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Abstract
Finding a therapy for Alzheimer’s disease (AD) is perhaps the greatest challenge for modern medicine. The chemical scaffolds of
many drugs in the clinic today are based upon natural products from plants, yet Cannabis has not been extensively examined as a
source of potential AD drug candidates. Here, we determine if a number of non-psychoactive cannabinoids are neuroprotective in
a novel pre-clinical AD and neurodegeneration drug-screening platform that is based upon toxicities associated with the aging
brain. This drug discovery paradigm has yielded several compounds in or approaching clinical trials for AD. Eleven cannabinoids
were assayed for neuroprotection in assays that recapitulate proteotoxicity, loss of trophic support, oxidative stress, energy loss,
and inflammation. These compounds were also assayed for their ability to remove intraneuronal amyloid and subjected to a
structure-activity relationship analysis. Pairwise combinations were assayed for their ability to synergize to produce neuropro-
tective effects that were greater than additive. Nine of the 11 cannabinoids have the ability to protect cells in four distinct
phenotypic neurodegeneration screening assays, including those using neurons that lack CB1 and CB2 receptors. They are able
to remove intraneuronal Aβ, reduce oxidative damage, and protect from the loss of energy or trophic support. Structure-activity
relationship (SAR) data show that functional antioxidant groups such as aromatic hydroxyls are necessary but not sufficient for
neuroprotection. Therefore, there is a need to focus upon CB1 agonists that have these functionalities if neuroprotection is the
goal. Pairwise combinations of THC and CBN lead to a synergistic neuroprotective interaction. Together, these results signifi-
cantly extend the published data by showing that non-psychoactive cannabinoids are potential lead drug candidates for AD and
other neurodegenerative diseases.
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Background

Alzheimer’s disease (AD) is the most common form of de-
mentia, affecting over 50 million people worldwide. This
number is expected to exceed 130 million by 2050 [1].
There are, however, no therapies that reduce the rate of pro-
gression of AD or any other old age-associated neurodegen-
erative disease. There are likely many reasons for this failure,
including the complexity of the diseases and their association
with their greatest risk factor, old age. Another contributory
factor is the insistence of drug developers to focus on pre-
selected molecular targets, usually associated with very rare,
genetic forms of the disease. With AD, most drug candidates
have been directed against components of the amyloid cas-
cade that are genetically linked to familial Alzheimer’s disease
(FAD). To date, all of the drug candidates involving this path-
way have failed in the clinic [2].

In contrast to this targeted approach, the chemical scaffolds
for the majority of drugs in the clinic today were derived from
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plants and were initially discovered by phenotypic screening
[3]. This process is defined as drug screening in cellular or
animal disease models that mimic aspects of the human dis-
ease with the goal of preventing the disease phenotype. It does
not require prior knowledge of the drug target.

Cannabis once held a prominent position in medicine, but
due to political and social factors, it is currently understudied
in the context of AD drug discovery.Cannabis contains nearly
500 compounds, many unique to the plant, including over 100
cannabinoids [4]. These compounds are particularly interest-
ing for medicine because the activities of some cannabinoids
very likely overlap with endocannabinoids, an incompletely
understood group of endogenous compounds with receptors
involved in multiple aspects of cellular physiology [5–7].
Therefore, many potential therapeutic uses for the compounds
in Cannabis remain undiscovered.

Proteotoxicity is associated with aging in all organisms
from bacteria to humans [8]. Because neurons do not divide,
they have no mechanism to dilute aggregated proteins and are
therefore more vulnerable to proteotoxicity than dividing
cells. We have shown that when aggregated proteins are re-
moved from the fly brain by stimulating autophagy, the flies
live longer, while decreasing autophagy in the brain reduces
lifespan [9]. Therefore, proteotoxicity in the brain is not only
central to disease but also to lifespan.

MC65 is a human neuron-like cell line that is an excellent
model for proteotoxicity. It has an inducible plasmid that gen-
erates the C99 fragment of the amyloid precursor protein
(APP) upon the removal of tetracycline from the culture me-
dium. Aβ is produced by endogenous γ secretase, and the
cells die within a few days [10]. The parent cell line is SK-
N-MC from a human tumor and has an electrical membrane
typical of neurons [11]. This assay therefore recapitulates an
event, proteotoxicity, which occurs in all aging cells and spe-
cifically in AD. We have shown that when MC65 cells are
treated with THC during the induction of Aβ, the cells do not
accumulate the toxic peptide and do not die [12]. It has also
been shown that THC directly inhibits Aβ aggregation [13,
14], while cannabinoids reduce the amount of Aβ that accu-
mulates in the brains of transgenic hFAD mice [15, 16].

Although THC is effective at removing intraneuronal
Aβ, it has the social burden of being psychoactive. We
therefore asked if a group of pure, non-psychoactive can-
nabinoids have neuroprotective activity in a screening plat-
form used for AD drug discovery. We screened these com-
pounds in assays based upon toxicities associated with the
old brain, including proteotoxicity, loss of trophic support,
loss of energy, and oxidative stress [3]. We also examined
their effect on microglial inflammation. It is shown here
that over half of the cannabinoids that were studied were
very neuroprotective in these assays, and therefore have
the potential to be translated into the clinic for the treat-
ment of neurodegenerative diseases.

Methods

Reagents

All cannabinoids were purchased from Cayman Chemicals
under a Schedule 1 License from the DEA. The other
chemicals were from Sigma.

Cell Culture Assays

Assay Protocol The methodology for all of the cell culture
assays was the same. Initial compound screening was done
at least twice in triplicate between 10 μM and 250 nM using a
twofold serial dilution. Lower dilutions were used starting at
1 μM if required. The dose-response curves were plotted and
the EC50s determined as the concentration that inhibited the
death of 50% of the cells. The data in the tables is presented as
the average of triplicate assays. In most cases, the survival
ranged from 0 to 10% for control cells (no compound) and
90–100% for compound-treated cells. Concentrations that
were either toxic or had no effect at 10 μM are noted in the
tables, and these compounds were not studied further.

Intraneuronal Amyloid Toxicity The culture and induction of
C99 in MC65 cells was performed as previously described
[10, 17]. Briefly, cells were grown in the presence of tetracy-
cline. When tetracycline is removed, the cells are induced to
make the C99 fragment of APP that is then cleaved by γ
secretase to generate Aβ, which aggregates, and its toxicity
leads to cell death within 4 days.

Oxytosis AssayHT22 cells were plated at 2 × 103 cells per well
in 96-well tissue culture dishes in Dulbecco’s modified Eagle
medium (DMEM) plus 10% fetal calf serum (FCS). The fol-
lowing day, the test compounds were added in triplicate at
appropriate concentrations. Thirty minutes after compound
addition, 5 mM glutamate was added to initiate the cell death
cascade [3]. Twenty hours later, the MTT cell viability assay
was performed [3]. The results are presented as the percentage
of the control with vehicle alone that remain alive.

Energy Loss AssayHT22 cells were seeded onto 96-well tissue
culture dishes at a density of 5 × 103 cells per well in DMEM
plus 10% FCS. The next day, the medium was replaced with
DMEM supplemented with 7.5% FCS and the cells were
treated with 20 μM iodoacetic acid (IAA) and the compounds
[18]. After 2 h, the medium in each well was aspirated and
replaced with fresh medium without IAA but containing the
test compounds. Twenty hours later, viability was measured
by the MTT assay.

Trophic Factor Withdrawal Assay Primary cortical neurons
were prepared from 18-day-old rat embryos according to
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published procedures and cultured at a low cell density of 1 ×
106/35 mm dish in DMEM/F12 (2 ml) containing N2 supple-
ments (Invitrogen) and the compounds to be assayed [3].
Viability was assayed 2 days later using a fluorescent live-
dead assay (Molecular Probes, Eugene, OR, USA), and the
data is presented as the percentage of input cells surviving.

Inflammation Assay Inflammation was induced by bacterial
lipopolysaccharide (LPS) in the microglial cell line BV2 using
production of NO as a primary read-out. NO production was
measured in the presence or absence of the test compound
24 h after LPS addition using the Griess assay.

SDS-PAGE and Immunoblotting

Cultured cells were washed twice in cold phosphate-buffered
saline, scraped into lysis buffer, and proteins separated on
12% SDS-polyacrylamide gels [17]. The following primary
antibodies were used: beta amyloid (6E10; Wako) and actin
(Enzo Life Sciences).

RNA Analysis

RNAwas isolated from HT22 and MC65 cells using Qiagen
RNeasy Mini Kit (Qiagen). RNA-Seq libraries were prepared
using the Illumina TruSeq Stranded mRNA Sample Prep Kit
according to the manufacturer’s instructions. The libraries
were pooled and sequenced (single-end 50 bp) using the
HiSeq 2500 platform (Illumina).

Methylation of Cannabinol (CBN)

The chemical methylation was carried out as described. A
solution of CBN (10 mg, 0.032 mmol) was added to a mixture
of toluene (3 mL) and methanol (2 mL) with an excess of
trimethylsilyldiazomethane (TMSCHN2, 2 M in hexane,
0.5 mL, 1 mmol). The reaction solution was stirred at room
temperature for 16 h, and the solvent was evaporated with N2

gas. The residue was washed sequentially with methanol and
chloroform to yield cannabinol methyl ether (MCBN) with
over 95% purity as determined by ESI-Quadrupole-Orbitrap-
MS analysis and 1H and 13C NMR spectroscopic data.

Results

We have used a unique drug-screening platform to identify
natural products that are neuroprotective and then to do the
medicinal chemistry required to make the natural product into
a pharmacologically viable drug candidate when necessary.
As an initial attempt to identify neuroprotective compounds
in Cannabis, we screened 11 commercially available canna-
binoids and related compounds in the five major assays we

use for drug discovery [3]. These assays are outlined below.
The results are presented in Table 1 and the structures of the
compounds shown in Fig. 1. Representative dose-response
curves for two of the cannabinoids are shown in Fig. 2.

Oxidative stress is a major component of aging and is ele-
vated in AD [19]. Oxytosis is a programmed cell death path-
way in which glutamate inhibits the uptake of cystine into
neurons, thereby reducing the synthesis of glutathione, stim-
ulating mitochondrial ROS production, oxidative stress, the
influx of calcium, and ultimately cell death [20]. The standard
model for this screening assay is the HT22 mouse hippocam-
pal nerve cell line. The details of this cell death pathway have
been very well studied [for recent reviews see [20, 21]].
Oxytosis is distinct from excitotoxicity but identical to the
recently named ferroptosis pathway [22]. Oxytosis can be a
downstream result of excitotoxicity and morphological fea-
tures of oxytosis are found in the aging brain [23, 24].
Cannab id iva r in (CBDV) , cannab ige ro l (CBG) ,
cannabichromene (CBC), cannabinol (CBN), 8ΔTHC, the
acid (THCA), and cannabidiol (CBD) all prevented oxytosis
(Table 1; Fig. 2). Only cannabigerolic acid (CBGA), which is
universally toxic in all of our assays at 10 μM; cannabidiolic
acid (CBDA); and cannabidiol 2′,6′ dimethyl ether
(DMCBD), a synthetic CBD derivative and 15-lipoxygenase
inhibitor [25], were inactive.

To mimic the energy loss that occurs with aging and the
acute loss of ATP in stroke, we developed an assay in which
neurons are treated with iodoacetic acid, inhibiting glyceral-
dehyde 3-phosphate dehydrogenase, resulting in the loss of
ATP [18]. Neuroprotective compounds maintain ATP levels
and cell viability under these conditions [26]. All cannabi-
noids except CBGA and DMCBDwere able to sustain energy
metabolism in the absence of glycolysis (Table 1; Fig. 2).

The loss of trophic factors is a common feature of aging
and AD [27]. When embryonic neurons are removed from
their brain environment and put into tissue culture at low den-
sity, they lose their trophic support and die within 24 h.
Growth factors or compounds that activate growth factor path-
ways lead to cell survival. Thus, when E18 embryonic cortical
neurons are put into culture in the presence of increasing
amounts of a drug candidate, those that mimic growth factor
activity are neuroprotective [3]. All of the cannabinoids tested
except THCA, DMCBD, and CBGA are active in this assay
(Table 1; Fig. 2).

Compounds were also screened for their ability to suppress
the pro-inflammatory response of microglial cells to LPS.
Cannabinoids have anti-inflammatory activity in a variety of
conditions [28], and microglial cells express both CB1 and
CB2 receptors [29]. However, only CBD, DMCBD, CBGA,
and 9ΔTHC had EC50 values < 10 μM in this assay (Table 1).

Finally, proteotoxicity was assessed by inducing MC65
cells to generate the C99 fragment of the amyloid precursor
protein (APP) upon removal of tetracycline from the culture
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medium. As previously shown, 9ΔTHC was very effective at
preventing intracellular Aβ toxicity, as was another psycho-
active cannabinoid, 8ΔTHC, with EC50 values of 100 and

85 nM, respectively (Table 1). The biosynthetic precursor acid
form of THC, THCA, was toxic to the MC65 cells at 1 μM.
Seven non-psychoactive cannabinoids were also tested, and

Table 1 Biological activity of cannabinoids

No. Compound Oxytosis (EC50) Energy loss (EC50) Aβ toxicity (EC50) Trophic withdrawal (EC50) Inflammation (EC50)

1 9ΔTHCA 8 μM 20 μM – – > 10 μM

2 CBDA > 10 μM 500 nM 70 nM 120 nM > 10 μM

3 CBGA – – – – 9 μM

4 9ΔTHC 550 nM 500 nM 100 nM 430 nM 7 μM

5 DMCBD – – > 1 μM > 5 μM 9 μM

6 CBDV 1.1 μM 90 nM 100 nM 350 nM > 10 μM

7 8ΔTHC 400 nM 60 nM 85 nM 275 nM > 10 μM

8 CBG 1.9 μM 2 μM 80 nM > 1.5 μM > 10 μM

9 CBC 750 nM 750 nM 100 nM 200 nM > 10 μM

10 CBN 700 nM 300 nM 90 nM 120 nM > 10 μM

11 CBD 610 nM 200 nM 30 nM 75 nM 10 μM

Oxytosis and energy loss use HT22 cells; Aβ toxicity uses MC65 cells; trophic withdrawal uses primary neurons; inflammation uses BV2 microglia.
Toxicity at 10 μM is indicated by – . EC50s below 1 μM are in italics

EC50 50% of maximal protection; THCA tetrahydrocannabinol acid, CBDA cannabidiolic acid, CBGA cannabigerolic acid,Δ9 THC, CBD cannabidiol,
CBDV cannabidivarin, Δ8 THC, CBG cannabigerol, CBC cannabichromene, CBN cannabinol, DMCBD dimethyl cannabidiol

7722 Mol Neurobiol (2019) 56:7719–7730
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several of these were also very potent inhibitors of amyloid
toxicity. CBDV, CBC, CBN, CBDA, and CBD all prevented
amyloid toxicity at 100 nM or less (Table 1; Fig. 2).

Several of the cannabinoids prevent the death of human
MC65 neurons when applied at the same time as the cells
are induced to make C99 and Aβ. Cell death is caused by
the accumulation of amyloid inside the cells; none is secreted
[10]. To determine if the cannabinoids protect the cells by
preventing the accumulation of Aβ, the cells were induced
to make Aβ in the presence or absence of the cannabinoids
and after 2 days, all extracts were analyzed with an Aβ anti-
body that also recognizes the amyloid precursor protein
(APP). Figure 3 shows that THC, CBDV, CBG, CBC, CBN,
and CBD all block cell death and prevent the cells from accu-
mulating the highly aggregated Aβ seen at the top of the gel.
The 100-kD doublet in Fig. 3 is the amyloid precursor protein
APP, and the 37-kD protein is a non-specific band recognized
by the 6E10 antibody used to detect Aβ and APP.

To determine if the cannabinoids can also speed up the
degradation of preexisting amyloid, MC65 cells were induced
to make Aβ for 24 h. At this time (Fig. 4, lane I 24), one set of
cells was harvested, and both tetracycline, which stops C99
production, and a γ secretase inhibitor that inhibits Aβ cleav-
age from C99 (SI) were added to the remaining cultures. At
the same time, half of the cultures were exposed to the differ-
ent neuroprotective cannabinoids and the other half vehicle
alone. After another 24 h, all the cells were harvested.
Figure 4a, b shows by Western blotting that there were signif-
icantly lower levels of Aβ aggregates in the cannabinoid-

treated cultures as compared to the cultures where only Aβ
production was halted by the γ secretase inhibitor which rep-
resents spontaneous degradation. Thus, CBDV, CBG, CBC,
CBN, and CBD all have the ability to stimulate the degrada-
tion and removal of preformed, aggregated Aβ from neurons.

Fig. 2 Biological activities of
CBG and CBC. Each compound
was tested in triplicate at the
indicated concentrations as
described in the text. The average
cell viability is presented as a
function of the concentration. a
Oxytosis (HT22 cells). b Energy
loss (HT22 cells). c Aβ toxicity
(MC65 cells). d Loss of trophic
factor support (primary rat
cortical neurons)

Fig. 3 MC65 cells were induced (− tet) to make Aβ in the presence or
absence of 100 nM cannabinoid. Forty-eight hours later, the cells were
blotted with the 6E10 antibody that recognizes aggregated Aβ, as well as
APP and a non-specific band at ~ 37 kd



It is generally assumed that THC functions via its interac-
tion with the receptors CB1 or CB2, and that the non-
psychoactive cannabinoids interact with these same receptors
to a lesser extent, but also with other receptors [7]. However,
neither HT22 cells (oxytosis and energy depletion assays) nor
MC65 cells (proteotoxicity assay) express CB1 or CB2 recep-
tors, as determined by RNA-Seq (cutoff: average FPKM <
0.1) (not shown).

To gain insight into the structure-activity relationship
(SAR) of cannabinoids in neuroprotection, we screened a
number of agonists and antagonists of CB1 and CB2 in
MC65 and HT22 cells. Table 2 shows that some synthetic
CB1 agonists as well as the endocannabinoid AEA and its
analog AM404 are protective in MC65 cells, while two CB1
antagonists, AM281 and AM251, potentiate toxicity. The
structures of these compounds are shown in Figs. 5 and 6.
However, other potent CB1 and CB2 agonists like RCS-8
and MDA19 are completely inactive in MC65 cells. These
data support the observation that MC65 do not respond to
synthetic cannabinoids in a manner predicted for the involve-
ment of CB1 or CB2.

In contrast to the MC65 cells, the responses to both CB1
and CB2 receptor agonists and antagonists are somewhat
different in HT22 cells. For example, the CB2 agonists
WIN-55,212 and Q-3-carboxamide that are protective in
MC65 cells are ineffective in HT22 cells, and the CB1/2
agonists 2AG and arvanil that are also protective with
MC65 cells potentiate glutamate toxicity in HT22 cells.
However, AEA and an inhibitor of its breakdown,
UBR597, are protective in both assays, along with the
AEA analog AM404. These data further support the idea
that cannabinoids engage neuroprotective pathways that
are independent of CB1 and CB2, and that the mechanisms
responsible for the initiation of the protective response are
different between MC65 and HT22 cells.

An examination of the structure-activity relationship
among the compounds listed in Table 2 suggests that either
an aromatic hydroxyl group or a keto group is necessary but
not sufficient for the compound to be neuroprotective. Most of
the neuroprotective compounds in Table 2 have one of these
groups. Since JWH133, a Δ8-THC analogue without the aro-
matic hydroxyl group at the 1-position is completely inactive
in both assays, additional experiments were done to test the
hypothesis that aromatic hydroxyl groups are required for ac-
tivity. The aromatic hydroxyl group at the 1-position of CBN
was converted to a 1-methoxy, and the resulting methylated
CBN (MCBN) was examined. Table 2 shows that MCBN is
inactive in both assays. Two other potent CB1 agonists RCS-8
and MDA19 that lack aromatic hydroxyl groups are also in-
active. Moreover, Hu210 is a potent CB1 agonist, while its
enantiomer, Hu211, does not bind CB1 [30]; both are active in
our assays (Table 2). Hu211 is neuroprotective in stroke and is
a weak NMDA receptor antagonist [31]. These data further
support the idea that the ability of a compound to act as an
agonist for CB1 or CB2 receptors is not required for neuro-
protection in the two assays, and that the aromatic hydroxyl
groups play a critical role in the neuroprotective activity. The
neuroprotective compounds that have keto groups, such as
AM1241 and UBR597, all have hydrophobic domains distal
to the ketone. These hydrophobic components may function
as a membrane anchor for specific interactions of the com-
pounds with protein receptors/enzymes in cells and assist their
neuroprotective actions.

Endogenous cannabinoids such as 2AG and AEA have a
polyunsaturated 20-carbon chain derived from arachidonic
acid (ARA) (Fig. 6). This ARA chain is known to help main-
tain neuronal cell membrane fluidity [32], stimulate cell mem-
brane expansion [33], and protect from cellular oxidative
stress [34]. Impairment of ARA content in the brain may con-
tribute to neurodegenerative disorders such as AD [35]. We
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Fig. 4 The non-psychoactive cannabinoids CBDV, CBG, CBC, CBN,
and CBD all expedite the rate of removal of aggregated Aβ. MC65 cells
were induced to make Aβ for 24 h (I24) or non-induced (NI). At this
point, the cells were exposed to 100 nM cannabinoid, with or without tet
and a γ secretase inhibitor (SI) (1 μM). Cells were harvested 24 h later.

Six lanes were with tet and SI and 5 lanes with the 5 cannabinoids. For
statistics, all lanes were scanned for band density and the six control lanes
were compared to the five treated lanes. a Western blot with the 6E10
antibody. bBar graph of the quantifiedWestern blot data. CAN is the sum
of the cannabinoids



have previously shown that AEA exerts neuroprotection
against Aβ proteotoxicity and inflammation [12]. Table 2
shows that other endocannabinoids and their analogues like
2AG, R-1 methanandamide, arvanil, AM404, and NADA ef-
fectively protect from Aβ toxicity in MC65 cells (Table 2).
Interestingly, some of these endocannabinoid analogues also
contain aromatic hydroxyl groups. However, since 2AG and
arvanil potentiate toxicity in HT22 cells, it is likely that there
is a specificity to the mode of action in addition to a general
antioxidative effect.

The entourage effect is a concept arguing that a synergistic
interaction between compounds in Cannabis modulates the
human biological responses to the plant [36]. This concept is
primarily applied to the psychoactive effects of THC in con-
junction with additional compounds in the plant. While not
recapitulating the entourage effect, the heterogeneity of the
response to cannabinoids in neurons that lack CB1 and CB2
suggests that there may be an interaction between the different
cannabinoids in neuroprotection assays. This can be easily
tested by constructing a screening matrix on a 96-well tissue
culture dish in which the concentration of the first compound

is increased in one direction and the concentration of the sec-
ond is increased perpendicular to the first (Fig. 7). In the
oxytosis assay, HT22 cells are treated with glutamate and
nerve cell survival monitored 20 h later. The viability data
are then plotted in a three-dimensional diagram, and it is asked
if there is a synergistic or additive effect between two com-
pounds. Controls for additive effects are each compound vs
itself. With THC vs CBD there is a clear additive effect, but no
synergistic effect (Fig. 7a). In contrast, there is a large syner-
gistic (greater than additive) effect of THC vs. CBN (Fig. 7b).
These data show that combinations of cannabinoids can pos-
itively interact in the absence of CB1 and CB2 receptors in the
context of neuroprotection.

Discussion

The plant genus Cannabis consists of one species, sativa. It is
generally divided into three major varieties, those with high
9ΔTHC and low CBD (drug type), those with high CBD and
very little 9ΔTHC (fiber type) and an intermediate type with

Table 2 Pharmacology

MC65 HT22

Compounds MOA Activity EC50 Activity EC50

R-1 methanandamide CB1 agonist Protects 3 μM Protects 4 μM

2 AG CB1/2 agonist Protects 0.05 μM Potentiates 0.35 μM

Arvanil CB1 agonist Protects 0.4 μM Potentiates 0.1 μM

AEA Endocannabinoid Protects 0.3 μM Protects 0.35 μM

AM 404 AEA analogue Protects 0.4 μM Protects 10 μM

SLV 319 CB1 antagonist No effect – No effect –

AM 281 CB1 antagonist Potentiates 0.9 μM Potentiates 1.5 μM

AM 251 CB1 antagonist Potentiates 3.5 μM Potentiates 1 μM

CP-55, 940 CB1 and 2 agonist Protects 5 μM Protects 6 μM

NADA CB1 and CB2 agonist Protects 0.08 μM Protects 1.1 μM

WIN-55, 212 CB2 agonist Protects 1.5 μM No effect –

JWH 133 CB2 agonist No effect > 10 μM No effect –

Q-3-carboxamide CB2 agonist Protects 0.09 μM No effect –

AM 1241 CB2 agonist Protects 0.3 μM Protects 0.45 μM

AM 630 CB2 antagonist Potentiates 0.01 μM Potentiates 0.3 μM

UBR 597 Inhibits AEA degradation Protects 1.1 μM Protects 0.5 μM

RCS-8 CB1 agonist No effect – No effect –

MDA-19 CB2 agonist No effect – No effect –

MCBN Methyl ether of CBN No effect – No effect –

Hu210 CB1 agonist Protects 0.95 μM Protects 0.6 μM

Hu211 Inactive enantiomer of Hu210 Protects 1.5 μM Protects 0.72 μM

MC65 cells were induced tomakeAβ orHT22 cells were exposed to a toxic glutamate concentration in the presence of threefold serial dilutions between
10 nM and 20 μM of the indicated compounds. Cell viability was monitored, and the compounds either had no effect, potentiated, or inhibited toxicity.
There was no direct toxicity to cells at the concentrations indicated. The EC50s are given for either protection or potentiation. NADA is N-arachidonoyl
dopamine, Q-3-carboxamide is 4-quinolone-3 carboxamide, and AEA is arachidonyl ethanolamide, 2 AG is arachidonoylglycerol, andMCBN is methyl
CBN. (—) means no value determined
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both THC and CBD at moderate levels [37]. However, all
groups contain about 500 distinct compounds and at least
100 cannabinoids [38]. Of these, only a few have been studied
in detail. 9ΔTHC is a partial agonist of CB1 and CB2 recep-
tors and suppresses glutamate and GABA neurotransmission
[39, 40]. CBD lacks psychoactivity, only very weakly inter-
acts with CB1 and CB2 [41], but is an antioxidant and excel-
lent anti-inflammatory compound in animal models [42, 43].

It is also a weak agonist for the G protein-coupled receptors
GPR55 and GPR18, the vanilloid receptor, and several neu-
rotransmitter receptors [43–46]. DMCBD is a synthetic deriv-
ative of CBD and is a potent 15-lipoxygenase inhibitor [25].
There is evidence that CBN, CBG, and THCA are also able to
interact with several neurotransmitter receptors as well as act-
ing as CB1 and CB2 antagonists [47–49]. Finally, a very large
number of synthetic CB1 and CB2 receptor agonists and

7726 Mol Neurobiol (2019) 56:7719–7730

Fig. 5 Structures of some of the compounds in Table 2
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antagonists have been made, but their development was large-
ly based upon receptor screening with minimum associated
biology [50]. Several of these potent CB1 agonists, such as
RCS-8 andMOA-19, have no activity in our screening assays.

CBD is the best studied cannabinoid in the context of AD
[51, 52]. CBD is neuroprotective in several cell lines and
primary cortical neurons [14, 53]. Importantly, there have
been a few in vivo rodent studies demonstrating that CBD
reduces the inflammatory response associated with AD [54,
55]. In transgenic AD mice, CBD is able to prevent long-term
memory defects but has no effect on Aβ levels or oxidative
stress [56, 57]. CBD in combination with THC has also been

examined in AD mice. In some studies, the combination of
CBD and THC as well as THC alone had therapeutic efficacy
[15, 58–60]. We have shown that THC reduces the accumu-
lation of intracellular Aβ, a toxic peptide that many believe is
involved in AD pathogenesis [12]. Together, these results
along with our data presented here suggest that cannabinoids
have significant potential for the treatment of AD.

It is generally assumed that the biological activities of THC
are mediated by CB1 and CB2 receptors. Both are G protein-
coupled and cause a decrease in cAMP. CB1 is most highly
expressed in the brain while CB2 is frequently associated with
immune cells [29]. To determine if these receptors mediated

Fig. 6 Structures of
endocannabinoids and synthetic
derivatives

Fig. 7 Synergistic interaction between CBN and THC, but not CBD and
THC. Increasing concentrations of CBD or CBN and THC were added to
96-well tissue culture dishes perpendicular to each other. Sufficient glu-
tamate was added to kill 90% of the cells in the absence of cannabinoids.
The percent survival in each well is then plotted against the

concentrations of the two compounds. The colors are consistent for each
concentration of THC (0, blue; 0.1 μM, red; 0.2 μM, green). Higher
concentrations of CBD were used than CBN. The arrows indicate condi-
tions of maximum synergy in the case of CBN vs THC. There was only
an additive effect of CBD with THC



the neuroprotective effects of the cannabinoids in our neuro-
protection screening assays, we assessed the effects of CB1
and CB2 agonists and antagonists in two nerve-like cell lines
that lack CB1 and CB2; the mouse hippocampal nerve cell
line, HT22; and the human nerve cell line, MC65. In MC65,
the majority of the CB1 agonists were protective, while the
antagonists potentiated toxicity. CB2 agonists were mostly
protective. In HT22 cells, CB2 agonists were mostly ineffec-
tive and the CB2 antagonist, AM630, potentiated toxicity.
Results with CB1 agonists and antagonist were mixed. Since
neither HT22 nor MC65 cells express CB1 or CB2 receptors,
these data suggest that the neuroprotective aspects of canna-
binoids are mediated by alternative mechanisms. A similar
conclusion was made from a study using oxidatively stressed
HT22, PC12, and SH-SYSY cells [42, 53].

It has been argued that the neuroprotective effects of the
natural cannabinoids are due to their antioxidant activities
[42]. They all contain an aromatic hydroxyl group that can
reduce the rates of oxidation of radicals by transferring a
proton (hydrogen) and one electron between the two oxygen
atoms. However, the magnitude of this transfer, the stabili-
zation of the oxidized compound, and therefore their antiox-
idant effect, is very dependent upon the environment in
which the reaction occurs [61]. Because cannabinoids are
amphiphilic, with a hydrophobic aliphatic tail and an ioniz-
able polar head group, they could also insert intomembranes
and act as chain breakers of lipid peroxidation. However,
because of the very low EC50s of these compounds and the
pharmacology of synthetic CB1 and CB2 agonists and an-
tagonists, it is very unlikely that the antioxidant properties of
cannabinoids are solely responsible for their neuroprotective
properties. Nevertheless, it does appear that either aromatic
hydroxyl or keto groups are required for neuroprotection and
that synthetic CB1 agonists that lack these groups will lack
neuroprotective activities.

The entourage effect with Cannabis has been widely de-
bated, but with little science to back up its existence [36].
Essentially, all drugs interact with each other in some manner.
These can lead to therapeutic strategies for cancer [62] or,
more frequently, toxic drug interactions [63]. While not dupli-
cating the interaction of the multiple compounds in Cannabis,
it is easy to examine pairwise interactions of cannabinoids in
cell culture. When this was done with THC, CBD, and CBN
in an assay based upon the oxytosis cell death pathway, a
significant synergistic enhancement of neuroprotection be-
tween THC and CBN was seen, while the same assay using
THC and CBD only produced an additive effect. Since HT22
cells do not have cannabinoid receptors, the therapeutic rele-
vance of this interaction is unknown, but it does suggest that
CBN and CBD are targeting distinct molecular pathways.
This conclusion is also supported by the limited pharmacolo-
gy shown in Table 2 indicating that the responses to CB1 and
CB2 agonists in the two cell lines are distinct.

Conclusion

The above results demonstrate that some non-psychoactive
cannabinoids are effective at nanomolar levels in a drug-
screening platform that has been used to identify bona fide
AD drug candidates [3]. Moreover, these cannabinoids are
also able to stimulate the clearance of intraneuronal Aβ and
protect nerve cells from three additional old age-associated
neurotoxic insults. Importantly, they are functional in the ab-
sence of CB1 and CB2 receptors and, in some cases, show a
synergistic neuroprotective effect with each other. We con-
clude that the cannabinoids are engaging currently undefined
targets and that one or more of these cannabinoids could pro-
vide a lead compound for AD drug therapy.
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