction of this AMPAR subunit with other proteins such as 

anchoring proteins at the postsynaptic density provoking an 

alteration of the redistribution and the trafficking of AMPAR (Guo and 

Wang, 2007; Wang et al., 2005) and promoting the internalization of 

GluR2, decreasing its expression at the surface, hence decreasing 

synaptic transmission (Seidenman et al., 2003; Wang et al., 2005).  

The effects of THC-10 on memory are known to involved the over-

activation of mTORC1 pathway (Puighermanal et al., 2013, 2009). 

Notably, mTORC1 pathway activation increases the amount of 

GluR1 and GluR2, but not NR1 or NR2, as well as AMPAR 

transmission and dendritic spine density (Han et al., 2016; Ran et 
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al., 2013), probably being involved in the effects of THC on structural 

and functional plasticity. Alternatively, the proteasome system, found 

to be inhibited by THC-10 exposure in the present Thesis (Salgado-

Mendialdúa et al., 2018), has been also reported to be necessary for 

the regulation of the surface content of AMPAR (Ferreira et al., 2015; 

Goo et al., 2015; Zhang et al., 2009). When the proteasome activity 

is increased the internalization of surface AMPAR also increases 

(Ferreira et al., 2015) and a repeated synaptic stimulation and over-

activation of the NMDAR inhibits the proteasome activity and avoids 

AMPAR degradation (Caldeira et al., 2013; Hou et al., 2011) 

concurring with our described effect of THC-10 over proteasome 

activity (Salgado-Mendialdúa et al., 2018). Interestingly, AMPAR can 

be also degraded by the lysosome (Schwarz et al., 2010; Scudder 

et al., 2014) thus, a decrease in proteasome activity does not directly 

imply a decrease in AMPAR degradation. Farther studies analyzing 

the content of glutamate receptors and targeting the role of the 

proteasome system in glutamate receptor function after acute THC-

10 treatment would be needed to highlight any relevant direct 

interaction.  

While changes in glutamate receptor function could be a possible 

mechanism behind THC-10 alterations related to functional 

plasticity, the effects of THC-10 over phosphorylation of pCofilin 

(Ser3) could be directly involved in the alterations of dendritic spine 

structure. Dendritic spines are structures highly enriched in actin 

(Hotulainen and Hoogenraad, 2010; Korobova and Svitkina, 2010) 

and it has been demonstrated how actin cytoskeleton is crucial for 

dendritic spine turn-over, shape and stability (Halpain, 2000; 

Schubert and Dotti, 2007; Tada and Sheng, 2006) related to synaptic 

strength (Cingolani and Goda, 2008; Matus, 2000). In addition, there 
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are memory disorders related to alterations on actin cytoskeleton 

regulation (Newey et al., 2005). In this regard, cofilin is an actin-

binding protein that contributes to the disassembly of actin filaments 

(filamentous actin, F-actin) (Van Troys et al., 2008), being 

inactivated by phosphorylation of Ser3 by LIMKs and activated by 

dephosphorylation of this residue by Slingshot (SSH) (Van Troys et 

al., 2008). Thus, according to the effect of a single THC-10 

administration on hippocampal cofilin phosphorylation, we 

hypothesize an inhibition of cofilin functioning, affecting the 

dynamics of F-actin turnover (Bamburg and Wiggan, 2002). It has 

been reported how a fine control of cofilin phosphorylation by LIMK 

is necessary for memory acquisition, consolidation and retrieval 

(Lunardi et al., 2018) as well as for dendritic spine dynamics and 

synaptic plasticity (Borovac et al., 2018; Bosch et al., 2014). Indeed, 

spine expansion is related with enhanced synaptic activity that 

depends on the assembly of F-actin and its posterior stabilization, 

while spine contraction and reduction triggered by low-frequency 

stimulation requires F-actin disassembly (Rust, 2015). Moreover, 

during E-LTP cofilin activation (dephosphorylation) mediates spine 

enlargement, while it needs to be inactivated (phosphorylated) 

during spine stabilization and LTP maintenance (Rust, 2015). 

Congruently, chemically-induced LTP (cLTP) triggers a temporal 

sequence of cofilin phosphorylation and dephosphorylation related 

to the trafficking of AMPAR and the enlargement of spines. Thus, 

cofilin activity is finely controlled temporally and spatially to regulate 

synaptic efficiency (Gu et al., 2010). THC-10 over-phosphorylation 

of pCofilin (Ser3) results in an over-inactivation of cofilin that would 

produce an unbalance of its function, and consequently, could be 

related with the unbalance of synaptic glutamate receptor content 

and functional and structural plasticity produced by THC. Regarding 
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the possible mechanism of action, it has also been reported that 

mTOR pathway, more specifically, PI3K/Akt/mTORC1 pathway 

modulates cofilin activity in non-neuronal (He et al., 2017; Li et al., 

2014) and neuronal cells (Bi and Quan, 2017; Speranza et al., 2015), 

giving strength to the hypothesis that THC-10 by over-activating 

mTOR pathway could evoke an over-phosphorylation of cofilin. A 

possible farther link with the proteasome could be also established 

according to previous data where cofilin regulation by the 

proteasome is important for spines dynamics (Maximova et al., 

2020). 

Lastly, we also studied the phosphorylation state of CaMKII after 

THC-10 administration. CaMKII is one of the principal effectors 

related to Ca2+ signaling in eukaryotes. When CaMKII is activated by 

an increase of the internal Ca2+ it phosphorylates proteins related to 

diverse processes such as modulation of ion channels (Zybura et al., 

2020), mobilization of synaptic vesicles (Moro et al., 2020), gene 

expression (Wu and McMurray, 2001; Zybura et al., 2020), synaptic 

plasticity (Goodell et al., 2017; Incontro et al., 2018; Lisman et al., 

2012; Stephenson et al., 2017), learning and memory (Rossetti et 

al., 2017; Wayman et al., 2008). CaMKII is a holoenzyme formed by 

12 subunits (Kolodziej et al., 2000) that has 4 isoforms (α, β, δ, and 

γ) (Gaertner et al., 2004). Each isoform has different characteristics 

that give different properties to CaMKII (Zalcman et al., 2018). We 

focused on CaMKII α and β because they are primarily expressed in 

the brain (Lucchesi et al., 2011). We found that a single dose of THC-

10 overphosphorylated pCaMKIIα (Thr286) but not pCaMKIIβ 

(Thr286) without changing its total amount of protein. There are three 

main differences between CaMKIIα and CaMKIIβ: (1) Their affinity 

for calmodulin and thus Ca2+ signals, CaMKIIα is more sensitive to 
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higher levels of Ca2+ signals and gets more activated under this 

context (Brocke et al., 1999; De Koninck and Schulman, 1998; 

Thiagarajan et al., 2002). Fact that concurs with our data, as we 

found an increase in the activation of CaMKIIα probably produced 

by the overactivation of the glutamate receptors and the big increase 

of Ca2+ in the neuron while no difference were found in the activation 

of CaMKIIβ; (2) CaMKIIβ serves as an anchoring protein as it binds 

to F-actin with high affinity in its inactivated state (unphosphorylated) 

(Borgesius et al., 2011; Fink et al., 2003; Kim et al., 2016; Shen et 

al., 1998) while CaMKIIα is more directly related to synaptic 

transmission as it binds to NMDAR (Incontro et al., 2018; Shen and 

Meyer, 1999) in an LTP-dependent manner and contributes to 

AMPAR trafficking and glutamate receptor currents (Derkach et al., 

1999; Incontro et al., 2018). Regarding the reported functional 

affectations produced by THC in the hippocampus (Hoffman et al., 

2007; Mato et al., 2004) the activation of CaMKIIα could underlie the 

alterations in the synaptic efficacy produced by THC. The 

requirement of pCaMKIIα (Thr286) for LTP induction (Giese et al., 

1998; Malinow et al., 1989; Silva et al., 1992) and maintenance 

(Sanhueza et al., 2007) has been well described, and the content of 

CaMKII in the PSD correlates with synaptic strength (Asrican et al., 

2007); while CaMKIIβ could be related to the alterations of dendritic 

spines (Fink et al., 2003; Okamoto et al., 2007) that may occur 

posteriorly. Farther studies would need to address the activation 

status and the content of CaMKIIβ in time points where synaptic 

structure is affected by THC; (3) Solely CamKIIα can be translated 

in dendrites directly from local mRNA (Burgin et al., 1990; Mayford 

et al., 1996) where it plays an important role in the maintenance of 

L-LTP and memory but not in induction of LTP or learning (Miller et 

al., 2002). Moreover, there are reports that showed how the 



 
 

162 
 

proportion of CaMKIIα and β changes depending on synaptic 

activity, finding more CaMKIIα when the activity is increased and the 

opposite when the activity is decreased (Thiagarajan et al., 2002). 

Probably the time point selected in this study was too short after 

THC-10 treatment to allow to detect changes in the expression of 

both proteins. In this study we also observed that THC-10 over-

phosphorylates pNR1 (Ser890) and pGluR2 (Ser880). Interestingly, 

CaMKIIα also phosphorylates glutamate receptors, although until 

now only NR2 and GluR1 phosphorylations have been described 

(Mao et al., 2014). Lastly, we also found that THC-10 

overphosphorylated cofilin and decreased the activity of the 

proteasome system. These two facts could be also related to 

CaMKIIα as pCaMKIIα (Thr286) is necessary for the transport and 

the activity of the proteasome into the dendritic spines (Bingol et al., 

2010; Jarome et al., 2013) with an implication on memory (Jarome 

et al., 2016) and CAMKII also regulates cofilin phosphorylation (Zhao 

et al., 2012). Thus, taking into account all the information expose we 

can conclude that CAMKII may be an important key piece 

orchestrating various of the THC effects at molecular level. 

 

The activation of all these previously described mechanisms (Figure 

53) begin with the robust activation of CB1R by a high amnesic dose 

of THC, that like the majority of receptors undergoes a 

desensitization process, in this case through internalization or G-

protein uncoupling (González et al., 2005; Jin et al., 1999; Lichtman 

and Martin, 2005; Wu et al., 2008). It has been extensively reported 

how THC desensitizes CB1R in the hippocampus after prolonged 

exposures (Breivogel et al., 2002; Sim-Selley et al., 2006) but few 

studies addressed the effect of a single dose of THC and the 
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promptness of this effect. Mato et al. (2004) observed a reduced 

function of hippocampal CB1R after a single exposure to THC. Here, 

we demonstrated that THC-10 produces a strong and rapid CB1R 

downregulation starting to be visible 30 minutes after administration, 

concurring with recent data (Bonilla-Del Río et al., 2020) and this 

effect is stronger 2 hours after administration, in agreement with the 

effect observed for WIN5521-2, a CB1R/CB2R agonist, in cortical 

neurons (Mikasova et al., 2008). Interestingly, CB1R levels start to 

recover 8 hours after administration, and they do not reach control 

levels up to 24 hours after THC-10 administration. Bonilla-Del Río et 

al. (2020) demonstrated a linked between CB1R levels and alteration 

of synaptic structure shortly after treatment. Thus, activation of 

CB1R by a single exposure to THC-10 would trigger a cascade of 

molecular mechanisms that leads to a CB1R degradation and 

changes in synaptic structural and functional dynamics that starts to 

recover before CB1R levels come back to control levels. Instead, 

when exposure to THC-10 is prolonged in time, CB1R desensitation 

is endured, as well as the structural and functional effects. Farther 

studies will be needed to investigate the order and the 

consequences of these molecular events. 
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Figure 53. Possible biomolecular mechanism of action of amnesic THC. THC activation 

of hippocampal CB1R, more expressed in GABAergic interneurons than in glutamatergic 

neurons (Gutiérrez-Rodríguez et al., 2017), leads to a reduction in GABA release, producing 

an unbalance of the glutamate released, resulting in an over-activation of NMDAR 

(Puighermanal et al., 2009). Such over-activation of NMDAR would then produce an over-

activation of several biomolecular pathways, including mTORC1 (Puighermanal et al., 2013, 

2009), PKC (Busquets-Garcia et al., 2018b) and CAMKII (Incontro et al., 2018). On the one 

hand, the increase in mTORC1 activity would produce an increase in protein synthesis 

(Puighermanal et al., 2009) and a decrease in the proteasome activity, as evidence indicates 

that mTOR pathway is able to control proteasome function (Rousseau and Bertolotti, 2016; 

Zhao et al., 2015; Zhao and Goldberg, 2016). Interestingly, it has been reported that an over-

activation of NMDAR decreases as well the activity of the ubiquitin-proteasome system in 

hippocampal neurons (Caldeira et al., 2013), it remains to be elucidated if this actions is solely 

through mTOR pathway or other pathways could be involved. On the other hand, the 

overactivation of PKC pathway would lead to the overphosphorylation of NR1 (Ser890) and 

GluR2 (Ser880). This event would entail the disintegration of NR1 clusters present in the cell 

surface, as well as NR1 dissociation from actin cytoskeleton (Carroll and Zukin, 2002; Tingley 

et al., 1997), the blockade of GluR2 binding to other proteins (Guo and Wang, 2007; Wang 

et al., 2005) and an increase in GluR2 internalization (Seidenman et al., 2003; Wang et al., 

2005). Finally, NMDAR overactivation would increase the translocation of CAMKII to the 

synapse and its activation and its translocation to the PSD where it would bind to NMDAR 

and would influence NMDAR and AMPAR currents (Incontro et al., 2018). In parallel CaMKII 

would control cofilin activity (Zhou et al., 2012) and the location and activity of the proteasome 

complex (Bingol et al., 2010; Jarome et al., 2013). Lastly, mRNA of CAMKII but not CAMKII 

can be localized in dendritic spines where it can be quickly translated under requirement 

(Burgin et al., 1990; Mayford et al., 1996). Altogether, this potential mechanism could underlie 

the THC detrimental effect on memory, as a proper balance of protein synthesis and 

degradation is necessary for learning and memory processes (Cullen et al., 2017; Jarome 

and Devulapalli, 2018; Jarome and Helmstetter, 2014; Reis et al., 2013), plus solely an 

alteration of the proteasome system also impairs synaptic plasticity (Hamilton et al., 2012; 

Jarome and Helmstetter, 2013) and memory (Fioravante and Byrne, 2011; Jarome et al., 

2011). The over-phosphorylation produced on NR1 (Ser890), GluR2 (Ser880) and cofilin 

(Ser3) could underlie functional and structural impairments produced by THC-10. Farther 

studies would be necessary to confirm the above hypothesis. Created with BioRender.com 



 
 

165 
 

3. Effect of a non-amnesic dose of THC (1 mg/kg) over 

hippocampal cognition and structural and functional 

plasticity 

 

The debate on cannabis use, considering its beneficial and 

detrimental effects, spurs the need to better understand, the effects 

that THC has at doses comparable to those used in clinical settings 

or cannabis consumption. In this regard, only a limited number of 

studies have addressed the effects of THC at low doses on memory 

performance in mice (Amal et al., 2010; Senn et al., 2008), while 

there are no studies addressing the structural and functional 

plasticity outcomes. 

We first characterized the effect of a low dose of THC (1 mg/kg, THC-

1), over the consolidation of two different kinds of memories. To this 

aim we studied a labile non-emotional memory (novel object-

recognition (NOR) memory) and an emotional memory (trace and 

context fear conditioning). In our study we observed that a single 

exposure to THC-1 did not alter long-term NOR memory, in 

agreement with previous data from our group (Puighermanal et al., 

2009), nor trace neither context fear conditioning memory. 

Nevertheless, previous unpublished results from the lab had shown 

that repeated exposure to THC-1 started to have a negative effect 

on NOR memory from the 5th day of consecutive treatment. 

Moreover, recovery on NOR performance was only observed after 4 

days of THC-1 withdrawal. The time-course of such recovery was 

surprisingly similar to that previously observed for a dose of THC ten 

times higher (Puighermanal et al., 2013) indicating that the extent of 

the THC dose is not a critical parameter at the time of recovering 

from the cognitive effect of THC exposure. In front of this situation, 
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we wondered if a memory with a higher emotional load such as that 

associated to fear, would be also altered by repeated administration 

of this low non-amnesic dose of THC. We observed that the effect of 

THC-1 over memory consolidation was strong enough to 

significantly alter trace and contextual fear conditioning memory. 

Freezing behavior values in control animals were quite low due to 

the fact that CD1 mice present less freezing behavior than 

C57BL76J mice (Gerlai, 2013), thus, these data are a good pilot trial 

and farther studies would need to be performed in C57BL76J mice 

for confirmation. The possibility that this alteration in memory 

performance beyond THC-1 withdrawal is caused by THC 

accumulation in the brain is disregarded based on previous studies 

demonstrating that 24 hours after THC-10 chronic administration 

THC levels are washed out from the brain (Hoffman et al., 2007). 

These results suggest that THC-1 could gradually alter pathways 

relevant for cognitive performance. Furthermore, given the effect of 

THC-1 on NOR memory, these pathways would remain altered for 

several days, pointing to the possible involvement of reversible 

structural and functional plasticity alterations.  

When any of these memory tests was performed THC was 

administered after the learning/training phase, right during memory 

consolidation. Such approach discards the possibility that THC 

disturbs the acquisition phase of memory. Moreover, these 

alterations did not affect the recall phase, as after observing an 

amnesic effect of THC-1, we then performed the tests for emotional 

memory recall again one week later and the lack of context fear 

memory was still present in the THC-treated animals, dismissing a 

possible THC-1 effect in the recall phase. We also demonstrate that 

the ability to create a new memory one week after THC-1 treatment 
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was not disturbed, pointing to specific alterations of the consolidation 

phase right after the learning process. 

Previous studies identified mTOR as one of the pathways involved 

in THC-10 effects in the hippocampus, including memory impairment 

(Puighermanal et al., 2013, 2009). Thus, we evaluated its possible 

involvement when a low dose of THC is applied. According to the 

results obtained with the mTORC1 inhibitor temsirolimus, mTOR 

signalling would be a mechanism behind the effect of THC-1 over 

non-emotional memory, while it would not be involved in the effect 

of THC-1 over emotional memory. On the other hand, in context fear 

conditioning vehicle animals treated with temsirolimus presented 

less fear memory than control animals. Before using rapamycin or 

temsirolimus as an inhibitor in the NOR studies, our group performed 

a detailed study on the doses necessary to inhibit mTOR signalling 

without affecting NOR performance (Puighermanal et al., 2009; 

Puighermanal et al., 2013). A similar study should be performed with 

the trace and context fear conditioning to make sure inhibitor doses 

are properly tuned.   

We reasoned that the acute activation of molecular pathways is 

related to quick responses rather than sustained responses, while 

changes at the synaptic structural level may endure for longer. Thus, 

we investigated whether THC-1 treatment was affecting functional 

and structural hippocampal plasticity. THC-1 did have an effect on 

dendritic spine morphology and density, decreasing the thin shape 

type and the overall density similar to the effect observed for 

repeated THC-10 in this Thesis and by other authors (Chen et al., 

2013). For a general idea of the implication of this result, a pyramidal 

cell in rat CA1 shows a range of 1 to 5 spine/ µm dendrite (Amaral 

et al., 1990; Harris and Stevens, 1989; Koch and Zador, 1993). Thus, 
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a decrease observed 24 hours after the last THC-1 administration 

could lead to a relevant functional deficit in this brain area supporting 

the possible influence in the functional and the memory alterations 

produced by THC-1, similar to those observed with higher doses of 

THC. Interestingly, when hippocampal functional status was 

assessed by CA1-LTP we observed that although repeated 

exposure to THC-1 did not alter the mean population LTP response 

in CA1 (in contrast to higher doses of THC (Chen et al., 2013; 

Hoffman et al., 2007) a non-significant trend was clearly observed (p 

= 0.07). Given that a significant time x treatment interaction was also 

observed, we considered the possibility that the lack of a significant 

treatment effect reflects variability within individual slices. Thus, we 

performed an additional analysis of the last 5 minutes of LTP using 

cumulative distribution functions. This analysis revealed that 

individual responses from vehicle and THC-1 animals presented 

significantly different distributions, leading us to conclude that THC-

1 treated animals presented attenuated LTP responses compared to 

control animals. This is a relevant observation that was only 

observed so far with doses ten times higher than the one used in this 

Thesis (Hoffman et al., 2007). Furthermore, our results indicate that 

E-LTP would not be affected while the significant alteration would 

correspond to the L-LTP phase. Interestingly, and related to 

Objectives/Part 1 and 2, there are evidences showing that the 

proteasome system is recruited to the dendritic spines in an activity 

dependent manner (Bingol and Schuman, 2006) and that this step is 

necessary for LTP response (Dong et al., 2014a, 2008) and more 

specifically to L-LTP (Dong et al., 2014b, 2008) as well as for 

dendritic spine dynamics (Hamilton et al., 2012), establishing a 

possible link that should be further explored. LTP was triggered in 

these experiments by theta-burst stimulation, a kind of stimulation 
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pattern that has been observed in in vivo setting during learning (Otto 

et al., 1991) what supports the possible involvement of this functional 

alterations produced by repeated THC-1 in the significant memory 

impairment detected.  

Memory consolidation at cellular/synaptic level entails the 

transformation of a stimulus into a long-term form of information that 

involves local synaptic changes, that modify synaptic efficacy, in a 

brain circuit that encodes that memory (Dudai et al., 2015). After 

either a single or repeated amnesic dose of THC-10 we 

demonstrated how synaptic structure was altered in the 

hippocampus, nicely correlating with the amnesic effects of THC. 

The same occurred when the effect of THC-1 over synaptic structure 

was studied in a time point where THC-1 happened to be amnesic. 

Moreover NOR, trace and context fear memory are memories that 

depend on the hippocampus (Antunes and Biala, 2012; Bangasser 

et al., 2006; Burman et al., 2014; Cohen and Stackman, 2015). Thus, 

our data indicate that memory consolidation may be disrupted by 

THC, even at low doses, through the alteration of hippocampal 

synaptic structure and the alteration of hippocampal synaptic 

efficacy. These changes may be explained by the alteration of 

several signaling pathways as the ones described in this Thesis and 

probably the same or similar to the ones described for THC-10, at 

least once the memory impairment starts to be visible.  

Lastly, repeated administration of THC-1 downregulated CB1R. This 

is an effect that has been widely reported with amnesic doses of THC 

(Pertwee, 2008; Puighermanal et al., 2013, 2009). In this sense, we 

observed how a non-amnesic dose of THC can become amnesic 

after repeated exposure, an important fact to take into account for 

cannabis consumers or for therapeutic approaches with THC. With 
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the present evidences we may hypothesize two different 

mechanisms. On the one hand, it has been extensively reported a 

biphasic effect of THC depending on the dose for other 

pharmacological effects such as feeding behavior, motor activity and 

anxiety responses (Bellocchio et al., 2010; Rubino et al., 2008; 

Viveros et al., 2005). As an example, THC administered at low doses 

from 0.3 mg/kg to 1.5 mg/kg induces anxiolytic-like effects 

(Berrendero and Maldonado, 2002; Rubino et al., 2007; Valjent et 

al., 2002) while administered at high doses like 10 mg/kg produces 

anxiogenic-like effects (Onaivi et al., 1990; Valjent et al., 2002). 

These biphasic effects have been demonstrated to occur through the 

activation of CB1R in different neuronal populations. Low doses of 

CB1R agonist would preferentially activate CB1R located in 

glutamatergic neurons, while high doses of CB1R agonist would 

activate CB1R in GABAergic neurons (Bellocchio et al., 2010; Rey 

et al., 2012). In this regard, CB1R is more abundant in GABAergic 

neurons than in glutamatergic ones, but CB1R in glutamatergic 

neurons is more efficiently coupled to G proteins (Steindel et al., 

2013). These data together with the finding that the amnesic effects 

of THC on long-term NOR memory are mediated through CB1R 

located in GABAergic neurons (Puighermanal et al., 2009; 2013) 

lead to hypothesize that the first administrations of THC-1 may 

primarily impact on CB1R located in glutamatergic neurons. Then, 

as CB1R is downregulated due to agonist engagement 

(Puighermanal et al., 2013), these receptors would be decreased in 

time, leading THC-1 to bind more efficiently CB1R located in 

GABAergic neurons and finally producing the amnesic effect. 

Supporting this view, deletion of CB1R in GABAergic neurons 

produces a decrease in hippocampal LTP and a reduction in 

dendritic branching and in dendritic spine density on apical 
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dendrites, while deletion of CB1R in glutamatergic neurons produces 

the opposite effect (Monory et al., 2015) in agreement with the 

results obtained by studying synaptic plasticity. Another potential 

mechanism would involve THC-1 producing an increase in CB1R-

5HT2A heterodimers, known to be involved in the acute amnesic 

effects of THC (Viñals et al., 2015). It would be interesting to perform 

a time course analysis to elucidate whether CB1R downregulation 

parallels the amnesic effects of repeated THC-1, as well as farther 

study other details of these two previously exposed hypotheses. 

 

4. Overall effects of THC on hippocampal plasticity and 

functionality 

 

Our data reveal that the effect of THC-1 on memory performance 

and functional and structural plasticity, compared to the effect of 

THC-10, does not present dose-dependent biphasic properties 

visible in other THC effects. These data also allow to hypothesize 

that high and low doses of THC may share the same molecular 

mechanisms that affect functional and structural plasticity, with a 

converging point on LTM impairment. Our data could be explained 

by the following mechanism: THC activation of CB1R at GABAergic 

neurons, leads to an inhibition of GABA release that in turn provokes 

an increase in glutamatergic activity (Katona and Freund, 2012; 

Puighermanal et al., 2013), as it is not so efficiently inhibited by 

GABA anymore (Katona et al., 1999; Kawamura et al., 2006; 

Marsicano and Lutz, 1999; Puighermanal et al., 2013), plus 

activation of the CB1R in the astrocytes produces a glutamate 

release as well (Navarrete and Araque, 2010). Then over-activation 
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of glutamate receptors at excitatory synapses may lead to the over-

activation of several pathways, including PKC and mTOR pathways 

(Busquets-Garcia et al., 2018b; Puighermanal et al., 2009). Our data 

is parsimonious with the following interpretation: activation of PKC 

would evoke phosphorylation of NR1 (Ser890) and GluR2 (Ser880). 

In parallel, over-activation of mTOR would increase the activity of 

LIMK, phosphorylating cofilin (Ser3) and inhibiting its function. On 

the other hand, THC would trigger the over-activation of protein 

synthesis (Puighermanal et al., 2009) and probably trigger the 

decrease of protein degradation by decreasing proteasome activity. 

In parallel, the overactivation of CAMKIIα could orchestrate the 

overactivation of several of the described molecular alterations 

produced by THC and influence the location and activity of the 

proteasome system. Implications of this biomolecular alterations 

would lead to the THC detrimental effect on functional and structural 

plasticity, converging on memory impairment.  

More in detail, in terms of functional plasticity, two things would be 

underlying the impairments by THC. On the one hand, the decrease 

of glutamate receptor function and surface content. On the other 

hand, the decrease in the number of synapses stablished. In terms 

of structural plasticity, probably the most notorious THC alteration 

would be the THC over-inactivation of cofilin and the decrease in 

proteasome activity. Cofilin and the proteasome system would be 

important for both functional and structural THC alterations. Cofilin 

is necessary for receptor anchoring and trafficking, as well as for 

dendritic spine reorganization and dynamics, both cases would be 

altered after THC exposure. Regarding the proteasome system, the 

decrease of its activity by THC could lead to a deficient glutamate 

receptor degradation that together with cofilin inactivation would 
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converge in a deficient glutamate receptor turn-over and possible 

accumulation. Additionally, fine control of waves of phosphorylation 

and dephosphorylation of cofilin, as well as proper proteasome 

function, are necessary to maintain L-LTP and for dendritic spine 

dynamics, hence cofilin decrease in activity could avoid the 

maintenance of L-LTP (Fukazawa et al., 2003), interfering with LTP 

response, and evoking an aberrant dendritic spine dynamic, as we 

have observed.  

Overall, these different mechanisms would be altering different 

molecular fronts that would converge in a detrimental effect of the 

ability to produce a proper memory process in the hippocampus. 

Farther research needs to be accomplished to better understand the 

scale effects of THC and to confirm the diverse hypothesis proposed. 

Altogether, we have contributed with additional evidence on novel 

cellular mechanisms involved in THC impact at functional and 

structural plasticity, even after a presumably non-amnesic low dose 

of THC. These data need to be taken into consideration to caution 

the repeated use of cannabis derivatives with high THC content. In 

this regard, farther research would be necessary to better elucidate 

whether cannabis formulations including other cannabinoid 

compounds such as cannabidiol, may efficiently counteract these 

THC side effects on memory and plasticity that we detected after 

repeated exposure. 
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The principal conclusions of this Doctoral Thesis are the following: 

1. A single exposure to THC (10 mg/kg, THC-10) shortly affects 

the hippocampal synaptic proteome with a special impact on 

metabolic processes, cytoskeleton and the proteasome. 

2. The acute exposure to THC-10 is sufficient to decrease the 

activity of the proteasome 20S catalytic core in hippocampal 

homogenates obtained from acutely treated mice. 

3. A repeated exposure to THC-10 robustly decreases the 

expression of Rpt6 and Psmd14, as well as the activity of the 

proteasome system. 

4. A dose of THC-10 alters rapidly and transiently CA1 

pyramidal dendritic spine dynamics in the stratum radiatum, 

while a repeated exposure to the same THC-10 dose 

produces a more permanent effect. 

5. The exposure to THC-10 over-phosphorylates key residues 

in glutamate receptor subunits, GluR2 (Ser880), pNR1 

(Ser890), and an actin binding protein, pCofilin (Ser3), which 

may underlie some of the acute effects of THC on functional 

and structural plasticity. 

6. A single exposure to THC at 1 mg/kg (THC-1) does not impair 

long-term recognition memory nor fear memory. 

7. A 7 days repeated treatment with a non-amnesic dose of 

THC (THC-1) presents a negative impact over emotional and 

non-emotional LTM.  

8. Repeated exposure to THC-1 results in hippocampal 

structural plasticity alterations decreasing CA1 pyramidal cell 

dendritic spine density. 
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9. Repeated exposure to THC-1 affects hippocampal functional 

plasticity, decreasing the individual LTP response compared 

to vehicle-treated mice. 

10. Overall, THC modifies several aspects of synaptic plasticity, 

from proteostasis to synaptic structure, density and 

functionality resulting in alterations in necessary components 

for hippocampal-dependent memory, even at low doses that 

acutely seem to be non-amnesic.  

  



 
 

179 
 

  

REFERENCES 

 



 
 

180 
 

  



 
 

181 
 

Abbas A-K. Evidence for constitutive protein synthesis in 

hippocampal LTP stabilization. Neuroscience 2013;246:301–11. 

Abbas A-K, Dozmorov M, Li R, Huang F-S, Hellberg F, Danielson J, 

et al. Persistent LTP without triggered protein synthesis. Neurosci 

Res 2009;63:59–65. 

Abbas A-K, Huang F-S, Li R, Ekström J, Wigström H. Emetine 

treatment masks initial LTP without affecting long-term stability. 

Brain Res 2011;1426:18–29. 

Abel T, Lattal KM. Molecular mechanisms of memory acquisition, 

consolidation and retrieval. Curr Opin Neurobiol 2001;11:180–7. 

Abraham WC, Williams JM. LTP maintenance and its protein 

synthesis-dependence. Neurobiol Learn Mem 2008;89:260–8. 

Aguet F, Brown AA, Castel SE, Davis JR, He Y, Jo B, et al. Genetic 

effects on gene expression across human tissues. Nature 

2017;550:204–13. 

Akirav I, Richter-Levin G. Mechanisms of amygdala modulation of 

hippocampal plasticity. J Neurosci 2002;22:9912–21. 

Al-Hayani A, Wease KN, Ross RA, Pertwee RG, Davies SN. The 

endogenous cannabinoid anandamide activates vanilloid receptors 

in the rat hippocampal slice. Neuropharmacology 2001;41:1000–5. 

Alberini CM, Ledoux JE. Memory reconsolidation. Curr Biol 

2013;23:R746-50. 

Alexander S. Therapeutic potential of cannabis-related drugs. Prog 

Neuro-Psychopharmacology Biol Psychiatry 2016;64:157–66. 

Alger BE. Retrograde signaling in the regulation of synaptic 



 
 

182 
 

transmission: focus on endocannabinoids. Prog Neurobiol 

2002;68:247–86. 

Altman J. Are new neurons formed in the brains of adult mammals? 

Science (80- ) 1962;135:1127–8. 

Amal H, Fridman-rozevich L, Senn R, Strelnikov A, Gafni M, Keren 

O, et al. Long-term consequences of a single treatment of mice with 

an ultra-low dose of. Behav Brain Res 2010;206:245–53. 

Amaral DG, Ishizuka N, Claiborne B. Neurons, numbers and the 

hippocampal network. Prog Brain Res 1990;83:1–11. 

Amaral DG, Witter MP. The three-dimensional organization of the 

hippocampal formation: A review of anatomical data. Neuroscience 

1989;31:571–91. 

American Psychiatric Association. Diagnostic and Statistical Manual 

of Mental Disorders. American Psychiatric Association; 2013. 

Amin MR, Ali DW. Pharmacology of Medical Cannabis. Adv Exp Med 

Biol 2019;1162:151–65. 

Andre CM, Hausman J-F, Guerriero G. Cannabis sativa: the plant of 

the thousand and one molecules. Front Plant Sci 2016;7:19. 

Angulo MC, Kozlov AS, Charpak S, Audinat E. Glutamate released 

from glial cells synchronizes neuronal activity in the hippocampus. J 

Neurosci 2004;24:6920–7. 

Antunes M, Biala G. The novel object recognition memory: 

neurobiology, test procedure, and its modifications. Cogn Process 

2012;13:93–110. 

Araki Y, Zeng M, Zhang M, Huganir RL. Rapid Dispersion of 



 
 

183 
 

SynGAP from Synaptic Spines Triggers AMPA Receptor Insertion 

and Spine Enlargement during LTP. Neuron 2015;85:173–89. 

Araque A, Carmignoto G, Haydon PG, Oliet SHR, Robitaille R, 

Volterra A. Gliotransmitters travel in time and space. Neuron 

2014;81:728–39. 

Araque A, Castillo PE, Manzoni OJ, Tonini R. Synaptic functions of 

endocannabinoid signaling in health and disease. 

Neuropharmacology 2017;124:13–24. 

Araque A, Parpura V, Sanzgiri RP, Haydon PG. Tripartite synapses: 

Glia, the unacknowledged partner. Trends Neurosci 1999;22:208–

15. 

Arber S, Barbayannis FA, Hanser H, Schnelder C, Stanyon CA, 

Bernards O, et al. Regulation of actin dynamics through 

phosphorylation of cofilin by LIM- kinase. Nature 1998;393:805–9. 

Arellano JI, Benavides-Piccione R, Defelipe J, Yuste R. 

Ultrastructure of dendritic spines: correlation between synaptic and 

spine morphologies. Front Neurosci 2007;1:131–43. 

Arendt CS, Hochstrasser M. Identification of the yeast 20S 

proteasome catalytic centers and subunit interactions required for 

active-site formation. Proc Natl Acad Sci U S A 1997;94:7156–61. 

Artinian J, McGauran A-MT, De Jaeger X, Mouledous L, Frances B, 

Roullet P, et al. Protein degradation , as with protein synthesis , is 

required during not only long-term spatial memory consolidation but 

also reconsolidation. Eur J Neurosci 2008;27:3009–19. 

Aso E, Sánchez-Pla A, Vegas-Lozano E, Maldonado R, Ferrer I. 

Cannabis-based medicine reduces multiple pathological processes 



 
 

184 
 

in AβPP/PS1 mice. J Alzheimer’s Dis 2015;43:977–91. 

Asok A, Leroy F, Rayman JB, Kandel ER. Molecular Mechanisms of 

the Memory Trace. Trends Neurosci 2019;42:14–22. 

Asrican B, Lisman J, Otmakhov N. Synaptic strength of individual 

spines correlates with bound Ca 2+-calmodulin-dependent kinase II. 

J Neurosci 2007;27:14007–11. 

Attardo A, Fitzgerald JE, Schnitzer MJ. Impermanence of dendritic 

spines in live adult CA1 hippocampus. Nature 2015a;523:592–6. 

Bacci A, Huguenard JR, Prince DA. Long-lasting self-inhibition of 

neocortical interneurons mediated by endocannabinoids. Nature 

2004;431:312–6. 

Badal S, Smith KN, Rajnarayanan R. Analysis of natural product 

regulation of cannabinoid receptors in the treatment of human 

disease. Pharmacol Ther 2017;180:24–48. 

Baddeley A. Working memory. Science (80- ) 1992;255:556–9. 

Baddeley AD, Hitch G. Working Memory, 1974, p. 47–89. 

Bailey CH, Kandel ER, Harris KM. Structural components of synaptic 

plasticity and memory consolidation. Cold Spring Harb Perspect Biol 

2015;7:a021758. 

Bailey DJ, Kim JJ, Sun W, Thompson RF, Helmstetter FJ. 

Acquisition of fear conditioning in rats requires the synthesis of 

mRNA in the amygdala. Behav Neurosci 1999;113:276–82. 

Balderas I, Rodriguez-Ortiz CJ, Bermudez-Rattoni F. Consolidation 

and reconsolidation of object recognition memory. Behav Brain Res 

2015;285:213–22. 



 
 

185 
 

Baldi E, Bucherelli C. Brain sites involved in fear memory 

reconsolidation and extinction of rodents. Neurosci Biobehav Rev 

2015;53:160–90. 

Ballard ME, Gallo DA, de Wit H. Pre-encoding administration of 

amphetamine or THC preferentially modulates emotional memory in 

humans. Psychopharmacology (Berl) 2013;226:515–29. 

Baltaci SB, Mogulkoc R, Baltaci AK. Molecular Mechanisms of Early 

and Late LTP. Neurochem Res 2019;44:281–96. 

Bamburg JR, Wiggan OP. ADF/cofilin and actin dynamics in disease. 

Trends Cell Biol 2002;12:598–605. 

Bangasser DA, Waxler DE, Santollo J, Shors TJ. Trace Conditioning 

and the Hippocampus: The Importance of Contiguity. J Neurosci 

2006;26:8702–6. 

Banko JL, Hou L, Poulin F, Sonenberg N, Klann E. Regulation of 

eukaryotic initiation factor 4E by converging signaling pathways 

during metabotropic glutamate receptor-dependent long-term 

depression. J Neurosci 2006;26:2167–73. 

Barnes CA. Memory deficits associated with senescence: a 

neurophysiological and behavioral study in the rat. J Comp Physiol 

Psychol 1979;93:74–104. 

Basavarajappa BS, Shivakumar M, Joshi V, Subbanna S. 

Endocannabinoid system in neurodegenerative disorders. J 

Neurochem 2017;142:624–48. 

Bayés À, Collins MO, Galtrey CM, Simonnet C, Roy M, Croning MD, 

et al. Human post-mortem synapse proteome integrity screening for 

proteomic studies of postsynaptic complexes. Mol Brain 2014;7:88. 



 
 

186 
 

Bayés À, Collins MO, Reig-Viader R, Gou G, Goulding D, Izquierdo 

A, et al. Evolution of complexity in the zebrafish synapse proteome. 

Nat Commun 2017;8:14613. 

Beauchamp EM, Platanias LC. The evolution of the TOR pathway 

and its role in cancer. Oncogene 2013;32:3923–32. 

Bellfy L, Kwapis JL. Molecular mechanisms of reconsolidation-

dependent memory updating. Int J Mol Sci 2020;21:1–18. 

Bellocchio L, Lafenêtre P, Cannich A, Cota D, Puente N, Grandes P, 

et al. Bimodal control of stimulated food intake by the 

endocannabinoid system. Nat Neurosci 2010;13:281–3. 

Ben-Yakov A, Dudai Y, Mayford MR. Memory Retrieval in Mice and 

Men. Cold Spring Harb Perspect Biol 2015;7:a021790. 

Bénard G, Massa F, Puente N, Lourenço J, Bellocchio L, Soria-

Gómez E, et al. Mitochondrial CB1 receptors regulate neuronal 

energy metabolism. Nat Neurosci 2012;15:567. 

Bengoetxea X, Rodriguez-Perdigon M, Ramirez MJ. Object 

recognition test for studying cognitive impairments in animal models 

of Alzheimer’s disease. Front Biosci (Schol Ed) 2015;7:10–29. 

Béquet F, Uzabiaga F, Desbazeille M, Ludwiczak P, Maftouh M, 

Picard C, et al. CB1 receptor-mediated control of the release of 

endocannabinoids (as assessed by microdialysis coupled with 

LC/MS) in the rat hypothalamus. Eur J Neurosci 2007;26:3458–64. 

Berlyne DE. Novelty and curiosity as determinants of exploratory 

behaviour1. Br J Psychol Gen Sect 1950;41:68–80. 

Bernardinelli Y, Nikonenko I, Muller D. Structural plasticity: 

mechanisms and contribution to developmental psychiatric 



 
 

187 
 

disorders. Front Neuroanat 2014;8:123. 

Berrendero F, Maldonado R. Involvement of the opioid system in the 

anxiolytic-like effects induced by Δ9-tetrahydrocannabinol. 

Psychopharmacology (Berl) 2002;163:111–7. 

Berriz GF, Beaver JE, Cenik C, Tasan M, Roth FP. Next generation 

software for functional trend analysis. Bioinformatics 2009;25:3043–

4. 

Bezzi P, Volterra A. A neuron-glia signalling network in the active 

brain. Curr Opin Neurobiol 2001;11:387–94. 

Bhattacharyya S, Schoeler T. The effect of cannabis use on memory 

function: an update. Subst Abuse Rehabil 2013:11. 

Bi Y, Quan Y. PirB inhibits axonal outgrowth via the PI3K/Akt/mTOR 

signaling pathway. Mol Med Rep 2017;17:1093–8. 

Bilkei-Gorzo A. The endocannabinoid system in normal and 

pathological brain ageing. Philos Trans R Soc B Biol Sci 

2012;367:3326–41. 

Bilkei-Gorzo A, Albayram O, Draffehn A, Michel K, Piyanova A, 

Oppenheimer H, et al. A chronic low dose of Δ9-

tetrahydrocannabinol (THC) restores cognitive function in old mice. 

Nat Publ Gr 2017;23. 

Bingol B, Schuman EM. Activity-dependent dynamics and 

sequestration of proteasomes in dendritic spines. Nature 

2006;441:1144–8. 

Bingol B, Wang CF, Arnott D, Cheng D, Peng J, Sheng M. 

Autophosphorylated CaMKIIα acts as a scaffold to recruit 

proteasomes to dendritic spines. Cell 2010;140:567–78. 



 
 

188 
 

Blanchard RJ, Blanchard DC. Crouching as an index of fear. J Comp 

Physiol Psychol 1969;67:370–5. 

Bliss TVP, Collingridge GL. A synaptic model of memory: long-term 

potentiation in the hippocampus. Nature 1993;361:31–9. 

Bloomfield MAP, Hindocha C, Green SF, Wall MB, Lees R, Petrilli K, 

et al. The neuropsychopharmacology of cannabis: A review of 

human imaging studies. Pharmacol Ther 2019;195:132–61. 

Bockaert J, Marin P. mTOR in brain physiology and pathologies. 

Physiol Rev 2015;95:1157–87. 

Bolla KI, Brown K, Eldreth D, Tate K, Cadet JL. Dose-related 

neurocognitive effects of marijuana use. Neurology 2002;59:1337–

43. 

Bonilla-Del Río I, Puente N, Mimenza A, Ramos A, Serrano M, 

Lekunberri L, et al. Acute Δ9-tetrahydrocannabinol prompts rapid 

changes in cannabinoid CB1 receptor immunolabeling and 

subcellular structure in CA1 hippocampus of young adult male mice. 

J Comp Neurol 2020. 

Booth WT, Walker NB, Lowther WT, Howlett AC. Cannabinoid 

receptor interacting protein 1a (CRIP1a): Function and structure. 

Molecules 2019;24. 

Borgesius NZ, Woerden GM van, Buitendijk GHS, Keijzer N, 

Jaarsma D, Hoogenraad CC, et al. βCaMKII Plays a Nonenzymatic 

Role in Hippocampal Synaptic Plasticity and Learning by Targeting 

αCaMKII to Synapses. J Neurosci 2011;31:10141. 

Borovac J, Bosch M, Okamoto K. Regulation of actin dynamics 

during structural plasticity of dendritic spines: Signaling messengers 



 
 

189 
 

and actin-binding proteins. Mol Cell Neurosci 2018;91:122–30. 

Bosch M, Castro J, Saneyoshi T, Matsuno H, Sur M, Hayashi Y. 

Structural and molecular remodeling of dendritic spine substructures 

during long-term potentiation. Neuron 2014;82:444–59. 

Bosier B, Muccioli GG, Hermans E, Lambert DM. Functionally 

selective cannabinoid receptor signalling: therapeutic implications 

and opportunities. Biochem Pharmacol 2010;80:1–12. 

Bourne JN, Harris KM. Balancing structure and function at 

hippocampal dendritic spines. Annu Rev Neurosci 2008;31:47–67. 

Boyce R, Glasgow SD, Williams S, Adamantidis A. Sleep research: 

Causal evidence for the role of REM sleep theta rhythm in contextual 

memory consolidation. Science (80- ) 2016;352:812–6. 

Breivogel CS, Childers SR, Deadwyler SA, Hampson RE, Vogt LJ, 

Sim-Selley LJ. Chronic ▵9-Tetrahydrocannabinol Treatment 

Produces a Time-Dependent Loss of Cannabinoid Receptors and 

Cannabinoid Receptor-Activated G Proteins in Rat Brain. J 

Neurochem 2002;73:2447–59. 

Breivogel CS, Scates SM, Beletskaya IO, Lowery OB, Aceto MD, 

Martin BR. The effects of Δ9-tetrahydrocannabinol physical 

dependence on brain cannabinoid receptors. Eur J Pharmacol 

2003;459:139–50. 

Brenneisen R. Chemistry and Analysis of Phytocannabinoids and 

Other Cannabis Constituents. Marijuana and the Cannabinoids, 

Totowa, NJ: Humana Press; 2007, p. 17–49. 

Brocke L, Chiang LW, Wagner PD, Schulman H. Functional 

implications of the subunit composition of neuronal CaM kinase II. J 



 
 

190 
 

Biol Chem 1999;274:22713–22. 

Brown J. Some Tests of the Decay Theory of Immediate Memory. Q 

J Exp Psychol 1958;10:12–21. 

Brown SP, Safo PK, Regehr WG. Endocannabinoids inhibit 

transmission at granule cell to Purkinje cell synapses by modulating 

three types of presynaptic calcium channels. J Neurosci 

2004;24:5623–31. 

Broyd SJ, van Hell HH, Beale C, Yücel M, Solowij N. Acute and 

chronic effects of cannabinoids on human cognition—a systematic 

review. Biol Psychiatry 2016;79:557–67. 

Burgin KE, Neal Waxham M, Rickling S, Westgate SA, Mobley WC, 

Kelly PT. In situ hybridization histochemistry of Ca2+/calmodulin-

dependent protein kinase in developing rat brain. J Neurosci 

1990;10:1788–98. 

Burman MA, Simmons CA, Hughes M, Lei L. Developing and 

Validating Trace Fear Conditioning Protocols in C57BL/6 Mice. J 

Neurosci Methods 2014;222:111. 

Burré J, Beckhaus T, Schägger H, Corvey C, Hofmann S, Karas M, 

et al. Analysis of the synaptic vesicle proteome using three gel-

based protein separation techniques. Proteomics 2006;6:6250–62. 

Busquets-Garcia A, Bains J, Marsicano G. CB 1 Receptor Signaling 

in the Brain: Extracting Specificity from Ubiquity SIGNALING OF CB 

1 RECEPTORS IN THE BRAIN: INTRINSIC OR EMERGING 

FEATURES? Neuropsychopharmacol Rev 2018a;43:4–20. 

Busquets-Garcia A, Gomis-González M, Salgado-Mendialduá V, 

Galera-López L, Puighermanal E, Martín-Garcia E, et al. 



 
 

191 
 

Hippocampal protein kinase C signaling mediates the short-term 

memory impairment induced by delta9-tetrahydrocannabinol. 

Neuropsychopharmacology 2018b;43:1021–31. 

Caffino L, Messa G, Fumagalli F. A single cocaine administration 

alters dendritic spine morphology and impairs glutamate receptor 

synaptic retention in the medial prefrontal cortex of adolescent rats. 

Neuropharmacology 2018;140:209–16. 

Caillé S, Alvarez-Jaimes L, Polis I, Stouffer DG, Parsons LH. 

Specific alterations of extracellular endocannabinoid levels in the 

nucleus accumbens by ethanol, heroin, and cocaine self-

administration. J Neurosci 2007;27:3695–702. 

Calabrese B, Wilson MS, Halpain S. Development and regulation of 

dendritic spine synapses. Physiology 2006;21:38–47. 

Caldeira M V., Curcio M, Leal G, Salazar IL, Mele M, Santos ARA, 

et al. Excitotoxic stimulation downregulates the ubiquitin–

proteasome system through activation of NMDA receptors in 

cultured hippocampal neurons. Biochim Biophys Acta - Mol Basis 

Dis 2013;1832:263–74. 

Callén L, Moreno E, Barroso-Chinea P, Moreno-Delgado D, Cortés 

A, Mallol J, et al. Cannabinoid Receptors CB 1 and CB 2 Form 

Functional Heteromers in Brain. J Biol Chem 2012;287:20851–65. 

Cammalleri M, Lütjens R, Berton F, King AR, Simpson C, 

Francesconi W, et al. Time-restricted role for dendritic activation of 

the mTOR-p70 S6K pathway in the induction of late-phase long-term 

potentiation in the CA1. Proc Natl Acad Sci U S A 2003;100:14368–

73. 

Cargnello M, Roux PP. Activation and Function of the MAPKs and 



 
 

192 
 

Their Substrates, the MAPK-Activated Protein Kinases. Microbiol 

Mol Biol Rev 2011;75:50–83. 

Carlson G, Wang Y, Alger BE. Endocannabinoids facilitate the 

induction of LTP in the hippocampus. Nat Neurosci 2002;5:723–4. 

Carlson NR, Buskist W, Martin GN. Psychology : the science of 

behaviour. Allyn and Bacon; 2009. 

Caroni P, Chowdhury A, Lahr M. Special Issue: Circuit Development 

and Remodeling Synapse rearrangements upon learning: from 

divergent-sparse connectivity to dedicated sub-circuits. Trends 

Neurosci 2014;37. 

Caroni P, Donato F, Muller D. Structural plasticity upon learning: 

regulation and functions. Nat Rev Neurosci 2012;13:478–90. 

Carroll RC, Zukin RS. NMDA-receptor trafficking and targeting: 

implications for synaptic transmission and plasticity. Trends 

Neurosci 2002;25:571–7. 

Castillo PEE, Younts TJJ, Chávez AEE, Hashimotodani Y. 

Endocannabinoid signaling and synaptic function. Neuron 

2012;76:70–81. 

Chapman CA, Lacaille J-C. Intrinsic Theta-Frequency Membrane 

Potential Oscillations in Hippocampal CA1 Interneurons of Stratum 

Lacunosum-Moleculare. J Neurophysiol 1999;81:1296–307. 

Chatr-Aryamontri A, Oughtred R, Boucher L, Rust J, Chang C, Kolas 

NK, et al. The BioGRID interaction database: 2017 update. Nucleic 

Acids Res 2017;45:D369–79. 

Chen LY, Rex CS, Casale MS, Gall CM, Lynch G. Changes in 

Synaptic Morphology Accompany Actin Signaling during LTP. J 



 
 

193 
 

Neurosci 2007;27:5363–72. 

Chen R, Zhang J, Fan N, Teng Z-Q, Wu Y, Yang H, et al. Δ9-THC-

caused synaptic and memory impairments are mediated through 

COX-2 signaling. Cell 2013;155:1154–65. 

Chen Y, Zhou X. Research progress of mTOR inhibitors. Eur J Med 

Chem 2020;208:112820. 

Cheng D, Hoogenraad CC, Rush J, Ramm E, Schlager MA, Duong 

DM, et al. Relative and absolute quantification of postsynaptic 

density proteome isolated from rat forebrain and cerebellum. Mol 

Cell Proteomics 2006;5:1158–70. 

Chidambaram SB, Rathipriya AG, Bolla SR, Bhat A, Ray B, 

Mahalakshmi AM, et al. Dendritic spines: Revisiting the physiological 

role. Prog Neuro-Psychopharmacology Biol Psychiatry 

2019;92:161–93. 

Cingolani L a, Goda Y. Actin in action: the interplay between the actin 

cytoskeleton and synaptic efficacy. Nat Rev Neurosci 2008;9:344–

56. 

Citri A, Malenka RC. Synaptic Plasticity : Multiple Forms , Functions 

, and Mechanisms. Neuropsychopharmacology 2008;33:18–41. 

Cobb SR, Buhl EH, Halasy K, Paulsen O, Somogyi P. 

Synchronization of neuronal activity in hippocampus by individual 

GABAergic interneurons. Nature 1995;378:75–8. 

Cohen JD, Perlstein WM, Braver TS, Nystrom LE, Noll DC, Jonides 

J, et al. Temporal dynamics of brain activation during a working 

memory task. Nature 1997;386:604–8. 

Cohen SJ, Stackman RW. Assessing rodent hippocampal 



 
 

194 
 

involvement in the novel object recognition task. A review. Behav 

Brain Res 2015;285:105–17. 

Colizzi M, Bhattacharyya S. Cannabis use and the development of 

tolerance: a systematic review of human evidence. Neurosci 

Biobehav Rev 2018;93:1–25. 

Cooke SF, Bliss TVP. Plasticity in the human central nervous 

system. Brain 2006;129:1659–73. 

Cornell-Bell AH, Finkbeiner SM, Cooper MS, Smith SJ. Glutamate 

induces calcium waves in cultured astrocytes: Long-range glial 

signaling. Science (80- ) 1990;247:470–3. 

Costa-Mattioli M, Sonenberg N, Richter JD. Translational Regulatory 

Mechanisms in Synaptic Plasticity and Memory Storage. Prog Mol 

Biol Transl Sci 2009a;90:293–311. 

Costa-Mattioli M, Sossin WS, Klann E, Sonenberg N. Translational 

Control of Long-Lasting Synaptic Plasticity and Memory. vol. 61. 

Elsevier; 2009b. 

Costa B, Colleoni M. Changes in rat brain energetic metabolism after 

exposure to anandamide or Δ9-tetrahydrocannabinol. Eur J 

Pharmacol 2000;395:1–7. 

Coux O, Tanaka K, Goldberg AL. Structure and functions of the 20S 

and 26S proteasomes. Annu Rev Biochem 1996;65:801–47. 

Cowan N. The many faces of working memory and short-term 

storage 2016. 

Cowan N. Working memory capacity. Psychology Press; 2005. 

Cowan N, Brain P, Author R. What are the differences between long-



 
 

195 
 

term, short-term, and working memory? NIH Public Access Author 

Manuscript. Prog Brain Res 2008;169:323–38. 

Cravatt BF, Giang DK, Mayfield SP, Boger DL, Lerner RA, Gilula NB. 

Molecular characterization of an enzyme that degrades 

neuromodulatory fatty-acid amides. Nature 1996;384:83–7. 

Crino PB. The mTOR signalling cascade: paving new roads to cure 

neurological disease. Nat Rev Neurol 2016;12:379–92. 

Cui Z, Wang H, Tan Y, Zaia KA, Zhang S, Tsien JZ. Inducible and 

reversible NR1 knockout reveals crucial role of the NMDA receptor 

in preserving remote memories in the brain. Neuron 2004;41:781–

93. 

Cullen PK, Ferrara NC, Pullins SE, Helmstetter FJ. Context memory 

formation requires activity-dependent protein degradation in the 

hippocampus. Learn Mem 2017;24:589–96. 

Curran HV, Freeman TP, Mokrysz C, Lewis DA, Morgan CJA, 

Parsons LH. Keep off the grass? Cannabis, cognition and addiction. 

Nat Rev Neurosci 2016;17:293–306. 

D’Hooge R, De Deyn PP. Applications of the Morris water maze in 

the study of learning and memory. Brain Res Brain Res Rev 

2001;36:60–90. 

D’Souza DC, Cortes-Briones JA, Ranganathan M, Thurnauer H, 

Creatura G, Surti T, et al. Rapid Changes in Cannabinoid 1 Receptor 

Availability in Cannabis-Dependent Male Subjects after Abstinence 

from Cannabis. Biol Psychiatry Cogn Neurosci Neuroimaging 

2016a;1:60–7. 

D’Souza DC, Radhakrishnan R, Sherif M, Cortes-Briones J, Cahill J, 



 
 

196 
 

Gupta S, et al. Cannabinoids and Psychosis. Curr Pharm Des 

2016b;22:6380–91. 

Daniel H, Crepel F. Control of Ca(2+) influx by cannabinoid and 

metabotropic glutamate receptors in rat cerebellar cortex requires 

K(+) channels. J Physiol 2001;537:793–800. 

Daniel H, Rancillac A, Crepel F. Mechanisms underlying 

cannabinoid inhibition of presynaptic Ca 2+ influx at parallel fibre 

synapses of the rat cerebellum. J Physiol 2004;557:159–74. 

Deacon RMJ, Rawlins JNP. T-maze alternation in the rodent. Nat 

Protoc 2006;1:7–12. 

Demasi M, da Cunha FM. The physiological role of the free 20S 

proteasome in protein degradation: A critical review. Biochim 

Biophys Acta - Gen Subj 2018;1862:2948–54. 

Demuth DG, Molleman A. Cannabinoid signalling. Life Sci 

2006;78:549–63. 

Derkach V, Barria A, Soderling TR. Ca2+/calmodulin-kinase II 

enhances channel conductance of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionate type glutamate receptors. Proc Natl Acad Sci U 

S A 1999;96:3269–74. 

Derkinderen P, Ledent C, Parmentier M, Girault JA. Cannabinoids 

activate p38 mitogen-activated protein kinases through CB1 

receptors in hippocampus. J Neurochem 2001a;77:957–60. 

Derkinderen P, Toutant M, Kadaré G, Ledent C, Parmentier M, 

Girault JA. Dual Role of Fyn in the Regulation of FAK+6,7 by 

Cannabinoids in Hippocampus. J Biol Chem 2001b;276:38289–96. 

Derkinderen P, Valjent E, Toutant M, Corvol J-C, Enslen H, Ledent 



 
 

197 
 

C, et al. Regulation of extracellular signal-regulated kinase by 

cannabinoids in hippocampus. J Neurosci 2003;23:2371–82. 

Devane WA, Dysarz FA, Johnson MR, Melvin LS, Howlett AC. 

Determination and characterization of a cannabinoid receptor in rat 

brain. Mol Pharmacol 1988;34:605–13. 

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin 

G, et al. Isolation and structure of a brain constituent that binds to 

the cannabinoid receptor. Science 1992;258:1946–9. 

Dingledine R, Borges K, Bowie D, Traynelis SF. The glutamate 

receptor ion channels. Pharmacol Rev 1999;51:7–61. 

Dinh TP, Carpenter D, Leslie FM, Freund TF, Katona I, Sensi SL, et 

al. Brain monoglyceride lipase participating in endocannabinoid 

inactivation. Proc Natl Acad Sci U S A 2002;99:10819–24. 

Dinis-Oliveira RJ. Metabolomics of Δ9-tetrahydrocannabinol: 

implications in toxicity. Drug Metab Rev 2016;48:80–7. 

Distler U, Schmeisser MJ, Pelosi A, Reim D, Kuharev J, Weiczner 

R, et al. In-depth protein profiling of the postsynaptic density from 

mouse hippocampus using data-independent acquisition 

proteomics. Proteomics 2014;14:2607–13. 

Djakovic SN, Marquez-lona EM, Jakawich SK, Wright R, Chu C, 

Sutton MA, et al. Phosphorylation of Rpt6 regulates synaptic 

strength in hippocampal neurons. J Neurosci 2012;32:5126–31. 

Djakovic SN, Schwarz LA, Barylko B, Demartino GN, Patrick GN. 

Regulation of the Proteasome by Neuronal Activity and Calcium / 

Calmodulin-dependent Protein Kinase II * □ 2009;284:26655–65. 

Djeungoue-Petga M-A, Hebert-Chatelain E. Linking Mitochondria 



 
 

198 
 

and Synaptic Transmission: The CB1 Receptor. BioEssays 

2017;39:1700126. 

Dong C, Bach S V., Haynes KA, Hegde AN. Proteasome modulates 

positive and negative translational regulators in long-term synaptic 

plasticity. J Neurosci 2014a;34:3171–82. 

Dong C, Upadhya SC, Ding L, Smith TK, Hegde AN. Proteasome 

inhibition enhances the induction and impairs the maintenance of 

late-phase long-term potentiation. Learn Mem 2008;15:335–47. 

Dong C, Vashisht A, Hegde AN. Proteasome regulates the 

mediators of cytoplasmic polyadenylation signaling during late-

phase long-term potentiation. Neurosci Lett 2014b;583:199–204. 

Dong X-P, Wang X, Xu H. TRP channels of intracellular membranes. 

J Neurochem 2010;113:313–28. 

Dudai Y. The neurobiology of consolidations, or, how stable is the 

engram? Annu Rev Psychol 2004;55:51–86. 

Dudai Y, Karni A, Born J. The Consolidation and Transformation of 

Memory. Neuron 2015;88:20–32. 

Duke CG, Kennedy AJ, Gavin CF, Day JJ, Sweatt JD. Experience-

dependent epigenomic reorganization in the hippocampus. Learn 

Mem 2017;24:278–88. 

Duprat F, Daw M, Lim W, Collingridge G, Isaac J. GluR2 protein-

protein interactions and the regulation of AMPA receptors during 

synaptic plasticity 2003. 

Eichenbaum H. Memory: Organization and Control. Annu Rev 

Psychol 2017a;68:19–45. 



 
 

199 
 

Eichenbaum H. Neuron Perspective On the Integration of Space, 

Time, and Memory. Neuron 2017b;95:1007–18. 

Eichenbaum H. The long and winding road to memory consolidation. 

Nat Neurosci 2001;4:1057–8. 

Eichenbaum H. A cortical–hippocampal system for declarative 

memory. Nat Rev Neurosci 2000;1:41–50. 

Eldeeb K, Leone-Kabler S, Howlett AC. CB1 cannabinoid receptor-

mediated increases in cyclic AMP accumulation are correlated with 

reduced Gi/o function. J Basic Clin Physiol Pharmacol 2016;27:311–

22. 

ElSohly MA, Radwan MM, Gul W, Chandra S, Galal A. 

Phytochemistry of Cannabis sativa L. Prog Chem Org Nat Prod 

2017;103:1–36. 

EMCDDA. Medical use of cannabis and cannabinoids: questions 

and answers for policymaking. 2018. 

Engert F, Bonhoeffer T. Dendritic spine changes associated with 

hippocampal long-term synaptic plasticity. Nature 1999;399:66–70. 

Englund A, Morrison PD, Nottage J, Hague D, Kane F, Bonaccorso 

S, et al. Cannabidiol inhibits THC-elicited paranoid symptoms and 

hippocampal-dependent memory impairment. J Psychopharmacol 

2013;27:19–27. 

Engmann O, Campbell J, Ward M, Giese KP, Thompson AJ. 

Comparison of a protein-level and peptide-level labeling strategy for 

quantitative proteomics of synaptosomes using isobaric tags. J 

Proteome Res 2010;9:2725–33. 

Ennaceur A, Delacour J. A new one-trial test for neurobiological 



 
 

200 
 

studies of memory in rats. 1: Behavioral data. Behav Brain Res 

1988;31:47–59. 

Escobar-Henriques M, Altin S, Brave F den. Interplay of the Ubiquitin 

Proteasome System and Mitochondria in Protein Homeostasis. 

SUMOylation Ubiquitination Curr. Emerg. Concepts, vol. 35, 2019, 

p. 35–58. 

Euston DRR, Gruber AJJ, McNaughton BLL. The role of medial 

prefrontal cortex in memory and decision making. Neuron 

2012;76:1057–70. 

Fan N, Yang H, Zhang J, Chen C. Reduced expression of glutamate 

receptors and phosphorylation of CREB are responsible for in vivo 

Delta9-THC exposure-impaired hippocampal synaptic plasticity. J 

Neurochem 2010;112:691–702. 

Fantegrossi WE, Moran JH, Radominska-Pandya A, Prather PL. 

Distinct pharmacology and metabolism of K2 synthetic cannabinoids 

compared to Δ(9)-THC: mechanism underlying greater toxicity? Life 

Sci 2014;97:45–54. 

Feld M, Dimant B, Delorenzi A, Coso O, Romano A. Phosphorylation 

of extra-nuclear ERK/MAPK is required for long-term memory 

consolidation in the crab Chasmagnathus. Behav Brain Res 

2005;158:251–61. 

Feng G, Mellor RH, Bernstein M, Keller-Peck C, Nguyen QT, 

Wallace M, et al. Imaging neuronal subsets in transgenic mice 

expressing multiple spectral variants of GFP. Neuron 2000;28:41–

51. 

Fernández-Ruiz J, Romero J, Ramos JA. Endocannabinoids and 

neurodegenerative disorders: Parkinson’s disease, huntington’s 



 
 

201 
 

chorea, alzheimer’s disease, and others. 2015. 

Ferreira JS, Rooyakkers A, Li KW, Schmidt J, Rio P, Rodolfo A, et 

al. GluN2B-Containing NMDA Receptors Regulate AMPA Receptor 

Traffic through Anchoring of the Synaptic Proteasome. J Neurosci 

2015;35:8462–79. 

Fink CC, Bayer KU, Myers JW, Ferrell JE, Schulman H, Meyer T. 

Selective regulation of neurite extension and synapse formation by 

the β but not the α isoform of CaMKII. Neuron 2003;39:283–97. 

Finley D. Recognition and Processing of Ubiquitin-Protein 

Conjugates by the Proteasome. Annu Rev Biochem 2009;78:477–

513. 

Fioravante D, Byrne JH. Protein degradation and memory formation. 

Brain Res Bull 2011;85:14–20. 

Fischer AS, Whitfield-Gabrieli S, Roth RM, Brunette MF, Green AI. 

Impaired functional connectivity of brain reward circuitry in patients 

with schizophrenia and cannabis use disorder: Effects of cannabis 

and THC. Schizophr Res 2014;158:176–82. 

Flexner JB, Flexner LB, Stellar E. Memory in mice as affected by 

intracerebral puromycin. Science (80- ) 1963;141:57–9. 

Fonseca R, Vabulas RM, Hartl FU, Bonhoeffer T, Nägerl UV. A 

Balance of Protein Synthesis and Proteasome-Dependent 

Degradation Determines the Maintenance of LTP. Neuron 

2006;52:239–45. 

Ford TC, Hayley AC, Downey LA, Parrott AC. Cannabis: An 

Overview of its Adverse Acute and Chronic Effects and its 

Implications. Curr Drug Abuse Rev 2018;10:6–18. 



 
 

202 
 

Di Forti M, Morgan C, Dazzan P, Pariante C, Mondelli V, Marques 

TR, et al. High-potency cannabis and the risk of psychosis. Br J 

Psychiatry 2009;195:488–91. 

Foy MR, Teyler TJ, Vardaris RM. delta 9-THC and 17-beta-estradiol 

in hippocampus. Brain Res Bull 1982;8:341–5. 

Fraguas-Sánchez AI, Torres-Suárez AI. Medical Use of 

Cannabinoids. vol. 78. Springer International Publishing; 2018. 

Frankland PW, Bontempi B. The organization of recent and remote 

memories. vol. 6. Nature Publishing Group; 2005. 

Freund TF, Katona I, Piomelli D. Role of Endogenous Cannabinoids 

in Synaptic Signaling. Physiol Rev 2003;83:1017–66. 

Fride E, Gobshtis N, Dahan H, Weller A, Giuffrida A, Ben‐Shabat S. 

The endocannabinoid system during development: emphasis on 

perinatal events and delayed effects. Vitam. Horm., vol. 81, 2009, p. 

139–58. 

Fuchs E, Flügge G. Adult neuroplasticity: more than 40 years of 

research. Neural Plast 2014;2014:541870. 

Fukazawa Y, Saitoh Y, Ozawa F, Ohta Y, Mizuno K, Inokuchi K. 

Hippocampal LTP is accompanied by enhanced F-actin content 

within the dendritic spine that is essential for late LTP maintenance 

in vivo. Neuron 2003;38:447–60. 

Fuster JM. Unit activity in prefrontal cortex during delayed-response 

performance: neuronal correlates of transient memory. J 

Neurophysiol 1973;36:61–78. 

Gaertner TR, Kolodziej SJ, Wang D, Kobayashi R, Koomen JM, 

Stoops JK, et al. Comparative Analyses of the Three-dimensional 



 
 

203 
 

Structures and Enzymatic Properties of α, β, γ, and δ Isoforms of Ca 

2+-Calmodulin-dependent Protein Kinase II. J Biol Chem 

2004;279:12484–94. 

Galindo L, Moreno E, López-Armenta F, Guinart D, Cuenca-Royo A, 

Izquierdo-Serra M, et al. Cannabis Users Show Enhanced 

Expression of CB 1 -5HT 2A Receptor Heteromers in Olfactory 

Neuroepithelium Cells. Mol Neurobiol 2018;55:6347–61. 

Ganguly K, Poo M-M. Perspective Activity-Dependent Neural 

Plasticity from Bench to Bedside 2013. 

Gaoni Y, Mechoulam R. Isolation, structure, and partial synthesis of 

an active constituent of hashish. J Am Chem Soc 1964;86:1646–7. 

Garcia-Garcia J, Guney E, Aragues R, Planas-Iglesias J, Oliva B. 

Biana: a software framework for compiling biological interactions and 

analyzing networks. BMC Bioinformatics 2010;11:56. 

García-Gutiérrez MS, Ortega-Álvaro A, Busquets-García A, Pérez-

Ortiz JM, Caltana L, Ricatti MJ, et al. Synaptic plasticity alterations 

associated with memory impairment induced by deletion of CB2 

cannabinoid receptors. Neuropharmacology 2013;73:388–96. 

Gatley SJ, Gifford AN, Volkow ND, Lan R, Makriyannis A. 123I-

labeled AM251: a radioiodinated ligand which binds in vivo to mouse 

brain cannabinoid CB1 receptors. Eur J Pharmacol 1996;307:331–

8. 

Gerlai R. Contextual learning and cue association in fear 

conditioning in mice: a strain comparison and a lesion study. Behav 

Brain Res 1998;95:191–203. 

Gerlai R, Shinsky N, Shih  a, Williams P, Winer J, Armanini M, et al. 



 
 

204 
 

Regulation of learning by EphA receptors: a protein targeting study. 

J Neurosci 1999;19:9538–49. 

Gerlai RT. Cued and contextual fear conditioning. Behav. Genet. 

Mouse, Cambridge University Press; 2013, p. 315–24. 

Ghafari M, Falsafi SK, Hoeger H, Lubec G. Hippocampal levels of 

GluR1 and GluR2 complexes are modulated by training in the 

multiple T-Maze in C57BL/6J mice. Brain Struct Funct 

2012;217:353–62. 

Gholami D, Noori AR, Mohammadkhani M, Emruzi Z, Riazi GH. The 

long-term effects of Δ9-tetrahydrocannabinol on microtubule 

dynamicity in rats. Arch Biochem Biophys 2020;693. 

Gibson HE, Edwards JG, Page RS, Van Hook MJ, Kauer JA. TRPV1 

channels mediate long-term depression at synapses on 

hippocampal interneurons. Neuron 2008;57:746–59. 

Giese KP, Fedorov NB, Filipkowski RK, Silva AJ. 

Autophosphorylation at Thr286 of the α calcium-calmodulin kinase II 

in LTP and learning. Science (80- ) 1998;279:870–3. 

Giovannini MG, Lana D, Pepeu G. The integrated role of ACh, ERK 

and mTOR in the mechanisms of hippocampal inhibitory avoidance 

memory. Neurobiol Learn Mem 2015;119:18–33. 

Gisabella B, Scammell T, Bandaru SS, Saper CB. Regulation of 

hippocampal dendritic spines following sleep deprivation. J Comp 

Neurol 2020;528:380–8. 

Glickfeld LL, Atallah B V, Scanziani M. Complementary modulation 

of somatic inhibition by opioids and cannabinoids. J Neurosci 

2008;28:1824–32. 



 
 

205 
 

Goldman SA, Nottebohm F. Neuronal production, migration, and 

differentiation in a vocal control nucleus of the adult female canary 

brain. Proc Natl Acad Sci U S A 1983;80:2390–4. 

González S, Cebeira M, Fernández-Ruiz J. Cannabinoid tolerance 

and dependence: A review of studies in laboratory animals. 

Pharmacol. Biochem. Behav., vol. 81, 2005, p. 300–18. 

Goo MS, Scudder SL, Patrick GN. Ubiquitin-dependent trafficking 

and turnover of ionotropic glutamate receptors. Front Mol Neurosci 

2015;8:60. 

Goodell DJ, Zaegel V, Coultrap SJ, Hell JW, Bayer KU. DAPK1 

mediates LTD by making CaMKII/GluN2B binding LTP-specific. Cell 

Rep 2017;19:2231. 

Gu J, Lee CW, Fan Y, Komlos D, Tang X, Sun C, et al. ADF/cofilin-

mediated actin dynamics regulate AMPA receptor trafficking during 

synaptic plasticity. Nat Neurosci 2010;13:1208–15. 

Gu L, Kleiber S, Schmid L, Nebeling F, Chamoun M, Steffen J, et al. 

Long-Term In Vivo Imaging of Dendritic Spines in the Hippocampus 

Reveals Structural Plasticity. J Neurosci 2014;34:13948–53. 

Guindon J, Hohmann AG. Cannabinoid CB2 receptors: a therapeutic 

target for the treatment of inflammatory and neuropathic pain. Br J 

Pharmacol 2008;153:319–34. 

Guney E, Oliva B. Exploiting protein-protein interaction networks for 

genome-wide disease-gene prioritization. PLoS One 2012;7. 

Guo L, Wang Y. Glutamate stimulates glutamate receptor interacting 

protein 1 degradation by ubiquitin-proteasome system to regulate 

surface expression of GluR2. Neuroscience 2007;145:100–9. 



 
 

206 
 

Gutiérrez-Rodríguez A, Puente N, Elezgarai I, Ruehle S, Lutz B, 

Reguero L, et al. Anatomical characterization of the cannabinoid 

CB1 receptor in cell-type-specific mutant mouse rescue models. J 

Comp Neurol 2017;525:302–18. 

Györffy BA, Gulyássy P, Gellén B, Völgyi K, Madarasi D, Kis V, et al. 

Widespread alterations in the synaptic proteome of the adolescent 

cerebral cortex following prenatal immune activation in rats. Brain 

Behav Immun 2016;56:289–309. 

Hájos N, Katona I, Naiem SS, MacKie K, Ledent C, Mody I, et al. 

Cannabinoids inhibit hippocampal GABAergic transmission and 

network oscillations. Eur J Neurosci 2000;12:3239–49. 

Halpain S. Actin and the agile spine: how and why do dendritic 

spines dance? Trends Neurosci 2000;23:141–6. 

Hamilton AM, Oh WC, Vega-Ramirez H, Stein IS, Hell JW, Patrick 

GN, et al. Activity-dependent growth of new dendritic spines is 

regulated by the proteasome. Neuron 2012;74:1023–30. 

Hamilton AM, Zito K. Breaking it down: the ubiquitin proteasome 

system in neuronal morphogenesis. Neural Plast 

2013;2013:196848. 

Hampson RE, Simeral JD, Kelly EJ, Deadwyler SA. Tolerance to the 

memory disruptive effects of cannabinoids involves adaptation by 

hippocampal neurons. vol. 13. 2003. 

Han J, Kesner P, Metna-Laurent M, Duan T, Xu L, Georges F, et al. 

Acute cannabinoids impair working memory through astroglial CB1 

receptor modulation of hippocampal LTD. Cell 2012;148:1039–50. 

Han Y, Luo Y, Sun J, Ding Z, Liu J, Yan W, et al. AMPK Signaling in 



 
 

207 
 

the Dorsal Hippocampus Negatively Regulates Contextual Fear 

Memory Formation. Neuropsychopharmacology 2016;41:1849–64. 

Harris EW, Cotman CW. Long-term potentiation of guinea pig mossy 

fiber responses is not blocked by N-methyl d-aspartate antagonists. 

Neurosci Lett 1986;70:132–7. 

Harris KM, Stevens JK. Dendritic spines of CA 1 pyramidal cells in 

the rat hippocampus: serial electron microscopy with reference to 

their biophysical characteristics. J Neurosci 1989;9:2982–97. 

Hay N, Sonenberg N. Upstream and downstream of mTOR. Genes 

Dev 2004;18:1926–45. 

He X, Gao Q, Qiang Y, Guo W, Ma Y. Cucurbitacin E induces 

apoptosis of human prostate cancer cells via cofilin-1 and mTORC1. 

Oncol Lett 2017;13:4905–10. 

Hebert-Chatelain E, Desprez T, Serrat R, Bellocchio L, Soria-Gomez 

E, Busquets-Garcia A, et al. A cannabinoid link between 

mitochondria and memory. Nature 2016;539:555–9. 

Hegde AN. Proteolysis, synaptic plasticity and memory. Neurobiol 

Learn Mem 2017;138:98–110. 

Heinemeyer W, Ramos PC, Dohmen RJ. The ultimate nanoscale 

mincer: assembly, structure and active sites of the 20S proteasome 

core. Cell Mol Life Sci 2004;61:1562–78. 

Henneberger C, Papouin T, Oliet SHR, Rusakov DA. Long-term 

potentiation depends on release of d-serine from astrocytes. Nature 

2010;463:232–6. 

Herms J, Dorostkar MM. Dendritic spine pathology in 

neurodegenerative diseases. Annu Rev Pathol Mech Dis 



 
 

208 
 

2016;11:221–50. 

Hersko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem 

1998;67:425–79. 

Hill TC, Zito K. LTP-induced long-term stabilization of individual 

nascent dendritic spines. J Neurosci 2013;33:678–86. 

Hillard CJ, Harris HR, Bloom AS, Harris RA. Effects of the 

cannabinoids on physical properties of brain membranes and 

phopholipid vesicles: fluorescence studies. J Pharmacol Exp Ther 

1985;232:579–88. 

Hirvonen J, Goodwin RS, Li CT, Terry GE, Zoghbi SS, Morse C, et 

al. Reversible and regionally selective downregulation of brain 

cannabinoid CB 1 receptors in chronic daily cannabis smokers. Mol 

Psychiatry 2012;17:642–9. 

Hlushchenko I, Koskinen M, Hotulainen P. Dendritic spine actin 

dynamics in neuronal maturation and synaptic plasticity. 

Cytoskeleton 2016;73:435–41. 

Hoeffer CA, Cowansage KK, Arnold EC, Banko JL, Moerke NJ, 

Rodriguez R, et al. Inhibition of the interactions between eukaryotic 

initiation factors 4E and 4G impairs long-term associative memory 

consolidation but not reconsolidation. Proc Natl Acad Sci U S A 

2011;108:3383–8. 

Hoeffer CA, Klann E. mTOR signaling: at the crossroads of plasticity, 

memory and disease. Trends Neurosci 2010;33:67–75. 

Hoffman AF, Hwang E-K, Lupica CR.  Impairment of Synaptic 

Plasticity by Cannabis, Δ 9 -THC, and Synthetic Cannabinoids . Cold 

Spring Harb Perspect Med n.d.;11:a039743. 



 
 

209 
 

Hoffman AF, Laaris N, Kawamura M, Masino SA, Lupica CR. Control 

of cannabinoid CB1 receptor function on glutamate axon terminals 

by endogenous adenosine acting at A1 receptors. J Neurosci 

2010;30:545–55. 

Hoffman AF, Lupica CR. Synaptic targets of Δ9-

tetrahydrocannabinol in the central nervous system. Cold Spring 

Harb Perspect Med 2013;3:a012237. 

Hoffman AF, Lupica CR. Mechanisms of cannabinoid inhibition of 

GABA(A) synaptic transmission in the hippocampus. J Neurosci 

2000;20:2470–9. 

Hoffman AF, Oz M, Yang R, Lichtman AH, Lupica CR. Opposing 

actions of chronic Delta9-tetrahydrocannabinol and cannabinoid 

antagonists on hippocampal long-term potentiation. Learn Mem 

2007;14:63–74. 

Holland PC, Bouton ME. Hippocampus and context in classical 

conditioning. Curr Opin Neurobiol 1999;9:195–202. 

Hollmann M, Heinemann S. Cloned Glutamate Receptors. Annu Rev 

Neurosci 1994;17:31–108. 

Horwood JM, Dufour F, Laroche S, Davis S. Signalling mechanisms 

mediated by the phosphoinositide 3-kinase/Akt cascade in synaptic 

plasticity and memory in the rat. Eur J Neurosci 2006;23:3375–84. 

Hotulainen P, Hoogenraad CC. Actin in dendritic spines: connecting 

dynamics to function. J Cell Biol 2010;189:619–29. 

Hou Q, Gilbert J, Man H-Y. Homeostatic Regulation of AMPA 

Receptor Trafficking and Degradation by Light-Controlled Single-

Synaptic Activation. Neuron 2011;72:806–18. 



 
 

210 
 

Howlett A, Blume L, Dalton G. CB1 Cannabinoid Receptors and their 

Associated Proteins. Curr Med Chem 2010;17:1382–93. 

Howlett AC. Cannabinoid receptor signaling. Handb Exp Pharmacol 

2005:53–79. 

Howlett AC. The cannabinoid receptors. Prostaglandins Other Lipid 

Mediat 2002;68–69:619–31. 

Howlett AC, Fleming RM. Cannabinoid inhibition of adenylate 

cyclase. Pharmacology of the response in neuroblastoma cell 

membranes. Mol Pharmacol 1984;26. 

Howlett AC, Qualy JM, Khachatrian LL. Involvement of Gi in the 

inhibition of adenylate cyclase by cannabimimetic drugs. Mol 

Pharmacol 1986;29:307–13. 

Huang CC, Lo SW, Hsu KS. Presynaptic mechanisms underlying 

cannabinoid inhibition of excitatory synaptic transmission in rat 

striatal neurons. J Physiol 2001;532:731–48. 

Huang K, Fingar DC. Growing knowledge of the mTOR signaling 

network. Semin Cell Dev Biol 2014;36:79–90. 

Huang W, Zhu PJ, Zhang S, Zhou H, Stoica L, Galiano M, et al. 

mTORC2 controls actin polymerization required for consolidation of 

long-term memory. Nat Neurosci 2013;16:441–8. 

Hübener M, Bonhoeffer T. Searching for Engrams. Neuron 

2010;67:363–71. 

Huff ML, Emmons EB, Narayanan NS, LaLumiere RT. Basolateral 

amygdala projections to ventral hippocampus modulate the 

consolidation of footshock, but not contextual, learning in rats. Learn 

Mem 2016;23:51–60. 



 
 

211 
 

Huganir RL, Song I. Regulation of AMPA receptors during synaptic 

plasticity. TRENDS Neurosci 2002;25. 

Iannotti FA, Di Marzo V, Petrosino S. Endocannabinoids and 

endocannabinoid-related mediators: Targets, metabolism and role in 

neurological disorders. Prog Lipid Res 2016;62:107–28. 

Igaz LM, Winograd M, Cammarota M, Izquierdo LA, Alonso M, 

Izquierdo I, et al. Early Activation of Extracellular Signal-Regulated 

Kinase Signaling Pathway in the Hippocampus is Required for Short-

Term Memory Formation of a Fear-Motivated Learning. Cell Mol 

Neurobiol 2006;26:987–1000. 

Incontro S, Díaz-Alonso J, Iafrati J, Vieira M, Asensio CS, Sohal VS, 

et al. The CaMKII/NMDA receptor complex controls hippocampal 

synaptic transmission by kinase-dependent and independent 

mechanisms. Nat Commun 2018;9:1–21. 

Inda MC, Delgado-García JM, Carrión AM. Acquisition, 

Consolidation, Reconsolidation, and Extinction of Eyelid 

Conditioning Responses Require De Novo Protein Synthesis. J 

Neurosci 2005;25:2070–80. 

Isaac JTR, Ashby MC, McBain CJ. The Role of the GluR2 Subunit 

in AMPA Receptor Function and Synaptic Plasticity. Neuron 

2007;54:859–71. 

Iuvone T, Esposito G, De Filippis D, Scuderi C, Steardo L. 

Cannabidiol: A Promising Drug for Neurodegenerative Disorders? 

CNS Neurosci Ther 2009;15:65–75. 

Jacobs S, Tsien JZ. Adult forebrain NMDA receptors gate social 

motivation and social memory. Neurobiol Learn Mem 2017;138:164–

72. 



 
 

212 
 

Jarome TJ, Devulapalli RK. The Ubiquitin-proteasome system and 

memory: moving beyond protein degradation. Neurosci 

2018:107385841876231. 

Jarome TJ, Ferrara NC, Kwapis JL, Helmstetter FJ. CaMKII 

regulates proteasome phosphorylation and activity and promotes 

memory destabilization following retrieval. Neurobiol Learn Mem 

2016;128:103–9. 

Jarome TJ, Helmstetter FJ. Protein degradation and protein 

synthesis in long-term memory formation. Front Mol Neurosci 

2014;7:61. 

Jarome TJ, Helmstetter FJ. The ubiquitin–proteasome system as a 

critical regulator of synaptic plasticity and long-term memory 

formation. Neurobiol Learn Mem 2013;105:107–16. 

Jarome TJ, Kwapis JL, Ruenzel WL, Helmstetter FJ. CaMKII, but not 

protein kinase A, regulates Rpt6 phosphorylation and proteasome 

activity during the formation of long-term memories. Front Behav 

Neurosci 2013;7. 

Jarome TJ, Perez GA, Hauser RM, Hatch KM, Lubin FD. EZH2 

methyltransferase activity controls pten expression and mTOR 

signaling during fear memory reconsolidation. J Neurosci 

2018;38:7635–48. 

Jarome TJ, Werner CT, Kwapis JL, Helmstetter FJ. Activity 

dependent protein degradation is critical for the formation and 

stability of fear memory in the amygdala. PLoS One 2011;6:e24349. 

Jaworski J, Lamprecht R, Basu S, Lamprecht R. The Role of Actin 

Cytoskeleton in Dendritic Spines in the Maintenance of Long-Term 

Memory. Front Mol Neurosci Front Mol Neurosci 2018;11:1433389–



 
 

213 
 

143. 

Jaworski J, Sheng M. The growing role of mTOR in neuronal 

development and plasticity. Mol Neurobiol 2006;34:205–19. 

Jimenez-Blasco D, Busquets-Garcia A, Hebert-Chatelain E, Serrat 

R, Vicente-Gutierrez C, Ioannidou C, et al. Glucose metabolism links 

astroglial mitochondria to cannabinoid effects. Nature 

2020;583:603–8. 

Jin W, Brown S, Roche JP, Hsieh C, Celver JP, Kovoor A, et al. 

Distinct domains of the CB1 cannabinoid receptor mediate 

desensitization and internalization. J Neurosci 1999;19:3773–80. 

Jin YN, Chen P-C, Watson JA, Walters BJ, Phillips SE, Green K, et 

al. Usp14 deficiency increases tau phosphorylation without altering 

tau degradation or causing tau-dependent deficits. PLoS One 

2012;7:e47884. 

Jo S, Yarishkin O, Hwang YJ, Chun YE, Park M, Woo DH, et al. 

GABA from reactive astrocytes impairs memory in mouse models of 

Alzheimer’s disease. Nat Med 2014;20:886–96. 

Jordan CJ, Xi ZX. Progress in brain cannabinoid CB 2 receptor 

research: From genes to behavior. Neurosci Biobehav Rev 

2019;98:208–20. 

Josselyn SA, Köhler S, Frankland PW. Finding the engram. Nat Rev 

Neurosci 2015;16:521–34. 

Jourdain P, Bergersen LH, Bhaukaurally K, Bezzi P, Santello M, 

Domercq M, et al. Glutamate exocytosis from astrocytes controls 

synaptic strength. Nat Neurosci 2007;10:331–9. 

Jung H, Gkogkas CG, Sonenberg N, Holt CE. Remote Control of 



 
 

214 
 

Gene Function by Local Translation. Cell 2014;157:26–40. 

Kandel ER. The molecular biology of memory storage: a dialogue 

between genes and synapses. Science 2001;294:1030–8. 

Kang N, Peng H, Yu Y, Stanton PK, Guilarte TR, Kang J. Astrocytes 

release d-serine by a large vesicle. Neuroscience 2013;240:243–57. 

Kano M, Ohno-Shosaku T, Hashimotodani Y, Uchigashima M, 

Watanabe M. Endocannabinoid-Mediated control of synaptic 

transmission. Physiol Rev 2009;89:309–80. 

Karpova A. Involvement of Protein Synthesis and Degradation in 

Long-Term Potentiation of Schaffer Collateral CA1 Synapses. J 

Neurosci 2006;26:4949–55. 

Katona I. Endocannabinoid receptors: CNS localization of the CB1 

cannabinoid receptor. Curr Top Behav Neurosci 2009;1:65–86. 

Katona I, Freund TF. Multiple functions of endocannabinoid 

signaling in the brain. Annu Rev Neurosci 2012;35:529–58. 

Katona I, Sperlágh B, Sík A, Käfalvi A, Vizi ES, Mackie K, et al. 

Presynaptically located CB1 cannabinoid receptors regulate GABA 

release from axon terminals of specific hippocampal interneurons. J 

Neurosci 1999;19:4544–58. 

Kauer JA, Gibson HE. Hot flash: TRPV channels in the brain. Trends 

Neurosci 2009;32:215–24. 

Kawamura Y, Fukaya M, Maejima T, Yoshida T, Miura E, Watanabe 

M, et al. The CB1 cannabinoid receptor is the major cannabinoid 

receptor at excitatory presynaptic sites in the hippocampus and 

cerebellum. J Neurosci 2006;26:2991–3001. 



 
 

215 
 

Keck T, Mrsic-Flogel TD, Vaz Afonso M, Eysel UT, Bonhoeffer T, 

Hübener M. Massive restructuring of neuronal circuits during 

functional reorganization of adult visual cortex. Nat Neurosci 

2008;11:1162–7. 

Kelleher RJ, Govindarajan A, Jung H-Y, Kang H, Tonegawa S. 

Translational Control by MAPK Signaling in Long-Term Synaptic 

Plasticity and Memory. Cell 2004a;116:467–79. 

Kelleher RJ, Govindarajan A, Tonegawa S. Translational regulatory 

mechanisms in persistent forms of synaptic plasticity. Neuron 

2004b;44:59–73. 

Kerchner GA, Nicoll RA. Silent synapses and the emergence of a 

postsynaptic mechanism for LTP. Nat Rev Neurosci 2008;9:813–25. 

Keshava Prasad TS, Goel R, Kandasamy K, Keerthikumar S, Kumar 

S, Mathivanan S, et al. Human protein reference database: 2009 

update. Nucleic Acids Res 2009;37:D767–72. 

Kim JJ, Rison RA, Fanselow MS. Effects of amygdala, hippocampus, 

and periaqueductal gray lesions on short- and long-term contextual 

fear. Behav Neurosci 1993;107:1093–8. 

Kim K, Lakhanpal G, Lu HE, Khan M, Suzuki A, Kato-Hayashi M, et 

al. A Temporary Gating of Actin Remodeling during Synaptic 

Plasticity Consists of the Interplay between the Kinase and Structural 

Functions of CaMKII. Neuron 2015;87:813–26. 

Kim K, Saneyoshi T, Hosokawa T, Okamoto K, Hayashi Y. Interplay 

of enzymatic and structural functions of CaMKII in long-term 

potentiation. J Neurochem 2016;139:959–72. 

Klein TW. Cannabinoid-based drugs as anti-inflammatory 



 
 

216 
 

therapeutics. Nat Rev Immunol 2005;5:400–11. 

Kocaturk NM, Gozuacik D. Crosstalk Between Mammalian 

Autophagy and the Ubiquitin-Proteasome System. Front Cell Dev 

Biol 2018;6:128. 

Koch C, Zador A. The function of dendritic spines: devices 

subserving biochemical rather than electrical compartmentalization. 

J Neurosci 1993;13:413–22. 

Kolodziej SJ, Hudmon A, Waxham MN, Stoops JK. Three-

dimensional reconstructions of calcium/calmodulin-dependent 

(CaM) kinase IIα, and truncated CaM kinase IIα reveal a unique 

organization for its structural core and functional domains. J Biol 

Chem 2000;275:14354–9. 

De Koninck P, Schulman H. Sensitivity of CaM kinase II to the 

frequency of Ca2+ oscillations. Science (80- ) 1998;279:227–30. 

Korobova F, Svitkina T. Molecular architecture of synaptic actin 

cytoskeleton in hippocampal neurons reveals a mechanism of 

dendritic spine morphogenesis. Mol Biol Cell 2010;21:165–76. 

Kortleven C, Fasano C, Thibault D, Lacaille J-C, Trudeau L-E. The 

endocannabinoid 2-arachidonoylglycerol inhibits long-term 

potentiation of glutamatergic synapses onto ventral tegmental area 

dopamine neurons in mice. Eur J Neurosci 2011;33:1751–60. 

Kouvaros S, Papatheodoropoulos C. Theta burst stimulation-

induced LTP: Differences and similarities between the dorsal and 

ventral CA1 hippocampal synapses. Hippocampus 2016;26:1542–

59. 

Kovács KA, Steullet P, Steinmann M, Do KQ, Magistretti PJ, Halfon 



 
 

217 
 

O, et al. TORC1 is a calcium- and cAMP-sensitive coincidence 

detector involved in hippocampal long-term synaptic plasticity. Proc 

Natl Acad Sci U S A 2007;104:4700–5. 

Kowalski JR, Juo P. The Role of deubiquitinating enzymes in 

synaptic function and nervous system diseases. Neural Plast 

2012;2012:1–13. 

Kramár EA, Gall CM, Lynch G, Kramár EA, Gall CM. Protein 

synthesis and consolidation of memory-related synaptic changes. 

Brain Res 2015;1621:62–72. 

Kreitzer AC, Regehr WG. Retrograde Inhibition of Presynaptic 

Calcium Influx by Endogenous Cannabinoids at Excitatory Synapses 

onto Purkinje Cells. Neuron 2001;29:717–27. 

Kucewicz MT, Tricklebank MD, Bogacz R, Jones MW. Dysfunctional 

Prefrontal Cortical Network Activity and Interactions following 

Cannabinoid Receptor Activation. J Neurosci 2011;31:15560–8. 

Kumaran D. Short-term memory and the human hippocampus. J 

Neurosci 2008;28:3837–8. 

Kunos G, Osei-Hyiaman D, Liu J, Godlewski G, Bátkai S. 

Endocannabinoids and the control of energy homeostasis. J Biol 

Chem 2007;283:33021–5. 

Kushmerick C, Price GD, Taschenberger H, Puente N, Renden R, 

Wadiche JI, et al. Retroinhibition of presynaptic Ca2+ currents by 

endocannabinoids released via postsynaptic mGluR activation at a 

calyx synapse. J Neurosci 2004;24:5955–65. 

Kwon YT, Ciechanover A. The ubiquitin code in the ubiquitin-

proteasome system and autophagy 2017. 



 
 

218 
 

LaBar KS, Cabeza R. Cognitive neuroscience of emotional memory. 

Nat Rev Neurosci 2006;7:54–64. 

Lacagnina AF, Brockway ET, Crovetti CR, Shue F, McCarty MJ, 

Sattler KP, et al. Distinct hippocampal engrams control extinction 

and relapse of fear memory. Nat Neurosci 2019;22:753–61. 

Lamprecht R, LeDoux J. Structural plasticity and memory. Nat Rev 

Neurosci 2004;5:45–54. 

Lana D, Di Russo J, Mello T, Wenk GL, Giovannini MG. Rapamycin 

inhibits mTOR/p70S6K activation in CA3 region of the hippocampus 

of the rat and impairs long term memory. Neurobiol Learn Mem 

2017;137:15–26. 

Lecca D, Bader M, Tweedie D, Hoffman AF, Jung YJ, Hsueh SC, et 

al. (-)-Phenserine and the prevention of pre-programmed cell death 

and neuroinflammation in mild traumatic brain injury and Alzheimer’s 

disease challenged mice. Neurobiol Dis 2019;130. 

Lee BH, Lee MJ, Park S, Oh DC, Elsasser S, Chen PC, et al. 

Enhancement of proteasome activity by a small-molecule inhibitor of 

USP14. Nature 2010;467:179–84. 

Lee JLC. Memory reconsolidation mediates the updating of 

hippocampal memory content. Front Behav Neurosci 2010;4:168. 

Lee JLC. Memory reconsolidation mediates the strengthening of 

memories by additional learning. Nat Neurosci 2008;11:1264–6. 

Lee S, Yoon BE, Berglund K, Oh SJ, Park H, Shin HS, et al. Channel-

mediated tonic GABA release from glia. Science (80- ) 

2010;330:790–6. 

Lega BC, Jacobs J, Kahana M. Human hippocampal theta 



 
 

219 
 

oscillations and the formation of episodic memories. Hippocampus 

2012;22:748–61. 

Lehmann G, Udasin RG, Ciechanover A. On the linkage between 

the ubiquitin-proteasome system and the mitochondria. Biochem 

Biophys Res Commun 2016;473:80–6. 

Leuner B, Gould E. Structural plasticity and hippocampal function. 

Annu Rev Psychol 2010;61:111–40, C1-3. 

Lewis SE, Maccarrone M. Endocannabinoids, sperm biology and 

human fertility. Pharmacol Res 2009;60:126–31. 

Li H-B, Mao R-R, Zhang J-C, Yang Y, Cao J, Xu L. Antistress effect 

of TRPV1 channel on synaptic plasticity and spatial memory. Biol 

Psychiatry 2008;64:286–92. 

Li H, Zhang B, Liu Y, Yin C. EBP50 inhibits the migration and 

invasion of human breast cancer cells via LIMK/cofilin and the 

PI3K/Akt/mTOR/MMP signaling pathway. Med Oncol 2014;31:162. 

Li Y, Kim J. CB2 cannabinoid receptor knockout in mice impairs 

contextual long-term memory and enhances spatial working 

memory. Neural Plast 2016;2016:1–14. 

Lichtman AH, Dimen KR, Martin BR. Systemic or intrahippocampal 

cannabinoid administration impairs spatial memory in rats. 

Psychopharmacology (Berl) 1995;119:282–90. 

Lichtman AH, Martin BR. Cannabinoid tolerance and dependence. 

Handb Exp Pharmacol 2005;168:691–717. 

Lichtman AH, Martin BR. Delta 9-tetrahydrocannabinol impairs 

spatial memory through a cannabinoid receptor mechanism. 

Psychopharmacology (Berl) 1996;126:125–31. 



 
 

220 
 

Lipton JO, Sahin M. The Neurology of mTOR. Neuron 2014;84:275–

91. 

Lisman J, Yasuda R, Raghavachari S. Mechanisms of CaMKII action 

in long-term potentiation. Nat Rev Neurosci 2012;13:169. 

Liu-Yesucevitz L, Bassell GJ, Gitler AD, Hart AC, Klann E, Richter 

JD, et al. Local RNA Translation at the Synapse and in Disease 

2011;31. 

Lopez-Salon M, Alonso M, Vianna MR, Viola H, Mello e Souza T, 

Izquierdo I, et al. The ubiquitin-proteasome cascade is required for 

mammalian long-term memory formation. Eur J Neurosci 

2001;14:1820–6. 

Lopez J, Gamache K, Schneider R, Nader K. Memory retrieval 

requires ongoing protein synthesis and NMDA receptor activity-

mediated AMPA receptor trafficking. J Neurosci 2015;35:2465–75. 

Lucchesi W, Mizuno K, Giese KP. Novel insights into CaMKII 

function and regulation during memory formation. Brain Res Bull 

2011;85:2–8. 

Lunardi P, Sachser RM, Sierra RO, Pedraza LK, Medina C, de la 

Fuente V, et al. Effects of Hippocampal LIMK Inhibition on Memory 

Acquisition, Consolidation, Retrieval, Reconsolidation, and 

Extinction. Mol Neurobiol 2018;55:958–67. 

Lundqvist T. Cognitive consequences of cannabis use: comparison 

with abuse of stimulants and heroin with regard to attention, memory 

and executive functions. Pharmacol Biochem Behav 2005;81:319–

30. 

Lupica CR, Hu Y, Devinsky O, Hoffman AF. Cannabinoids as 



 
 

221 
 

hippocampal network administrators 2017. 

Lutz B, Marsicano G, Maldonado R, Hillard CJ. The 

endocannabinoid system in guarding against fear, anxiety and 

stress. Nat Rev Neurosci 2015;16:705–18. 

Lydon J, Teramura AH, Coffman CB. UV-B radiation effects on 

photosynthesis, growth and cannabinoid production of two Cannabis 

sativa chemotypes. Photochem Photobiol 1987;46:201–6. 

Maccarrone M. Missing Pieces to the Endocannabinoid Puzzle. 

Trends Mol Med 2019. 

Maccarrone M. Metabolism of the endocannabinoid anandamide: 

open questions after 25 years. Front Mol Neurosci 2017;10:166. 

Mackie K. Cannabinoid Receptors: Where They are and What They 

do. J Neuroendocrinol 2008;20:10–4. 

Mackie K. Distribution of cannabinoid receptors in the central and 

peripheral nervous system. Handb Exp Pharmacol 2005:299–325. 

Mackie K, Hille B. Cannabinoids inhibit N-type calcium channels in 

neuroblastoma-glioma cells. Proc Natl Acad Sci U S A 

1992;89:3825–9. 

Maffei A. Long-Term Potentiation and Long-Term Depression. vol. 

1. 2018. 

Makino Y, Polygalov D, Bolaños F, Benucci A, McHugh TJ. 

Physiological Signature of Memory Age in the Prefrontal-

Hippocampal Circuit. Cell Rep 2019;29:3835-3846.e5. 

Maldonado R, De Fonseca FR. Cannabinoid Addiction: Behavioral 

Models and Neural Correlates. J Neurosci 2002;22:3326–31. 



 
 

222 
 

Malenka RC, Bear MF. LTP and LTD: an embarrassment of riches. 

Neuron 2004;44:5–21. 

Malinow R, Schulman H, Tsien RW. Inhibition of postsynaptic PKC 

or CaMKII blocks induction but not expression of LTP. Science (80- 

) 1989;245:862–6. 

Mao LM, Jin DZ, Xue B, Chu XP, Wang JQ. Phosphorylation and 

regulation of glutamate receptors by CaMKII. Sheng Li Xue Bao 

2014;66:365–72. 

Maren S. Neurobiology of pavlovian fear conditioning. Annu Rev 

Neurosci 2001;24:897–931. 

Marinelli S, Pacioni S, Bisogno T, Di Marzo V, Prince DA, Huguenard 

JR, et al. The endocannabinoid 2-arachidonoylglycerol is 

responsible for the slow self-inhibition in neocortical interneurons. J 

Neurosci 2008;28:13532–41. 

Marinelli S, Pacioni S, Cannich A, Marsicano G, Bacci A. Self-

modulation of neocortical pyramidal neurons by endocannabinoids. 

Nat Neurosci 2009;12:1488–90. 

Marsicano G, Lutz B. Expression of the cannabinoid receptor CB1 in 

distinct neuronal subpopulations in the adult mouse forebrain. Eur J 

Neurosci 1999;11:4213–25. 

Martin-Santos R, A. Crippa J, Batalla A, Bhattacharyya S, Atakan Z, 

Borgwardt S, et al. Acute Effects of a Single, Oral dose of d9-

tetrahydrocannabinol (THC) and Cannabidiol (CBD) Administration 

in Healthy Volunteers. Curr Pharm Des 2012;18:4966–79. 

Martin BR. Cellular effects of cannabinoids. Pharmacol Rev 

1986;38. 



 
 

223 
 

Martínez-Pinilla E, Reyes-resina I, Oñatibia-astibia A, Zamarbide M, 

Ricobaraza A, Navarro G, et al. CB1 and GPR55 receptors are co-

expressed and form heteromers in rat and monkey striatum. Exp 

Neurol 2014;261:44–52. 

Matias I, Bisogno T, Di Marzo V. Endogenous cannabinoids in the 

brain and peripheral tissues: regulation of their levels and control of 

food intake. Int J Obes 2006;30:S7–12. 

Matias I, Di Marzo V. Endocannabinoids and the control of energy 

balance. vol. 18. Elsevier Current Trends; 2007. 

Mato S, Chevaleyre V, Robbe D, Pazos A, Castillo PE, Manzoni OJ. 

A single in-vivo exposure to ∆9THC blocks endocannabinoid- 

mediated synaptic plasticity. Nat Neurosci 2004;7:585–6. 

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. 

Structure of a cannabinoid receptor and functional expression of the 

cloned cDNA. Nature 1990;346:561–4. 

Matsuzaki M, Ellis-Davies GCR, Nemoto T, Miyashita Y, Iino M, 

Kasai H. Dendritic spine geometry is critical for AMPA receptor 

expression in hippocampal CA1 pyramidal neurons. Nat Neurosci 

2001;4:1086–92. 

Matsuzaki M, Honkura N, Ellis-Davies GCR, Kasai H. Structural 

basis of long-term potentiation in single dendritic spines. Nature 

2004;429:761–6. 

Matus A. Actin-based plasticity in dendritic spines. Science 

2000;290:754–8. 

Maximova NS, Pershin VI, Tkachenko NM, Gainullin M., Mukhina I 

V., Kovaleva TF. Study of the effect of a proteasome inhibitor on 



 
 

224 
 

actin cytoskeleton remodeling in the nerve cells by fluorescence 

imaging. vol. 11457, SPIE-Intl Soc Optical Eng; 2020, p. 10. 

Mayford M, Baranes D, Podsypanina K, Kandel ER. The 3′-

untranslated region of CaMKIIα is a cis-acting signal for the 

localization and translation of mRNA in dendrites. Proc Natl Acad Sci 

U S A 1996;93:13250–5. 

Mayford M, Siegelbaum SA, Kandel ER. Synapses and memory 

storage. Cold Spring Harb Perspect Biol 2012;4:a005751–a005751. 

McDonald AJ, Mott DD. Functional neuroanatomy of 

amygdalohippocampal interconnections and their role in learning 

and memory. J Neurosci Res 2017;95:797–820. 

McGaugh JL. Consolidating memories. Annu Rev Psychol 

2015;66:1–24. 

McGaugh JL. Memory - A century of consolidation. Science (80- ) 

2000;287:248–51. 

McGaugh JL, McIntyre CK, Power AE. Amygdala modulation of 

memory consolidation: interaction with other brain systems. 

Neurobiol Learn Mem 2002;78:539–52. 

McIntyre CK, Power AE, Roozendaal B, McGaugh JL. Role of the 

Basolateral Amygdala in Memory Consolidation. Ann N Y Acad Sci 

2006;985:273–93. 

McKinney DL, Cassidy MP, Collier LM, Martin BR, Wiley JL, Selley 

DE, et al. Dose-related differences in the regional pattern of 

cannabinoid receptor adaptation and in vivo tolerance development 

to Δ9- tetrahydrocannabinol. J Pharmacol Exp Ther 2008;324:664–

73. 



 
 

225 
 

McPartland JM, Duncan M, Di Marzo V, Pertwee RG. Are 

cannabidiol and Δ9-tetrahydrocannabivarin negative modulators of 

the endocannabinoid system? A systematic review. Br J Pharmacol 

2015;172:737–53. 

McPartland JM, Russo EB. Cannabis and Cannabis Extracts. J 

Cannabis Ther 2001;1:103–32. 

Mechoulam R. The pharmacohistory of Cannabis sativa. CRC Press 

1986;Cannabinoi:1–19. 

Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski NE, 

Schatz AR, et al. Identification of an endogenous 2-monoglyceride, 

present in canine gut, that binds to cannabinoid receptors. Biochem 

Pharmacol 1995;50:83–90. 

Mechoulam R, Hanuš LO, Pertwee R, Howlett AC. Early 

phytocannabinoid chemistry to endocannabinoids and beyond. Nat 

Rev Neurosci 2014;15:757–64. 

Mechoulam R, Parker LA. The Endocannabinoid system and the 

brain. Annu Rev Psychol 2013;64:21–47. 

Medina C, de la Fuente V, tom Dieck S, Nassim-Assir B, Dalmay T, 

Bartnik I, et al. LIMK, Cofilin 1 and actin dynamics involvement in 

fear memory processing. Neurobiol Learn Mem 2020;173. 

Melis M, Pistis M, Perra S, Muntoni AL, Pillolla G, Gessa GL. 

Endocannabinoids mediate presynaptic inhibition of glutamatergic 

transmission in rat ventral tegmental area dopamine neurons 

through activation of CB1 receptors. J Neurosci 2004;24:53–62. 

Melser S, Zottola ACP, Serrat R, Puente N, Grandes P, Marsicano 

G, et al. Functional Analysis of Mitochondrial CB1 Cannabinoid 



 
 

226 
 

Receptors (mtCB1) in the Brain. Methods Enzymol., vol. 593, 

Academic Press Inc.; 2017, p. 143–74. 

Menche J, Guney E, Sharma A, Branigan PJ, Loza MJ, Baribaud F, 

et al. Integrating personalized gene expression profiles into 

predictive disease-associated gene pools. NPJ Syst Biol Appl 

2017;3:10. 

Meng Y, Zhang Y, Tregoubov V, Janus C, Cruz L, Jackson M, et al. 

Abnormal spine morphology and enhanced LTP in LIMK-1 knockout 

mice. Neuron 2002;35:121–33. 

Mikasova L, Groc L, Choquet D, Manzoni OJ. Altered surface 

trafficking of presynaptic cannabinoid type 1 receptor in and out 

synaptic terminals parallels receptor desensitization. Proc Natl Acad 

Sci U S A 2008;105:18596–601. 

Miller AM, Stella N. CB2 receptor-mediated migration of immune 

cells: it can go either way. Br J Pharmacol 2008;153:299–308. 

Miller G, Galanter E, Pibram K. Plans and the structure of behavior. 

1960. 

Miller RR, Matzel LD. Memory involves far more than “consolidation.” 

Nat Rev Neurosci 2000;1:214–6. 

Miller S, Yasuda M, Coats JK, Jones Y, Martone ME, Mayford M. 

Disruption of dendritic translation of CaMKIIalpha impairs 

stabilization of synaptic plasticity and memory consolidation. Neuron 

2002;36:507–19. 

Misner DL, Sullivan JM. Mechanism of cannabinoid effects on long-

term potentiation and depression in hippocampal CA1 neurons. J 

Neurosci 1999;19:6795–805. 



 
 

227 
 

Monory K, Polack M, Remus  a., Lutz B, Korte M. Cannabinoid CB1 

Receptor Calibrates Excitatory Synaptic Balance in the Mouse 

Hippocampus. J Neurosci 2015;35:3842–50. 

Montesi D, Bertino E, Bagnato M, Dearnley P. Rule termination 

analysis investigating the interaction between transactions and 

triggers. Proc. Int. Database Eng. Appl. Symp. IDEAS, vol. 2002- 

Janua, 2002, p. 285–94. 

Monyer H, Sprengel R, Schoepfer R, Herb A, Higuchi M, Lomeli H, 

et al. Heteromeric NMDA receptors: molecular and functional 

distinction of subtypes. Science 1992;256:1217–21. 

Morciano M, Burre J, Corvey C, Karas M, Zimmermann H, Volknandt 

W. Immunoisolation of two synaptic vesicle pools from 

synaptosomes: a proteomics analysis. J Neurochem 2005;95:1732–

45. 

Moreau JJ. Du hachisch et de l’aliénation mentale : études 

psychologiques. Paris: Fortin, Masson et cie; 1845. 

Morena M, Campolongo P. Neurobiology of Learning and Memory 

The endocannabinoid system : An emotional buffer in the modulation 

of memory function. Neurobiol Learn Mem 2014;112:30–43. 

Mori T, Okano I, Mizuno K, Tohyama M, Wanaka A. Comparison of 

tissue distribution of two novel serine/threonine kinase genes 

containing the LIM motif (LIMK-1 and LIMK-2) in the developing rat. 

Mol Brain Res 1997;45:247–54. 

Moro A, Woerden GMV, Toonen RF, Verhage M. Camkii controls 

neuromodulation via neuropeptide gene expression and axonal 

targeting of neuropeptide vesicles. PLoS Biol 2020;18. 



 
 

228 
 

Morrison PD, Nottage J, Stone JM, Bhattacharyya S, Tunstall N, 

Brenneisen R, et al. Disruption of frontal θ coherence by Δ9-

tetrahydrocannabinol is associated with positive psychotic 

symptoms. Neuropsychopharmacology 2011;36:827–36. 

Moscovitch M, Nadel L, Winocur G, Gilboa A, Rosenbaum RS, 

Rosenbaum S. The cognitive neuroscience of remote episodic, 

semantic and spatial memory. Curr Opin Neurobiol 2006;16:179–90. 

Mounteney J, Griffiths P, Sedefov R, Noor A, Vicente J, Simon R. 

The drug situation in Europe: an overview of data available on illicit 

drugs and new psychoactive substances from European monitoring 

in 2015. Addiction 2016;111:34–48. 

Mu J, Zhuang SY, Kirby MT, Hampson RE, Deadwyler SA. 

Cannabinoid receptors differentially modulate potassium A and D 

currents in hippocampal neurons in culture. J Pharmacol Exp Ther 

1999;291:893–902. 

Mu Y, Otsuka T, Horton AC, Scott DB, Ehlers MD. Activity-

Dependent mRNA Splicing Controls ER Export and Synaptic 

Delivery of NMDA Receptors. Neuron 2003;40:581–94. 

Muller C, Morales P, Reggio PH. Cannabinoid ligands targeting TRP 

channels. Front Mol Neurosci 2019;11. 

Munro S, Thomas KL, Abu-Shaar M. Molecular characterization of a 

peripheral receptor for cannabinoids. Nature 1993;365:61–5. 

Murari G, Puccini AM, Sanctis R, Lombardi S. Influence of 

environmental conditions on tetrahydrocannabinol (Delta ('9) TCH) 

in different cultivars on Cannabis sativa L. Elsevier Science; 1983. 

Murata S, Yashiroda H, Tanaka K. Molecular mechanisms of 



 
 

229 
 

proteasome assembly. Nat Rev Mol Cell Biol 2009;10:104–15. 

Murray RM, Quigley H, Quattrone D, Englund A, Di Forti M. 

Traditional marijuana, high-potency cannabis and synthetic 

cannabinoids: increasing risk for psychosis. World Psychiatry 

2016;15:195–204. 

Nader K, Schafe GE, Le Doux JE. Fear memories require protein 

synthesis in the amygdala for reconsolidation after retrieval. Nature 

2000;406:722–6. 

Nägerl UV, Eberhorn N, Cambridge SB, Bonhoeffer T. Bidirectional 

activity-dependent morphological plasticity in hippocampal neurons. 

Neuron 2004;44:759–67. 

Nagode DA, Tang A-H, Karson MA, Klugmann M, Alger BE. 

Optogenetic Release of ACh Induces Rhythmic Bursts of 

Perisomatic IPSCs in Hippocampus. PLoS One 2011;6:e27691. 

Nagode DA, Tang A-H, Yang K, Alger BE. Optogenetic identification 

of an intrinsic cholinergically driven inhibitory oscillator sensitive to 

cannabinoids and opioids in hippocampal CA1. J Physiol 

2014;592:103–23. 

Nakahata Y, Yasuda R. Plasticity of Spine Structure: Local 

Signaling, Translation and Cytoskeletal Reorganization. Front 

Synaptic Neurosci 2018;10:29. 

Navarrete M, Araque A. Endocannabinoids potentiate synaptic 

transmission through stimulation of astrocytes. Neuron 

2010;68:113–26. 

Navarrete M, Araque A. Endocannabinoids Mediate Neuron-

Astrocyte Communication. Neuron 2008;57:883–93. 



 
 

230 
 

Navarrete M, Perea G, Maglio L, Pastor J, Garcia de Sola R, Araque 

A. Astrocyte Calcium Signal and Gliotransmission in Human Brain 

Tissue. Cereb Cortex 2013;23:1240–6. 

Newey SE, Velamoor V, Govek E-E, Van Aelst L. Rho GTPases, 

dendritic structure, and mental retardation. J Neurobiol 2005;64:58–

74. 

Nicoll RA, Wilson RI. Endogenous cannabinoids mediate retrograde 

signalling at hippocampal synapses. Nature 2001;410:588–92. 

Niesink RJM, van Laar MW. Does cannabidiol protect against 

adverse psychological effects of THC? Front Psychiatry 2013;4:130. 

Njoo C, Agarwal N, Lutz B, Kuner R. The Cannabinoid Receptor CB1 

Interacts with the WAVE1 Complex and Plays a Role in Actin 

Dynamics and Structural Plasticity in Neurons. PLoS Biol 

2015;13:1–36. 

Nottage JF, Stone J, Murray RM, Sumich A, Bramon-Bosch E, 

Ffytche D, et al. Delta-9-tetrahydrocannabinol, neural oscillations 

above 20 Hz and induced acute psychosis. Psychopharmacology 

(Berl) 2015;232:519–28. 

Nowicky A V, Teyler TJ, Vardaris RM. The modulation of long-term 

potentiation by delta-9-tetrahydrocannabinol in the rat hippocampus, 

in vitro. Brain Res Bull 1987;19:663–72. 

Núñez E, Benito C, Pazos MR, Barbachano A, Fajardo O, González 

S, et al. Cannabinoid CB2 receptors are expressed by perivascular 

microglial cells in the human brain: An immunohistochemical study. 

Synapse 2004;53:208–13. 

O’Connell BK, Gloss D, Devinsky O. Cannabinoids in treatment-



 
 

231 
 

resistant epilepsy: A review. Epilepsy Behav 2017;70:341–8. 

Oh MC, Derkach VA, Guire ES, Soderling TR. Extrasynaptic 

Membrane Trafficking Regulated by GluR1 Serine 845 

Phosphorylation Primes AMPA Receptors for Long-term 

Potentiation. J Biol Chem 2006;281:752–8. 

Ohno-Shosaku T, Kano M. Endocannabinoid-mediated retrograde 

modulation of synaptic transmission. vol. 29. Elsevier Ltd; 2014. 

Ohno-Shosaku T, Maejima T, Kano M. Endogenous Cannabinoids 

Mediate Retrograde Signals from Depolarized Postsynaptic Neurons 

to Presynaptic Terminals. Neuron 2001;29:729–38. 

Okamoto K-I, Narayanan R, Lee SH, Murata K, Hayashi Y. The role 

of CaMKII as an F-actin-bundling protein crucial for maintenance of 

dendritic spine structure. Proc Natl Acad Sci 2007;104:6418–23. 

Okamoto K-II, Nagai T, Miyawaki A, Hayashi Y. Rapid and persistent 

modulation of actin dynamics regulates postsynaptic reorganization 

underlying bidirectional plasticity. Nat Neurosci 2004;7:1104–12. 

Olton DS. The radial arm maze as a tool in behavioral pharmacology. 

Physiol Behav 1987;40:793–7. 

Onaivi ES, Green MR, Martin BR. Pharmacological characterization 

of cannabinoids in the elevated plus maze. J Pharmacol Exp Ther 

1990;253:1002–9. 

Onaivi ES, Ishiguro H, Gong J-P, Patel S, Perchuck A, Meozzi PA, 

et al. Discovery of the presence and functional expression of 

cannabinoid CB2 receptors in brain. Ann N Y Acad Sci 

2006;1074:514–36. 

Orchard S, Ammari M, Aranda B, Breuza L, Briganti L, Broackes-



 
 

232 
 

Carter F, et al. The MIntAct project—IntAct as a common curation 

platform for 11 molecular interaction databases. Nucleic Acids Res 

2014;42:D358–63. 

Otto T, Eichenbaum H, Wible CG, Wiener SI. Learning‐related 

patterns of CA1 spike trains parallel stimulation parameters optimal 

for inducing hippocampal long‐term potentiation. Hippocampus 

1991;1:181–92. 

Owen AM. The functional organization of working memory 

processes within human lateral frontal cortex: the contribution of 

functional neuroimaging. Eur J Neurosci 1997;9:1329–39. 

Ozaita A, Puighermanal E, Maldonado R. Regulation of 

PI3K/Akt/GSK-3 pathway by cannabinoids in the brain. J Neurochem 

2007;102:1105–14. 

Palazuelos J, Aguado T, Pazos MR, Julien B, Carrasco C, Resel E, 

et al. Microglial CB2 cannabinoid receptors are neuroprotective in 

Huntington’s disease excitotoxicity. Brain 2009;132:3152–64. 

Panatier A, Vallée J, Haber M, Murai KK, Lacaille JC, Robitaille R. 

Astrocytes are endogenous regulators of basal transmission at 

central synapses. Cell 2011;146:785–98. 

Panlilio L V, Mazzola C, Medalie J, Hahn B, Justinova Z, Drago F, et 

al. Anandamide-induced behavioral disruption through a vanilloid-

dependent mechanism in rats. Psychopharmacology (Berl) 

2009;203:529–38. 

Paoletti P, Bellone C, Zhou Q. NMDA receptor subunit diversity: 

impact on receptor properties, synaptic plasticity and disease 

2013;14:383–400. 



 
 

233 
 

Papaseit E, Pérez-Mañá C, Pérez-Acevedo AP, Hladun O, Torres-

Moreno MC, Muga R, et al. Cannabinoids: from pot to lab. Int J Med 

Sci 2018;15:1286–95. 

Park H, Kaang BK. Balanced actions of protein synthesis and 

degradation in memory formation. Learn Mem 2019;26:299–306. 

Paronis CA, Nikas SP, Shukla VG, Makriyannis A. Δ(9)-

Tetrahydrocannabinol acts as a partial agonist/antagonist in mice. 

Behav Pharmacol 2012;23:802–5. 

Pascual O, Casper KB, Kubera C, Zhang J, Revilla-Sanchez R, Sul 

JY, et al. Neurobiology: Astrocytic purinergic signaling coordinates 

synaptic networks. Science (80- ) 2005;310:113–6. 

Pate DW. Chemical ecology of Cannabis. Int Hemp Assoc Pb 75007, 

1070 AA, Amsterdam, Netherlands 1994. 

Pate DW. Possible role of ultraviolet radiation in evolution of 

Cannabis chemotypes. Econ Bot 1983;37:396–405. 

Penzes P, Cahill ME, Jones KA, VanLeeuwen J-E, Woolfrey KM. 

Dendritic spine pathology in neuropsychiatric disorders. Nat 

Neurosci 2011;14:285–93. 

Perea G, Navarrete M, Araque A. Tripartite synapses: astrocytes 

process and control synaptic information. Trends Neurosci 

2009;32:421–31. 

Pertwee R. The diverse CB1 and CB2 receptor pharmacology of 

three plant cannabinoids: Δ 9-tetrahydrocannabinol, cannabidiol and 

Δ 9-tetrahydrocannabivarin. Br J Pharmacol 2008;153:199–215. 

Pertwee R, Griffin G, Fernando S, Li X, Hill A, Makriyannis A. 

AM630, a competitive cannabinoid receptor antagonist. Life Sci 



 
 

234 
 

1995;56:1949–55. 

Pertwee RG, Hillard CJ, Pertwee RG, Hillard CJ. Endocannabinoids 

and the endocrine system in health and disease. vol. 231. Cham: 

Springer International Publishing; 2015. 

Pertwee RG, Howlett AC, Abood ME, Alexander SPH, Di Marzo V, 

Elphick MR, et al. International Union of Basic and Clinical 

Pharmacology. LXXIX. Cannabinoid Receptors and Their Ligands: 

Beyond CB1 and CB2. Pharmacol Rev 2010;62:588–631. 

Peters A, Kaiserman-Abramof IR. The small pyramidal neuron of the 

rat cerebral cortex. The perikaryon, dendrites and spines. Am J Anat 

1970;127:321–55. 

Petrelli F, Bezzi P. Novel insights into gliotransmitters. Curr Opin 

Pharmacol 2016;26:138–45. 

De Petrocellis L, Di Marzo V. Non-CB1, non-CB2 receptors for 

endocannabinoids, plant cannabinoids, and synthetic 

cannabimimetics: focus on G-protein-coupled receptors and 

transient receptor potential channels. J Neuroimmune Pharmacol 

2010;5:103–21. 

Phillips GR, Florens L, Tanaka H, Khaing ZZ, Fidler L, Yates JR, et 

al. Proteomic comparison of two fractions derived from the 

transsynaptic scaffold. J Neurosci Res 2005;81:762–75. 

Phillips M, Pozzo-Miller L. Dendritic spine dysgenesis in autism 

related disorders. Neurosci Lett 2015;601:30–40. 

Phillips RG, LeDoux JE. Differential contribution of amygdala and 

hippocampus to cued and contextual fear conditioning. Behav 

Neurosci 1992;106:274–85. 



 
 

235 
 

Porcella A, Maxia C, Gessa GL, Pani L. The human eye expresses 

high levels of CB1 cannabinoid receptor mRNA and protein. Eur J 

Neurosci 2000;12:1123–7. 

Proschel C, Blouin MJ, Gutowski NJ, Ludwig R, Noble M. Limk1 is 

predominantly expressed in neural tissues and phosphorylates 

serine, threonine and tyrosine residues in vitro. Oncogene 

1995;11:1271–81. 

Pryce G, Ahmed Z, Hankey DJR, Jackson SJ, Croxford JL, Pocock 

JM, et al. Cannabinoids inhibit neurodegeneration in models of 

multiple sclerosis. Brain 2003;126:2191–202. 

Puighermanal E, Busquets-Garcia A, Gomis-González M, 

Marsicano G, Maldonado R, Ozaita A. Dissociation of the 

pharmacological effects of THC by mTOR blockade. 

Neuropsychopharmacology 2013;38:1334–43. 

Puighermanal E, Busquets-Garcia A, Maldonado R, Ozaita A. 

Cellular and intracellular mechanisms involved in the cognitive 

impairment of cannabinoids. Philos Trans R Soc Lond B Biol Sci 

2012;367:3254–63. 

Puighermanal E, Marsicano G, Busquets-Garcia A, Lutz B, 

Maldonado R, Ozaita A. Cannabinoid modulation of hippocampal 

long-term memory is mediated by mTOR signaling. Nat Neurosci 

2009;12:1152–8. 

Queenan BN, Ryan TJ, Gazzaniga M, Gallistel CR, Y Acad Sci 

Author manuscript AN. On the research of time past: the hunt for the 

substrate of memory HHS Public Access Author manuscript 

2017;1396:108–25. 

Quevedo J, Vianna MRM, Martins MR, Barichello T, Medina JH, 



 
 

236 
 

Roesler R, et al. Protein synthesis, PKA, and MAP kinase are 

differentially involved in short- and long-term memory in rats. Behav 

Brain Res 2004;154:339–43. 

Radwanska K, Medvedev NI, Pereira GS, Engmann O, Thiede N, 

Moraes MFD, et al. Mechanism for long-term memory formation 

when synaptic strengthening is impaired. Proc Natl Acad Sci U S A 

2011;108:18471–5. 

Ramón y Cajal S. Degeneración y regeneración de los centros 

nerviosos (Estudios sobre la degeneración y regeneración del 

Sistema nervioso, 2). Madrid: 1913. 

Ramón y Cajal S. Regeneración de los nervios. 1907. 

Ran I, Gkogkas CG, Vasuta C, Tartas M, Khoutorsky A, Laplante I, 

et al. Selective Regulation of GluA Subunit Synthesis and AMPA 

Receptor-Mediated Synaptic Function and Plasticity by the 

Translation Repressor 4E-BP2 in Hippocampal Pyramidal Cells. J 

Neurosci 2013;33:1872–86. 

Ranganathan M, D’Souza DC. The acute effects of cannabinoids on 

memory in humans: A review. Psychopharmacology (Berl) 

2006;188:425–44. 

Rangaraju V, Calloway N, Ryan TA. Activity-Driven Local ATP 

Synthesis Is Required for Synaptic Function. Cell 2014;156:825–35. 

Ratano P, Palmery M, Trezza V, Campolongo P. Cannabinoid 

Modulation of Memory Consolidation in Rats: Beyond the Role of 

Cannabinoid Receptor Subtype 1. Front Pharmacol 2017;8:200. 

Ratano P, Petrella C, Forti F, Passeri PP, Morena M, Palmery M, et 

al. Pharmacological inhibition of 2-arachidonoilglycerol hydrolysis 



 
 

237 
 

enhances memory consolidation in rats through CB2 receptor 

activation and mTOR signaling modulation. Neuropharmacology 

2018;138:210–8. 

Raybuck JD, Lattal KM. Double dissociation of amygdala and 

hippocampal contributions to trace and delay fear conditioning. 

PLoS One 2011;6:e15982. 

Reig-Viader R, Bayés À. Quantitative in-depth profiling of the 

postsynaptic density proteome to understand the molecular 

mechanisms governing synaptic physiology and pathology, Humana 

Press, New York, NY; 2017, p. 255–80. 

Reis DS, Jarome TJ, Helmstetter FJ. Memory formation for trace fear 

conditioning requires ubiquitin-proteasome mediated protein 

degradation in the prefrontal cortex. Front Behav Neurosci 

2013;7:1–7. 

Remondes M, Schuman EM. Role for a cortical input to hippocampal 

area CA1 in the consolidation of a long-term memory. Nature 

2004;431:699–703. 

Restivo L, Vetere G, Bontempi B, Ammassari-Teule M. The 

Formation of Recent and Remote Memory Is Associated with Time-

Dependent Formation of Dendritic Spines in the Hippocampus and 

Anterior Cingulate Cortex. J Neurosci 2009;29:8206–14. 

Rey AA, Purrio M, Viveros MP, Lutz B. Biphasic effects of 

cannabinoids in anxiety responses: CB1 and GABA B receptors in 

the balance of gabaergic and glutamatergic neurotransmission. 

Neuropsychopharmacology 2012;37:2624–34. 

Rezvani AH. Involvement of the NMDA System in Learning and 

Memory. Anim. Model. Cogn. Impair., 2006, p. 1–30. 



 
 

238 
 

Rhee M-HH, Bayewitch M, Avidor-Reiss T, Levy R, Vogel Z. 

Cannabinoid Receptor Activation Differentially Regulates the 

Various Adenylyl Cyclase Isozymes. J Neurochem 1998;71:1525–

34. 

Richter-Levin G. The Amygdala, the Hippocampus, and Emotional 

Modulation of Memory. Neurosci 2004;10:31–9. 

Riegel AC, Lupica CR. Independent presynaptic and postsynaptic 

mechanisms regulate endocannabinoid signaling at multiple 

synapses in the ventral tegmental area. J Neurosci 2004;24:11070–

8. 

Robbe D, Alonso G, Duchamp F, Bockaert J, Manzoni OJ. 

Localization and mechanisms of action of cannabinoid receptors at 

the glutamatergic synapses of the mouse nucleus accumbens. J 

Neurosci 2001;21:109–16. 

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;9:1526–33. 

Rochefort NL, Konnerth A. Dendritic spines: from structure to in vivo 

function. EMBO Rep 2012;13:699–708. 

Rodriguez-Ortiz CJ, De la Cruz V, Gutiérrez R, Bermudez-Rattoni F. 

Protein synthesis underlies post-retrieval memory consolidation to a 

restricted degree only when updated information is obtained. Learn 

Mem 2005;12:533–7. 

Roesler R. Molecular mechanisms controlling protein synthesis in 

memory reconsolidation. Neurobiol Learn Mem 2017;142:30–40. 



 
 

239 
 

Romero-Granados R, Fontán-Lozano Á, Delgado-García JM, 

Carrión ÁM. From learning to forgetting: Behavioral, circuitry, and 

molecular properties define the different functional states of the 

recognition memory trace. Hippocampus 2010;20:584–95. 

De Roo M, Klauser P, Muller D. LTP promotes a selective long-term 

stabilization and clustering of dendritic spines. PLoS Biol 

2008;6:e219. 

Rosenberg T, Elkobi A, Dieterich DC, Rosenblum K. Neurobiology 

of Learning and Memory NMDAR-dependent proteasome activity in 

the gustatory cortex is necessary for conditioned taste aversion. 

Neurobiol Learn Mem 2016;130:7–16. 

Rosenzweig MR, Bennett EL, Diamond MC. Chemical and 

anatomical plasticity of brain: replications and extensions, 1970. 

Macromol. Behav., Boston, MA: Springer US; 1972, p. 205–77. 

Rossato JI, Bevilaqua LRM, Myskiw JC, Medina JH, Izquierdo I, 

Cammarota M. On the role of hippocampal protein synthesis in the 

consolidation and reconsolidation of object recognition memory. 

Learn Mem 2007;14:36–46. 

Rossato JI, Bevilaqua LRMM, Medina JH, Izquierdo I, Cammarota 

M. Retrieval induces hippocampal-dependent reconsolidation of 

spatial memory. Learn Mem 2006;13:431–40. 

Rossetti T, Banerjee S, Kim C, Leubner M, Lamar C, Gupta P, et al. 

Memory erasure experiments indicate a critical role of CaMKII in 

memory storage. Neuron 2017;96:207. 

Rothschild M, Fairbairn JW. Ovipositing butterfly (Pieris brassicae 

L.) distinguishes between aqueous extracts of two strains of 

Cannabis sativa L. and THC and CBD. Nature 1980;286:56–9. 



 
 

240 
 

Rousseau A, Bertolotti A. An evolutionarily conserved pathway 

controls proteasome homeostasis. Nature 2016;536:184–9. 

Rubino T, Guidali C, Vigano D, Realini N, Valenti M, Massi P, et al. 

CB1 receptor stimulation in specific brain areas differently modulate 

anxiety-related behaviour. Neuropharmacology 2008;54:151–60. 

Rubino T, Realini N, Braida D, Guidi S, Capurro V, Viganò D, et al. 

Changes in hippocampal morphology and neuroplasticity induced by 

adolescent THC treatment are associated with cognitive impairment 

in adulthood. Hippocampus 2009;19:763–72. 

Rubino T, Sala M, Viganò D, Braida D, Castiglioni C, Limonta V, et 

al. Cellular mechanisms underlying the anxiolytic effect of low doses 

of peripheral Δ9-tetrahydrocannabinol in rats. 

Neuropsychopharmacology 2007;32:2036–45. 

Russo EB. Taming THC: potential cannabis synergy and 

phytocannabinoid-terpenoid entourage effects. Br J Pharmacol 

2011;163:1344–64. 

Russo EB, McPartland JM. Cannabis is more than simply Δ9-

tetrahydrocannabinol. Psychopharmacology (Berl) 2003;165:431–2. 

Rust MB. ADF / cofilin : a crucial regulator of synapse physiology and 

behavior. Cell Mol Life Sci 2015;72:3521–9. 

Ryan MM, Ryan B, Kyrke-Smith M, Logan B, Tate WP, Abraham 

WC, et al. Temporal Profiling of Gene Networks Associated with the 

Late Phase of Long-Term Potentiation In Vivo. PLoS One 

2012;7:e40538. 

Salgado-Mendialdúa V, Aguirre-Plans J, Guney E, Reig-Viader R, 

Maldonado R, Bayés, et al. Δ9-tetrahydrocannabinol modulates the 



 
 

241 
 

proteasome system in the brain. Biochem Pharmacol 

2018;157:159–68. 

Salwinski L, Miller CS, Smith AJ, Pettit FK, Bowie JU, Eisenberg D. 

The Database of interacting proteins: 2004 update. Nucleic Acids 

Res 2004;32:449D – 451. 

Sanhueza M, McIntyre CC, Lisman JE. Reversal of synaptic memory 

by Ca2+/calmodulin-dependent protein kinase II inhibitor. J Neurosci 

2007;27:5190–9. 

Sans N, Vissel B, Petralia RS, Wang Y-X, Chang K, Royle GA, et al. 

Aberrant formation of glutamate receptor complexes in hippocampal 

neurons of mice lacking the GluR2 AMPA receptor subunit. J 

Neurosci 2003;23:9367–73. 

Santini E, Huynh TN, Klann E. Mechanisms of translation control 

underlying long-lasting synaptic plasticity and the consolidation of 

long-term memory. Prog. Mol. Biol. Transl. Sci., vol. 122, 2014, p. 

131–67. 

Sarbassov DD, Ali SM, Sengupta S, Sheen JH, Hsu PP, Bagley AF, 

et al. Prolonged Rapamycin Treatment Inhibits mTORC2 Assembly 

and Akt/PKB. Mol Cell 2006;22:159–68. 

Sarmiere PD, Bamburg JR. Head, neck, and spines: A role for LIMK-

1 in the hippocampus. Neuron 2002;35:3–5. 

Sarne Y, Toledano R, Rachmany L, Sasson E, Doron R. Reversal of 

age-related cognitive impairments in mice by an extremely low dose 

of tetrahydrocannabinol. Neurobiol Aging 2018;61:177–86. 

Sawangjit A, Oyanedel CN, Niethard N, Salazar C, Born J, Inostroza 

M. The hippocampus is crucial for forming non-hippocampal long-



 
 

242 
 

term memory during sleep. Nature 2018;564:109–13. 

Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, 

and Disease. Cell 2017;168:960–76. 

Schacter DL, Cooper LA. Implicit and explicit memory for novel 

visual objects: structure and function. J Exp Psychol Learn Mem 

Cogn 1993;19:995–1009. 

Schafe GE, LeDoux JE. Memory consolidation of auditory pavlovian 

fear conditioning requires protein synthesis and protein kinase A in 

the amygdala. J Neurosci 2000;20:RC96. 

Schafe GE, Nadel N V, Sullivan GM, Harris A, LeDoux JE. Memory 

Consolidation for Contextual and Auditory Fear Conditioning Is 

Dependent on Protein Synthesis, PKA, and MAP Kinase. Learn Mem 

1999;6:97–110. 

Schicknick H, Schott BH, Budinger E, Smalla K-H, Riedel A, 

Seidenbecher CI, et al. Dopaminergic modulation of auditory cortex-

dependent memory consolidation through mTOR. Cereb Cortex 

2008;18:2646–58. 

Schlicker E, Kathmann M. Modulation of transmitter release via 

presynaptic cannabinoid receptors. Trends Pharmacol Sci 

2001;22:565–72. 

Schrimpf SP, Meskenaite V, Brunner E, Rutishauser D, Walther P, 

Eng J, et al. Proteomic analysis of synaptosomes using isotope-

coded affinity tags and mass spectrometry. Proteomics 

2005;5:2531–41. 

Schubert V, Dotti CG. Transmitting on actin: synaptic control of 

dendritic architecture. J Cell Sci 2007;120:205–12. 



 
 

243 
 

Schwarz LA, Hall BJ, Patrick GN. Activity-Dependent Ubiquitination 

of GluA1 Mediates a Distinct AMPA Receptor Endocytosis and 

Sorting Pathway. J Neurosci 2010;30:16718–29. 

Schweitzer P. Cannabinoids decrease the K(+) M-current in 

hippocampal CA1 neurons. J Neurosci 2000;20:51–8. 

Scudder SL, Goo MS, Cartier AE, Molteni A, Schwarz LA, Wright R, 

et al. Synaptic Strength Is Bidirectionally Controlled by Opposing 

Activity-Dependent Regulation of Nedd4-1 and USP8. J Neurosci 

2014;34:16637–49. 

Seidenman KJ, Steinberg JP, Huganir R, Malinow R. Glutamate 

receptor subunit 2 Serine 880 phosphorylation modulates synaptic 

transmission and mediates plasticity in CA1 pyramidal cells. J 

Neurosci 2003;23:9220–8. 

Senn R, Keren O, Hefetz A, Sarne Y. Long-term cognitive deficits 

induced by a single, extremely low dose of tetrahydrocannabinol 

(THC): behavioral, pharmacological and biochemical studies in 

mice. Pharmacol Biochem Behav 2008;88:230–7. 

Shen K, Meyer T. Dynamic control of caMKII translocation and 

localization in hippocampal neurons by NMDA receptor stimulation. 

Science (80- ) 1999;284:162–6. 

Shen K, Teruel MN, Subramanian K, Meyer T. CaMKIIβ functions as 

an F-actin targeting module that localizes CaMKIIα/β 

heterooligomers to dendritic spines. Neuron 1998;21:593–606. 

Shen M, Thayer SA. Delta9-tetrahydrocannabinol acts as a partial 

agonist to modulate glutamatergic synaptic transmission between rat 

hippocampal neurons in culture. Mol Pharmacol 1999;55:8–13. 



 
 

244 
 

Sheng M, Hoogenraad CC. The postsynaptic architecture of 

excitatory synapses: a more quantitative view. Annu Rev Biochem 

2007;76:823–47. 

Sherif MA, Cortes-Briones JA, Ranganathan M, Skosnik PD. 

Cannabinoid-glutamate interactions and neural oscillations: 

implications for psychosis. Eur J Neurosci 2018;48:2890–902. 

Shimobayashi M, Hall MN. Making new contacts: the mTOR network 

in metabolism and signalling crosstalk. Nat Rev Mol Cell Biol 

2014;15:155–62. 

Shipton OA, Paulsen O. GluN2A and GluN2B subunit-containing 

NMDA receptors in hippocampal plasticity. Philos Trans R Soc B Biol 

Sci 2014;369:20130163. 

Shrestha P, Ayata P, Herrero-Vidal P, Longo F, Gastone A, LeDoux 

JE, et al. Cell-type-specific drug-inducible protein synthesis inhibition 

demonstrates that memory consolidation requires rapid neuronal 

translation. Nat Neurosci 2020;23:281–92. 

Silva AJ, Kogan JH, Frankland PW, Kida S. CREB and memory. 

Annu Rev Neurosci 1998;21:127–48. 

Silva AJ, Stevens CF, Tonegawa S, Wang Y. Deficient hippocampal 

long-term potentiation in α-calcium-calmodulin kinase II mutant 

mice. Science (80- ) 1992;257:201–6. 

Sim-Selley LJ, Schechter NS, Rorrer WK, Dalton GD, Hernandez J, 

Martin BR, et al. Prolonged recovery rate of CB1 receptor adaptation 

after cessation of long-term cannabinoid administration. Mol 

Pharmacol 2006;70:986–96. 

Skoff RP, Hamburger V. Fine structure of dendritic and axonal 



 
 

245 
 

growth cones in embryonic chick spinal cord. J Comp Neurol 

1974;153:107–47. 

Skosnik PD, Cortes-Briones JA, Hajós M. It’s all in the rhythm: The 

role of cannabinoids in neural oscillations and psychosis. Biol 

Psychiatry 2016;79:568–77. 

Slipczuk L, Bekinschtein P, Katche C, Cammarota M, Izquierdo I, 

Medina JH. BDNF activates mTOR to regulate GluR1 expression 

required for memory formation. PLoS One 2009;4:e6007. 

Smith DM, Fraga H, Reis C, Kafri G, Goldberg AL. ATP binds to 

proteasomal ATPases in pairs with distinct functional effects, 

implying an ordered reaction cycle. Cell 2011;144:526–38. 

Smith NA, Bekar LK, Nedergaard M. Astrocytic Endocannabinoids 

Mediate Hippocampal Transient Heterosynaptic Depression. 

Neurochem Res 2019. 

Solowij N, Battisti R. The Chronic Effects of Cannabis on Memory in 

Humans : A Review 2008:81–98. 

Song Y, Li S, Ray A, Das DS, Qi J, Samur MK, et al. Blockade of 

deubiquitylating enzyme Rpn11 triggers apoptosis in multiple 

myeloma cells and overcomes bortezomib resistance. Oncogene 

2017;36:5631–8. 

Speranza L, Giuliano T, Volpicelli F, De Stefano ME, Lombardi L, 

Chambery A, et al. Activation of 5-HT7 receptor stimulates neurite 

elongation through mTOR, Cdc42 and actin filaments dynamics. 

Front Behav Neurosci 2015;9:62. 

Squire LR. Memory and the hippocampus: a synthesis from findings 

with rats, monkeys, and humans. Psychol Rev 1992;99:195–231. 



 
 

246 
 

Squire LR, Zola SM. Structure and function of declarative and 

nondeclarative memory systems. Proc Natl Acad Sci 

1996;93:13515–22. 

Steindel F, Lerner R, Häring M, Ruehle S, Marsicano G, Lutz B, et 

al. Neuron-type specific cannabinoid-mediated G protein signalling 

in mouse hippocampus. J Neurochem 2013;124:795–807. 

Stella N. Cannabinoid and cannabinoid-like receptors in microglia, 

astrocytes, and astrocytomas. Glia 2010;58:1017–30. 

Stella N. Cannabinoid signaling in glial cells. vol. 48. 2004. 

Van Der Stelt M, Di Marzo V. Anandamide as an intracellular 

messenger regulating ion channel activity. Prostaglandins Other 

Lipid Mediat., vol. 77, 2005, p. 111–22. 

Stempel AV, Stumpf A, Zhang HY, Özdoğan T, Pannasch U, Theis 

AK, et al. Cannabinoid Type 2 Receptors Mediate a Cell Type-

Specific Plasticity in the Hippocampus. Neuron 2016;90:795–809. 

Stephenson JR, Wang X, Perfitt TL, Parrish WP, Shonesy BC, Marks 

CR, et al. A novel human CAMK2a mutation disrupts dendritic 

morphology and synaptic transmission, and causes ASD-related 

behaviors. J Neurosci 2017;37:2216–33. 

Stern CAJ, Gazarini L, Vanvossen AC, Zuardi AW, Galve-Roperh I, 

Guimaraes FS, et al. Δ9-Tetrahydrocannabinol alone and combined 

with cannabidiol mitigate fear memory through reconsolidation 

disruption. Eur Neuropsychopharmacol 2015;25:958–65. 

Stevens CF, Wesseling JF. Augmentation is a potentiation of the 

exocytotic process presynaptic tetanus, however, they found the rate 

of transmitter release to be highly dependent on stimula-tion 



 
 

247 
 

frequency. vol. 22. Stevens and Wesseling; 1999. 

Stevenson A. Oxford Dictionary of English. Oxford University Press; 

2010. 

Steward O, Schuman EM. Compartmentalized Synthesis and 

Degradation of Proteins in Neurons. Neuron 2003;40:347–59. 

Steward O, Scoville SA. Cells of origin of entorhinal cortical afferents 

to the hippocampus and fascia dentata of the rat. J Comp Neurol 

1976;169:347–70. 

Straiker A, Mackie K. Depolarization-induced suppression of 

excitation in murine autaptic hippocampal neurones. J Physiol 

2005;569:501–17. 

van Strien NM, Cappaert NLM, Witter MP. The anatomy of memory: 

an interactive overview of the parahippocampal–hippocampal 

network. Nat Rev Neurosci 2009;10:272–82. 

Suero-García C, Martín-Banderas L, Holgado MÁ. Efecto 

neuroprotector de los cannabinoides en las enfermedades 

neurodegenerativas. Ars Pharm 2015;56:77–87. 

Sugiura T, Kishimoto S, Oka S GM. Biochemistry, phar- macology 

and physiology of 2-arachidonoylglycerol, an endoge- nous 

cannabinoid receptor ligand. Prog Lipid Res 45 405–446 2006. 

Suliman NA, Taib CNM, Moklas MAM, Basir R. Delta-9-

Tetrahydrocannabinol (∆9-THC) Induce Neurogenesis and Improve 

Cognitive Performances of Male Sprague Dawley Rats. Neurotox 

Res 2018;33:402–11. 

Sutton MA, Schuman EM. Dendritic Protein Synthesis, Synaptic 

Plasticity, and Memory. vol. 127. Elsevier; 2006. 



 
 

248 
 

Svíženská I, Dubový P, Šulcová A. Cannabinoid receptors 1 and 2 

(CB1 and CB2), their distribution, ligands and functional involvement 

in nervous system structures - A short review. Pharmacol Biochem 

Behav 2008;90:501–11. 

Sweatt JD. Toward a molecular explanation for long-term 

potentiation. Learn Mem 1999;6:399–416. 

Swiech L, Perycz M, Malik A, Jaworski J. Role of mTOR in 

physiology and pathology of the nervous system. Biochim Biophys 

Acta - Proteins Proteomics 2008;1784:116–32. 

Switon K, Kotulska K, Janusz-Kaminska A, Zmorzynska J, Jaworski 

J. Molecular neurobiology of mTOR. vol. 341. 2017. 

Tada T, Sheng M. Molecular mechanisms of dendritic spine 

morphogenesis. Curr Opin Neurobiol 2006;16:95–101. 

Tahir SK, Trogadis JE, Stevens JK, Zimmerman AM. Cytoskeletal 

organization following cannabinoid treatment in undifferentiated and 

differentiated PC12 cells. Biochem Cell Biol 1992;70:1159–73. 

Tai S, Hyatt WS, Gu C, Franks LN, Vasiljevik T, Brents LK, et al. 

Repeated administration of phytocannabinoid Δ9-THC or synthetic 

cannabinoids JWH-018 and JWH-073 induces tolerance to 

hypothermia but not locomotor suppression in mice, and reduces 

CB1 receptor expression and function in a brain region-specific 

manner. Pharmacol Res 2015;102:22–32. 

Takahashi N. Synaptic topography – Converging connections and 

emerging function. Neurosci Res 2019;141:29–35. 

Takamori S, Holt M, Stenius K, Lemke EA, Grønborg M, Riedel D, et 

al. Molecular anatomy of a trafficking organelle. Cell 2006;127:831–



 
 

249 
 

46. 

Takei N, Inamura N, Kawamura M, Namba H, Hara K, Yonezawa K, 

et al. Brain-derived neurotrophic factor induces mammalian target of 

rapamycin-dependent local activation of translation machinery and 

protein synthesis in neuronal dendrites. J Neurosci 2004;24:9760–

9. 

Takeuchi T, Duszkiewicz AJ, Morris RGM. The synaptic plasticity 

and memory hypothesis: Encoding, storage and persistence. Philos 

Trans R Soc B Biol Sci 2014;369. 

Tam J, Vemuri VK, Liu J, Bátkai S, Mukhopadhyay B, Godlewski G, 

et al. Peripheral CB1 cannabinoid receptor blockade improves 

cardiometabolic risk in mouse models of obesity. J Clin Invest 

2010;120:2953–66. 

Tanaka K. The proteasome: From basic mechanisms to emerging 

roles. Keio J Med 2013;62:1–12. 

Tang J, Tao Y, Tan L, Yang L, Niu Y, Chen Q, et al. Cannabinoid 

receptor 2 attenuates microglial accumulation and brain injury 

following germinal matrix hemorrhage via ERK dephosphorylation 

in vivo and in vitro. Neuropharmacology 2015;95:424–33. 

Taura F, Sirikantaramas S, Shoyama Yoshinari, Shoyama Yukihiro, 

Morimoto S. Phytocannabinoids in cannabis sativa: recent studies 

on biosynthetic enzymes. Chem Biodivers 2007;4:1649–63. 

Tee AR, Sampson JR, Pal DK, Bateman JM. The role of mTOR 

signalling in neurogenesis, insights from tuberous sclerosis complex. 

Semin Cell Dev Biol 2016;52:12–20. 

Tesche CD, Karhu J. Theta oscillations index human hippocampal 



 
 

250 
 

activation during a working memory task. Proc Natl Acad Sci U S A 

2000;97:919–24. 

Tetzlaff Christian, Kolodziejski Christoph, Markelic Irene, Wörgötter 

F, Tetzlaff C, Kolodziejski · C, et al. Time scales of memory, learning, 

and plasticity. Biol Cybern 2012;106:715–26. 

Thalhammer A, Rudhard Y, Tigaret CM, Volynski KE, Rusakov DA, 

Schoepfer R. CaMKII translocation requires local NMDA receptor-

mediated Ca2+ signaling. EMBO J 2006;25:5873–83. 

Theodosis DT, Poulain DA, Oliet SHR. Activity-dependent structural 

and functional plasticity of astrocyte-neuron interactions. Physiol 

Rev 2008;88:983–1008. 

Thiagarajan TC, Piedras-Renteria ES, Tsien RW. α- and βCaMKII: 

Inverse regulation by neuronal activity and opposing effects on 

synaptic strength. Neuron 2002;36:1103–14. 

Thompson A, Schäfer J, Kuhn K, Kienle S, Schwarz J, Schmidt G, 

et al. Tandem mass tags: a novel quantification strategy for 

comparative analysis of complex protein mixtures by MS/MS. Anal 

Chem 2003;75:1895–904. 

Thrower JS, Hoffman L, Rechsteiner M, Pickart CM. Recognition of 

the polyubiquitin proteolytic signal. vol. 19. 2000. 

Tian G, Park S, Lee MJ, Huck B, McAllister F, Hill CP, et al. An 

asymmetric interface between the regulatory and core particles of 

the proteasome. Nat Struct Mol Biol 2011;18:1259–67. 

Tingley WG, Ehlers MD, Kameyama K, Doherty C, Ptak JB, Riley 

CT, et al. Characterization of protein kinase A and protein kinase C 

phosphorylation of the N-methyl-D-aspartate receptor NR1 subunit 



 
 

251 
 

using phosphorylation site-specific antibodies. J Biol Chem 

1997;272:5157–66. 

Tonegawa S, Liu X, Ramirez S, Redondo R. Memory Engram Cells 

Have Come of Age. Neuron 2015;87:918–31. 

Tort ABL, Kramer MA, Thorn C, Gibson DJ, Kubota Y, Graybiel AM, 

et al. Dynamic cross-frequency couplings of local field potential 

oscillations in rat striatum and hippocampus during performance of 

a T-maze task. Proc Natl Acad Sci U S A 2008;105:20517–22. 

Van Troys M, Huyck L, Leyman S, Dhaese S, Vandekerkhove J, 

Ampe C. Ins and outs of ADF/cofilin activity and regulation. Eur J 

Cell Biol 2008;87:649–67. 

Tsou K, Brown S, Sañudo-Peña MC, Mackie K, Walker JM. 

Immunohistochemical distribution of cannabinoid CB1 receptors in 

the rat central nervous system. Neuroscience 1998;83:393–411. 

Turu G, Hunyady L. Signal transduction of the CB1 cannabinoid 

receptor. J Mol Endocrinol 2010;44:75–85. 

Uhlhaas PJ, Haenschel C, Nikolic D, Singer W. The role of 

oscillations and synchrony in cortical networks and their putative 

relevance for the pathophysiology of schizophrenia. Schizophr Bull 

2008;34:927–43. 

UNODC UNO on D and C. UNODC, United Nations Office on Drugs 

and Crime. Global overview on drug demand and supply. World Drug 

Rep 2017. 

Valjent E, Mitchell JM, Besson MJ, Caboche J, Maldonado R. 

Behavioural and biochemical evidence for interactions between Δ9-

tetrahydrocannabinol and nicotine. Br J Pharmacol 2002;135:564–



 
 

252 
 

78. 

Valjent E, Pagès C, Rogard M, Besson MJ, Maldonado R, Caboche 

J. Delta 9-tetrahydrocannabinol-induced MAPK/ERK and Elk-1 

activation in vivo depends on dopaminergic transmission. Eur J 

Neurosci 2001;14:342–52. 

Vandevoorde S, Lambert DM. The multiple pathways of 

endocannabinoid metabolism: a zoom out. Chem Biodivers 

2007;4:1858–81. 

Varela F, Lachaux J-P, Rodriguez E, Martinerie J. The brainweb: 

Phase synchronization and large-scale integration. Nat Rev 

Neurosci 2001;2:229–39. 

Varvel SA, Hamm RJ, Martin BR, Lichtman AH. Differential effects 

of delta 9-THC on spatial reference and working memory in mice. 

Psychopharmacology (Berl) 2001;157:142–50. 

Vashisht A, Bach S V., Fetterhoff D, Morgan JW, McGee M, Hegde 

AN. Proteasome limits plasticity-related signaling to the nucleus in 

the hippocampus. Neurosci Lett 2018;687:31–6. 

Verdurand M, Nguyen V, Stark D, Zahra D, Gregoire M-C, Greguric 

I, et al. Comparison of Cannabinoid CB(1) Receptor Binding in 

Adolescent and Adult Rats: A Positron Emission Tomography Study 

Using [F]MK-9470. Int J Mol Imaging 2011;2011:548123. 

Verma R, Aravind L, Oania R, McDonald WH, Yates JR, Koonin E 

V, et al. Role of Rpn11 metalloprotease in deubiquitination and 

degradation by the 26S proteasome. Science (80- ) 2002;298:611–

5. 

Verónica Baez M, Cercato C, Jerusalinsky DA. Review Article NMDA 



 
 

253 
 

Receptor Subunits Change after Synaptic Plasticity Induction and 

Learning and Memory Acquisition 2018. 

Vetere G, Restivo L, Cole CJ, Ross PJ, Ammassari-Teule M, 

Josselyn SA, et al. Spine growth in the anterior cingulate cortex is 

necessary for the consolidation of contextual fear memory. Proc Natl 

Acad Sci U S A 2011;108:8456–60. 

Vilar E, Perez-Garcia J, Tabernero J. Pushing the envelope in the 

mTOR pathway: The second generation of inhibitors. Mol Cancer 

Ther 2011;10:395–403. 

Villasana LE, Klann E, Tejada-Simon MV. Rapid isolation of 

synaptoneurosomes and postsynaptic densities from adult mouse 

hippocampus. J Neurosci Methods 2006;158:30–6. 

Villers A, Godaux E, Ris L. Long-Lasting LTP Requires Neither 

Repeated Trains for Its Induction Nor Protein Synthesis for Its 

Development. PLoS One 2012;7:e40823. 

Viñals X, Moreno E, Lanfumey L, Cordomí A, Pastor A, de La Torre 

R, et al. Cognitive impairment induced by delta9- 

tetrahydrocannabinol occurs through heteromers between 

cannabinoid CB1 and serotonin 5-HT2A receptors. PLoS Biol 

2015;13:1002194. 

Vitureira N, Goda Y. Cell biology in neuroscience: the interplay 

between Hebbian and homeostatic synaptic plasticity. J Cell Biol 

2013;203:175–86. 

Viveros MP, Marco EM, File SE. Endocannabinoid system and 

stress and anxiety responses. Pharmacol. Biochem. Behav., vol. 81, 

2005, p. 331–42. 



 
 

254 
 

Vogel-Ciernia A, Wood MA. Examining object location and object 

recognition memory in mice. Curr. Protoc. Neurosci., vol. 69, 

Hoboken, NJ, USA: John Wiley & Sons, Inc.; 2014, p. 8.31.1-

8.31.17. 

Volkow ND, Swanson JM, Evins AE, DeLisi LE, Meier MH, Gonzalez 

R, et al. Effects of Cannabis Use on Human Behavior, Including 

Cognition, Motivation, and Psychosis: A Review. JAMA Psychiatry 

2016;73:292. 

Wachtel S, ElSohly M, Ross S, Ambre J, De Wit H. Comparison of 

the subjective effects of Δ9-tetrahydrocannabinol and marijuana in 

humans. Psychopharmacology (Berl) 2002;161:331–9. 

Wakley AA, Wiley JL, Craft RM. Sex differences in antinociceptive 

tolerance to delta-9-tetrahydrocannabinol in the rat. Drug Alcohol 

Depend 2014;143:22–8. 

Walczak JS, Price TJ, Cervero F. Cannabinoid CB1 receptors are 

expressed in the mouse urinary bladder and their activation 

modulates afferent bladder activity. Neuroscience 2009;159:1154–

63. 

Walker MP, Brakefield T, Allan Hobson J, Stickgold R. Dissociable 

stages of human memory consolidation and reconsolidation. Nature 

2003;425:616–20. 

Walter L, Dinh T, Stella N. ATP induces a rapid and pronounced 

increase in 2-arachidonoylglycerol production by astrocytes, a 

response limited by monoacylglycerol lipase. J Neurosci 

2004;24:8068–74. 

Wang H, Peng R-Y. Basic roles of key molecules connected with 

NMDAR signaling pathway on regulating learning and memory and 



 
 

255 
 

synaptic plasticity. Mil Med Res 2016;3:26. 

Wang H, Sun Q, Zhao W, Qi L, Gu Y, Li P, et al. Individual-level 

analysis of differential expression of genes and pathways for 

personalized medicine. Bioinformatics 2015;31:62–8. 

Wang JQ, Arora A, Yang L, Parelkar NK, Zhang G, Liu X, et al. 

Phosphorylation of AMPA Receptors Mechanisms and Synaptic 

Plasticity. vol. 237. 2005. 

Wang JY, Wigston DJ, Rees HD, Levey AI, Falls DL. LIM kinase 1 

accumulates in presynaptic terminals during synapse maturation. J 

Comp Neurol 2000;416:319–34. 

Wang Q, Chen M, Schafer NP, Bueno C, Song SS, Hudmon A, et al. 

Assemblies of calcium/calmodulin-dependent kinase II with actin 

and their dynamic regulation by calmodulin in dendritic spines. Proc 

Natl Acad Sci U S A 2019;116:18937–42. 

Ward RJ, Pediani JD, Milligan G. Heteromultimerization of 

cannabinoid CB 1 receptor and orexin OX 1 receptor generates a 

unique complex in which both protomers are regulated by orexin A. 

J Biol Chem 2011;286:37414–28. 

Wayman GA, Lee YS, Tokumitsu H, Silva A, Soderling TR. 

Calmodulin-Kinases: Modulators of Neuronal Development and 

Plasticity. Neuron 2008;59:914–31. 

Wei BQ, Mikkelsen TS, McKinney MK, Lander ES, Cravatt BF. A 

second fatty acid amide hydrolase with variable distribution among 

placental mammals. J Biol Chem 2006;281:36569–78. 

Wheeler DW, White CM, Rees CL, Komendantov AO, Hamilton DJ, 

Ascoli GA. Hippocampome.org: a knowledge base of neuron types 



 
 

256 
 

in the rodent hippocampus. Elife 2015;4. 

Whitlock JR, Heynen AJ, Shuler MG, Bear MF. Learning induces 

long-term potentiation in the hippocampus. Science 2006;313:1093–

7. 

Wiley JL, Marusich JA, Lefever TW, Antonazzo KR, Wallgren MT, 

Cortes RA, et al. AB-CHMINACA, AB-PINACA, and FUBIMINA: 

Affinity and Potency of Novel Synthetic Cannabinoids in Producing 

Δ9-Tetrahydrocannabinol-Like Effects in Mice. J Pharmacol Exp 

Ther 2015;354:328–39. 

Wiley JL, O’Connell MM, Tokarz ME, Wright MJ. Pharmacological 

effects of acute and repeated administration of Δ9-

tetrahydrocannabinol in adolescent and adult rats. J Pharmacol Exp 

Ther 2007;320:1097–105. 

Williamson EM. Synergy and other interactions in phytomedicines. 

Phytomedicine 2001;8:401–9. 

Winters BD, Saksida LM, Bussey TJ. Object recognition memory: 

neurobiological mechanisms of encoding, consolidation and 

retrieval. Neurosci Biobehav Rev 2008;32:1055–70. 

Wise LE, Thorpe AJ, Lichtman AH. Hippocampal CB(1) receptors 

mediate the memory impairing effects of Delta(9)-

tetrahydrocannabinol. Neuropsychopharmacology 2009;34:2072–

80. 

Wiśniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample 

preparation method for proteome analysis. Nat Methods 

2009;6:359–62. 

Woldemichael BT, Bohacek J, Gapp K, Mansuy IM. Epigenetics of 



 
 

257 
 

Memory and Plasticity. Prog. Mol. Biol. Transl. Sci., vol. 122, 2014, 

p. 305–40. 

Wolff V, Schlagowski A-I, Rouyer O, Charles A-L, Singh F, Auger C, 

et al. Tetrahydrocannabinol induces brain mitochondrial respiratory 

chain dysfunction and increases oxidative stress: a potential 

mechanism involved in cannabis-related stroke. Biomed Res Int 

2015;2015:1–7. 

Wu DF, Yang LQ, Goschke A, Stumm R, Brandenburg LO, Liang YJ, 

et al. Role of receptor internalization in the agonist-induced 

desensitization of cannabinoid type 1 receptors. J Neurochem 

2008;104:1132–43. 

Wu X, McMurray CT. Calmodulin kinase II attenuation of gene 

transcription by preventing cAMP response element-binding protein 

(CREB) dimerization and binding of the creb-binding protein. J Biol 

Chem 2001;276:1735–41. 

Xi Z-X, Peng X-Q, Li X, Song R, Zhang H-Y, Liu Q-R, et al. Brain 

cannabinoid CB2 receptors modulate cocaine’s actions in mice. Nat 

Neurosci 2011;14:1160–6. 

Xie J, Proud CG. Signaling crosstalk between the mTOR complexes. 

Translation 2014;2:e28174. 

Xie J, Proud CG. Crosstalk between mTor Complexes. Nat Cell Biol 

2013;15:1263–5. 

Xu T, Yu X, Perlik AJ, Tobin WF, Zweig JA, Tennant K, et al. Rapid 

formation and selective stabilization of synapses for enduring motor 

memories. Nature 2009;462:915–9. 

Yang G, Lai CSW, Cichon J, Ma L, Li W, Gan W-B. Sleep promotes 



 
 

258 
 

branch-specific formation of dendritic spines after learning. Science 

2014;344:1173–8. 

Yang G, Pan F, Gan W-B. Stably maintained dendritic spines are 

associated with lifelong memories. Nature 2009;462:920–4. 

Yang H, Rudge DG, Koos JD, Vaidialingam B, Yang HJ, Pavletich 

NP. mTOR kinase structure, mechanism and regulation. Nature 

2013;497:217–23. 

Yang J, Li P. Brain networks of explicit and implicit learning. PLoS 

One 2012;7:e42993. 

Yang N, Higuchi O, Ohashi K, Nagata K, Wada A, Kangawa K, et al. 

Cofflin phosphorylation by LIM-kinase 1 and its role in Rac-mediated 

actin reorganization. Nature 1998;393:809–12. 

Yao T, Cohen RE. A cryptic protease couples deubiquitination and 

degradation by the proteasome. Nature 2002;419:403–7. 

Ye Y, Rape M. Building ubiquitin chains: E2 enzymes at work. Nat 

Rev Mol Cell Biol 2009;10:755–64. 

Zalcman G, Federman N, Romano A. CaMKII isoforms in learning 

and memory: Localization and function. Front Mol Neurosci 2018;11. 

Zanettini C, Panlilio L V., Alicki M, Goldberg SR, Haller J, Yasar S. 

Effects of endocannabinoid system modulation on cognitive and 

emotional behavior. Front Behav Neurosci 2011;5:57. 

Zaytseva YY, Valentino JD, Gulhati P, Mark Evers B. mTOR 

inhibitors in cancer therapy. Cancer Lett 2012;319:1–7. 

Zhang D, Hou Q, Wang M, Lin A, Jarzylo L, Navis A, et al. Na,K-

ATPase Activity Regulates AMPA Receptor Turnover through 



 
 

259 
 

Proteasome-Mediated Proteolysis. J Neurosci 2009;29:4498–511. 

Zhang H-Y, Gao M, Shen H, Bi G-H, Yang H-J, Liu Q-R, et al. 

Expression of functional cannabinoid CB2 receptor in VTA dopamine 

neurons in rats. Addict Biol 2017;22:752–65. 

Zhang R V., Featherstone RE, Melynchenko O, Gifford R, Weger R, 

Liang Y, et al. High-beta/low-gamma frequency activity reflects top-

down predictive coding during a spatial working memory test. Exp 

Brain Res 2019;237:1881–8. 

Zhao J-W, Gao Z-L, Zhang H-Y, Ji Q-Y, Wang H, Yang Y-D, et al. 

Regulation of Cofilin Activity by CaMKII and Calcineurin. Am J Med 

Sci 2012;344:462–72. 

Zhao J, Goldberg AL. Coordinate regulation of autophagy and the 

ubiquitin proteasome system by MTOR. Autophagy 2016;12:1967–

70. 

Zhao J, Zhai B, Gygi SP, Goldberg AL. mTOR inhibition activates 

overall protein degradation by the ubiquitin proteasome system as 

well as by autophagy. Proc Natl Acad Sci 2015;112:15790–7. 

Zhou J, Liu Z, Yu J, Han X, Fan S, Shao W, et al. Quantitative 

proteomic analysis reveals molecular adaptations in the 

hippocampal synaptic active zone of chronic mild stress-

unsusceptible rats. Int J Neuropsychopharmacol 2015;19:pyv100. 

Zhou Q, Homma KJ, Poo M. Shrinkage of Dendritic Spines 

Associated with Long-Term Depression of Hippocampal Synapses. 

Neuron 2004;44:749–57. 

Zola-Morgan S, Squire LR. Neuroanatomy of Memory. Annu Rev 

Neurosci 1993;16:547–63. 



 
 

260 
 

Zou S, Kumar U, Zou S, Kumar U. Cannabinoid receptors and the 

endocannabinoid system: Signaling and function in the central 

nervous system. vol. 19. Multidisciplinary Digital Publishing Institute; 

2018. 

Zucker RS, Regehr WG. Short-term synaptic plasticity. Annu Rev 

Physiol 2002;64:355–405. 

Zybura AS, Baucum AJ, Rush AM, Cummins TR, Hudmon A. 

CaMKII enhances voltage-gated sodium channel Nav1.6 activity and 

neuronal excitability. J Biol Chem 2020;295:11845–65. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

261 
 

 

 

 

 

 

 

 

 

 ANNEX 

 

 



 
 

262 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

263 
 

ARTICLE #1 

 

Delta9-tetrahydrocannabinol modulates the 

proteasome system in the brain 

 

Victòria Salgado-Mendialdúa, Joaquim Aguirre-Plans, Emre 

Guney, Rita Reig-Viader, Rafael Maldonado, Àlex Bayés, 

Baldomero Oliva, Andrés Ozaita. 

 

 

Biochemical Pharmacology  2018 Nov;157:159-168. DOI: 

10.1016/j.bcp.2018.08.026 

 

 

 

 

 

 

 

 

 

 



 
 

264 
 

V. Salgado-Mendialdúa, J. Aguirre-Plans, E. Guney, R. Reig-Viader, 

R. Maldonado, À. Bayés, B. Oliva, A. Ozaita. Δ9-

tetrahydrocannabinol Modulates the Proteasome System in the 

Brain. Biochem Pharmacol. 2018 Nov;157:159-168. DOI: 

10.1016/j.bcp.2018.08.026. Epub 2018 Aug 19.  

 

 

  

https://www.sciencedirect.com/science/article/abs/pii/S0006295218303526
https://www.sciencedirect.com/science/article/abs/pii/S0006295218303526
https://www.sciencedirect.com/science/article/abs/pii/S0006295218303526


 
 

265 
 

 



 
 

266 
 

 



 
 

267 
 

 



 
 

268 
 

 



 
 

269 
 

 



 
 

270 
 

 



 
 

271 
 

 



 
 

272 
 

 



 
 

273 
 

 



 
 

274 
 

 



 
 

275 
 

ARTICLE  #2 

 

 

Hippocampal Protein Kinase C Signaling 

Mediates the Short-Term Memory Impairment 

Induced by Delta9-Tetrahydrocannabinol 

 

Arnau Busquets-Garcia*, Maria Gomis-González*, Victòria 

Salgado-Mendialdúa, Lorena Galera-López, Emma Puighermanal, 

Elena Martín-García, Rafael Maldonado, Andrés Ozaita 

 

 

* equal contribution  

 

Neuropsychopharmacology. 2018 Apr;43(5):1021-1031. doi: 

10.1038/npp.2017.175. 

 

 

 

 

 

 

 

 

 

 



 
 

276 
 

 

Busquets-Garcia A*, Gomis-González M*, Salgado-Mendialdúa V, 

Galera-López L, Puighermanal E, Martín-García E, Maldonado R, 

Ozaita A. Hippocampal Protein Kinase C Signaling Mediates the 

Short-Term Memory Impairment Induced by Delta9-

Tetrahydrocannabinol. Neuropsychopharmacology. 2018 

Apr;43(5):1021-1031. doi: 10.1038/npp.2017.175. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.nature.com/articles/npp2017175?WT.ec_id=NPP-201803&spMailingID=56190221&spUserID=ODkwMTM2NjMxMgS2&spJobID=1362169448&spReportId=MTM2MjE2OTQ0OAS2
https://www.nature.com/articles/npp2017175?WT.ec_id=NPP-201803&spMailingID=56190221&spUserID=ODkwMTM2NjMxMgS2&spJobID=1362169448&spReportId=MTM2MjE2OTQ0OAS2
https://www.nature.com/articles/npp2017175?WT.ec_id=NPP-201803&spMailingID=56190221&spUserID=ODkwMTM2NjMxMgS2&spJobID=1362169448&spReportId=MTM2MjE2OTQ0OAS2


 
 

277 
 

  



 
 

278 
 

     

 



 
 

279 
 

 

 



 
 

280 
 

 

 



 
 

281 
 

 

 



 
 

282 
 

 

 



 
 

283 
 

 

 



 
 

284 
 

 

 



 
 

285 
 

 

 



 
 

286 
 

 

 



 
 

287 
 

 

 



 
 

288 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

289 
 

ARTICLE #3 

 

A low repeated dose of Δ9-tetrahydrocannabinol 

affects memory performance through 

serotonergic signalling in mice 

 

Lorena Galera-López, Victòria Salgado-Mendialdúa, Estefania 

Moreno, Araceli Bergadà-Martínez, Alexander Hoffman, Irene 

Manzanares-Sierra, Arnau Busquets-Garcia, Vicent Casadó, Carl 

Lupica, Rafael Maldonado, Andrés Ozaita 

 

 

 

 

 

bioRxiv 2021.05.31.446448; doi: 

https://doi.org/10.1101/2021.05.31.446448 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1101/2021.05.31.446448


 
 

290 
 

Galera-López L, Salgado-Mendialdúa V, Moreno E, Bergadà-

Martínez A, Manzanares-Sierra I, Busquets-Garcia A, Casadó V, 

Hoffman A, Lupica C, Maldonado R, Ozaita A. A low repeated dose 

of Δ9-tetrahydrocannabinol affects memory performance through 

serotonergic signalling in mice. bioRxiv 2021.05.31.446448; doi: 

https://doi.org/10.1101/2021.05.31.446448 

 

 

 



 
 

291 
 

 



 
 

292 
 

 



 
 

293 
 

 



 
 

294 
 

 



 
 

295 
 

 



 
 

296 
 

 



 
 

297 
 

 



 
 

298 
 

 



 
 

299 
 

 



 
 

300 
 

 



 
 

301 
 

 



 
 

302 
 

 



 
 

303 
 

 



 
 

304 
 

 



 
 

305 
 

 



 
 

306 
 

 



 
 

307 
 

 



 
 

308 
 

 



 
 

309 
 

 



 
 

310 
 

 



 
 

311 
 

 



 
 

312 
 

 



 
 

313 
 

 



 
 

314 
 

 



 
 

315 
 

 



 
 

316 
 

 



 
 

317 
 

 



 
 

318 
 

 



 
 

319 
 

 



 
 

320 
 

 



 
 

321 
 

 



 
 

322 
 

 



 
 

323 
 

 



 
 

324 
 

 



 
 

325 
 

 



 
 

326 
 

 



 
 

327 
 

 



 
 

328 
 

 



 
 

329 
 

 



 
 

330 
 

 



 
 

331 
 

 



 
 

332 
 

 



 
 

333 
 

 



 
 

334 
 

 



 
 

335 
 

 



 
 

336 
 

 



 
 

337 
 

 



 
 

338 
 

 



 
 

339 
 

 



 
 

340 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

341 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Toda historia tiene un gran final. Y en la vida, un final es el 

comienzo de algo NUEVO 
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