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Abstract—Cell–cell communication plays a central role in the guidance of migrating neuronal precursor cells dur-
ing the development of the cerebral cortex. Endocannabinoids (eCBs) have previously been shown to be one of
the central factors regulating neuronal migration. In this study the effects of eCBs on different parameters,
expected to affect embryonic cortical neuronal motility have been analyzed in neurosphere-derived neuroblasts
using time-lapse microscopy. Increased endogenous production of the endocannabinoid 2-arachidonyl glycerol
(2-AG) causes bursts of neuroblast motility. The neuroblasts move longer distances and show a low frequency of
turning, and the number of neuron–neuron contacts are reduced. Similar changes occur interfering with the func-
tion of the metabotropic glutamate receptor 5 (mGluR5) or its transducer canonical transient receptor potential
channel 3 (TRPC3) or the neuregulin receptor ErbB4. Blocking of 2-AG production reverses these effects. The data
suggest that eCB-regulated neuronal motility is controlled by mGluR5/TRPC3 activity possibly via NRG/ErbB4
signaling. � 2018 IBRO. Published by Elsevier Ltd. All rights reserved.
Key words: 2-AG, endocannabinoids, mGluR5, neuroblast, radial glia, TRPC3.
INTRODUCTION

Neuronal migration is essential for the development of the

cerebral cortex. Neuronal precursor cells migrate from the

ventricular walls along a path created by radial glial

processes (Kriegstein and Noctor, 2004). The correct
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destination is ensured by attracting and repulsing external

guiding cues secreted by neighboring cells (Kriegstein

and Noctor, 2004). Neuronal guiding by the radial glial

scaffold and neuron–neuron contacts are particularly

important (Rakic et al., 2009). Migration is guided by

typical chemotactic factors such as neurotrophins

(e.g., brain-derived neurotrophic factor, BDNF), netrins,

semaphorins and reelin (reviewed in Rao et al., 2002;

Marin et al., 2010). Also neurotransmitters, via their interac-

tion with ionotropic or metabotropic receptors, have an

important role in regulating themigratory process (reviewed

in Nguyen et al., 2001; Jansson and Akerman, 2014).

Endocannabinoids (eCBs), acting on G-protein-

coupled CB1 and CB2 cannabinoid receptors, have been

shown to have a central role in regulating neurogenesis

and neuronal migration (reviewed in Galve-Roperh

et al., 2009; Keimpema et al., 2011; Di Marzo, 2011;

Maccarrone et al., 2014). In addition, activation of the

CB1 receptor has been suggested to lead to repulsion of

the growth cone through rearrangement of the cytoskele-

ton (Berghuis et al., 2007). eCBs act as paracrine or auto-

crine modulators at relatively short distances (⪅100 mm).

2-arachidonoylglycerol (2-AG), the suggested main eCB

in the brain, is produced on demand from diacylglycerol

(DAG) by the putatively calcium-activated diacylglycerol

lipase a (DAGLa) (Bisogno et al., 2003; Gao et al.,

2010; Tanimura et al., 2010; reviewed in Oudin et al.,

2011b; Di Marzo, 2011). It is degraded mainly by
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monoacylglycerol lipase (MAGL) to arachidonic acid

(reviewed in Savinainen et al., 2012). Patterned distribu-

tion and trafficking of these enzymes in the nervous sys-

tems allows generation of gradients and local hot/cold 2-

AG spots (Keimpema et al., 2010; reviewed in

Maccarrone et al., 2014).

The metabotropic glutamate receptor 5 (mGluR5) is

also essential for normal neurogenesis (Di Giorgi

Gerevini et al., 2004; Brazel et al., 2005; Gandhi et al.,

2008; Jansson et al., 2013; Zhao et al., 2014; reviewed

in Jansson and Akerman, 2014). We have recently shown

that in a subventricular embryonic neurosphere model this

receptor is predominantly expressed on radial glial-type

cells (Jansson et al., 2013; Louhivuori et al., 2015).

mGluR5 is coupled to activation of a nonselective cation

channel, canonical transient receptor potential channel 3

(TRPC3) (Kim et al., 2003; Berg et al., 2007; Louhivuori

et al., 2015), which has previously been shown to act as

regulator of chemotaxis (Li et al., 1999; Amaral and

Pozzo-Miller, 2007). Inhibition of the function or the

expression of either mGluR5 or TRPC3 leads to detach-

ment of neuroblasts from the radial glial processes and

an increase in neuronal motility (Louhivuori et al., 2015).

This indicates that the radial glial mGluR5/TRPC3 signal-

ing is somehow, probably through diffusible ligands, limit-

ing the motility of neuroblasts (Louhivuori et al., 2015).

In addition to the central role in postnatal precursor

cell motility (Oudin et al., 2011a,b), interference with

eCBs signaling have been shown to cause pyramidal cell

migration defects and cortical malformations (Mulder

et al., 2008; Saez et al., 2014; Diaz-Alonso et al., 2017).

The aim of the present study was thus to study the role

of the 2-AG in the regulation of the motility pattern of cor-

tical embryonic neuroblasts, and the interaction the

between mGluR5/TRPC3 and eCB systems.
EXPERIMENTAL PROCEDURES

Cell culture and neuronal differentiation

Neuronal progenitor cells (NPCs) were isolated from the

walls of the lateral ventricles of embryonic day 14.5

129SvJ/C57Bl6/N mice, as described previously

(Reynolds and Weiss, 1992). Cells from this region are

considered to mainly represent precursors for cortical glu-

tamatergic neurons at embryonic day 14.5. Briefly, cells

were grown as free-floating aggregates, known as neuro-

spheres, in Dulbecco’s Modified Eagle Medium: Ham’s

Nutrient Mixture F-12 media (1:1) containing B27 supple-

ment (both from Gibco, Life Technologies Ltd., Paisley,

UK), 2 mM L-glutamine, 15 mM 4-(2-hydroxyethyl)

piperazine–1-ethanesulfonic acid (HEPES), 100 U/ml

penicillin, and 100 U/ml streptomycin (all from Sigma–

Aldrich, St. Louis, MO, USA), in the presence of

10 ng/ml basic fibroblast growth factor and 20 ng/ml

epidermal growth factor (both from PeproTech EC Ltd,

London, UK), in a humidified incubator in 5% CO2 at

+37 �C. The culture medium was changed every Monday

and Friday, and growth factors were added every

Monday, Wednesday, and Friday. Cells were passaged

by manual trituration at approximately 7- to 10-day

intervals. For neuronal differentiation, neurospheres were
plated on poly-DL-ornithine (Sigma–Aldrich, St. Louis, MO,

USA)-coated culture dishes or cover glasses in the

absence of mitogens. Growth factor withdrawal induced

spontaneous neurosphere attachment to the dishes,

extension of thick radial processes and appearance neu-

roblasts moving in close contact with these processes

(Fig. 1A).
Drugs

4-nitrophenyl-4-[dibenzo[d][1,3]dioxol-5-yl(hydroxy) methyl]

piperidine-1-carboxylate (JZL184; used at 10M), N-formyl-

L-leucine (1S)-1-[[(2S,3S)-3-hexyl-4-oxo-2-oxetanyl]
methyl]dodecyl ester (THL; used at 1M), ethyl-1-(4-

(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-

1H-pyrazole-4-carboxylate (pyr3; used at 1M), (S)-3,5-
dihydroxyphenylglycine (DHPG; used at 10M), N-[4-

[(3-chloro-4-fluorophenyl)amino]-7-[[(3S)-tetrahydro-3-
fur-anyl]oxy]-6-quinazolinyl]-4-(dimethylamino)-2-butenamide

(afatinib/BIBW 2992; used at 0.1M), N-(3-chloro-4-
fluorophenyl)-7-methoxy-6-[3-(4-morpholinyl)propoxy]-4-

quinazolinamine (gefitinib; used at 4M), and 2-methyl-

6-(2-phenylethynyl)pyridine hydrochloride (MPEP;

used at 10M) were from Tocris Bioscience (Bristol,

UK). 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-
1-piperidinyl-1H-pyrazole-3-carboxamide (AM251; used

at 10M) and 3-(1,1´-dimethylheptyl)-6aR,7,10,10aR-tetra

hydro-1-hydroxy-6,6-dimethyl-6H-dibenzo[b,d]pyran-9-

methanol (HU-210; used at 1M) were from Cayman

Europe (Tallinn, Estonia) and brain-derived neurotrophic

factor (BDNF; used at 10ng/ml), and neuregulin-1

(NRG1; used at 20ng/ml) from PeproTech.
Immunostaining protocol

BL6-derived neurospheres were plated on poly-L-ornithine

coated (0.05 mg/ml in PBS, pH 8, 3 h, +37 �C,) glass

cover slips on 24-well plate and allowed to differentiate

for 3 days. The cells were fixed with 4%

paraformaldehyde (Sigma) for 20 min in room

temperature (RT), followed by three washing steps with

PBST (PBS + 0.1% tween-20, pH 7.4, from Sigma).

When needed, the cells were permeabilized with

PBS + 0.5% triton X-100, pH 7.4 (Sigma) for 7 min in

RT. After three washing steps with PBST, blocking for

unspecific staining was done with UltraVisionTM Protein

Block (Thermo Fisher Scientific, Waltham, MA, USA) for

10 min in RT. Blocking solution was removed and the

1st antibody in 200 ml in PBST was added for 1 h in RT.

Unbound immunoglobulins were removed by washing

three times 10 min with PBST. The 2nd antibody-

conjugate (Alexa Fluor 488 or Alexa Fluor 568)

incubation was performed in 200 ml for 1 h in RT,

followed by four 10-min washing steps. Cells were

mounted with Prolong Diamond Antifade Moutant with

DAPI (Thermo Fisher Scientific, Waltham, MA, USA).

Antibodies and concentrations used in this study were:

anti-ErbB1, 1:100 (R&D Systems/Bio-Techne Ltd.

Abingdon, UK); anti-MAP-2, 1:500 (Abcam, Cambridge,

UK); anti-CB1, 1:100 (Abcam, Cambridge, UK), donkey-

anti goat Alexa Fluor 568 1:500, donkey-anti mouse

Alexa Fluor 568 1:500, donkey-anti rabbit Alexa Fluor



Fig. 1. The spatial distribution of neurosphere-derived cells and immunocytochemistry of CB1 receptors. (A) Selected images from a time-lapse

series showing emergence of neuroblasts from the neurosphere (Npsh). Radial glial-like cells are denoted with RG and neurons with N. (B)

Immunostaining for the glial marker ErbB1 receptors and the neuronal marker MAP-2. (C,D) Immunostaining for ErbB1 and CB1 (E).

Immunostaining for MAP-2 and CB1. The scale bar = 50 lm.
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488 1:500. All 2nd antibodies were from Invitrogen,

Eugene, Oregon, USA. Images were taken with

Olympus AX-70 microscope and pictures were analyzed

with ImageJ-software (Schneider et al., 2012).
Time-lapse imaging

Time-lapse imaging of cellular movement was performed

in a self-contained cell-culturing instrument combining
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phase contrast microscopy, automation and

environmental control (Cell-IQ system, Chip-Man

Technologies Ltd., Tampere, Finland). The imaging

system enables continuous monitoring of adherent cells

on two multiwall plates in an integrated plate holder.

Time-lapse images were analyzed with ImageJ and its

plugin MTrackerJ (Meijering et al., 2012) as described in

(Louhivuori et al., 2015), and the data quantified with

Microsoft Excel (Microsoft, Redmond, WA, USA) and Ori-

gin 6.0 (OriginLabCorp, Northampton, MA, USA).

Since the basic nature of movement of neuroblasts is

phasic, the average speed of movement is not always an

appropriate measure of cell motility. We therefore used a

previously defined quantity, motility index (see Louhivuori

et al., 2015). Moving cells were defined as cells which

move at least twice at a speed of 60 mm/h during a 10-h

period. Cells which did not follow this criterion were dis-

carded from the analysis to avoid measurements of sta-

tionary cells. Briefly, the motility index was defined as

the number of time points each cell moved with a speed

higher than 30 mm/h divided by the number of time points

the speed of the cell was below 30 mm/h:

motility index ¼ tspeed >30lm=h

tspeed 630lm=h

The averagemotility index (Figs. 2B–E and 7) for each

neuroblast was calculated for a period of at least 10 h.

Changes in direction of the movement of individual

neuroblast will cause a reduction in the distance to

the origin (the point where migrating neuroblast first

exits the neurosphere) compared to movement directly

away from this point. A measure of turning

(Ddirection) was thus obtained by dividing the

increment of distance from origin (distance from time

point B to origin – distance from time point A to

origin) with the distance traveled (the measured

distance between time points B and A) for every

measurement (Ddirection Fig. 3B). Values of �1 and

1 are obtained for movement toward and away from

the starting point, respectively, while any other

deviation from a linear path will give values between 1

and �1 and are functions of the angle by which the

change in direction occurs. Ddirection was then plotted

for each time point (15 min) within a time period of at

least 15 h for each cell. Ddirection events (Fig. 3C)

were calculated by counting each deviation of

Ddirection larger than 0.2 between two time points

and dividing the total number of deviations with the

total number of time points for each cell to obtain the

number of turns per time.
Endocannabinoid production

The production of endocannabinoids was measured as

described in (Turunen et al., 2012). Briefly, approximately

100 neurospheres were plated on poly-DL-ornithine-

coated 6-well plates without growth factors and allowed

to differentiate for 48 h. The spheres were metabolically

labeled for 24 h with 0.1 mCi/ml [14C]-arachidonic acid

(PerkinElmer, Waltham, MA, USA) in culture medium

containing 2.4 mg/ml lipid-free BSA as the radiolabel
carrier. Prior to the experiment, the loading medium was

removed and the spheres were washed three times with

HEPES-buffered saline (HBS; 137 mM NaCl, 5 mM KCl,

1 mM CaCl2, 1.2 mM MgCl2, 0.44 mM KH2PO4, 4.2 mM

NaHCO3, 10 mM glucose, and 20 mM HEPES, adjusted

to pH 7.4)/lipid-free BSA to remove residual extracellular

radioactivity. The spheres were incubated with inhibitors

in HBS/lipid-free BSA for 15 min at +37 �C. The experi-

ment was stopped by transferring the plates on ice and

collecting the extracellular solutions to Eppendorf tubes.

Possible cellular debris was centrifuged down (2 min,

14,000g at +4 �C) to prevent contaminations originating

from the membrane fraction.

For endocannabinoid detection, lipids were extracted

from the supernatant with modified Bligh and Dyer

method as described in (Turunen et al., 2012). Briefly,

800 ml of the supernatant was transferred to Kimax tubes

(Kimble Glass Inc., Vineland, NJ, USA) containing 2 ml

methanol and 1 ml chloroform. The tubes were thoroughly

vortexed and additional 1 ml of chloroform and 1 ml of

water were added. Tubes were mixed again and cen-

trifuged for 5 min at 500g in room temperature to com-

plete the phase separation. The lower, lipid-containing

organic phase was then acquired and dried under N2

stream. Samples were dissolved in chloroform and

applied directly to pre-dried thin layer chromatography

(TLC) plates (Silicagel 60; Merck, Darmstadt, Germany)

with non-labeled lipid standards for 2-AG, anandamide

and arachidonic acid (all from Cayman Chemical Com-

pany, Ann Arbor, MI, USA). The plates were developed

with a running solution containing ethyl acetate: isooc-

tane: acetic acid (144:56:20).

TLC-plates were dried and radioactivity was quantified

by exposing imaging plates (BAS-MS, Fujifilm, Tokyo,

Japan) overnight. For visualizing the unlabeled lipid

standards, the plates were stained with iodine vapor,

and scanned with Fujifilm FLA-5100 scanner; band

areas and intensities were analyzed with ImageJ.
Gene expression analysis

Cell-type-specific gene expression was analyzed for our

genes of interest using the output of the Bayesian

generalized linear modeling tool (La Manno et al.,

2016), which assigns regulated expression of a gene to

one or more cell populations. The modeling tool resource

code (https://github.com/linnarsson-lab/ipynb-laman-

no2016) and datasets (GEO accession number:

GSE76381) are publically available.
Data analysis

Statistical significance between groups was determined

using Student’s non-paired t-test with Bonferroni’s

correction for multiple comparisons. Significances are as

follows: ns (not significant), P > 0.05; *P < 0.05; **P <

0.01; ***P < 0.001. The results are given as mean ±

SD. The total number of cells analyzed is denoted with

‘‘n” and number of separate experiments with ‘‘N”.

https://github.com/linnarsson-lab/ipynb-lamanno2016
https://github.com/linnarsson-lab/ipynb-lamanno2016


Fig. 2. The effect of 2-AG on the spatial distribution and motility of neurosphere-derived cells. (A) 2-AG

levels in control cells and in cells treated with 1 mMTHL and 10 mM JZL184.N= 6 for all treatments. (B)

Examples of neuroblasts attached to radial glia or moving freely after no treatment (control) and after

treatment with 1 mM THL and 10 mM JZL184. Note the close contact between neuroblasts and tips of

thick radial processes (denoted with a dotted line). Neurons not attached to the radial glial layer are

markedwith an asterisk. Scale bar = 50 lm. (C) Themaximumdistance each cell had traveled from the

starting point at the radial glial border. Analysiswas startedat 25 h from the start of the experiment andan

imagewas analyzed every 2.5 h. Sample sizes: control cells: n= 32andN= 6; THL-treated cells: n =

69, N = 13; and JZL184-treated cells: n = 46, N= 8. For measurements of motility images were

acquired every 15 min over a time period of 48 h. Movement of single freely moving cells were tracked.

(D) Speed of an individual control cell, a cell treated with 1 mMTHL and a cell treated with 10 mM JZL184

is plotted as a function of time. Speed � 30 mm/h is marked with gray. (E–H) Statistics of motility indices

calculated from the movements of individual cells as those in (D). (B) Control cells (n= 47, N= 7) and

cells treated with THL (n= 71,N = 8) and JZL184 (n = 41,N= 6). (F) Control cells (n= 60,N= 10)

and cells treatedwith JZL184 (n = 65,N= 9), and JZL184 + THL (n = 14,N= 3). (G)Control cells (n
= 25, N= 5) and cells treated with 1 mM HU-210 (n = 53, N= 12), HU-210 + THL (n = 26, N= 6)

and 10 mM AM251 (n= 52, N= 8). (H) Control cells (n= 51, N= 8) and cells treated with THL (n =

37, N= 8), 10 mMMPEP (n = 33, N= 6), MPEP + THL (n= 37, N= 8), 1 mM pyr3 (n= 28, N= 5)

and pyr3 + THL (n = 40, N= 7). (I) 2-AG production in the presence of 10 mM DHPG, 10 mM JZL184

and DHPG + JZL184.
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RESULTS

Time-lapse imaging and
immunostaining of
neurosphere-derived cells for
CB1, ErbB1 and MAP-2

Endocannabinoids (eCBs) have a

central role in neuronal

development as paracrine

messengers (Maccarrone et al.,

2014) and they also increase the

motility of postnatal neuronal pro-

genitor cells (Oudin et al., 2011a).

We used time-lapse microscopy

to document the behavior of

neurosphere-derived cells as they

migrated out of the neurosphere

after mitogen-removal induced dif-

ferentiation. Two types of cells

dominate in these cultures. Radial

glial-type cells extend thick

branched processes and form a

dense layer (denoted RG in

Fig. 1A). They are positive for the

radial glial marker glutamate-

aspartate transporter (GLAST),

brain lipid-binding protein (BLBP)

and for the mGluR5 (Jansson

et al., 2013; reviewed in Jansson

and Akerman, 2014). Freely mov-

ing neuroblasts are released from

the radial glial layer (denoted N in

Fig. 1A). They typically have a

bipolar morphology with thin pro-

cesses and stain positively for

neuronal markers such as TuJ1

(class III b-tubulin), MAP-2

(microtubule-associated protein

2), NeuN (feminizing locus on X-3,

Fox-3, Rbfox3, or hexaribo-

nucleotide-binding protein-3), and

ionotropic glutamate receptors

(Jansson et al., 2012, 2013).

Fig. 1A shows neuroblasts emerg-

ing from a neurosphere (denoted

Nsph on the image) during the ini-

tial 30 h after induction of differenti-

ation. Due to the clear difference in

morphology, the cell types are dis-

tinguishable in time-lapse imaging

experiments. Epidermal growth

factor (EGF) is a mitogen for radial

glia and some astrocytes. Calcium

imaging suggests that EGF

responses are seen in radial

glial-type cells correlating with

the responses to activation of

mGluR5 (Louhivuori et al., 2018).

Co-immunostaining for the EGF
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receptor ErbB1 and MAP-2 shows the morphology of the

two cell types (Fig. 1B). The staining for the CB1 receptor

did not appear to overlap with the staining for ErbB1

(Fig. 1C). CB1 staining was instead detected in MAP-2-

positive neuroblasts located outside the ErbB1-positive

radial glial-type cells (Fig. 1D). CB1 staining appeared to

be localized to the MAP-2-positive processes (Fig. 1E).
2-AG effects on the motility index of migrating NPCs

eCBs have previously been associated with the regulation

of postnatal neuronal migration (Oudin et al., 2011b). We

thus wanted to assess their role in neurosphere-derived

cortical embryonic neurons. We first determined the syn-

thesis of 2-AG and anandamide, the other main eCB in

the brain (Devane et al., 1992). The production of 2-AG

was relatively low under basal conditions. THL (1 mM), a

DAGL inhibitor, showed no significant decrease in 2-AG

levels while JZL184 (10 mM), a MAGL inhibitor, caused

a robust increase in 2-AG levels (Fig. 2A). Anandamide

was not detected (data not shown).

The distribution of the neuroblasts with respect to their

original starting position close to the radial glia processes

was determined. As shown in Fig. 2B, control cells and

THL-treated cells remained close to the border of radial

glial processes (denoted by dotted white line), while

JZL184-treated cells had moved farther out. This is
Fig. 3. The effect of 2-AG on the movement direction of neurosphere-derived

were acquired every 15 min over a time period of 48 h, and individual cells

were tracked as in Fig. 2. (A) The movement of 25 control and THL-(1 mM)-

treated cells during a time period of 15 h are superimposed. (B) The move

assessed as explained under in Experimental Procedures. (C) Correspondin

(n = 32, N = 6), THL-treated (n= 69, N= 13), and JZL184-treated cells (n
confirmed in the statistics for the maximal distance each

cell had moved (Fig. 2C).

We then determined the speed over the entire

measurement period for control cells, THL-treated cells,

and JZL184-treated cells. The pattern of movement is

shown in Fig. 2D for representative cells. As seen, the

control cell moved in phases of rapid (>100 mm/h)

progression with alternating phases of slow progression

or stalling (gray areas denote speed < 30 mm/h).

Throughout the slow phases, the cells frequently

changed direction. During this behavior, longer

processes were retracted, and the cells extended short

processes in many directions and rotated slowly (data

not shown; see Jansson et al., 2012). These observations

are in agreement with previous results on the migration

pattern of subventricular zone neurons in mouse brain

slices (Murase and Horwitz, 2002; Suzuki and Goldman,

2003). Note the frequent periods of stalling of the THL-

treated cell (Fig. 2D). In contrast, the JZL184-treated cell

stalled less frequently and showed an overall higher

speed (Fig. 2D). The data were analyzed using motility

index. THL-treatment alone caused a small reduction in

the motility index, while JZL184-treatment considerably

increased the motility index (Fig. 2E). The effect of

JZL184 was completely reversed by THL (Fig. 2F). The

CB1 cannabinoid receptor agonist HU-210 (1 mM)
neuroblasts. Images

in image sequences

and JZL184-(10 mM)-

ment directions were

g statistics for control

= 46, N= 8).
increased the motility in a similar

way as JZL184 (Fig. 2G). The HU-

210-induced effect was unaffected

by THL, suggesting that the effect of

THL on motility is indeed due to its

ability to block DAGL. The CB1 recep-

tor antagonist AM251 reduced the

motility index (Fig. 2G) supporting

the idea of intrinsic 2-AG production

and CB1 receptor activity.

The increased motility index

measured in the presence of JZL184

is similar to the effect we have

previously seen in cells in which

mGluR5 receptors are inhibited with

MPEP (Jansson et al., 2013), and

also in cells expressing nonfunctional

TRPC3 channels or TRPC3 channel

are blocked with pyr3 (Louhivuori

et al., 2015). We therefore wanted to

determine whether inhibiting 2-AG

synthesis with THL would reverse

the effect of MPEP/pyr3. Addition of

THL reduced the motility of both

MPEP- and pyr3-treated cells to con-

trol levels (Fig. 2E). These data sug-

gest a mechanistic link between

mGluR5/TRPC3 and eCBs, i.e.,

reducing the signaling via the

mGluR5/TRPC3 pathway appears to

promote 2-AG-mediated effects on

neuronal motility. AM251 also

blocked the MPEP and pyr3 stimu-

lated motility (data not shown).
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The data described above are in apparent

contradiction with the expected Ca2+-dependent

increase in DAGL activity upon stimulation of mGluR5

(reviewed in Kano et al., 2009). We therefore tested

whether stimulation of mGluR5 with DHPG would result

in increased 2-AG production compared to the basal

levels. DHPG doubled the 2-AG production (Fig. 2I).

The DHPG-stimulated 2-AG production was, however,

not further potentiated by JZL184.

Effect of 2-AG on changes in direction

The results described above indicate that eCBs act by

modifying the phasic pattern of movement by promoting
Fig. 4. The effect of 2-AG on the spatial distribution of stalling cells. (A) Selected images from a

time-lapse series demonstrating a neuroblast making contact with radial processes and then being

released. Scale bar = 50 lm. (B) Neuroblast stalling events (events stalled/total events � 100%)

and their distances from the radial glial process in 20-mm increments under different conditions.

Sample sizes: control cells: n = 10); THL-(1 mM)-treated cells: n= 17, MPEP-(10 mM)-treated

cells: n = 36; MPEP + THL-treated cells: n = 37; pyr3-(1 mM)-treated cells: n = 10; pyr3 + THL-

treated cells: n= 29; and JZL184-(10 mM)-treated cells: n = 23. The black- and white-dotted line

shows the distribution of control cells. Scale bar = 50 lm.
bursts or reducing the stalling

frequency. As shown above,

JZL184-treated cells moved long

distances away from the radial

processes. Stalling often occurs in

close proximity of radial glia

(Louhivuori et al., 2015) and the neu-

roblasts frequently change the direc-

tion of their movement after a

stalling period (Jansson et al., 2012).

Chemoattraction or chemorepellation

changes the direction of cell move-

ment and would be expected to affect

the motility patterns. We thus deter-

mined effects of 2-AG on the spatial

distribution of the cells. The distribu-

tion of 25 randomly chosen control,

THL-treated and JZL184-treated cells

was analyzed. As shown in Fig. 3A

the control cells and THL-treated cells

move close to the site of origin and

seldom exceeding 200-lm distance,

while JZL184-treated cells move

much farther. Since a higher turning

frequency limits the effective distance

of migration, changes in direction of

the individual cells was determined.

We tracked the movement of individ-

ual cells over a time period of 15 h.

The changes of direction in relation

to the starting point were calculated

dividing the increment of distance

from origin with the distance traveled

for every measurement. Representa-

tive analysis results are presented in

Fig. 3B. Note the abundant turnings

in control and THL-treated cells as

compared to more linearly moving

JZL184-treated cell, which move in a

straight line away from the starting

point (value 1 on y-axis). As shown

in the average graph in Fig. 3C,

JZL184-treated cells moved more lin-

early in relation to the starting point

than control cells or THL-treated cells.

No significant difference between

control and THL-treated cells was

observed.
Effect of 2-AG on the distribution of stalling cells

The data above suggest that 2-AG reduces stalling and

turning events. Our previous studies suggest that

diffusible substances from radial glia affect neuroblast

motility in response to mGluR5/TRPC3 activity. Stalling

periods frequently coincide with the interactions

between the radial glial processes and the neuroblasts

(Louhivuori et al., 2015). Since eCBs are diffusible with

a range around 100 lm (reviewed in Maccarrone et al.,

2014) we measured the number of stalling events in rela-

tion to the distance from the radial glia. An image

sequence of a neuroblasts making contact with radial glial

processes and finally being released after 4.5 h is shown

in Fig. 4A. Note the change in the morphology at the 1
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hour time point. Fig. 4B presents the frequency distribu-

tions of the stalling events at different distances from

the radial glial border. The majority of stalling (i.e., moving

at speed � 30 mm/h) in control and THL-treated cells was

localized very close to the tips of the radial processes,

and stalling cells were seldom found longer than 150 mm
from the radial glia (Fig. 4B, topmost graph). Stalling

events of MPEP- and pyr3-treated cells were more evenly

distributed along the distances 0–400 mm from the tips of

the radial processes (Fig. 4B, middle and lowermost

graph). When THL was included together with MPEP or

pyr3 (Fig. 4B, middle and lowermost graph), stalling was

increased and the stalling cells were again positioned clo-

ser to the radial processes, mainly at a distance 0–200

mm from the tips. A population of stalling cells was found

very close to the tips of the radial processes. JZL184-

treated cells were distributed diffusely over long distances

in a similar manner as MPEP-/pyr3-treated cells (Fig. 4B,

topmost graph). Thus, both inhibition of mGluR5 and

TRPC3 and elevation of 2-AG levels produce similar wide

distribution of stalling cells.

Effect of 2-AG on ‘‘free cells”

Since THL only partially reversed the distribution of

stalling cells during mGluR5/TRPC3 block, we wanted

to investigate the effect of THL on the number of ‘‘free

cells” (neuroblasts unattached to radial glia). As shown
Fig. 5. The effect of 2-AG on the spatial distribution of stalling cells. (A) The n

cells was calculated, as described in Fig. 1, for control cells and cells treated w

6), MPEP (10 mM; N= 4), MPEP + THL (N= 5), pyr3 (1 mM; N= 4) and p

(B) The maximum distance each cell had moved. The measurement began 2

the experiment. Data were analyzed as described in Fig. 2. The distance of i

nearest radial glial process was determined for control cells (n = 10), THL-tr

MPEP-treated cells (n = 36), MPEP + THL-treated cells (n = 37), pyr3-tre

and pyr3 + THL-treated cells (n= 29).
in Fig. 5A, MPEP and pyr3 caused a significant increase

in the amount of ‘‘free cells” as shown earlier (Louhivuori

et al., 2015), but this change was only weakly affected by

THL. MPEP and pyr3 also increased the maximum dis-

tance the cells traveled from the radial glial processes;

THL only partially reversed this effect (Fig. 5B).
Effect of 2-AG on neuron–neuron interaction

As described alone, the effect of eCBs on the distribution

of neuroblasts cannot be explained through an

interference of neuroblasts with radial glia since THL

was unable to restore the change in distribution. We

noticed that interactions between neuroblasts are

frequent in the image sequences. These interactions

outside the radial glial layer may thus be another factor

limiting their free motility. We wanted to analyze if this

was indeed the reason. An image sequence of a contact

between two neuroblasts is shown in Fig. 6A. The cells

(contact denoted by an arrow) approach each other,

attach, and finally continue migration after the contact is

released. The average duration of each contact was 1.0

± 0.4 h (calculated from 23 neurospheres). We

quantified the number of contacts per total number of

neuroblasts (Fig. 6B). Under control conditions the cells

formed several contacts. THL-treatment alone caused a

small increase in the number of contacts between cells

compared to controls. MPEP and pyr3, as well as
umber of unattached

ith THL (1 mM; N=

yr3 + THL (N= 6).

5 h after the start of

ndividual cells to the

eated cells (n= 17),

ated cells (n= 10),
JZL184 and HU-210, significantly

reduced the number of neuron–

neuron contacts. THL, on the other

hand, totally restored the neuron–

neuron interactions in the presence

of MPEP, pyr3, and even JZL184 –

but not in the presence of HU-210 –

suggesting that the reduction in

contacts during these treatments

could be mediated by intrinsic 2-AG

production. We further quantified the

numbers of neuron–neuron contacts

along the distance to radial glial

processes. In control, THL-, and

JZL184-treated cells most contacts

occurred 50–100 mm from nearest

radial processes (Fig. 6C). The

contacts seldom occurred at a

distance above 200 mm.
Interactions of neurotrophins and
2-AG in neuronal motility

Neuregulins, acting through the

ErbB4 receptors, have been shown

to play an essential role in embryonic

neuronal migration (Ghashghaei

et al., 2006; Rico and Marin, 2011).

Likewise, BDNF promotes neuronal

migration in embryonic models

(Jansson et al., 2012; Zhou et al.,

2015). An interaction between the

eCB and the neuregulin systems is

suggested by a study showing that



Fig. 6. The role of 2-AG in neuron–neuron contact. (A) Selected images from a time-lapse series

demonstrating a contact between two neuroblasts. Scale bar = 50 lm. (B) Images of every 2.5-h

time point were analyzed for a time period of 25 h beginning at 25 h from the start of the

experiment. Each contact was counted and the number divided by the total number of neuroblasts

in the respective image. Control cells (n= 10), and cells treated with THL (1 mM; n= 5), pyr3 (1

mM; n = 5), pyr3 + THL (n = 5), MPEP (10 mM; n = 5) JZL184 (10 mM; n= 5), JZL184 + THL

(n = 5), HU-210 (1 mM; n= 5), and HU-210 + THL (n = 5). (C) Distribution of neuron–neuron

contact points from the closest radial glial process. Sample sizes: control: n= 78; THL: n= 73;

and JZL184: n= 83. Scale bar = 50 lm.
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neuregulin-1 (NRG1) treatment downregulates MAGL

expression leading to enhanced 2-AG signaling (Du

et al., 2013).

To study the role of NRG/ErbB4, we measured the

effect of NRG1 on neuronal motility. NRG1 alone

caused a small but significant reduction in motility index

(Fig. 7A). In contrast, when the cells were treated with
afatinib, a blocker of ErbB1/ErbB4

receptors, a considerable increase in

motility was observed (Fig. 7B),

similar to the effect of mGluR5,

TRPC3 or MAGL inhibition (Fig. 2B,

D and E; Fig. 7C). Gefitinib, a

selective inhibitor of ErbB1, had no

effect on the motility index (Fig. 7B),

suggesting that ErbB4 mediates the

effects of NRG1 and afatinib on

motility. THL reversed the afatinib-

induced increase in motility (Fig. 7B).

NRG1, however, completely blocked

the increased motility induced by

JZL184 (Fig. 7C).

BDNF-treatment also increased

the motility index of these cells.

Interestingly, THL-treatment did not

affect BDNF-induced motility

(Fig. 7A). BDNF-stimulated motility

instead was fully inhibited by NRG1.
DISCUSSION

The results of the present study

indicate that endogenously produced

2-AG has significant impact on the

motility pattern of subventricular

embryonic neurosphere-derived

neuronal precursor cells.

Neuroblasts from this area have

been shown to develop into cortical

glutamatergic neurons (Kriegstein

and Noctor, 2004). The endocannabi-

noid system has previously been

shown to have an important role in

cortical neuronal migration. Interfer-

ence with endocannabinoid signaling

by receptor knock-down or pharmaco-

logic inhibition causes pyramidal cell

migration defects and cortical malfor-

mations (Mulder et al., 2008; Saez

et al., 2014; Diaz-Alonso et al.,

2017). Migratory defects have also

been seen upon knocking down or

pharmacologically blocking of DAGL

or MAGL (reviewed in Maccarrone

et al., 2014).

Time-lapse microscopy was used

in this study to monitor the motility

pattern of cortical embryonic

neurosphere-derived neuronal cells.

Two cell types dominate in these

neurosphere cultures, radial glial-

type cells and early neurons or
neuroblasts. As shown here, the CB1 cannabinoid

receptor was mainly present in neuroblasts, based on its

expression in MAP-2-positive cells and the fact that little

or no expression was seen in ErbB1-positive radial glial-

type cells. This is supported by the data from mouse

transcriptome (La Manno et al., 2016) analyses indicating



Fig. 7. The role of NRG1/ErbB4 signaling in 2-AG-mediated motility. Experimental conditions as in

Fig. 2. (A) The cells were treated with NRG1 (20 nM; n = 81, N = 18), BDNF (20 ng/ml; n= 21,

N= 4), BDNF + THL (1 mM; n= 43, N= 7) and BDNF + NRG1 (n = 22, N= 4). (B) The cells

were treated with gefitinib (4 mM; n= 54, N= 6), afatinib (0.1 mM; n = 71, N = 12) and

afatinib + THL (0.1 mM+1mM; n = 25, N= 4) respectively. (C) The cells treated with JZL184

(10 mM; n= 65, N= 9) and JZL184 + NRG1 (n= 12, N= 3).
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that CB1 mRNA is present in neuroblasts, whereas little

expression is seen in radial glia (Fig. 8).

Several parameters expected to affect the neuronal

motility pattern such as turning frequency and cell–cell

interaction were analyzed in this study. The neuroblasts

move in phases of high motility with intermittent slow

phases or stalling periods. During bursts of movement

the neuroblasts show a typical bipolar morphology, while

during stalling they often extend several processes (i.e.,

have a multipolar appearance) and rotate slowly (Tabata

and Nakajima, 2003; Jansson et al., 2013; Kitazawa

et al., 2014; Louhivuori et al., 2015). Studies done

in vivo suggest that stalling phases in NPC migration rep-

resent periods of exploration and interactions (Gomez

and Spitzer, 1999).

As shown here, blocking MAGL with JZL184

significantly increased endogenous 2-AG production,

indicating that under basal conditions there is an

intrinsic activation of 2-AG production, which is limited

by the endogenous MAGL activity. The increased 2-AG

levels in the presence of JZL184 caused an increase in

the frequency of bursts of rapid movement of

neuroblasts, reduction in their turning frequency and

reduction in the cell–cell interaction frequency. These

effects are in line with earlier studies on the role of

MAGL in many neuronal systems, including in vivo
mouse and rat brain, where JZL184 has been shown to

increase 2-AG production and promote native

endocannabinoid actions (Keimpema et al., 2010; Oudin

et al., 2011a; reviewed in Oudin et al., 2011b;

Maccarrone et al., 2014). Corresponding increase in neu-

roblast motility was obtained upon exposure to the syn-
thetic CB1 receptor agonist HU-210,

which is in agreement with previous

findings with adult neuronal progenitor

cells. Conversely the effect of block-

ing endogenous production of 2-AG

with the DAGL inhibitor, THL, had a

rather modest effect on the parame-

ters analyzed. This would indicate

that a tonic production of 2-AG exists,

but net production is limited by a high

MAGL activity and can only be

unmasked by JZL184. Unfortunately,

with antibodies available we were

unable to identify the cells expressing

DAGL and MAGL. Mouse transcrip-

tome analysis revealed, however, that

these enzymes are expressed at sim-

ilar low levels in both radial glia and

neuroblasts (Fig. 8).

We have previously shown that

blocking of the glutamate receptor

mGluR5 or the nonselective cation

channel TRPC3 with pyr3, or

deletion of the trpc3 gene

(Louhivuori et al., 2015), produces

an increase in neuroblast motility in

a similar way as did the activation of

CB1 receptors in the current study.

Interestingly, this increase was totally

restored to control levels when 2-AG
production was blocked by THL, suggesting a functional

coupling between mGluR5/TRPC3 and eCB systems.

The effect of THL on motility does not appear to be a gen-

eral effect on motility per se, since the motility increase in

the presence of CB1 receptor agonist HU-210 and BDNF

were unaffected by THL treatment. The mechanisms, by

which the interference with mGluR5/TRPC3 would couple

to enhance endocannabinoid signaling, are uncertain.

Unfortunately, the present measurement technique did

not reveal any increase in the production of 2-AG in the

presence of MPEP (data not shown). One explanation

could be that the relevant 2-AG production is localized,

and represents only a small proportion of the bulk produc-

tion of 2-AG we are able to measure. Alternatively, radial

glial mGluR5 signaling may affect the neuronal CB1

receptors in some other way, possibly via diffusible sub-

stance such as NRG reducing their sensitivity (see

below).

DAGL is a Ca2+-activated enzyme and mGluR5

signaling can produce the DAG needed for DAGLa-
catalyzed production of 2-AG in mature synapses

(reviewed in Kano et al., 2009). The apparent contradic-

tory results presented here, however, suggest that block-

ing of mGluR5 signaling promotes CB1-mediated effects

on migration. Stimulation of 2-AG production by DHPG,

an agonist of mGluR5, was observed also in this study,

but this effect was not potentiated by JZL184. One expla-

nation could be a compartmentalization of 2-AG produc-

tion and degradation, e.g., that different, separately

regulated pools of 2-AG may exist. This may be related

to the observations of compartmentalization of DAGL
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Fig. 9. Simplified scheme to describe presented results. (A) Glutamate released from neurons

acting on radial glial mGluR5 (Jansson et al., 2013; Jansson and Akerman, 2014) leads to

activation of TRPC3 channels (Jansson et al., 2013; Louhivuori et al., 2015) causing a proteolytic

release of membrane bound NRG (Louhivuori et al., 2018). This promotes stalling of nearby

neurons via NRG activating ErbB4. NRG could also upregulates radial glial (?) MAGL, which

hydrolyzes 2-AG produced by nearby DAGL (Du et al., 2013). Lack of net 2-AG production allows

neuron–neuron communication. (B) Inhibition of mGluR5, TRPC3, ErbB4 or MAGL increases 2-

AG production due to reduced MAGL activity, which reduces neuron–neuron contacts and

promotes neuronal motility. It should be noted that the site at which different interactions occur is

not certain. DAGL, MAGL and ErbB4 are also present in neurons.

146 P. M. Turunen et al. / Neuroscience 375 (2018) 135–148
and MAGL in neuronal processes (Keimpema et al.,

2010; reviewed in Maccarrone et al., 2014). Additionally,

different pools of DAGL may also exist. Two separate

pools of DAGLa, one activated by metabotropic glutamate

receptors and the other by Ca2+, have been described in

hippocampal CA1-neurons (Zhang et al., 2011). It is

therefore possible that separate pools of DAGLs also

exist in the neurosphere system, one that is closely con-

nected to MAGL and another, an unconnected one. The

very low mRNA expression of DAGL and MAGL in radial

glia and neuroblasts supports the idea that their expres-

sion may be local. Simultaneous inhibition and stimulation

of 2-AG synthesis could also represent a feed-back con-

trol on 2-AG production.

Less is known about the regulation of the 2-AG-

degrading enzyme, MAGL. Its expression has been

shown to be activated through peroxisome proliferator-

activated receptor-c (PPARc) (Labar et al., 2010). Neu-
rotrophins might also have a role in the regulation the of

2-AG tone. BDNF/TrkB signaling has been shown to

downregulate MAGL expression (Maison et al., 2009)

and, interestingly, there is evidence for involvement of

NRG1 in upregulation of MAGL (Du et al., 2013). NRG1
Fig. 8. Transcriptome analysis of CB1, MAP2, DAGL and MAGL. Data from (La Manno et al., 20

expression in neuroblasts on contrary to radial glia cells, where the expression is low. MAP2: expres

Expressed in both cell types in low amounts compared to baseline. MAGL: Expressed in both cell

Abbreviations: mRgl1=mouse radial glia 1, 2, and 3 cell type (blue rectangle). mNbML=mouse neu

=mouse neuroblast lateral (orange rectangle). mNProg=mouse neural progenitor. note: neuroblast

after migration phase (i.e., intermediate progenitor). neural progenitor: Close to a stem cell (identified

of midbrain).

3

may act downstream of mGluR5/

TRPC3, which acts via proteolytic

activation of NRG1 (Louhivuori et al.,

2018). As shown here, blocking

ErbB4 signaling with afatinib

increased motility of neurons, in a

similar way as inhibiting mGluR5/

TRPC3 or MAGL or stimulating CB1

receptors with HU-210 did. A connec-

tion between the NRG/ErbB4 system

and 2-AG appears to exist, as the

effect of afatinib on neuroblast motility

was reversed by THL and the effect of

JZL184 was reversed by NRG1. How-

ever, NRG1 treatment, contrary to

THL, was able to block also the

BDNF-promoted motility. We thus

cannot directly pinpoint the molecular

interaction between the NRG1 and

endocannabinoid systems, but it

seems clear that NRG1 affects neu-

roblast motility also by other mecha-

nisms than by regulating MAGL

expression.

Attraction between cells has

previously been shown to limit the

migration and positioning of

transplanted neural progenitor cells

(Ladewig et al., 2014). Ligands, which

increase neuronal motility such as

cannabinoids and MPEP, are well tol-
erated in clinical trials and they could thus be used as

adjuncts in neural progenitor cells transplantations to

enhance migration of grafted cells into the host tissue tar-

get area. In light of the results presented here, the main

effect of 2-AG appears to be to counteract the attraction

between neurons, thereby promoting movement for longer

distances. The motility of neuroblasts is limited by two

steps. First one is the neuron–radial glia attraction which

promotes stalling. Second is the intense formation of neu-

ron–neuron contacts, which also limits motility and migra-

tion distances. Interaction of neuroblasts with radial glial

cells has previously been shown to limit motility by promot-

ing stalling (Louhivuori et al., 2015). It has previously been

shown that radial glia has a considerable impact on neu-

ronal migration (Sild and Ruthazer, 2011). The reduced

stalling associated with inhibition of mGluR5/TRPC3 sig-

naling is partially caused by disturbing neuroblast–radial

glial interactions (Jansson et al., 2013; Louhivuori et al.,

2015). However, even if eCBs appear to be involved in

the increased motility seen as a consequence of interfer-

encewithmGluR5/TRPC3, the eCB effect does not involve

neuron–radial glial interaction, since THL did not totally
16). CB1: In mouse (bottom panel) significant

sion is seen exclusively in neuroblasts. DAGL:

types in low amounts compared to baseline.

roblast Mediolateral (orange rectangle). mNbL

is a dividing cell that will develop into a neuron

by expression of Msx2, found only in floor plate
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reverse the reduced neuron–radial glial attraction, but

promoted stalling and positioning of neurons closer

(100–200 lm) to the radial glial processes. Most of the

neuron–neuron interactions occur at this distance. THL

enhanced neuron–neuron contacts, particularly when con-

tacts were first reduced by blocking of mGluR5/TRPC3 or

in the presence of JZL184. Endocannabinoids thus appear

to reduce neuron–neuron interactions. This is supported by

the findings of Diaz-Alonzo and coworkers where transient

CB1 knockdown induced disruption in migratory morphol-

ogyandarrest inmigration (Diaz-Alonso et al., 2017). eCBs

have previously been shown to cause growth cone repul-

sion (Berghuis et al., 2007; Argaw et al., 2011; reviewed

in Maccarrone et al., 2014), which would explain the

increased number of neuron–neuron contacts upon inhibi-

tion of eCB synthesis. Transient early neuron–neuron

attraction is considered to be an important step in future

synaptogenesis (Cao et al., 2009). Reduced neuron–neu-

ron interaction might alter correct positioning of neurons

during brain development (reviewed in Maccarrone et al.,

2014; Zhou et al., 2014).

CONCLUSION

The results presented suggest that attraction between

neuroblasts is an important factor limiting the progress

of early neuronal movement. Local intrinsic DAGL-

mediated eCB production is limited by MAGL-mediated

hydrolysis. Radial glial mGluR5, acting via TRPC3

channels, promote the production diffusible signals –

NRG acting on ErbB4 probably being one of them –

which may reduce the net production of eCBs and/or

reduce neuronal CB1 receptor sensitivity to eCBs. Lack

of eCB production (or CB1 activation) reverses eCB-

mediated inhibition of neuron–neuron interaction leading

to an increased motility and longer distances of

movement. Schematic picture of the possible signaling

involved is shown in Fig. 9.
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GLOSSARY

Neurosphere: A culture system of free-floating aggregate of neural stem cells.

Motility index: A parameter describing the phasic nature of neuronal precursor

movement; higher motility index means more movement (defined as number

of time points the cells move with a speed above 30 mm/h divided by the

number of time points they move below this value).
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