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Abstract 

Cannabis is the most consumed illicit drug worldwide. Its principal psychoactive 

component, Δ9-tetrahydrocannabinol (THC), affects multiple brain functions, including 

cognitive performance, by modulating cannabinoid type-1 (CB1) receptors. These 

receptors are strongly enriched in presynaptic terminals, where they modulate 

neurotransmitter release. We analyzed, through a proteomic screening of hippocampal 

synaptosomal fractions, those proteins and pathways modulated 3 hours after a single 

administration of an amnesic dose of THC (10 mg/kg, i.p.). Using an isobaric labeling 

approach, we identified 2,040 proteins, 1,911 of them previously reported in synaptic 

proteomes, confirming the synaptic content enrichment of the samples. Initial analysis 

revealed a significant alteration of 122 proteins, where 42 increased and 80 decreased 

their expression. Gene set enrichment analysis indicated an over-representation of 

mitochondrial associated functions and cellular metabolic processes. A second analysis 

focusing on extreme changes revealed 28 proteins with altered expression after THC 

treatment, 15 of them up-regulated and 13 down-regulated. Using a network topology-

based scoring algorithm we identified those proteins in the mouse proteome with the 

greatest association to the 28 modulated proteins. This analysis pinpointed a significant 

alteration of the proteasome function, since top scoring proteins were related to the 

proteasome system (PS), a protein complex involved in ATP-dependent protein 

degradation. In this regard, we observed that THC decreases 20S proteasome 

chymotrypsin-like protease activity in the hippocampus. Our data describe for the first 

time the modulation of the PS in the hippocampus following THC administration under 

amnesic conditions that may contribute to an aberrant plasticity at synapses. 

Keywords: THC, cannabinoid, synaptic proteome, proteasome, hippocampus, 

proteostasis  
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1. Introduction 

Cannabis sativa preparations are broadly consumed for recreational purposes 

worldwide [1,2]. In addition, their use in medicinal forms is currently under close 

scrutiny [3]. ∆9-tetrahydrocannabinol (THC) is the main psychoactive compound in 

cannabis preparations [4,5], acting as a partial agonist of cannabinoid type-1 (CB1) and 

cannabinoid type-2 (CB2) receptors, the principal receptors of the endocannabinoid 

system [5,6]. CB1 receptors are the most abundant cannabinoid receptors in the brain 

[7]. These receptors have been localized at presynaptic terminals [8] where they 

modulate the release of different neurotransmitters based on the local synaptic activity 

of endocannabinoids, which are lipid messengers working as endogenous agonists 

[9,10]. CB1 receptors have also been described in mitochondria where they modulate 

energy metabolism [11,12]. THC administration, acting through CB1 receptors, affects 

cognitive performance in preclinical and clinical studies [13,14]. The hippocampus, a 

key brain area for learning and memory, is a relevant target for this deleterious effect of 

THC on memory performance, since its intrahippocampal administration reproduces the 

spatial memory deficits caused by systemic THC administration [15]. This amnesic-like 

effect of THC is mediated by CB1 receptors as it can be prevented by an 

intrahippocampal injection of a CB1 receptor antagonist [16]. 

At the biochemical level, THC administration, at doses that produce amnesic-like 

effects, enhances the activity of several signaling pathways such as the 

phosphatidylinositol-3-kinase (PI3K)/Akt pathway and the mammalian target of 

rapamycin (mTOR) pathway, and increases translation initiation landmarks [17–19]. 

These signaling pathways have been involved in synaptic plasticity processes [20]. 

Paradoxically, the activation of TORC1 and protein synthesis, under physiological 

conditions, is necessary for long-term forms of synaptic plasticity [21–23], contributing 
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to strengthening synaptic connections necessary for memory storage [24]. At the 

mitochondrial level, THC reduces the activity of electron transport chain complexes 

[25]. Moreover, THC also reduces cellular respiration by inhibiting protein kinase A 

(PKA)-dependent phosphorylation of specific subunits of the mitochondrial electron 

transport system. Finally, mitochondrial CB1R (mtCB1R) was found to mediate the 

working memory impairment produced by cannabinoids, linking mitochondrial activity 

deregulation to the cognitive alterations produced by THC [26]. Thus, THC affects the 

fine balance between synaptic plasticity and metabolic pathways necessary for memory 

formation.  

In order to study this effect of THC on protein expression, we analyzed the hippocampal 

synaptosomal proteome shortly after a single administration of an amnesic dose of 

THC. Analysis of the modulated proteins revealed a preponderant representation of 

cellular metabolism-associated pathways. Additional analysis pointed to the proteasome 

system (PS), which activity was affected by THC. These results reveal a relevant short-

term effect of THC on hippocampal metabolic processes and a further imbalance in the 

mechanisms of proteostasis that may contribute to the deleterious effects of THC on 

cognition.  
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2. Materials and Methods 

2.1. Animals 

Adult 3-months-old male C57BL/6J mice weighting 22-25 g were used. Animals were 

located in cages of 4 in a controlled temperature (21 ± 1ºC) and humidity environment 

(55 ± 10%). They had access to water and food ad libitum. Lighting cycle of 12-h was 

maintained (from 8:00 h to 20:00 h). 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). 

 

2.2. Chemicals and reagents 

THC was purchased from THC Pharm GmbH (Frankfurt, Germany); ethanol, NaCl, 

sucrose and glycerol were purchased from Merck (Madrid, Spain); cremophor EL®, 

CaCl2, KCl, NaHCO3, MgCl2, glucose, HEPES, NaPyro, NaF, NaOrth, beta-

glycerolphosphate, leupeptin, aprotinin, pepstatin, phenylmethylsulfonyl fluoride, 

triethylammonium bicarbonate buffer, Bovine Serum Albumine (BSA), sodium dodecyl 

sulfate (SDS), Ethylenediaminetetraacetic acid (EDTA), anti-αtubulin and anti-

synaptophysin were purchased from Sigma-Aldrich/Merck (Madrid, Spain); Tris-HCl, 

Tween-20, nitrocellulose membranes, DC-micro protein assay were purchased from 

Bio-Rad (Madrid, Spain); KH2PO was purchased from Fluka (Madrid, Spain); 

acetonitrile, formic acid, tag-6 (TMT-6) reagents, nanospray source, Ultramark 1621 

were purchaded from ThermoFisher Scientific (Madrid, Spain); trypsin was purchased 

from Promega (Madrid, Spain); Anti-GSK3β and anti-PSD95 were purchased from Cell 
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Signalling Technologies (Beverly, MA, USA); anti-mGluR5 was purchased from 

Millipore/Chemicon (Darmstadt, Germany); anti-Rpt6 was purchased from Enzo Life 

Science (Farmingdale, NY, USA); anti-Psmd14 was purchased from Abcam 

(Cambridge, MA, USA); anti-GAPDH was purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA). 

 

2.3. Drugs and treatments 

Δ9-tetrahydrocannabinol (THC) was dissolved in vehicle solution (5% ethanol : 5% 

cremophor EL® : 90% saline). THC (10 mg/kg), or its vehicle, was administered 

intraperitoneally (i.p.) in a volume of 10 mL/kg. Hippocampal tissues were dissected 3 

h after THC of vehicle injection for further analysis. 

 

2.4. Sample preparation 

Synaptosome preparation: Fresh 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 

synaptosome 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). An aliquot of this crude 

homogenate fraction (H) was used in the synaptic enrichment characterization displayed 

on Fig. 1A. This crude homogenate was centrifuged for 1 min at 2,000 xg, 4 ºC, the 

supernatant was recovered (S1) and the pellet resuspended in 1 mL of synaptosome 

lysis buffer for further centrifugation (1 min at 2,000 xg, 4 ºC). This second supernatant 
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(S2) was recovered and combined with S1. Total supernatant (S1+S2) was passed 

through a 10 μm nitrocellulose filter and centrifuged for 1 min at 4,000 xg, 4 ºC to attain 

the supernatant (S3). S3 was transferred to a new tube and centrifuged for 4 min at 

14,000 xg, 4 ºC. This final supernatant (S4) was discarded and the pellet was used as the 

synaptosomal fraction. An aliquot of this synaptosomal fraction (S) was used in the 

synaptic enrichment characterization displayed on Fig. 1A. 

For proteomic analysis the synaptosomal fraction was re-suspended in 4% SDS, 0.1 M 

HEPES (pH=8.5). For immunoblot analysis the synaptosomal fraction was resuspended 

in 150 μL of synaptosome lysis buffer. All the procedure was carried out in cold. 

Protein concentration was measured with DC-micro protein assay (Bio Rad). 

Total homogenate: Fresh hippocampal tissue was dounce-homogenized by 20 strokes 

with a loose pestle and 20 strokes with a tight pestle in 30 volumes of lysis buffer (150 

mM NaCl, 10 % glycerol, 1 mM EDTA, 1 % TX-100, 50 mM Tris-HCl pH 7.4) with 

phosphatase and protease inhibitors (see above). Homogenate was mixed for 10 min at 

4 ºC and then centrifuged 20 min at 16,100 xg, 4 ºC. Supernatants were recovered for 

further analysis. All the procedure was carried out in cold. Protein concentration was 

assessed by DC-micro protein assay (Bio Rad). 

 

2.5. Tandem mass tag analysis 

Synaptosomal 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 together. Protein concentration of the THC-pooled sample and the 

vehicle-pooled sample were measured using DC-micro protein assay (Bio-Rad). Two 
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samples from each pool (100 µg 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 [27]. Peptides generated in the digestion for all 4 samples were desalted with 

an Oasis Hydrophilic-Lipophilic-Balanced (HLB) cartridge (Waters, Mildford, MA, 

USA), evaporated to dryness, dissolved in 0.5 M triethylammonium bicarbonate buffer 

and labeled with tandem mass tag-6 (TMT-6) reagents (ThermoFischer 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 [27]. Fractions were passed through 

nanoLC in aEasyLC system (Proxeon-ThermoFisher Scientific) before running them on 

a Linear Trap Quadropole (LTQ) Orbitrap Velos (ThermoFisher Scientific) fitted with a 

nanospray source (ThermoFisher Scientific). Peptides were separated in a reverse phase 

column, 75 μm x 150 mm (Nikkyo Technos Co., Ltd., Tokyo, Japan) using a 5 to 35% 

gradient of acetonitrile with 0.1% formic acid at 0.3 µL/min for 120 min. LTQ-Orbitrap 

Velos was operated in positive ion mode with 2.2 kV nanospray voltage and source 

temperature at 325 °C. For external and internal calibration of the instrument we used 

Ultramark 1621 and the background polysiloxane ion signal at m/z 445.1200, 
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respectively. Experiments were run on the data-dependent acquisition (DDA) mode of 

the instrument. Full MS scans were acquired over a mass range of m/z 350-2,000 with 

60,000 resolution setting for the Orbitrap mass analyzer. High energy collision 

dissociation (HCD) originated fragment ion spectra for the mass range of m/z 100-2,000 

were acquired in the Orbitrap mass analyzer with 7,500 resolution setting. In each cycle 

of DDA analysis, after 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 Scientific). Mascot® v2.3 (Matrix Science Ltd., London, 

UK) was used as search engine against a mouse SwissProt database that included the 

most common contaminants. Settings included carbamidomethylation for cysteines, 

TMT for Lys and N-terminal as fixed modification, and N-terminal acetylation and 

methionine oxidation as variable modifications. Peptide tolerance was 7 ppm in MS and 

20 mmu in MS/MS mode. The maximum number of missed cleavages was 3. Peptides 

with a FDR (False Discovery rate) lower than 5% were discarded and only proteins 

containing at least two spectra were used for subsequent quantification.  

 

2.6. Analysis of synaptosomal proteome 

The obtained hippocampal synaptosomal proteome was compared with several well-

established synaptosomal, pre- and postsynaptic proteomes and a highly pure 

postsynaptic density (PSD) proteome obtained in the Bayés’ laboratory [28–39]. 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- 
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and postsynaptic proteomes or in any synaptosomal proteome; (ii) postsynaptic, when 

absent from presynaptic proteomes; and (iii) presynaptic, when absent from 

postsynaptic proteomes. 

 

2.7. 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 [40,41]. It 

consisted in pairing the determinations in each THC sample (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. 

 

2.8. Network-based analysis of mouse proteome 

A mouse interactome containing known physical interactions between mouse proteins 

was created by integrating data from IntAct [42], BioGRID [43], DIP [44] and HPRD 

[45] using the BIANA software [46]. In BIANA, we merged protein interactions in 
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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 [47], 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 

[48]. The data and links of tools used in the network-based analysis are available online 

at http://sbi.upf.edu/data/cannabinoid_effects/. 

 

2.9. Immunoblot 

Twenty five micrograms of hippocampal homogenate protein or 10 μg of synaptosomal 

protein were separated in 10% SDS-polyacrylamide gel and then transferred by 

electrophoresis onto nitrocellulose membranes (Bio-Rad). 

Membranes were blocked in 3% bovine serum albumin (BSA) dissolved in with TBS-T  

(100 mM NaCl, 0.1% Tween-20, 10 mM Tris, pH 7.4) for 1 hour at RT. Then, 

membranes were incubated during 2h with primary antibodies: anti-αtubulin (mouse 

monoclonal, 1:15,000), anti-GSK3β (rabbit monoclonal, 1:800), anti-PSD95 (rabbit 
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polyclonal, 1:500), anti-mGluR5 (rabbit polyclonal, 1:800), anti-synaptophysin (mouse 

monoclonal, 1:800); anti-Rpt6 (mouse monoclonal, 1:800); anti-Psmd14 (rabbit 

monoclonal, 1:1,000); anti-GAPDH (mouse monoclonal, 1:12,000, used as 

housekeeping control). Afterwards, membranes were washed three times, 4 minutes 

each, with T-TBS, and later incubated for 1 hour with horseradish peroxidase-

conjugated anti-rabbit or anti-mouse antibodies (Pierce, diluted 1:5,000 and 1:10,000, 

respectively). Images of immunoreactive bands were acquire on a ChemiDoc XRS 

System (Bio-Rad) and quantified by The Quantity One software v4.6.3 (Bio-Rad). 

 

2.10. 20S proteasome activity assay 

Hippocampal 20S proteasome activity 3 h 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 min 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. 

 

2.11. Statistical analysis 

Immunoblot and proteasome activity data were expressed as percentage of the control 

group ± standard deviation of the mean (SD). Data (vehicle vs. THC) were analyzed 

by Student’s t-test. Differences were considered significant at p<0.05.  
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3. Results 

3.1. Proteomic validation of synaptosomal enriched fractions 

We performed a proteomic analysis of hippocampal synaptosomal fractions to obtain 

insights on the protein status after an acute exposure to an amnesic dose of THC (10 

mg/kg, i.p.). Immunoblot experiments comparing equal amounts of protein of a crude 

homogenate fraction (H) and a synaptosomal fraction (S) obtained after subcellular 

fractionation from the same crude homogenate originated from a single hippocampus 

(see methods), showed that this synaptosomal fraction was enriched in presynaptic 

markers (synaptophysin) and postsynaptic markers (PSD95 and mGluR5) compared to 

cytosolic and microtubule proteins such as GSK3β or α-tubulin, respectively, that were 

underrepresented (Fig 1A). 

Proteomic analysis with tandem mass tagging (TMT) [49] was performed to quantify 

synaptosomal proteins 3 h after THC treatment. This approach identified 2,040 proteins 

common to control and treated animals. The obtained synaptosomal proteome was first 

contrasted with eleven different well-established synaptic proteomes to confirm 

synaptic enrichment of the sample. Synaptic proteomes were obtained from either 

synaptosomes, postsynaptic densities (PSDs), synaptic vesicles (SVs) or the presynaptic 

active zone (AZ) [28,29,31–36,38,39]. We observed that 1,912 proteins out of the 2,040 

(94%) were found in at least one of these reference proteomes. Further analysis revealed 

that most proteins were common to pre- and postsynaptic sites (60%), followed by 

PSD-specific proteins (37.3%), while only 2.7% of all proteins were presynaptic-

specific (Fig 1B). 

 

3.2. THC modulates the proteome content in the hippocampal synaptosomal fraction 
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Differential expression analysis was conducted using two alternative approaches: a 

group-wise and an individual-wise analysis (see methods). The differential expression 

study using the group-wise analysis (Fig 2A) revealed a significant (q-value < 0.05) 

alteration in the relative levels of 122 proteins, 42 increased and 80 decreased their 

expression (Fig 2B). Among these proteins, 112 proteins had been previously classified 

as synaptic proteins. Specifically, 71 of these proteins (58.2%) are considered general 

synaptic proteins, 39 (32%) are classified exclusively as PSD proteins, and 2 (1.6%) are 

located exclusively in the presynaptic compartment (Fig 2C). 

We used the 122 proteins from the group-wise analysis as seeds for a network-based 

analysis. Then, we ran GUILD software [47] to score all the proteins in the mouse 

interactome based on their topological connections in the network with respect to the 

seeds (differentially expressed proteins). Then, we checked the functional enrichment of 

the top 150 highest-scoring proteins. Functional enrichment analysis showed a 

significant over-representation of metabolic processes involving mitochondrial 

physiology and cellular respiration, as well as cytoskeletal reorganization pathways (see 

Table 1).  

We additionally performed a differential expression study using the individual-wise 

analysis. This approach revealed a pool of 28 proteins that consistently appeared at the 

extremes of the normal distribution of the data (z-score < 0.05 and > 0.95) (Fig 3A). 

These proteins were distributed among the different categories as follows: synaptic 

proteins (7 proteins, 25%; Increased: Tmsb4x, Rab8b, D430041D05Rik; Decreased: 

Timm8a1, Mtch1, Sel1l, Atp5j); pre-synaptic specific-proteins (1 protein, 3.6%; 

Decreased: Cox5a); postsynaptic specific proteins (10 proteins, 35.7%; Increased: Sfn, 

Krt6a, Krt42, Krt16, Dsp, Clic4; Decreased: Arsb, Mecr, Psmd14); proteins not listed in 

the reference proteomes (10 proteins, 35.7%; Increased: Arfip1, Atg4b, H2afz, Lsm4, 
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Ubxn8; Decreased: Nrgn, Riok1, Sirpb1c, Try10, Tmem44) (Fig 3B). We then 

performed a network-based analysis using those 28 proteins as seeds, and we checked 

the functional enrichment of top 150 highest-scoring proteins (see Table 2). Functional 

enrichment analysis revealed the proteasome complex as the top significantly enriched 

function (adjusted p-value < 0.05). To investigate whether the observed effect was 

originated either from up- or down- regulated proteins modulated by THC, we repeated 

the bioinformatics analysis using either the up-regulated or the down-regulated seeds 

separately. In this case, the proteasome system (PS) was only highlighted when down-

regulated proteins were used as seeds. 

 

3.3. THC administration decreases proteasome activity in the hippocampus 

In order to address whether THC was affecting PS components in hippocampus we 

assessed by immunoblot the expression of two relevant components of the 19S particle 

[50]: Psmd14, down-regulated in our proteomics experiment, and Rpt6, a key 

component for proteasome activation [51]. Hippocampal samples from mice treated 

with THC revealed a slight but non-significant reduction in both Psmd14 (VEH: 100 ± 

7.2 (n = 6), THC: 86.9 ± 7.6 (n = 6), t(10) = 1.23, p = 0.25) and Rpt6 (VEH: 100 ± 8.7 

(n = 6), THC: 84.7 ± 12.6 (n = 6), t(10) = 0.99, p = 0.34) subunits referred to the 

housekeeping control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Fig 4A). 

Alternatively, we analyzed 20S proteasome activity in hippocampal samples obtained 

after THC or vehicle treatment using an in vitro assay. For this purpose, protein 

homogenates obtained from hippocampal tissues collected 3 h after treatment were 

incubated with the proteasome substrate LLVY-AMC. Under these conditions of THC 

treatment, there was a significant decrease in 20S proteasome activity (VEH: 100 ± 4.5 
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(n = 6), THC: 65.9 ± 4.8 (n = 6), t(10) = 5.1, p < 0.001) (Fig 4B). These data support a 

strong modulation of the PS activity in the hippocampus, an effect of THC 

administration that has not been yet identified.  
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4. Discussion 

Our study reveals the impact of THC administration on the hippocampal synaptosomal 

proteome highlighting its effect on metabolic pathways, and the proteasome system, 

both relevant to synaptic function. The synapse, considered the functional unit of the 

brain, is a metabolically-demanding subcellular structure dynamically regulated to 

respond to local signals. These local cues can result in dramatic changes in morphology 

and signaling characteristics, contributing to the plastic features associated to their 

function in the continuously remodeling of neuronal circuits [52,53].  

In this study, we revealed that a single exposure to an amnesic dose of THC changed in 

the hippocampus the expression of 122 proteins, 80 up-regulated and 42 down-

regulated, in a time window of 3 h. Further analysis confirmed that most of the proteins 

obtained were previously observed in synaptic proteomes. This result, together with the 

immunoblot comparison between synaptosomes and homogenate samples strengthened 

the fact that we were working truly with synaptosomal samples. On the other hand, the 

finding that THC modified the expression of 122 synaptic proteins, in such a short 

period of time, endorsed the view of an effect on protein translation and homeostasis. 

Subsequent gene-network analysis using the 122 proteins significantly modified by 

THC clearly pointed to a role of metabolic processes, which have been directly 

associated to neuroplasticity [54]. These results are in agreement with previous research 

showing that THC alters oxidative metabolism in brain samples [55]. Although these 

effects had been interpreted as a sign of neuronal damage [56,57], the recent 

identification of CB1 receptors in mitochondria led to the discovery of a possible new 

mechanism underlying THC effects. Thus, it was described how THC decreases 

mitochondrial activity and how this effect was linked to impairments in memory 
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function [26,58]. Moreover, signaling pathways acutely activated by THC at amnesic 

doses, such as the PI3K/Akt/GSK-3 pathway [19] have been found relevant for 

mitochondria functioning [59,60]. Therefore, our data are in agreement with previous 

observations and further support a relevant role of THC at modulating synaptic 

metabolism. 

The individual-wise analysis of the proteomic data allowed to uncover an additional 

relevant pathway that could be also altered by THC. Taking into consideration those 

common extreme alterations observed after THC administration, we obtained a reduced 

number of seeds for a second protein network-based analysis. Functional enrichment 

analysis using the top scoring proteins revealed that the proteasome complex was 

perturbed by THC administration. This result was also obtained using only the down-

regulated seeds, indicating a possible drop in PS functioning. Recently, the significance 

of proper PS activity in synaptic plasticity and memory has been put forward [61–63], 

and therefore it is plausible that THC may impact memory function by affecting the PS. 

In this regard, the PS is the major system of protein degradation machinery in 

eukaryotes, and there is growing evidence that proper protein degradation is as 

important as protein synthesis for memory formation [64,65]. The PS needs a fine 

regulation and adequate functioning of its regulatory subunits [66]. In this sense, 

Psmd14 (also known as Rpn11 or Poh1), is a crucial regulatory non-ATPase sub-unit 

from the 19S proteasome in charge of deubiquitinating substrates by cleavage of Lys-

63-linked poly-ubitiquin chains [61]. Importantly, only deubiquitinated proteins can be 

processed by the 20S PS [67,68]. Indeed, deubiquitinases have been previously found to 

have a relevant role in synaptic function and proteostasis [62,69]. Rpt6 (a 19S AAA-

ATPase) is also essential for proteasome activity as it was described to be necessary for 

proteasome activation and translocation to dendrites [51,70] as well as for synaptic 
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strength [71]. While immunoblot data only showed non-significant decreases in the 

expression of these PS relevant subunits after THC, we observed a significant decrease 

in 20S PS activity 3 h after THC administration pointing to a reduction in PS 

functionality mediated by THC. We cannot discard an interrelation between the main 

effects of THC pinpointed in this study, the modification of metabolic processes and the 

reduction of PS activity, given the significant ATP-dependence of the PS activity 

[72,73]. 

Notably, considering the THC-mediated decrease of PS activity in the hippocampus, 

which may be inter-related with the decrease in synaptic metabolism, together with 

previous observations that a similar dose of THC increases TORC1 signaling and 

protein synthesis in the hippocampus [17,18], lead to hypothesize a possible general 

imbalance in hippocampal synaptic proteostasis that may underlie an aberrant plasticity. 

This plasticity impairment prevent proper long-term plasticity leading to the amnesic 

effect of THC [74].  

Altogether, this study supports a relevant effect of THC on synaptic metabolic processes 

and identifies for the first time, to the best of our knowledge, the synaptic PS as a novel 

mediator of the responses associated to a single administration of an amnesic dose of 

THC. Alterations in PS activity resulting from THC administration may contribute to 

the disruptive action of marijuana intoxication on learning and memory since it would 

either alter proteostasis networks or decrease other functional roles of the PS. 

Additional studies are warrant to understand the features of synaptic proteostasis 

alterations by THC which may underlie synaptic dysfunction and cognitive impairment. 
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Figure legends 

Figure 1. Validation of synaptosomes enriched samples. A) Characterization of 

synaptosomal preparation through immunoblot. Representative immunoblot and relative 

quantification of synaptic and cytosolic proteins (10 µg of protein per lane) in crude 

homogenate fraction (H) and synaptosomal fraction (S). Synaptic enrichment (left 

panel) for each immunodetected protein was calculated using the following formula: 

(ImmS – ImmH) / (ImmS + ImmH), where ImmS and ImmH were the immunoreactive 

densities for each protein in each S and H sample obtained in parallel from 4 

hippocampi (each preparation represented by a different symbol for every protein 

detected). Positive values denote enrichment of a given protein in synaptosomes while 

negative values denoted reduced distribution in synaptosomes. B) Characterization of 

the synaptosomal proteome. Out of 2,040 identified proteins, 1,911 (94%) were 

previously described in the reference proteomes. From this 94% synaptic proteins 60% 

were described as both pre- and postsynaptic proteins, 37.3% were described in PSD-

specific proteomes, and 2.7% were characterized in presynaptic-specific proteomes. 

Blue color represents proteins already listed in reference proteomes while yellow color 

represents proteins not listed before in synaptic proteomes. 

 

Figure 2. Group-wise analysis. A) Schematic drawing of the analysis performed. Fold-

change and q-values were calculated using the vehicle samples as reference. The 

proteins with q-value below 0.05 were selected as significantly modulated proteins and 

used as seeds to run the network-based scoring algorithm GUILD. B) Volcano plot for 

the group-wise analysis after acute THC treatment. Orange dots represent protein 

distribution of significant alterations after THC administration (q-value < 0.05). C) 
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Localization of the 122 significantly modified proteins in the group-wise analysis. 

Among those proteins previously identified in synaptic proteomes, 71 (58.2%) had been 

described in pre- and postsynaptic proteomes, 39 (32%) were described specifically in 

PSD proteomes, 2 (1.6%) were described in pre-synaptic proteomes and 10 (8.2%) were 

not listed in the reference proteomes.  

 

Figure 3. Individual-wise analysis. A) Schematic drawing of the analysis performed. 

THC samples were paired with vehicle samples and the proteins located in the extremes 

of the distributions were selected as significantly modulated. The proteins in 

intersection between the modulated proteins of all the distributions were used as seeds 

to run the network-based scoring algorithm GUILD and to obtain a ranking of the 

proteins in the mouse interactome that were in the neighborhood of the modulated 

proteins. A subnetwork of the top-150 highest-scoring proteins is represented, where a 

cluster of proteasome-associated proteins can be observed. B) Localization of the 28 

proteins obtained in the intersection of all 4 potential comparisons (T1/V1, T1/V2, 

T2/V1, T2/V2). The extremes were defined using z-score < -2 and > 2. Among the 28 

proteins, 7 (25%) were described as pre- and postsynaptic proteins (Up-regulated: 

Tmsb4x, Rab8b, D430041D05Rik; Down-regulated: Timm8a1, Mtch1, Sel1l, Atp5j); 

only 1 protein (3.6%) was considered specifically presynaptic (Down-regulated: 

Cox5a); 10 (35.7%) were considered specifically postsynaptic proteins (Up-regulated: 

Sfn, Krt6a, Krt42, Krt16, Dsp, Clic4; Down-regulated: Arsb, Mecr, Psmd14); finally, 10 

(35.7%) proteins were not listed in the reference proteomes (Up-regulated: Arfip1, 

Atg4b, H2afz, Lsm4, Ubxn8; Down-regulated: Nrgn, Riok1, Sirpb1c, Try10, Tmem44). 
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Figure 4. THC affects the proteasome activity in the hippocampus. Mice (n = 6-8 

per group) were treated with THC 10mg/kg 3 h before hippocampal tissues were 

dissected for analysis. (A) Immunoblot shows that THC treatment produced a non-

significant decrease in the expression of Psmd14 and Rpt6 (n=6 per group). (B) 

Proteasome 20S chymotrypsin-like activity is decreased in animals that received THC 3 

h after treatment compared to controls (n=8 per group). Dots indicate individual 

measures. Data are expressed as average ± S.D. *** p < 0.001 compared to vehicle 

control.  
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