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mer’s disease (AD), this pathway is chronically hyperactivated. In brain, pri-
marily monoacylglycerol lipase (MAGL) hydrolyzes the endocannabinoid
2-arachidonoylglycerol to AA, which is further metabolized to generate many
proinflammatory eicosanoids. MAGL inhibition, simultaneously reducing the
level of eicosanoids and increasing those of neuroprotective endocannabino-
ids, has proved efficacious in some AD models, reducing neurotoxic
p-amyloid (Ap) levels and improving memory functions. Here, a MAGL inhi-
bitor, JZL184 was chronically administered (16 mg/kg, i.p., 3 x/wk for 5 mo)
for 1 - 1.5 mo and 7 - 8 mo old transgenic (TG) and wild-type (WT)
APP/PS1-21 mice modelling cerebral amyloidosis. According to immunobhis-
tochemistry, JZL184 significantly increased the expression levels of cannabi-
noid receptor 1 in older WT and younger TG and WT mice, decreased canna-
binoid receptor 2 and oligomeric Af in older and younger TG mice and de-
creased microglia-specific marker Ibal in younger TG mice, compared to TG
mice treated with vehicle only. However, in the Morris Water Maze test, spa-
tial memory functions improved significantly only in younger TG and WT
mice, compared to vehicle-treated littermates. These tentative results suggest
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that chronic, rather long-term MAGL inhibition can decelerate pathological
changes in TG APP/PS1-21 mice but it improves memory functions only
when administered at an early stage of the pathology.
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1. Introduction

Neuroinflammation plays a prominent role in many nervous system pathologies,
contributing to the disease process itself, although there probably are differences
in certain features in the mediators of inflammation between these diseases [1]
[2]. During the progression of Alzheimer’s disease (AD), chronically hyperacti-
vated microglia recruit increased numbers of reactive astrocytes and these cells
enhance the inflammatory response, leading to the appearance of one of the
typical pathological hallmarks of the disease; extracellular S-amyloid (Ap) de-
posits [3]. Reactive astrocytes and microglia begin to proliferate and secrete a
wide array of chemokines, inflammatory cytokines and prostaglandins [4] which
further stimulate AS production and deposition and induce neuronal dysfunc-
tion. There is convincing evidence that the unbalanced inflammatory response
occurs relatively early, before AS plaques are deposited, and furthermore, that
the suppression of inflammatory signalling exerts beneficial effects [5] [6]. De-
spite the recent progress regarding Af antibody therapies, these approaches do
not yet combat other features of AD related pathology, e.g. chronic inflamma-
tory responses [7].

The endocannabinoid system is involved in many physiological processes, in-
cluding cognitive functions, memory and inflammation. This system consists of
endogenous signalling lipids ie. 2-arachidonoylglycerol (2-AG) and
N-arachidonoylethanolamine, which bind to and activate cannabinoid receptors
CB1 (CBIR) and CB2 (CB2R) [8]. CB1 expression is abundant in the CNS and
its activation controls many normal cellular functions while CB2 is expressed in
immune cells and in the brain in macrophage-derived microglia, mainly during
neuroinflammatory responses and neurodegenerative diseases [9] [10]. Activa-
tion of CB1 and CB2 by 2-AG has been shown to act as a protective neuro-
modulator against an A insult [11]. In addition, activation of CB1/CB, recep-
tors by synthetic agonists has been reported to reduce neuroinflammation and
inhibit the production of AS as well as improving cognition in mouse model of
AD [12].

2-AG is the most abundant endocannabinoid molecule; it has equal activating
affinity for both CB1 and CB2 [13]. The inactivation of 2-AG is almost entirely
attributable to the serine hydrolase, monoacylglycerol lipase (MAGL), which
accounts for 85% of 2-AG hydrolysis [14]. MAGL hydrolyses 2-AG to arachi-
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donic acid (AA) which can then be further metabolised to generate many proin-
flammatory eicosanoids in the brain, liver and the lung [15]. Inhibition of
MAGL by genetic manipulation or administration of an MAGL inhibitor re-
duced the levels of AA and its metabolites prostaglandin E2 and prostaglandin
D2 and increased the level of 2-AG and thus the level of neuroprotective endo-
cannabinoids in the brain. Oral administration of an MAGL inhibitor, JZL184,
conferred neuroprotection in a parkinsonian mouse model and alleviated
LPS-induced neuroinflammation. According to findings emerging from animal
models of AD, pharmacological [16] [17] and genetic [18] inactivation of MAGL
can reduce the Ap load, inhibit neuropathology and improve cognitive func-
tions. It has also been postulated that some of the anti-inflammatory and neuro-
protective effects of 2-AG may be through other than CB receptors [16] [18]
[19], but the route through which this mechanism acts is still not fully under-
stood and requires clarification.

The present study set-up was an extension to the previous studies from the
field, where anti-inflammatory and memory-improving effects of JZL184 were
observed in another AD mouse model. In our study, the anti-inflammatory ef-
fects of long-term JZL184-treatment were tentatively tested in transgenic (TG)
APP/PS1-21 mice during early- and late-stage proinflammatory phases, and ob-
serving the effect on spatial memory functions and the level of activated glial
cells, oligomeric A burden and CB1R and CB2R activation by immunohisto-

chemistry.

2. Materials & Methods

2.1. Animals and Treatments

The mice were maintained in individual cages under standard conditions (19°C
- 21°C, humidity 50% - 60%, lights on at 7 a.m.-7 p.m., freely available soy-free
food (RM3 (E) soya, 801710, Special Diets Service, Essex, UK) and water (RM3
(E) soya, 801710, Special Diets Service, Essex, UK) in the Central Animal Labo-
ratory of the University of Turku. This study was carried out in accordance with
the recommendations of the International Council of Laboratory Animal Science
(ICLAS). The protocol was approved by the National Animal Experiment Board,
Finland (permit number ESAVI/8303/04.10.07/2013). Turku University standard
operation procedures #7001 and #7601 regarding handling and discarding bio-
hazardous material were followed throughout the study.

TG mice modelling cerebral amyloidosis [C57BL/6J-Tg(Thy- 1-APPSwe,
Thyl-PSEN1*L166P)21]) were used in this study; these animals have a coexpres-
sion of human amyloid precursor protein (APP) carrying the K670N/M671L
“Swedish” double mutation and human presenilin-1 carrying L166P mutation
with a 3-fold overexpression of human APP over endogenous mouse APP. The
transgene is expressed under the control of a neuron-specific mThy-1 promoter
element, generated on a C57Bl6 background [20].

The JZL184 (Cayman Tocris, USA) formulation was prepared in sa-
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line:emulphor:ethanol (18:1:1 vol/vol/vol) solution as previously described [21].
A dose of 16 mg/kg JZL184 or vehicle was injected i.p. into 7 - 8 mo old or 1 -
1.5 mo old TG APP/PS1-21 mice, 3 x/week for 5 mo (Table 1). For the sake of
clarity, the groups are designated later as “old” and “young”, respectively. Vehi-
cle-treated TG APP/PS1-21 mice or JZL184- or vehicle-treated WT littermates

were used as controls.

2.2. Morris Water Maze

Animals were allowed to become accustomed to the test room for 1 h before the
actual experiment. EthoVision XT 10 video tracking system (Noldus) was used for
tracking and analysing the behavior. The room was dimly lit with indirect white
light (app. 50 lux), the test environment was quiet, the visual cues remained un-
changed and the observer was not visible to the mouse during the trials.

The Morris Water Maze test, MWM [22] [23] was performed for the mice
between 1 p.m-5 p.m. The test included white wading pool, diam. 120 cm and
movable, transparent platform, diam. 13 cm. The platform was submerged 1 cm
under the water level during the test, but removed during the probe trial (last
day 6). The mice were allowed 2 d pretraining (2 trials/mouse/d) using separated
training alley in the pool, with no visual cues. Pretraining sessions typically re-
duce stress and habituate the mice to water and searching and climbing onto the
platform [23]. After pre training, actual test started using the submerged, hidden
platform and providing visual cues for navigation. To avoid hypothermia, which
usually impairs movement and learning, the water temperature was kept con-
stantly at 25°C. Each mouse swam 5 trials per day, starting from different points
(N, E, S, W) each time and the order of the starting points was changed every
day. The last trial of the last day was the probe trial when there was no plat-
form present. In probe trials, the platform was removed and the animal stayed
in the water maze until the maximum trial duration (1 min) was reached. The
spatial learning was examined by observing the path length and escape latency.
In the probe trial, time and path length in every quadrant, time in target

quadrant and platform crossings were analysed. After the trials, the mice were

Table 1. Animal and treatment data. TG = transgenic, WT = wild-type.

Genotype Onset age, mo Treatment 3 x/wk for 5 mo Sex, N N, total
TG 7-8 JZL184, 16 mg/kg 3M, 4F 7

TG 7-8 Vehicle 2M, 6F 8

WT 7-8 JZL184, 16 mg/kg 8M, 3F 11

WT 7-8 Vehicle 4M, 6F 10

TG 1-15 JZL184, 16 mg/kg 3M, 4F 7

TG 1-1.5 Vehicle 3M, 2F 5

WT 1-1.5 JZL184, 16 mg/kg 3M, 5F 8

WT 1-1.5 Vehicle 2M, 6F 8
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terminally anesthetized and transcardially perfused with heparinized saline. The
brain was isolated, post-fixed with 4% paraformaldehyde solution for 24 h,
cryoprotected in 30% sucrose for 48 h, snap frozen in liquid nitrogen and stored
at -70°C.

2.3. Immunohistochemistry

The brain sample was thawed from —70°C to —20°C for 1h before cutting the brain
sections with a cryostat microtome. Then, 20 um thick coronal sections were cut
throughout frontal cortex and hippocampal formation into anti-freeze solution
and stored at —20°C until use. Before staining, the sections were washed with 1 x
PB pH 7.6, shaken gently for 5 x 30 min at RT, then O/N with slow shaking at
+4°C and finally for 3 x 30 min at RT. The sections were transferred onto glass
slides, air dried for 15 min, rehydrated in 1 x phosphate buffered saline (PBS) for 5
min and permeabilized and blocked using 0.05% Tween-20 in PBS (PBST; 3 x 5
min) or 1% BSA and 2% NGS with 0.3% Triton-X in PBS for 1h, followed by in-
cubation with primary antibody, wash with PBST (3 x 5 min, RT), incubation with
secondary antibody, air drying and mounting in Vector HardSet fluorescence
mounting medium with DAPI (VectaShied, Vector Laboratories).

To detect the level of activated astrocytes and microglia, the sections were in-
cubated with rabbit anti-GFAP pAb (DAKO, 1:600) and rabbit anti-Ibal pAb
(WAKO, 1:600) in 5% NGS in PBST overnight at +4°C. Furthermore, together
with both Ibal and GFAP staining, double staining with mouse Ap oli-
gomer-specific mAb, OMAB (Agrisera, 1:700) was performed to determine the
level of Apoligomers. Secondary antibodies Goat Anti-Rabbit IgG (H + L) Alexa
568 (Molecular Probes, 1:500) and Donkey Anti-Mouse pAb IgG Dylight 488
(Abcam, 1:800) were incubated on the sections for 2 h, RT. To detect the expres-
sion level of cannabinoid receptors, the sections were incubated with rabbit
anti-cannabinoid receptor I pAb (Abcam, 1:1000) and rabbit CNR2/CB2 pAb,
(Bioss, 1:1000) in 5% NGS in PBST overnight at +4°C. The secondary antibody,
Goat Anti-Rabbit IgG (H + L) Alexa 568 (Molecular Probes, 1:600), was incu-
bated on the sections for 2 h, RT.

Images were acquired in a Axiovert 200 M fluorescence microscope with a
Zeiss AxioCam MRc ccd camera and Zeiss Axiovision software (Zeiss, Germany)
or Pannoramic Midi FL Slide Scanner and software Pannoramic Viewer v.1.15.4
(3DHistech Ltd. Hungary), by taking 3 images/animal from 4 different areas.
The areas examined were hippocampus (HC), cortex (CTX), striatum (STR) and
whole hemisphere (HP). The quantification was performed using per area (%)
method (Image J 1.43 U, Wayne Rasband, NIH, USA). The acquisition of images
was performed in a single session, keeping settings constant throughout the
quantification procedure. The total number of animals used for immunohisto-

chemical analysis is listed in Table 2.

2.4. Statistics

The results are reported as means = SD. The data from immunohistochemistry
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Table 2. Animals used in the immunohistochemistry analysis. TG = transgenic, WT =

wild-type.
Genotype Age, mo Treatment Sex, N N, total
TG 12-13 JZ1184 3M, 3F 6
TG 12-13 Vehicle 2M, 5F 7
WT 12-13 JZ1184 5M, 1F 6
WT 12-13 Vehicle 3M, 3F 6
TG 6-6.5 JZ1184 3M, 3F 6
TG 6-6.5 Vehicle 2M, 3F 5
WT 6-6.5 JZ1184 2M, 4F 6
WT 6-6.5 Vehicle 1M, 5F 6

were quantified with two-way ANOVA with Bonferroni post-test using Graph
Pad Prism 5, v. 5.01. In MWM analysis, repeated-measures ANOVA were used
when comparing differences in latency or path lengths. For data originating
from the MWM probe test, one-way ANOVA with Tukey’s multiple comparison
test was used. In all tests, JZL184-treated TG or WT mice were compared to
their vehicle-treated groups. Significance was assumed if p < 0.05.

3. Results

Old (age 7 - 8 mo) or young (age 1 - 1.5 mo) TG APP/PS1-21 mice or their WT lit-
termates were treated with JZL184 (16 mg/kg, i.p.) or vehicle, 3 x /week for 5 mo.

The MWM was performed when the age of the old and young groups reached
app. 12 - 13 mo and 6 - 6.5 mo, respectively. Treatment with MAGL inhibitor
JZL184 evoked a positive effect on spatial memory functions in young but not in
old TG APP/PS1-21 mice. Thus, 5 mo pre-treatment with JZL184 shortened the
escape latency (Figure 1(B)) and increased significantly the frequency of target
area crossings during probe trials in young TG and WT APP/PS1-21 mice (p <
0.01 and p < 0.05, respectively) compared to their vehicle-treated littermates
(Figure 1(D)). In general, the escape latency for TG mouse groups was longer
compared to WT mice throughout the trials, but in young JZL184-treated mice,
the escape latency decreased rapidly to the level of WT group performance. In
old JZL184-treated TG mice, the escape latency improved but was in general,
very long, starting from day 1 in comparison with the other groups (Figure
1(A)). There was no significant difference in the swimming velocity between
groups.

After MWM tests, the mice were sacrificed and the samples for immunohis-
tochemical analysis were collected. According to the results, the level of CB1R in
TG mice was generally higher than in WT mice, and in the old mouse group as
compared to the young mouse group (Figure 2(A) and Figure 2(D)). The level
of CBIR expression increased significantly in old WT, but not in TG mice in all

brain areas examined, compared to vehicle-treated (Figure 2(A), p < 0.01).
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Figure 1. According to the MWM study, pre-treatment with the MAGL inhibitor, JZL184 (16 mg/kg, 3 x/wk for 5 mo) (B) short-
ened slightly but non-significantly the escape latency and (D) increased significantly the frequency of target area crossings (p <
0.01 and p < 0.05, respectively) of 6 - 6.5 mo old TG and WT APP/PS1-21 mice, compared to vehicle-treated littermates. However,
JZL184 treatment did not have any effect on the performance of 12 - 13 mo old TG or WT mice (A), (C).n=6 - 8.

Figure 2(B) and Figure 2(C) represent the level of CB1R immunoreactivity in
old vehicle and JZL184 treated TG mice, respectively. In young TG and WT
APP/PS1-21 mice, JZL184 increased CBIR expression significantly (Figure
2(D), p < 0.05) compared to vehicle-treated mice. Figure 2(E) and Figure 2(F)
represent the level of CBIR immunoreactivity in young vehicle and JZL184
treated TG mice, respectively. Overall, the within-group variation in every CBIR
measurement was too large to observe the effect separately in different areas,
only in cortex of the young TG mice there was a statistically significant differ-
ence (Figure 2(D), p < 0.05).

JZ1184 decreased significantly the level of CB2R expression in the brain of old
(Figure 2(G) and Figure 2(I), p < 0.001) and young (Figure 2(J) and Figure
2(L), p < 0.05) TG mice compared to vehicle-treated mice (Figure 2(G)-(H) and
Figure 2(J)-(K)). Once again, the within-group variation was too large to ob-
serve the effect separately in different brain areas except in the striatum of the
old TG mice (Figure 2(G), p < 0.001). The CB2R level was considerably lower in
WT mice in both old and young groups compared to TG mice and this situation
remained regardless of the treatment.

The level of Ap oligomers (OMAB immunoreactivity) decreased significantly
in both old (Figure 3(A) and Figure 3(C), p < 0.001) and young (Figure 3(D)
and Figure 3(F), p < 0.01) TG mouse groups in all brain areas examined, when
compared to TG mice treated with vehicle alone (Figure 3(A), Figure 3(B),
Figure 3(D), Figure 3(E)). However, the within-group variation was too large to

observe the effect separately in different areas, with the exception of striatum in
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Figure 2. After 5 mo treatment with JZL184, (A), (D) the level of CBIR in TG mice was higher than in WT mice, and in the old
group as compared to the young. (A) The level of CBIR expression increased significantly in old WT, but not in TG mice in all
brain areas examined, compared to vehicle-treated (p < 0.01). (B), (C) The level of CB1R immunoreactivity in old vehicle and
JZL184 treated TG mice. (D) In young TG and WT APP/PS1-21 mice, JZL184 increased CBIR expression significantly compared
to vehicle-treated mice (p < 0.05). (E), (F) The level of CB1R immunoreactivity in young vehicle and JZL184 treated TG mice.
JZL184 decreased significantly the level of CB2R expression in all brain areas in old TG mice (G, I, p < 0.001) compared to vehi-
cle-treated mice (G), (H). In young TG mice, JZL184 treatment decreased the level of CB2R significantly (J, L, p < 0.05) compared
to vehicle-treated mice (J), (K). The within-group variation in every measurement was too large to observe the effect separately in
different areas, only in (D) cortex of the young TG mice was there a statistically significant difference in CB1R immunoreactivity
(p < 0.05) and in (G) striatum of the old TG mice in CB2R immunoreactivity (p < 0.001). n = 4 - 7. Fluorescence microscopy im-
ages represent external capsule and primary somatosensory cortex area. Scale bars indicate 50 pm. HC = hippocampus, CTX =
cortex, STR = striatum, HP = hemisphere.

old TG mouse group (Figure 3(A), p < 0.01). The level of the activated microglia
(Ibal immunoreactivity) decreased only slightly in old TG mice (Figure 4(A)
and Figure 4(C)) but significantly in young TG mice (Figure 4(D) and Figure
4(F), p < 0.01), when compared to TG mice treated with vehicle alone
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Figure 3. After 5 mo treatment with JZL184, the level of Af oligomers (OMAB immunoreactivity) decreased significantly in (A),
(C) old (p < 0.001) and (D), (F) young (p < 0.01) TG mouse groups in all brain areas examined, when compared to age-matched
TG mice treated with vehicle only (A), (B), (D), (E). n = 4 - 6. The within-group variation was too large to allow an assessment of
the effect separately in the different brain areas, with the exception of the striatum in old TG mouse group (A), p < 0.01). Fluores-
cence microscopy images represent external capsule and primary somatosensory cortex area. Scale bars indicate 50 um. HC =
hippocampus, CTX = cortex, STR = striatum, HP = hemisphere.

(Figure 4(A), Figure 4(B), Figure 4(D), Figure 4(E)). Again, the within-group
variation was too large to observe the effect separately in different areas, with the
exception of the cortex (Figure 4(D), p < 0.01). In general, the level of astrocyte
specific GFAP was higher in TG mice when compared to WT mice (Figure 4(G)
and Figure 4(J)), but the level of expression did not change in any of the groups
due to JZL184 treatment (Figure 4(G)-(L)).

4. Discussion

Consistent with previous reports in AD animal models concerning long-term
JZL184 treatment [16] or genetic inactivation of MAGL [18], our results showed
that JZL184 reduced proinflammatory responses and improved spatial memory.
According to the immunohistochemical analysis, the expression of both CBIR
and CB2R was higher in TG compared to WT mice. MAGL inhibition induced a
notable increase in CBIR expression in young TG mice and reduced significantly
the level of CB2R expression both in young and old TG mice, when compared to
their vehicle-treated littermates. CB2R are typically inflammation-induced, mainly
microglia-specific, receptors [24]. Indeed, in our study, MAGL inhibition reduced
the microglia-specific, inflammation-related Ibal both in old, but especially in
young TG APP/PS1-21 mice, when compared to vehicle-treated littermates.
Furthermore, the levels of Af oligomeric species were simultaneously reduced
due to long-term MAGL inhibition. However, despite that the effect of the
JZ1184 treatment according to histological analysis was significant overall when

compared to treatment with vehicle only, the within-group variation in many
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Figure 4. After 5 mo treatment with JZL184, the level of Ibal decreased (A), (C) slightly but not significantly in old and (D), (F)
significantly (p < 0.01) in the young TG APP/PS1-21 mouse group in all brain areas, as compared to TG mice treated with vehicle

only (A), (B), (D), (E). The within-group variation was too large to allow an assessment of the effect separately in the different
brain areas, with the exception of the cortex in young TG mouse group ((D), p < 0.01). JZL184 treatment did not affect the level of

GFAP expression in any of the groups (G)-(L). n = 4 - 7. Fluorescence microscopy images represent external capsule and primary

somatosensory cortex area. Scale bars indicate 50 um. HC = hippocampus, CTX = cortex, STR = striatum, HP = hemisphere.

analysis was too large to observe significant effects separately in different brain
areas. Also, we did not have the possibility to separately follow the possible
sex-related effects in this study set-up.

We noted that long-term MAGL inhibition attenuated behavioral impair-
ments efficiently when administered during the early stage of the development
of AD pathology. However, it did not improve the performance of the old TG or
WT mouse group in MWM, thus showing neither disease-modifying nor
pro-cognitive effect. In our study, the treatment with JZL184 in the old mouse
group started at the age of 7 - 8 months. One straightforward explanation would

be that with such a late time point for treatment onset in this mouse model, the
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massive Af accumulation and resulting vicious cycles of proinflammatory reac-
tions in TG mice have already evoked such severe changes that it is impossible to
restore the function of the damaged nerve cells, even though the level of micro-
gliosis and the oligomeric forms of A were reduced according to the results ob-
tained from immunohistochemical analysis. In young APP/PS1-21 mice, JZL184
improved spatial memory functions significantly in TG, but also in WT mice,
compared to vehicle treated mice. This finding might suggest only pro-cognitive
rather than disease-modifying role of JZL184. But if this would be the situation,
also the performance in old WT mice should have been expected to improve
significantly. Alternatively, the pro-cognitive effect of MAGL inhibition might
be age-dependent. MAGL has already been suggested as one of the most impor-
tant regulatory enzymes in the inflammatory pathways of the brain, and its inhi-
bition has been shown beneficial, anti-inflammatory effects in certain animal
models. Our long-term study set-up performed with an animal model of cerebral
amyloidosis supports these previously published results, but as an extension to
the previous findings suggests that the sooner the proinflammatory reactions
mediated by the glial cells are halted, the more efficient is the capacity of these
cells to reduce the levels of the toxic forms of Af and to restore homeostasis of
CNS inflammatory systems. However, the results obtained are tentative, requir-

ing larger study set-up with additional methodological backup.
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2-AG: 2-arachidonoylglycerol

AA: arachidonic acid

APP: amyloid precursor protein

Ap: beta-amyloid

BSA: bovine serum albumin

CBR: cannabinoid receptor

GFAP: glial fibrillary acidic protein

Ibal: ionized calcium-binding adapter molecule 1
LPS: lipopolysaccharide

mAb: monoclonal antibody

MAGL: monoacylglycerol lipase

MWM: Morris Water Maze

NGS: normal goat serum;

NO: nitric oxide;

OMAB: oligomer-specific monoclonal antibody

pAD: polyclonal antibody
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