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Abstract
Recently, synthetic cannabinoids have been sprayed onto plant material, which is subsequently
packaged and sold as “Spice” or “K2” to mimic the effects of marijuana. A recent report identified
several synthetic additives in samples of “Spice/K2”, including JWH-081, a synthetic ligand for
the cannabinoid receptor 1 (CB1). The deleterious effects of JWH-081 on brain function are not
known, particularly on CB1 signaling, synaptic plasticity, learning and memory. Here, we
evaluated the effects of JWH-081 on pCaMKIV, pCREB and pERK1/2 signaling events followed
by long-term potentiation (LTP), hippocampal-dependent learning and memory tasks using CB1
receptor wild type (WT) and knockout (KO) mice. Acute administration of JWH-081 impaired
CaMKIV phosphorylation in a dose-dependent manner, whereas inhibition of CREB
phosphorylation in CB1 receptor WT mice was observed only at higher dose of JWH-081 (1.25
mg/kg). JWH-081 at higher dose impaired CaMKIV and CREB phosphorylation in a time –
dependent manner in CB1 receptor WT mice but not in KO mice and failed to alter ERK1/2
phosphorylation. In addition, SR treated or CB1 receptor KO mice have a lower pCaMKIV/
CaMKIV ratio and higher pCREB/CREB ratio compared to vehicle or WT littermates. In
hippocampal slices, JWH-081 impaired LTP in CB1 receptor WT but not in KO littermates.
Furthermore, JWH-081 at higher dose impaired object recognition, spontaneous alternation and
spatial memory on the Y-maze in CB1 receptor WT mice but not in KO mice. Collectively our
findings suggest that deleterious effects of JWH-081 on hippocampal function involves CB1
receptor mediated impairments in CaMKIV and CREB phosphorylation, LTP, learning and
memory in mice.
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INTRODUCTION
Cannabis sativa (cannabis, marijuana or hashish) is widely used to treat nausea, pain,
seizures, ischemia, cerebral trauma and tumors in humans (Robson, 2001). However, the
potential therapeutic use of cannabis is limited by well-known psychoactivity (Pacher et al.,
2006). Δ9-tetrahydrocannabinol (Δ9-THC) has been identified as the major psychoactive
component out of several bioactive phytocannabinoids found in the C. sativa plant (Taura et
al., 2007). Δ9-THC has been well characterized for its several physiological and behavioral
effects (Pertwee, 2005). Most Δ9-THC effects are mediated through the cannabinoid
receptor type 1 (CB1) (Monory et al., 2007). The CB1 receptor is predominately expressed
in the brain, particularly in areas such as the hippocampus, basal ganglia, cortex, amygdala
and cerebellum – areas linked to the behavioral effects of Δ9-THC (Herkenham et al., 1991).
The CB1 receptor is a G protein coupled receptor (GPCR) that couples to Gi/o class G
proteins and is primarily located on presynaptic terminals, a prime location to control
neurotransmitter release (Yoshida et al., 2006). Agonist-induced activation of CB1 receptors
leads to an inhibition of adenylyl cyclase and a subsequent decrease in cellular cAMP levels.
CB1 receptor activation also mediates a wide range of effects on ion channels, including
voltage-dependent calcium and potassium channels (Deadwyler et al., 1995; Mackie and
Hille, 1992; Mackie et al., 1995). Together, CB1 receptor-mediated intracellular signaling
results in reduced cellular excitability and reduced neurotransmitter release (Shen et al.,
1996). Because CB1 receptors are located on both GABAergic and glutamatergic terminals,
their activation leads to the suppression of both inhibitory and excitatory synaptic
transmission in the brain (Basavarajappa et al., 2008; Kellogg et al., 2009; Ohno-Shosaku et
al., 2001; Subbanna et al., 2013; Wilson and Nicoll, 2001). The CB1 receptor’s ability to
suppress neurotransmission allows both exogenous cannabinoids (such as Δ9-THC) and
endogenous cannabinoids (endocannabinoids, ECs) to have a profound impact on neuronal
communication, including learning and memory (Egashira et al., 2002; Hampson and
Deadwyler, 1999; Lichtman et al., 1995; Suenaga and Ichitani, 2008; Varvel et al., 2001;
Yim et al., 2008). Although the cellular mechanisms are not clear, one of the major side
effects of marijuana intoxication is the impairment of working memory in humans
(Ranganathan and D'Souza, 2006) and animals (Puighermanal et al., 2012).

Until recently, cannabinoid abuse and dependence in humans had been restricted to plant-
derived cannabinoids such as Δ9-THC. However, within the last decade, synthetic
cannabinoids have been sprayed onto plant material, which is subsequently packaged and
sold under generic names such as “Spice” or “K2” to mimic the effects of marijuana
(Vardakou et al., 2010). Although labeled “not for human consumption,” these products are
smoked, resulting in a marijuana-like high as well as other physiological effects, some of
which may differ from those of marijuana (e.g., elevated blood pressure, vomiting) (Young
et al., 2012). While it is widely known that most Spice drugs are potent CB1 agonists, exact
molecular mechanisms underlying their toxic effects remain to be determined. These
compounds and their metabolites have been found to possess higher binding affinity for
cannabinoid receptors than marijuana, which implies greater potency, greater adverse
effects, and perhaps a longer duration of action (Aung et al., 2000; Hermanns-Clausen et al.,
2013; Hoffman et al., 2005). Spice products contain several chemicals, including JWH-081,
JWH-018 and JWH-073, which are assumed to be similar to Δ9-THC in their mechanism of
action but appear to be associated with additional symptoms (Hermanns-Clausen et al.,
2013). JWH-081 binds to CB1 receptors with high affinity (1.2 nM) (Aung et al., 2000;
Huffman et al., 2005) and causes acute toxicity as experienced by emergency patients
possibly through strong CB1 receptor stimulation (Hermanns-Clausen et al., 2013). Further,
another derivative of JWH (JWH-018) inhibits forskolin-stimulated cAMP production (Chin
et al., 1999), exhibits agonistic (9 nM) activity at CB1 receptors (Seely et al., 2012) and also
produces the tetrad of behaviors classically associated with cannabinoids in the rodent

Basavarajappa and Subbanna Page 2

Hippocampus. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



model (analgesia, catalepsy, hypomotility and hypothermia) (Brents et al., 2011; Wiebelhaus
et al., 2012) but less potent compared to JWH-081. The emerging abuse problem and listing
JWH-081 and its analogs as Schedule I controlled substances (Government, 2012) has
placed an emphasis on the need for further characterization of JWH-081 with respect to
brain function. However, there have been no studies of JWH-081 on synaptic plasticity,
learning and memory. In the present study, we examined the effects of this compound on
synaptic plasticity, learning and memory and signaling in CB1 receptor wild type (WT) and
knock out (KO) mice.

MATERIALS AND METHODS
Animals and treatment

CB1 receptor WT and KO mice (Subbanna et al., 2013) on C57BL/6J background were
generated from heterozygous breeding. C57BL/6J and CB1 receptor WT and KO mice were
housed in groups under standard laboratory conditions (12 hrs light / 12 hrs dark cycle) with
food and water available ad libitum. Animal care and handling procedures followed
Institutional (NKI IACUC) and National Institutes of Health guidelines. The genotype of
CB1 receptor WT and KO mice was determined by polymerase chain reaction (PCR) of
genomic DNA obtained from mouse tails as described before (Basavarajappa et al., 2003).
For the JWH-081 [(4-methoxy-1-naphthalenyl)(1-pentyl-1H-indol-3-yl)-methanone]
(Cayman, Ann Arbor, MI, USA) experiments, JWH-081 was dissolved in DMSO (final
concentration of DMSO was less than 2%) followed by a few drops of Tween 80 and then
volume was made up with sterile saline solution. The JWH-081 solution was administered
(0–1.25 mg/kg) by IP injection at a volume of 10 ml/kg body weight 30 min before
behavioral test. The JWH-081 vehicle solution was injected as a control. The male animals
were subjected to behavioral studies after 30 min. For the SR141716A (SR) experiments, SR
(gift from RBI, Natick, MA) was dissolved in 10µl of ethanol followed by a few drops of
Tween 80 and then volume was made up with sterile saline solution. The SR solution was
administered (3 mg/kg) by IP injection at a volume of 10ml/kg body weight 30 min (Avdesh
et al., 2013; Lichtman and Martin, 1996; Varvel et al., 2005) before JWH-081
administration. The SR vehicle solution was injected as a control. In some experiments,
brains were processed for biochemical analyses, as described below. Five to 15 animals
were used for each data point.

Electrophoresis and immunoblotting
For Western blot analysis, 0, 30 and 60 min after the vehicle or JWH-081 (0–1.25 mg/kg)
injection, male mice were sacrificed by decapitation, hippocampus was dissected, flash
frozen and stored at −80°C. In some experiments, SR was administered 30 min before
vehicle or JWH-081 (1.25 mg/kg) injection and hippocampus was collected and stored as
described above. Hippocampus was homogenized using homogenization buffer (0.01 M
Tris, 250 mM Sucrose, 25 mM KCl, 0.5 mM of PMSF, 0.01 M sodium fluoride, 0.01 M
beta-glycerol phosphate, 25 mM Na3VO4, pH 7.5, 1 mM EDTA) containing freshly added
1% protease inhibitor mixture (Roche, Indianapolis, IN, USA). Homogenates from the
hippocampus was processed as described previously (Lubin and Sweatt, 2007; Subbanna et
al., 2013). Tissue homogenates were centrifuged at 7700 g for 1 min, and the supernatant
(total extract) was aspirated and stored at −80°C until use. The nuclear pellet was then
resuspended in a nuclear extraction reagent (NER) (# 78833, Thermo Fisher Scientific,
Suwanee, GA) (Grabowski, 2005). Nuclear fraction was prepared [according to the
manufacturer instruction (Thermo Fisher Scientific, Suwanee, GA)] by dissolving nuclear
pellet in ice cold NER and the samples were vortexed for 15 s. Then samples were placed on
ice and continued vertexing for 15 s every 10 min, for a total of 40 min. The samples were
sonicated for 30 s followed by centrifugation at 16000 g for 10 min at 4° C. The supernatant
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was transferred to prechilled tubes and were stored at −80°C until use. The samples were
prepared in a sample buffer as previously described by our laboratory (Basavarajappa et al.,
2008; Subbanna et al., 2013). The blots were incubated in primary antibody; anti-mouse
CaMKIV (Sc-55501, 1: 1000), anti-rabbit pCaMKIV (Sc-28443-R, 1: 1000) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-rabbit p44/42 MAPK (ERK1/2) (# 9102,
1:2000), anti-rabbit-phospho-p44/42 MAPK (# 9101, 1:1000), anti-mouse-β-actin (#3700,
1:5000, Cell Signaling Technology, Danvers, MA, USA), anti-rabbit-pCREB (ser133) (#
05–807, 1:1000) and anti-mouse-CREB (# 04–218, 1:1000) (Millipore, Billerica, MA, USA)
for 3 hrs at room temperature or overnight at 4°C and processed as previously described by
our laboratory (Basavarajappa et al., 2008; Subbanna et al., 2013). Incubation of blots with a
secondary antibody (goat anti-mouse peroxidase conjugate, #AP 124P, 1:5000; goat anti-
rabbit, #AP132P, 1:5000, Millipore, Billerica, MA, USA) alone did not produce any bands.

Long-term potentiation (LTP)
Three month old male CB1 receptor WT and KO mice (n=5/group) were sacrificed by
cervical dislocation followed by decapitation. Hippocampi were quickly removed.
Transverse hippocampal slices (400 µm) were cut and recorded according to standard
procedures (Sadrian et al., 2012; Subbanna et al., 2013; Vitolo et al., 2002). Following
cutting, hippocampal slices were transferred to a recording chamber where they were
maintained at 29° C and perfused with artificial cerebrospinal fluid (ACSF) continuously
bubbled with 95% O2 and 5% CO2. The ACSF composition in mM was: 124.0 NaCl, 4.4
KCl, 1.0 Na2HPO4, 25.0 NaHCO3, 2.0 CaCl2, 2.0 MgSO4, 10.0 glucose, osmolarity 290–
300. CA1 fEPSPs were recorded by placing both the stimulating and the recording
electrodes in CA1 stratum radiatum. Responses were recorded for 2 hrs after and measured
as fEPSP slope expressed as percentage of baseline as described in detail before (Subbanna
et al., 2013). In some experiments, after 10 min baseline recording, hippocampal slices were
perfused with JWH-081 (1.0 µM in DMSO) or vehicle (0.001% DMSO), for 30 min before
inducing LTP with tetanic stimulation of the Schaeffer collateral pathway. The selection of
JWH-081 concentration is based on the previous electrophysiological studies (Atwood et al.,
2010) of the other JWH compounds. The data were expressed as mean ± Standard Error
Mean (SEM).

Novel object recognition task
The object recognition task (ORT) is based on ‘spontaneous novelty preference’, i.e. the
natural predisposition of rodents to explore novel objects (Ennaceur and Delacour, 1988).
ORT was evaluated as previously described (Subbanna et al., 2013). In brief, three to four
month old male mice (n=8/group) were submitted to a habituation session where they were
allowed to freely explore the open field for 5 min × 2 for two days. No objects were placed
in the box during the habituation trial. Twenty-four hours after habituation, mice were
treated with and without JWH-081. After 30 min, training (T1) was conducted by placing
individual mice for 3 min in the open field, in which two identical objects (objects a1 and
a2) were positioned in two adjacent corners at 10 cm from the walls. In a short-term
recognition memory test given at 1 and 4 hrs (retention) after the training (T2), the mice
explored the open field for 3 min in the presence of one familiar (a1) and one novel (b1, 1
hr; b2, 4 hrs) object. In a long-term recognition memory test given at 24 hrs (retention) after
training (T2), the mice explored the open field for 3 min in the presence of one familiar (a1)
and one novel object (b3; different from b1 and b2). All combinations and locations (left and
right) of the objects were used in a balanced manner in order to reduce potential biases due
to preferences for particular locations or objects. All objects had similar textures and sizes
but had distinctive shapes and colors (Stoelting, Wood Dale, IL USA). Between trials, the
objects were washed with 10% ethanol solution. Exploration was defined as directing the
nose to the object at a distance of no more than 2 cm and/or touching the object with the
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nose. Sitting on the object was not considered as exploratory behavior. e1 and e2 are
measures of the total exploration time of both objects during T1 and T2 (1, 4 and 24 hrs),
respectively. d2 was considered as index measures of discrimination between the new and
the familiar objects. d2 is a relative measure of discrimination which corrects the difference
between exploring the familiar and the novel object for exploration activity (e2) and appears
to be independent of the total exploration times (Sik et al., 2003). The times spent exploring
each object during T1 and T2 were recorded manually with a personal computer.

Spontaneous alternation on Y maze
Spontaneous alternation was tested as described previously (Holcomb et al., 1998) using Y
maze. The symmetrical Y maze is made of acrylic and consists of three identical arms (5 cm
lane width, 35 cm arm length, 10 cm arm height) converging at the center of a triangular
area so that they formed a symmetrical Y shape (120° of angular deviation from each other)
(Stoelting, Wood Dale, IL USA). Male mice were treated with and without JWH-081. After
30 min, each mouse was placed in the center of the Y maze and was allowed to explore
freely through the maze during an 8 min session. The sequence, time spent in each arm and
total number of arms entered was recorded. Arm entry was considered to be completed when
the hind paws of the mouse had been completely placed in the arm. Percentage alternation is
the number of triads containing entries into all three arms divided by the maximum possible
alternations (the total number of arms entered minus 2) × 100.

Spatial recognition memory using the Y maze
Spatial recognition memory was tested as described previously (Sarnyai et al., 2000). This
ethologically relevant test is based on the rodents’ natural curiosity to explore novel areas.
Male mice were treated with and without JWH-081. After 30 min, mice were placed into
one of the arms of the Y maze (Stoelting, Wood Dale, IL USA) (start arm) and allowed to
explore the maze with one of the arms closed for 10 min (training trial). After a 1 hr
intertrial interval, mice were returned to the Y maze by placing them in the start arm. Then,
the mice were allowed to explore freely all three arms of the maze for 3 min (test trial). The
number of entries into, the time spent (dwell time) in each arm and the first choice of entry
were registered manually from video recordings by an observer blind to the treatment or
genotype of the mice. Discrimination ratio [Preference for the Novel arm over the familiar
Other arm (Novel/Novel + Other)] for arm entries and dwell time of WT and KO mice
treated with or without JWH-081 were calculated.

Statistical analysis
Unless indicated otherwise, the experiments were performed using equal number of animals
per treatment. All of the data are presented as the mean ± SEM. A statistical comparison of
the data was performed by either a one-way analysis of variance ANOVA or a two-way
ANOVA with Bonferroni’s post hoc test. In all of the comparisons, p < 0.05 was considered
to indicate statistical significance. The statistical analyses were performed using the Prism
software (GraphPad, San Diego, CA).

RESULTS
JWH-081 inhibits CaMKIV and CREB phosphorylation in CB1 receptor WT but not in KO
mice and does not alter ERK phosphorylation

To elucidate the CB1 receptor mediated downstream intracellular pathways involved in the
effects of JWH-081, we studied the involvement of pCaMKIV, pCREB and pERK1/2, key
regulators of synaptic plasticity and learning and memory (Martin et al., 2000). Although a
previous study had shown that ERK phosphorylation was reduced after treatment with
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another JWH derivative (JWH-018) in cultured hippocampal neurons (Atwood et al., 2010),
it is not clear whether CaMKIV, CREB and ERK phosphorylation are changed by JWH-081
treatments. First, we determined the effect of various doses of acute administration of
JWH-081 (30 min) on CaMKIV and CREB phosphorylation in the hippocampus of CB1
receptor WT mice. CaMKIV [Fig. 1A (i)] phosphorylation was reduced by JWH-081 in a
dose-dependent manner whereas inhibition of CREB [Fig. 1A (ii)] phosphorylation was
observed only at higher dose of JWH-081 (1.25 mg/kg, 30 min). We used higher dose (1.25
mg/kg) in all our subsequent experiments. We assessed pERK and the total amount of ERK
protein. ERK phosphorylation and total ERK protein were not altered by JWH-081
treatment (p > 0.05) in the hippocampus of WT or KO mice. ERK phosphorylation and total
ERK levels did not differ between WT and KO mice (p>0.05) (Fig. 2A). Then, we assessed
CaMKIV phosphorylation and the total amount of CaMKIV protein levels at various time
points. We found that in WT mice, CaMKIV phosphorylation was significantly (p<0.001)
inhibited at 30 min after JWH-081 treatment and this inhibition was lost at 60 min (Fig. 2B).
However, total CaMKIV protein levels were not significantly (p > 0.05) different in CB1
receptor KO compared to WT mice. JWH-081 failed to alter total CaMKIV levels either in
WT or in KO mice (p > 0.05). We found lowered pCaMKIV/CaMKIV ratio in KO mice
compared to WT mice. Next, we determined CREB phosphorylation and CREB protein
levels at various time points. We found that in WT mice, CREB phosphorylation was
significantly (p<0.001) inhibited at 30 and 60 min after JWH-081 treatment (Fig. 2B). We
also found that total CREB protein levels were not significantly (p < 0.05) different between
KO and WT mice. JWH-081 failed to alter total CREB levels either in WT or in KO mice (p
> 0.05). We found increased pCREB/CREB ratio in KO mice compared to WT mice. In
C57BL/6J mice, SR administration 30 min before JWH-081 treatment (30 min) rescued both
CaMKIV and CREB phosphorylation (p > 0.05). We also found decreased pCaMKIV/
CaMKIV ratio (p > 0.05) and increased pCREB/CREB ratio in mice treated with SR alone
(p > 0.01) (Fig. 2C). Collectively, our data suggest that JWH-081 impairs CaMKIV and
CREB phosphorylation via downstream of CB1 receptor signaling mechanism.

JWH-081 impairs LTP in CB1 receptor WT but not in KO hippocampal slices
In our input/output (I/O) responses of fEPSPs in the Schaffer collateral pathway (Fig. 3A),
increasing stimulus intensity evoked robust I/O responses of fEPSP in hippocampal slices
prepared from adult CB1 receptor WT and KO animals treated with vehicle or JWH-081
(1µM). The I/O curve of fEPSP was not altered by vehicle or JWH-081 treatment (p > 0.05)
(Fig. 3B) in WT slices. These findings suggest that neither vehicle nor JWH-081
significantly affects the fEPSP slope in pyramidal cells over the entire range of stimulation
intensities. Prior to tetanic stimulations, the baseline fEPSP (10 min) was recorded in 60-s
intervals with stimulation at an intensity equivalent to ~35% of the maximum evoked
response. Tetanic stimulation evoked a typical LTP of fEPSP (Sadrian et al., 2012;
Subbanna et al., 2013; Vitolo et al., 2002) in CB1 receptor WT slices treated with vehicle (p
< 0.001). These responses were stable over 120 min. However, tetanic stimulation evoked a
significantly reduced LTP in slices (n = 10 slices/5 mice/group) treated with JWH-081 (1µM
for 30 min) (p < 0.001) (Fig. 3C). We then examined whether CB1 receptor KO mice are
resistant to JWH-081-induced inhibition of LTP. Our results suggest that KO mice exhibited
robust I/O responses of fEPSP evoked by increasing stimulus intensity, similar to WT mice.
The I/O curve of fEPSP was not altered by JWH-081 in the KO mice (p > 0.05) (Fig. 3D).
These findings suggest that neither JWH-081 nor genetic deletion of CB1 receptors
significantly affects the fEPSP slope in pyramidal cells over the entire range of stimulation
intensities. Tetanic stimulation evoked an enhanced LTP in CB1 receptor KO mice (1 min =
451 ± 23, 40 min = 371 ± 14 and 80 min = 381 ± 26) compared with WT mice (1 min: F3, 36
= 44, p < 0.001; 40 min: F3, 36 = 34, p < 0.001; 80 min: F3, 36 = 24, p < 0.05; one-way
ANOVA) (Fig. 3E). These findings are consistent with previous studies that demonstrate
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enhanced hippocampal LTP in CB1 receptor KO mice (Bohme et al., 2000; Slanina et al.,
2005; Subbanna et al., 2013). LTP magnitude of fEPSP was reduced by JWH-081 treatment
in CB1 receptor WT slices (1 min = 320 ± 11, 40 min = 316 ± 12 and 80 min = 315 ± 15)
compared with vehicle (1 min: F3, 36 = 2, p > 0.05; 40 min: F3, 36 = 54, p < 0.001; 80 min:
F3, 36 = 60, p < 0.05; one-way ANOVA). JWH-081 treatment in CB1 receptor KO slices
failed to inhibit LTP (p > 0.05) (Fig. 3E). Taken together, these findings suggest that
JWH-081 impairs LTP (Fig. 3F) through the activation of CB1 receptors.

JWH-081 impairs learning and memory in CB1 receptor WT mice but not in KO mice
We used three memory tasks, object recognition, spontaneous alternation and spatial
recognition, to examine whether JWH-081 impairs these memory tasks. The effects of
JWH-081 treatment on ORT performance are shown in Figure 4A–G. The results showed no
significant effects of JWH-081 treatment in CB1 receptor WT and KO mice on total
exploration times at e1 or e2 (1 hr or 4 hrs or 24 hrs retention) in the ORT task (Fig. 4A).
JWH-081 treatment significantly impaired ORT performance both at 1 h [F3,28 = 51;
p<0.001] and 4 hrs retention [F3,28 = 26; p<0.001] (T2) in WT mice but not in KO mice
(p>0.05) (Fig. 4B and C). In addition, KO mice exhibited enhanced ORT performance both
at 1 hr, 4 hrs and 24 hrs retention (T2) compared to WT mice (p<0.01) (Fig. 4B–D). In
addition, at 24 h retention, JWH-081 failed to impair ORT performance [F3,28 = 1.5; p>0.05]
in WT and KO mice (Fig. 4D). Although we found no significant effects of SR pre-
administration on total exploration times at e1 or e2 (1 hr or 4 hrs retention) in the ORT task
(Fig. 4E), SR was able to prevent JWH-081-impaired ORT performance both at 1 h [F3,28 =
41; p<0.001] and 4 hrs retention [F3,28 = 32; p<0.001] (T2) in mice (p < 0.001) (Fig. 4F and
G). In addition, SR treated mice exhibited enhanced ORT performance both at 1 hr and 4 hrs
retention (T2) compared to vehicle treated mice (p<0.01) (Fig. 4F and G). These data
together suggest that acute administration of JWH-081 impairs short-term memory but not
long-term memory in the ORT task in a CB1 receptor-dependent manner in mice.

In our second behavioral test, animals treated with JWH-081 were tested for spontaneous
alternation in the Y maze (Lalonde, 2002). CB1 receptor WT and KO mice were treated
with JWH-081 30 min before the test. Consistent with the ORT performance, KO mice
exhibited significantly enhanced spontaneous alternation behavior (p < 0.05) compared to
WT mice. One-way ANOVA analysis revealed that JWH-081 treatment dramatically
reduced spontaneous alternation performance in the Y-maze compared with WT mice [F3,28
= 40, p < 0.001] (Fig. 5A). Importantly, JWH-081 treatment failed to induce a spatial
working memory deficit in the Y maze test in KO mice (p > 0.05). Furthermore, JWH-081
significantly enhanced (p < 0.01) exploratory activity, as assessed by the number of arm
entries during Y-maze testing in both WT and KO mice (Fig. 5B). However, the amount of
time spent in each arm was not altered by JWH-081 or vehicle in WT and KO mice (Fig.
5C). These findings together suggest that acute administration of JWH-081 impairs
spontaneous alteration in a CB1 receptor-dependent manner in mice.

In our third behavioral test, we used another spatial memory test, spatial recognition
memory using Y-maze. WT mice entered more frequently into (Arm Entry) and spent more
time in the novel, previously unvisited arm of the maze. KO mice showed an enhanced
preference toward the novel arm (Arm Entry, p < 0.001) and spent more time in the novel
arm (Dwell Time, p < 0.001) compared to WT mice (Fig. 6A and B). Although all WT and
KO mice selected the novel arm as the first choice, JWH-081 treated WT animals showed
impaired preference for the novel arm as the first choice (Fig. 6C). JWH-081 treatment
impaired the ability of WT mice to enter more frequently into [Arm Entry: F3,28 = 90, p <
0.001] and spend more time in [Dwell Time: F3,28 = 18, p < 0.001] the novel, previously
unvisited arm of the maze. In contrast, JWH-081 treatment failed to alter KO mice
preference toward the novel arm or the time spent in the novel arm (p > 0.05). These
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findings together suggest that acute administration of JWH-081 impairs spatial recognition
memory in a CB1 receptor-dependent manner in mice.

DISCUSSION
This study demonstrates for the first time that the synthetic cannabinoid JWH-081 found in
“Spice” and “K2” (Auwarter et al., 2009; Hermanns-Clausen et al., 2013) and recently
classified as a schedule 1 controlled substances inhibits CaMKIV and CREB
phosphorylation, LTP in hippocampal slices and impairs memory in a CB1 receptor-
dependent manner in mice. Furthermore, significant deficits in object recognition,
spontaneous alternation and spatial recognition memory were induced by acute
administration of JWH-081 in CB1 receptor WT mice. The lack of JWH-081-induced LTP
and behavioral impairments in CB1 receptor KO or in some cases SR treated mice indicates
the specificity of this emerging drug of abuse in vivo. All Δ9-THC metabolites except one
are inactivated by oxidative metabolism (Maurer et al., 2006), which prevents further CB1
receptor activation. However, JWH-081 (Razdan et al., 2009), metabolism leads to other
active metabolites (Wohlfarth et al., 2013), which may continue to activate CB1 receptors.
Although further research is required, it is conceivable to suggest that both the acute and
chronic effects of JWH-081 including other constituent of spice on hippocampal function
might be greater than a similar level of exposure to Δ9-THC.

Identification of specific signaling pathways mediating the effect of JWH-081 on the
hippocampus may provide clues for candidate cellular mechanisms involved in synaptic
plasticity and learning and memory deficits. Our findings of impaired CaMKIV and CREB
phosphorylation by JWH-081 treatment are consistent with previous data in which Δ9-THC
significantly reduced CREB phosphorylation (Rubino and Parolaro, 2008) and another
calmodulin kinase related molecule such as CaMKII phosphorylation in a CB1 receptor-
dependent manner (Rubino et al., 2007). Interestingly, our data show that JWH-081
inhibition of CaMKIV and CREB phosphorylation was absent in CB1 receptor KO mice or
rescued by pre-administration of SR. These findings suggest that JWH-081 affect cellular
events and hippocampal function through CB1 receptor-mediated downstream signaling
mechanisms. Activation of CB1 receptor signaling is associated with activation of mitogen-
activated protein kinase (MAPK) activity in cultured cells (Bouaboula et al., 1995; Daigle et
al., 2008), hippocampal slices (Derkinderen et al., 2003) and embryonic rat cortices
(Berghuis et al., 2007). Although in vivo studies of the intracellular signaling events
coupling MAPK activation to the binding of CB1 receptors by Δ9-THC or other
cannabinoids are limited (Rubino et al., 2007), several studies using cell lines suggest both
up- and down regulation of MAPKs by Δ9-THC (De Petrocellis et al., 1998; Galve-Roperh
et al., 2000). In a recent study, another JWH derivative such as JWH-018 enhanced ERK1/2
phosphorylation in HEK293 cells stably expressing CB1 receptors. In our in vivo studies,
JWH-081 failed to alter total ERK1/2 and ERK1/2 phosphorylation in the hippocampus of
CB1 receptor WT and KO mice. In general, the CaMKIV mediated phosphorylation of
CREB at Ser133 is essential to the transcriptional activation of CREB/CRE-mediated -
signaling pathway (Bito et al., 1996) and have been thought to play a central role in memory
consolidation and LTP (Martin et al., 2000). To our knowledge, this is the first study
suggesting the association between CaMKIV and CREB phosphorylation deficits with that
of LTP and memory impairing effects of JWH-081 and it indicates that CB1 receptor-
mediated inhibition of CaMKIV and CREB phosphorylation are important players. Future
studies addressing the involvement of other specific signaling pathways in the effects of
JWH-081 could provide additional mechanistic leads on the deleterious consequences of
synthetic cannabinoids on hippocampus function.
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The present findings on LTP deficits in mice hippocampal slices by JWH-081 are in
accordance with previous studies describing impairment of hippocampal LTP formation by
Δ9-THC and the psychoactive cannabinoid agonist HU-210, but not the non-psychoactive
HU-211 (Collins et al., 1994). Other CB1 receptor ligands such as WIN55212-2 and
anandamide were also shown to prevent the induction of LTP in rat hippocampal slices
(Terranova et al., 1995). The selectivity ratio of JWH-081 (1.2 nM/ 9 nM) (Aung et al.,
2000; Huffman et al., 1994) for CB1/CB2 receptors is bit higher than for most designer
cannabimimetic examined to date (e.g., ACEA, arachidonyl-2'-chloroethylamide (1.4 nM/
>2000 nM); ACPA, arachidonylcyclopropylamide (2.2 nM/715 nM) (Hillard et al., 1999). In
spite of these limitations the effects we observed are clearly due to CB1 receptor activation,
the potential role of CB2 receptors in the effects of “Spice” and “K2” requires further study.
The present study focused on JWH-081; however, various preparations of “Spice” and “K2”
in fact contain different uncharacterized synthetic additives (Auwarter et al., 2009; Huffman
et al., 2008), which may also act as agonists of CB1 receptors and may influence synaptic
function in the brain. Investigation into these additional synthetic additives requires further
attention.

The use of various memory tests, including object recognition, spontaneous alternation and
spatial recognition tests, allowed for assessment of cognitive performance after acute
administration of JWH-081 in CB1 receptor WT and KO mice. The object recognition task
offers several advantages in the assessment of object recognition, particularly the ability to
measure recognition of novelty based on novel object attributes (Kesner and Rogers, 2004).
We found a selective deficit in novel object recognition performance after acute
administration of JWH-081 in CB1 receptor WT but not in KO or SR treated mice,
suggesting that the effects of JWH-081 are CB1 receptor-mediated. The present findings are
congruent with previous reports of impairments in novel object recognition resulting from
acute injections of various cannabinoids (Kosiorek et al., 2003). In addition, we also found
that CB1 receptor KO or SR treated mice exhibited enhanced novel object recognition
memory compared to vehicle treated C57BL/6J or WT littermates, suggesting that genetic
deletion or pharmacological blockade of CB1 receptor enhances memory. Our results are
consistent with the enhanced memory observed in CB1 receptor KO mice (Subbanna et al.,
2013) and with CB1 receptor blockade in rats (Reibaud et al., 1999; Terranova et al., 1996).
We also used the Y-maze spontaneous alternation task, which is commonly viewed as a
spatial working memory task and the performance of this task is dependent on the integrity
of the hippocampus (Lalonde, 2002). Acute administration of JWH-081 significantly
impaired the spontaneous alternation performance of CB1 receptor WT but not KO mice.
Moreover, KO mice exhibited enhanced spontaneous alternation performance compared to
WT mice. The Y maze test is based on the natural drive of rodents to explore novel
environments. It reliably investigates spatial memory. Acute administration of JWH-081
impaired spatial learning on the Y-maze in CB1 receptor WT but not KO mice. In addition,
KO mice performed better compared to WT littermates. Similarly, Δ9-THC has been shown
to produce impairments in hippocampal-dependent spatial learning in rodents (Puighermanal
et al., 2012). Thus, in agreement with earlier reports with other cannabinoids (Puighermanal
et al., 2012), our results show that JWH-081 impairs hippocampus-dependent learning and
memory performance through CB1 receptors. Taken together, our findings suggest that an
acute single dose of JWH-081 can cause cognitive deficits in mice.

In conclusion, the relevance of our findings in mice to the effect of Spice/K2 preparations on
humans remains to be examined. It is likely that the additional compounds identified in
Spice/K2 preparations might also contribute to the behavioral effects produced by smoking
“Spice/K2”, and their different pharmacologies might cause different preparations of “Spice/
K2” to vary in their cognitive effects. Investigation into these additional synthetic additives
requires further attention. Despite these limitations, we have shown that acute JWH-081
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administration has profound CB1 receptor-mediated effects on synaptic plasticity and
learning and memory, which are likely to have a significant impact on cognitive function.
“Spice/K2” is marketed as a “natural” herbal blend but contains at least one very potent
synthetic CB1 receptor agonist, which likely accounts for the cognitive deficits/psychoactive
effects produced when “Spice/K2” is smoked.
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Figure 1.
Effect of various doses of acute administration of JWH-081 on CaMKIV and CREB
phosphorylation levels in the hippocampus. (A) Hippocampal nuclear extracts from WT
mice treated with or without various doses of JWH-081 (0–1.25 mg/kg) for 30 min were
processed for Western blot to analyze the levels of pCaMKIV, pCREB, CaMKIV and
CREB. β-actin was used as a loading control. Representative blots are shown for the
hippocampal nuclear extracts (n = 6 mice/group). One-way ANOVA with Bonferroni’s post
hoc test was used for statistical analysis. The error bars represent SEM. *p < 0.05 and ***p
< 0.001 vs. Vehicle (0 dose).
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Figure 2.
Effect of acute administration of JWH-081 on ERK, CaMKIV and CREB phosphorylation
levels in the hippocampus. (A) Western blot analyses were performed to determine the
levels of pERK1/2 and ERK1/2 in hippocampal total extracts. β-actin was used as a loading
control. Representative blots are shown for the hippocampal total extracts (n = 6 mice/
group). (B) Hippocampal nuclear extracts from WT and KO mice treated with or without
JWH-081 (1.25 mg/kg) for 30 or 60 min were processed for Western blot to analyze the
levels of pCaMKIV, pCREB, CaMKIV and CREB. β-actin was used as a loading control.
***p < 0.001; **p < 0.01. (C) Hippocampal nuclear extracts from vehicle and SR pretreated
C57BL/6J mice treated with or without JWH-081 (1.25 mg/kg) for 30 were processed for
Western blot to analyze the levels of pCaMKIV (# and $ p< 0.05), pCREB (# and $ p<
0.01), CaMKIV and CREB. β-actin was used as a loading control. Representative blots are
shown for the hippocampal nuclear extracts (n = 6 mice/group). One-way ANOVA with
Bonferroni’s post hoc test was used for statistical analysis. The error bars represent SEM.
***p < 0.001 vs Vehicle (V); # vs Vehicle; $ vs JWH-081.
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Figure 3.
JWH-081 inhibits LTP in hippocampal slices from adult CB1 receptor WT but not KO mice.
(A) A schematic diagram showing the stimulating and recording electrode positions in the
CA1 region of the hippocampus. (B) A summary graph showing the field input/output
relationships in slices after treating WT slices with vehicle or JWH-081. (C) A time course
of the averages of the fEPSP slopes in slices after treating WT slices with vehicle or
JWH-081. (D) A summary graph showing the field input/output relationships in slices after
treating KO slices with vehicle or JWH-081. (E) A time course of the averages of the fEPSP
slopes in slices after treating KO slices with vehicle or JWH-081.The fEPSP slopes were
normalized to the average value 10 min before stimulation in each experiment. Arrows
denote the time of tetanic stimulation (4 pulses at 100 Hz, with bursts repeated at 5 Hz, each
tetanus included three 10-burst trains separated by 15 s). For JWH-081 treatment
experiments, after 10 min of baseline recording, hippocampal slices were perfused with
JWH-081 (1.0 µM in DMSO) or vehicle (0.001% DMSO) for 30 min before inducing LTP
with tetanic stimulation of the Schaeffer collateral pathway. (F) A combined plot of the
averages of the fEPSP slopes for WT and KO slices with and without JWH-081 at several
time points. Each point is presented as the mean ± SEM (n= 5 mice/group; 10 slices/group).
One-way ANOVA with Bonferroni’s post hoc tests; ***p < 0.001.
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Figure 4.
Acute administration of JWH-081 impairs novel object recognition memory in adult mice.
(A) The level of exploration was measured at el and e2 (1 or 4 or 24 hrs), and the time spent
exploring the two objects was measured at T1 and T2 (at 1, 4 and 24 hrs) in WT or KO mice
treated with vehicle or JWH-081. (B–D) Discrimination indices (d2) obtained from the WT
or KO mice treated with vehicle or JWH-081 at 1 (b), 4 (c) and 24 hrs (d) retention intervals.
***p < 0.001 vs. CB1WT + Vehicle; # p < 0.05 vs. CB1WT + Vehicle; $ p < 0.05 vs.
CB1WT + JWH-081; @ p < 0.001 vs. CB1WT + Vehicle. (E) The level of exploration was
measured at el and e2 (1 or 4 hrs), and the time spent exploring the two objects was
measured at T1 and T2 (at 1 and 4 hrs) in C57BL/6J mice pretreated with vehicle or SR and
treated with vehicle or JWH-081. (F and G) Discrimination indices (d2) obtained from the
SR pretreated mice treated with vehicle or JWH-081 at 1 (F), 4 hrs (G) retention intervals.
One-way ANOVA with Bonferroni’s post hoc test; ***p < 0.001 vs. Vehicle; # p < 0.05 vs.
Vehicle; $ p < 0.05 vs. or JWH-081; @ p < 0.001 vs. Vehicle.
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Figure 5.
Acute administration of JWH-081 impairs spontaneous alternation performance in adult
mice. (A) Spatial working memory of CB1 receptor WT and KO mice treated with or
without JWH-081 was tested using spontaneous alternation performance in the Y-maze.
Note that JWH-081 treated WT mice perform poorly (well below 50% chance levels)
compared to WT mice treated with vehicle (*** p < 0.001). Overall, KO mice treated with
either vehicle or JWH-081 show significantly enhanced levels of alternation performance (#
p < 0.05 versus CB1WT + V; @ p < 0.05 versus CB1WT + V; $ p < 0.05 versus CB1WT +
JWH-081) when compared to WT mice with or without JWH-081 treatment. (B) The
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number of arm entries was not different between WT and KO mice (p > 0.05) but JWH-081
treatment enhanced the number of arm entries in both WT (*** p < 0.001 versus CB1WT +
V) and KO mice (*** p < 0.001 versus CB1KO + V). (C) The time spent in each arm was
not different between WT and KO mice (p > 0.05) with or without JWH-081 treatment (p >
0.05 versus CB1WT + V). Each point is the mean ± SEM (n= 8 mice/group). One-way
ANOVA with Bonferroni’s post hoc test.
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Figure 6.
JWH-081 administration impairs spatial memory performance as measured by Y maze. (A–
B) Discrimination ratio [Preference for the Novel arm over the familiar Other arm (Novel/
Novel + Other)] for arm entries (A) and dwell time (B) of WT and KO mice treated with or
without JWH-081 in the Y maze, 1 hr after the first encounter with the partially opened
maze. The dashed line indicates chance performance (0.5). (C) The percentage of animals
selecting the novel arm as the first choice is shown for WT and KO mice treated with or
without JWH-081, 1 hr after the first encounter with the partially opened maze. Each point is
the mean ± SEM (n= 8 mice/group). One-way ANOVA with Bonferroni’s post hoc test;
***p < 0.001 vs. CB1WT + Vehicle; # p < 0.05 vs. CB1WT + Vehicle; $ p < 0.05 vs.
CB1WT + JWH-081; @ p < 0.001 vs. CB1WT + Vehicle.
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