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Abstract

Aims: The endocannabinoid system with its type 1 cannabinoid receptor (CB4R)
expressed in postmitotic neuroblasts is a critical chemotropic guidance module with its
actions cascading across neurogenic commitment, neuronal polarisation and synaptogen-
esis in vertebrates. Here, we present the systematic analysis of regional CB+1R expression
in the developing human brain from gestational week 14 until birth. In parallel, we dia-
grammed differences in CB4R development in Down syndrome foetuses and identified
altered CB4R signalling.

Methods: Foetal brains with normal development or with Down'’s syndrome were ana-
lysed using standard immunohistochemistry, digitalised light microscopy and image anal-
ysis (NanoZoomer). CB4R function was investigated by in vitro neuropharmacology from
neonatal Ts65Dn transgenic mice brains carrying an additional copy of ~90 conserved
protein-coding gene orthologues of the human chromosome 21.

Results: We detected a meshwork of fine-calibre, often varicose processes between the
subventricular and intermediate zones of the cortical plate in the late first trimester,
when telencephalic fibre tracts develop. The density of CB4Rs gradually decreased dur-
ing the second and third trimesters in the neocortex. In contrast, CB4R density was main-
tained, or even increased, in the hippocampus. We found the onset of CB4R expression
being delayed by 21 month in age-matched foetal brains with Down'’s syndrome. In vitro,
CB1R excitation induced excess microtubule stabilisation and, consequently, reduced
neurite outgrowth.

Conclusions: We suggest that neuroarchitectural impairments in Down’s syndrome
brains involve the delayed development and errant functions of the endocannabinoid

system, with a particular impact on endocannabinoids modulating axonal wiring.

KEYWORDS
cannabinoid receptor, developmental delay, endocannabinoid system, genetic brain disease,
neurodevelopmental disorder, trisomy
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INTRODUCTION

The temporal and spatial interaction of chemotropic guidance systems
shapes brain development by controlling many aspects of intercellular
communication. Amongst these signalling modules, the endocannabi-
noid system is recognised as one of the most abundant units, which is
present in virtually all synapses. Endocannabinoid signalling attracted
significant interest recently because of its medical relevance and sen-
sitivity to plant-derived and synthetic drugs [1, 2]. Notably, both the
localization and function of the enzymatic machinery controlling
endocannabinoid bioavailability and of both the typical and atypical
cannabinoid receptors differ between foetal and adult brains [3-6].
Both 2-arachidonoglycerol (2-AG) [7] and anandamide (AEA) [8], the
major endocannabinoid ligands, participate in the retrograde control
of synaptic plasticity at mature synapses by acting at type 1 cannabi-
noid receptors (CB4Rs) postnatally [4-6]. In contrast, the endocanna-
binoid family of small signal lipids serves as one of the guidance
systems to define synapse localisation and selection during brain
development. Herein, endocannabinoids can act in an autocrine/cell-
autonomous fashion when controlling neural progenitor proliferation
through non-CB;R-mediated mechanisms [9-12]. Indeed, CB;R
expression is seen as a feature of neurogenic commitment in verte-
brates [13], with a marked increase in CB;R expression and respon-
siveness once neuroblasts leave their respective progenitor zones
[14, 15]. Subsequently, endocannabinoids modulate directional
motility for both neurons (cell migration) and their navigating neurites
(neuronal polarisation and pathfinding) [16, 17], at least in the cerebral
cortex. In doing so, endocannabinoid engagement of CB1Rs can alter
cytoskeletal dynamics in growth cones and neurites [18], alone or in
interplay with other signalling systems [19]. Endocannabinoids so far
have been suggested to act by volumetric diffusion (although they are
released by postsynaptic vesicular exocytosis, in a process that
requires synucleins [20]) because signal lipids can likely spread along
and within biological membranes. Endocannabinoid signals could thus
have a substantial impact, particularly during intrauterine develop-
ment, when neuronal polarisation and morphogenesis rest on a
>1,000-fold expansion of the membrane surface in each neuroblast
and when the brain is yet devoid of astroglial and/or oligodendroglial
limiting cellular barriers [17]. Despite the incomplete glial map of the
antenatal brain, diffusible lipids can instead be spatially confined by
recruitment of the enzymatic machinery that controls their availability.
For 2-AG, the differential distribution of sn-1-diacylglycerol lipases
(DAGLa) and monoacylglycerol lipase (MAGL) along growing neurites
is one such example to maintain unidirectional lipid signalling [16, 17].
Once the ground plan of the neuronal connectome is complete,
endocannabinoid signalling between glia and neurons starts to refine
neuronal metabolism and synaptic neurotransmission [19].

Within the family of ‘cannabinoid receptors’ [21, 22], the CB4R
predominates in the nervous system of both rodents [14] and humans
[23]. Because of its abundant expression, neocortical development is
thought to rely on CB4Rs-mediated endocannabinoid signalling. Upon
synthesis and trans-Golgi maturation in neuronal somata [12], CB4Rs

are rapidly transported on small vesicles along corticofugal axons [24].

Key points

e This study gives a regional distribution pattern of cannabi-
noid receptor type 1 expression in the human foetal brain.

e In Down’s syndrome, receptor expression is delayed by
at least a month.

e CB;R activation induces excess microtubule stabilisation
in cortical neurons of Ts65Dn Down’s syndrome model

transgenic mice.

The preferential axonal distribution of CB1Rs can thus steer direc-
tional growth decisions [14, 19]. Even before developmental pro-
cesses are complete, CB;Rs accumulate in varicose foci in nascent
axons, thus marking prospective terminal and/or en passant synaptic
boutons [25, 26]. This subcellular distribution of CB4Rs is thus poised
to uninterruptedly traverse from growth to the retrograde control of
emergent synaptic activity [27, 28]. CB4R activation during foetal life
triggers either mTOR [14, 29] or Erk, PI3K/Akt and c-Jun kinase sig-
nalling [30]. For the c-Jun cascade, the rate of c-Jun N-terminal kinase
(JNK1) phosphorylation/dephosphorylation represents a major deter-
minant of cytoskeletal instability. This is because JNK1 exerts a direct
effect on the availability of SCG10/stathmin-2 by triggering its pro-
teasomal degradation by phosphorylation. SCG10/stathmin-2 itself
controls tubulin availability for cytoskeletal reorganisation [18], includ-
ing during neuritogenesis.

Despite recent progress [31-33], we know little about whether
errant endocannabinoid signalling contributes to the pathogenesis of
developmental brain disorders or if its changes are instead secondary
to the evolving pattern of structural synaptic deficits. The best-known
congenital neurological disorders with endocannabinoid involvement
are fragile X syndrome [34] and epilepsy [35]. Synaptic impairment in
fragile X syndrome, a genetic disorder caused by a mutant form of the
FMR1 gene, is attenuated by non-CB;R-acting cannabidiol (ZYN002)
[36]. Alternatively, the efficacy of CB4R antagonism to reverse synap-
tic deficits in a mouse model of fragile X syndrome offers a therapeu-
tic perspective [37]. The developmental significance of manipulating
endocannabinoid signalling is illustrated by the ability of CB4R antago-
nists to shift the excitation/inhibition balance in cortical neurocircuits,
thus inducing epileptiform discharges in infants. Conversely, enhanced
signalling at CB4Rs dampens network activity, at least in animal
models [25].

Here, we focused on Down’s syndrome, or trisomy 21, a major
genetic cause of intellectual disability with a probability of about 1-in-
700-to-1,000 live births [38]. Epilepsy is a highly prevalent comorbid-
ity of Down’s syndrome [39]. At the cellular level, Down’s syndrome is
characterised by altered cortical lamination and decreased synaptic
neurotransmission, the latter being due to the malformation of den-
drites, including dendritic spines, which are the structural targets of

excitatory synapses [40, 41]. Previously, down-regulation of repressor
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element-1 silencing transcription factor (REST)-regulated genes was
identified in foetuses with Down’s syndrome [42]. Amongst these,
STMN2 (the gene coding the SCG10 protein) was the topmost
affected target. This finding is exciting for developmental neurobiolo-
gists because it allows us to link SCG10 to upstream CB4R activity at
synapses across the foetal brain [18]. Significantly, SCG10 protein
expression in the developing brain is restricted to neuronal contingents
that transit from a migratory towards a differentiated/polarised state
and are actively engaged in neuritogenesis [43]. Therefore, we first
systematically mapped CB4R distribution in foetal brains with Down'’s
syndrome and age-matched controls. Second, we tested a mechanistic
link between CB,R-SCG10 activity-impaired neuritogenesis in foe-
tuses of Ts65Dn*"* mice, which carry an extra copy of a large part of
the mouse chromosome 16, resulting in trisomy of around
90 conserved protein-coding gene orthologues to the human
chromosome 21 [44-46]. Our findings reveal a temporal mismatch in
antenatal CB4R expression in Down'’s syndrome vs. age-matched con-
trols, particularly in telencephalic axonal tracts, and implicate excess
CB4R-to-SCG10 signalling as a mechanism limiting neuritogenesis.

MATERIALS AND METHODS

Neuropathology: Human foetal tissues, their
preparation, histochemistry and quantification

To map CB4R distribution, n = 13 male and n = 14 female foetal
brains with normal development (between gestational weeks 14 and
40) were selected from the Brain Bank of the Institute of Neurology,
Medical University of Vienna, Austria. We investigated another n = 3
brains for which sex was unknown. Foetal brain tissue was obtained
from spontaneous or medically induced abortions. Only cases without
genetic disorders, head injury or neurological complications were
included as controls. These cases showed neither chromosomal aber-
rations nor post-mortem autolysis. Neuropathological examination
excluded major central nervous system malformations, severe hyp-
oxic/ischemic encephalopathy, intraventricular haemorrhage, hydro-
cephalus, meningitis or ventriculitis. Another n =10 male, n =8
female and n = 5 foetal brains with unknown sex but all with Down’s
syndrome were included in this study. Tissues were obtained and
used in compliance with the Declaration of Helsinki and following
institutional guidelines. Brain analysis was performed according to an
approval for histopathology by the Human Ethical Committee of the
Medical University of Vienna (No. 104/2009).
Three-micrometre-thick tissue sections of formalin-fixed,
paraffin-embedded tissue blocks were mounted on pre-coated glass
slides (StarFrost). Shortly after deparaffinisation and rehydration, the
sections were pre-treated in low-pH EnVision FLEX antigen retrieval
solution at 98°C for 20 min (PTLink; Dako) and subsequently incu-
bated with a polyclonal anti-CB4R antibody made in rabbit (gift from
Ken Mackie, 1:1,000, [16]). A biotinylated anti-rabbit secondary anti-
body produced in donkey (K5007, ThermoFisher) and the DAKO
EnVision detection kit including peroxidase/3,3-diaminobenzidine-
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tetrahydrochloride (DAB; Agilent) were used to visualise antibody
binding. Immunolabelling of the medulla oblongata, which harbours
the corticospinal and corticobulbar tracts known to contain CB4Rs in
mammals [47], served as a positive control to validate the specificity
of the anti-CB;R™" antibody (Figure 1A). Sections were counterstained
with haematoxylin, dehydrated in an ascending gradient of ethanol,
cleared with xylene and coverslipped with Consil-Mount (Shandon;
ThermoFisher) (Figure 1B). Representative images containing the area
of interest were automatically captured on a slide-scanner (Nikon) and
exported from stored images using the NanoZoomer 2.0 plug-in
(Hamamatsu). A semi-quantitative analysis of CB4R" varicosities was
made with the relative density of these structures classified as O, +, +
+, +++ or ++++. CB;R" varicosities were counted in regions of

medulla oblongata

ganglionic
| eminengé

telencephalon

FIGURE 1 (A A’) CB4R" pyramidal tract axons in the medulla
oblongata of control and Down’s syndrome subjects. (B) Overview of
a foetal forebrain section indicating the regions studied.
Abbreviations: CB4R, cannabinoid receptor type 1; ctrl, control; hp,
hippocampus. Scale bars = 1 mm

95U8917 SUOWILLIOD SAITeaID 3|ced!(dde 843 Ag peusenoB ae sajone O ‘8sn J0 SajnJ 1o AkeiqiT 8ul U AS|IM UO (SUONIPUOD-PUR-SWLRIAL0D AS | 1M A1 1 BUI|UO//:SANY) SUONIPUOD pue SWS 1 3U) 39S *[°202/80/T0] Uo ARelqiauliuo AS|IM ‘2882T UeU/TTTT OT/I0P/WO0 A3 1M ARelq 1 jBUl|uoy/:sdiy WoJj papeoiumod ‘T ‘€202 ‘0662S9ET



40f15 Neuropathology and
o115 |\ LEY="erepatholosy

PATTHY T AL

Applied Neurobiology
interest and normalised to equivalent surface areas (500 um?, n = 10/
area/section) using the NanoZoomer 2.0 toolbox (Figure S1).

For confocal laser scanning microscopy, human samples were
deparaffinated, rehydrated, washed in phosphate buffer (0.1 M PB;
pH 7.4) and pre-treated with 0.3% Triton X-100 (Sigma; in 0.1 M PB)
at 22-24°C for 2 h to enhance antibody penetration [18, 48]
(Table S1). To suppress non-specific immunoreactivity, we incubated
the tissue specimens in a mixture of 5% (wt/vol) normal donkey serum
(NDS; Jackson ImmunoResearch), 2% (wt/vol) BSA (Sigma) and 0.3%
Triton X-100 in 0.1 M PB at 22-24°C for another 1.5 h. Sections were
then exposed to a mixture of mouse anti-NeuN and rabbit anti-CB;R
antibodies (Table S1) diluted in 0.1 M PB, to which 0.1% NDS and
0.3% Triton X-100 had been added, at 4°C for 16-72 h. Imnmunoreac-
tivities were revealed by carbocyanine (Cy) 3- or 5-tagged secondary
antibodies raised in donkey (1:200; Jackson) and applied at 22-24°C
for 2 h. Nuclei were counterstained with Hoechst 33,421 (1:10,000;
Sigma). Sections were dehydrated in an ascending gradient of ethanol,
cleared with xylene and coverslipped with DePeX (ACM, Fluka).
Images were captured on an LSM780 confocal laser-scanning micro-
scope (Zeiss) with optical zoom ranging from 1-3X when using a 40X
(Plan-Apochromat 40X/1.40) objective and the pinhole set to 0.5-
0.7 um (‘optical thickness’).

Experimental neurobiology: Dissociated cortical
cultures of neonatal mice

On postnatal day 2 (P2), whole neocortices were dissected out from

+/* mice, the most common model of

wild-type and littermate Ts65Dn
Down's syndrome [44-46]. Tissues were enzymatically dissociated
and plated at a density of 200,000 cells/well in six-well plates for
Western blotting. On day 2 in vitro (DIV), neurons were stimulated by
WINS55,212-2 (500 nM, Tocris) for 30 min (control cultures received
no vehicle treatment; we did not include WIN55,212-3 either because
our earlier studies did not reveal any drug effect at 500 nM [49]) and
lyzed immediately afterwards (see below).

Alternatively, primary neurons were seeded at a density of 50,000
cells/well on poly-D-lysine-coated coverslips in 24-well plates and
maintained in DMEM/F12 (1:1) containing B27 supplement [2% (vol/-
vol)], L-glutamine (2mM), penicillin (100 U/ml) and streptomycin
(100 pg/ml) (all from Invitrogen). Neurons were challenged with
WIN55,212-2 (500 nM) for 30 min on DIV2 and kept alive for another
24 h in maintenance medium (DMEM/F12/B27). Subsequently, cells
on coverslips were immersion-fixed in ice-cold 4% paraformaldehyde
in 0.05 M PB for morphometry. The rationale of this experiment was
to test if Ts650Dn""* neurons could overcome WIN55,212-2-induced
growth arrest, as is known for wild-type neurons [18, 24, 49].

Western blotting

Neurons were collected and homogenised by sonication in TNE buffer
containing 0.5% Triton X-100 (Sigma), 1% octyl-B-D-glucopyranoside

(Calbiochem), 5mM NaF, 100 uM NazVO, and a mixture of protease
inhibitors (Complete™; Roche). Cell debris and nuclei were pelleted
by centrifugation (800xg at 4°C for 10 min). Protein concentration
was determined by Bradford's colourimetric method [50]. Samples
were diluted to a final protein concentration of 2 pg/ul, denatured in
5x Laemmli buffer and analysed by SDS-PAGE on 8% or 10% (vol/-
vol) resolving gels. After transfer onto Immobilon-FL PVDF mem-
branes (Millipore), membrane-bound protein samples were blocked in
3% (wt/vol) BSA and 0.5% Tween-20 diluted in TRIS-buffered saline
(for 1.5 h) and exposed to primary antibodies (Table S1) at 4°C over-
night. Appropriate combinations of horseradish peroxidase (HRP)-
conjugated secondary antibodies from goat, rabbit or mouse hosts
(Jackson; 1:10,000; 2 h) were used for signal detection. Image acquisi-
tion and analysis were performed on a Bio-Rad XRS" imaging

platform.

Immunocytochemistry

Coverslips were rinsed in 0.1 M PB (pH 7.4) and pre-treated with
0.3% Triton X-100 (Sigma; in PB) at 22-24°C for 1 h to enhance the
penetration of primary antibodies [18, 48] (Table S1). Non-specific
immunoreactivity was suppressed by incubating our specimens in a
mixture of 5% (wt/vol) NDS (Jackson), 2% (wt/vol) BSA (Sigma) and
0.3% Triton X-100in 0.1 M PB at 22-24°C for another 1 h. Coverslips
were then exposed to mouse anti-f-lll-tubulin and rabbit anti-SCG10
primary antibodies (Table S1) diluted in 0.1 M PB, to which 0.1% NDS
and 0.3% Triton X-100 had been added, at 4°C for 16-72 h. Immuno-
reactivities were revealed by carbocyanine (Cy) 2- or 3-tagged sec-
ondary antibodies raised in donkey (1:200; Jackson) and applied at
22-24°C for 2 h. Nuclei were routinely counterstained by Hoechst
33,421 (1:10,000; Sigma). Coverslips were drop-dried and mounted
onto fluorescence-free glass slides with glycerol/gelatin (GG-1;
Sigma). Images were captured on an LSM780 confocal laser-scanning
microscope (Zeiss) with optical zoom ranging from 1-3X when using a
40X (Plan-Apochromat 40X/1.40) objective and the pinhole set to
0.5-0.7 um (‘optical thickness’). Emission spectra for the dyes were
limited to 450-480 nm (Hoechst 33,421), 505-530 nm (Cy2) and
560-610 nm (Cy3).

Statistics

Data were expressed as means * s.e.m. Morphological parameters
were statistically compared between control (n = 3) and Down's syn-
drome (n = 3) subjects in equivalent age groups using two-tailed,
paired Student’s t tests with gestational age being the intrinsic vari-
able for pairing (GraphPad Prism). A two-tailed Student’s t test for
independent samples was used to test pharmacological and genetic
variables in vitro. A p value of <0.05 was taken as indicative of statisti-
cal differences. Multi-panel figures were assembled in CorelDraw X7
(Corel Corp.). The cohort available allowed us to investigate sex-

specific differences only between gestational days 121-160. Applying
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FIGURE 2 Axonal CB4Rs in the neocortex in Down syndrome. Panels A-B’ and C-E’ show specimens between days 98-120 and 121-160,
respectively. (A-A;’) CB,R™ fibres in the SVZ/IZ zone of the temporal cortex in control but not in Down'’s syndrome subjects (arrowheads point to
CB1R" axons). (B, B') CB4R™ fibres in the SVZ/IZ zone of the frontal cortex in control but not in Down syndrome subjects (arrowheads). (C-D’)
Between days 121 and 160, CB,R" processes dominated in Down’s syndrome vs. control subjects in the periventricular temporal cortex (white
arrowheads in D and D). (E-E") Extrasomatic CB4R" profiles (white arrowheads). (F, F') CB;R" axonal bundles in Down’s syndrome but not in
control brains (white arrowheads in F). (G) The density of CB;R™ fibres was lower in temporal and frontal cortices of subjects with Down’s
syndrome between days 98 and 120, as compared to age-matched controls. (H) CB;R™ density of subjects with Down’s syndrome exceeded that
of control subjects in the temporal and in frontal cortex between days 121 and 160. Abbreviations: CB4R, cannabinoid receptor type 1; ctrl,

control. Scale bar = 1 mm (C, F), 300 um (A, D), 100 um (A4) and 3 um (C4)

the five unit scales (0, +, ++, ++4-+, ++-++; see first paragraph of this
section), we used ordinal logistic regression models to investigate the

interaction between Down'’s syndrome status and sex.

RESULTS
Neuropathology

CB4R™" processes and varicosities appeared as fine-calibre meshworks
in most brain areas. Here, we first determined their distribution in cor-
tical areas, hippocampal subfields and the cerebellum across the three
trimesters of pregnancy. Our principal finding is the delayed appear-
ance and persistent maintenance of CB4R" fibres in foetuses with
Down'’s syndrome as late as the fourth month of pregnancy, which

contrasts the early and transient presence of CB;R" axons coincident

with their active growth processes in control foetuses.

Disrupted temporal dynamics of CB4R expression in
Down'’s syndrome in the second trimester

In control subjects, a dense bundle of CB,R™" fibres at the boundary
between the cortical subventricular (SVZ) and intermediate zones
(1Z) was detected, being particularly notable in the temporal cortex,
between days 98 and 120 (Figure 2A, A4). In contrast, less and weakly
immunoreactive fibres were only visible in age-matched Down'’s syn-
drome samples in the corresponding regions (Figure 2A’, A/, G;
Table 1). We came across similar differences when assessing the fron-
tal cortex at the same intrauterine age (Figure 2B, B’, G; Table 1).
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TABLE 1 Semi-quantitative analysis of CB4R-expressing fibres in the subventricular and intermediate zones of the developing neocortex in

human foetuses

Control subjects

Down syndrome subjects

Slide No. and age Temporal cortex Frontal cortex

Slide No. and age Temporal cortex Frontal cortex

Days 98-120
4-12-2 day 98, f ++ 169-09-2 day 99, nn 0 0
240-11-2 day 98, m ++ + 156-11-3 day 102, nn Not on slide 0
56-11-2 day 105, f Not on slide 73-11-2 day 109, nn 0 +
33-11-3 day 106, f Not on slide ++ 67-09-2 day 111, f Not on slide 0
178-10-1 day 108, nn +++ +++ 194-09-2 day 112, nn 0 0
104-11-2 day 119, nn ++ 0 194-09-3 day 112, nn 0 0
113-06-2 day 112, m Not on slide 0
50-05-2 day 116, f 0 +
171-07-1 day 119, f 0 Not on slide
Days 121-160
131-11-2 day 125, f Not on slide 228-07-3 day 128, f 0
131-11-3 day 125, f + + 66-09-2 day 130, f 0 0
29-12-1day 131, m Not on slide ++ 4-09-2 day 131, m Not on slide ++
74-11-2 day 133, nn 0 + 4-09-4 day 131, m + +/4++
151-11-2 day 136, m 0 0 90-08-2 day 135, f ++ +
151-11-3 day 136, m ++ +4++ 147-05-2 day 138, m Not on slide +
184-10-2 day 137, m 0 0 95-10-1 day 140, m +++ +++
39-11-2 day 137, f 0 0 118-07-1 | day 145, m + +
192-11-2 day 146, m 0 + 118-07-1 Il day 145, m 0 ++++
149-10-2 day 148, f 0 + 41-11-2 day 151, m +4+++ ++++
236-11-2 day 149, m + 0 224-11-2 day 155, f 0 0
127-11-2 day 154, m 0 Not on slide 36-11-3 day 156, m + 0
216-11-2 day 158, m 0 0 119-04-2 | day 157, m ++ +
128-11-2 day 159, m 0 Not on slide 119-04-2 ll day 157, m +++ +++
Days 173-240
207-10-1 day 182, m 0 0 47-02-1 day 173, f 0 0
216-09-4 day 194, m 0 0 239-08-4 day 231, m 0 Not on slide
72-09-3 day 197, f 0 0 53-01-1 day 235, m 0 Not on slide
54-10-2 day 235, f 0 0 53-01-2 day 235, m Not on slide 0
40-11-2 day 242, f 0 0 229-08-1 day 236, m Not on slide 0
40-11-3 day 242, f 0 Not on slide 229-08-2a day236, m 0 0
229-08-2b day 236, m 0 0

Cortical differences appeared throughout the areas irrespective of
their ‘phylogenetic age’: Although axons and dendrites were difficult
to distinguish, allocortical hippocampi were also rich in fine CB4R™
immunoreactive fibres in control subjects during the fourth
month of gestation, which contrasted those in Down’s syndrome
(Figure 3A-A,’; Table 2). Likewise, processes coursing in the fornix,
which likely correspond to hippocampal efferent axons emanating
from the subiculum, were CB4R" in control but not in Down’s
syndrome cases (Figure 3A, A'). Conversely, CB;R" axons invaded the
cingulate gyrus (even its dorsal part) in Down's syndrome but not in

control foetuses (Figure 3B, B',E).

Between gestational days 121-160, CB4Rs were redistributed
with remarkable alterations in Down’s syndrome foetuses: In the
temporal cortex, CB;R" processes first appeared adjacent to the
cortical proliferative zone (at the SVZ/IZ boundary) around day 140.
This contrasted the weakening expression of CB4iRs in controls
(Figure 2C,C’; Table 1). At this stage, we identified CB4R" fibres at
a higher density in Down’s syndrome and considered them as
ectopic and likely transient, relative to controls (Figure 2C,-C',,H;
Table 1). CB;R" immunoreactivity of periventricular processes in
Down’s syndrome remained greater than those in age-matched con-
trols, at least until day 160 (Figure 2D,D’; Table 2). CB,R" processes
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FIGURE 3 Axonal CB4Rs in the hippocampus in Down'’s syndrome. Panels A-B’ and C-E’ show specimens between days 98-120 and 121-
160, respectively. (A-A;’) In control subjects, hippocampal CB;R™ fibres appear in the Ammon’s horn (black arrowheads in A;) and in the fornix
(white arrowheads in A). Poor immunolabelling was noted in Down’s syndrome subjects. (B, B’) In the cingulate gyrus, CB;R™ fibres appeared in
Down's syndrome (white arrowheads in E’) but not in control subjects. (C-C,’) Thin CB;R™" fibres and varicosities in both the lacunosomolecular
and the pyramidal layers of the hippocampus (black arrowheads in C4, C,, C;' and C,’ point to immunoreactive terminals). (D, D’) CB4R™ fibres
invaded the dorsal part of the cingulate gyrus in Down’s syndrome but not control foetal brains (white arrowheads point to immunoreactive
fibres). (E) In the ventral and middle parts of the cingulate gyrus, CB;R™ fibre density was higher in Down’s syndrome relative to control between
days 98 and 120. (F) No significant difference appeared in any of the investigated parts of the cingulate gyrus in Down’s syndrome vs. control
subjects between days 121 and 160. Abbreviations: CB4R, cannabinoid receptor type 1; ctrl, control. Scale bars = 1 mm (A-C); 3 um (A4, C4)

often carried pearl-lace-like swellings, which we considered as
nascent varicosities instead of mature synapses. We did not detect
CB4R immunoreactivity overlapping with NeuN; instead, we typically
observed CB;R" varicosities amongst or around NeuN" perikarya
(Figure 2E-E”), supporting their axonal identity. CB4R expression
and distribution in the frontal cortex did not differ from those in
temporal areas (Figure 2F,F,H; Table 1). In the control hippocampi,
CB4R™ varicose structures were first seen in the Ammon’s horn
around day 160 (Figure 3C,C4,C,; Table 2) and occurred more often
in all developing suprapyramidal layers, including the strata radiatum
and lacunosomoleculare, in Down’s syndrome cases (Figure 3C,C,/,
C,/; Table 2). In the cingulate gyrus of control samples, CB,R™" fibres
were first detected by day 130. However, the immunoreactivity in
the equivalent structure of Down's syndrome cases had again
greater labelling (Figure 3D,D',F).

The sex of the embryos had no significant effect on the CB;R™
label intensity either in neocortex or in allocortex (temporal cortex:
W = 2.05, p = 0.153; frontal cortex: W = 2.81, p = 0.094; fimbriae/
fornix: W3 149 = 0.002, p = 0.962; pyramidal layer of the hippocam-
pus: W =236, p =0.127; molecular layer of the hippocampus:
W = 0.435, p = 0.509; dentate gyrus: W = 0.83, p = 0.362).

Differences in CB4R expression during the 3rd
trimester

Next, we focused on differences between Down’s syndrome and age-
matched control subjects during the last trimester of pregnancy.
CB,R™" processes were not detected in the temporal and frontal corti-
ces of either control or Down’s syndrome subjects (Figure 4A-B;/;
Table 1). Instead, CB4R immunoreactivity appeared in the prospective
layer V of the cingulate gyrus, but without a disease-related difference
(Figure 4C-C,'). In the hippocampus, CB;R" profiles populated all
subfields of the hippocampal formation (Table 2), including the strata
pyramidale and moleculare of the Ammon’s horn (Figure 4D-D,’), at
equivalent densities between Down’s syndrome and age-matched
cases (Table 2). Likewise, CB;R" profiles decorated the indusium gri-
seum, the anterior extension of the hippocampal formation [51], of
both control and Down'’s syndrome subjects (Figure 4F-F,’).

A notable difference was found in the cerebellar cortex; its molec-
ular layer contained a meshwork of fine-calibre CB,R™ processes in
Down’s syndrome but not in control brains around day 240
(Figure 4E,E'), a difference that existed since gestational days
130-140 (data not shown).
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TABLE 2 Semi-quantitative analysis of CB4R-expressing fibres in the hippocampal formation of human foetuses
Control subjects Down syndrome subjects
Slide No. and age Fim/for  Pyr Mol Dent Slide No. and age Fim/for  Pyr Mol Dent
Days 98-120
4-12-2 day 98, f +++ + 0 Not on 169-09-2 day 99, 0 0 Not on Not on
slide nn slide slide
240-11-2 day 101, ++ 0 0 0 156-11-3 day 102, 0 Not on Not on Not on
m nn slide slide slide
56-11-2 day 105, f +++ Not on Not on Not on 73-11-2 day 109, + 0 + 0
slide slide slide nn
33-11-3 day 106, f +/++ Not on Not on Not on 194-09-2 day 112, + 0 + 0
slide slide slide nn
178-10-1 day 108, +++ + +++ + 194-09-3 day 112, 0 0 + 0
nn nn
104-11-2 day 119, + + ++ + 113-06-2 day 112, 0 Not on Not on Not on
nn m slide slide slide
50-05-2 day 116, f +++ + +++ +
171-07-1 day 119,f O 0 + 0
Days 121-160
131-11-2 day125, 0 Not on Not on Not on 61-12-1 day 126, m 0 + ++ +
f slide slide slide
131-11-3 day 125, 0 + ++ + 228-07-3 day 128, f + Not on Not on Not on
f slide slide slide
29-12-1 day 131, 0 Not on Not on Not on 66-09-2 day 130, f 0 0 ++ 0
m slide slide slide
74-11-2 day 133, 0 + ++ + 4-09-2 day 131, m + Not on Not on Not on
nn slide slide slide
151-11-2 day 136, 0 0 ++ + 4-09-4 day 131, m ++ + +++ +
m
151-11-3 day 136, +++ ++ ++++ +++ 90-08-2 day 135, f + + + 0
m
39-11-2 day 137, f + ++ +++ ++ 147-05-2 day 138, + Not on Not on Not on
m slide slide slide
192-11-2 day 146, + + ++ ++ 95-10-1 day 140,m  ++ ++ +++ ++
m
149-10-2 day 148, ++ ++ +++ +++ 118-07-1 I day 145, + ++ +++ ++
f m
236-11-2 day 149, 0 + ++ ++ 118-07-1 Il day +++ + ++ +
m 145, m
127-11-2 day 154, 0 Not on Not on Not on 41-11-2 day 151, m 44+ +++ +4++ +44+
m slide slide slide
216-11-2 day 158, + 0 + + 224-11-2 day 155,f O ++ ++/+++ ++
m
128-11-2 day 159, 0 Not on Not on Not on 36-11-3 day 156, m 0 + ++ +
m slide slide slide
119-04-2lday 157,  +++ +++ ++++ ++++
m
119-04-2 Il day +++ +++ ++++ ++++
157, m
60-05-2 day 158, m 0 + ++ Not on
slide

(Continues)
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TABLE 2 (Continued) '
Control subjects Down syndrome subjects
Slide No. and age Fim/for  Pyr Mol Dent Slide No. and age Fim/for  Pyr Mol Dent
Days 173-240
207-10-1 day 182,  + + 4+ o+ Not on 47-02-1day 173,f  + ++ +++ ++
m slide
216-09-4 day 194, 0 + + + 239-08-4 day 231, 0 +4+++ +++ +4+++
m m
72-09-3 day 197, f + +++ +++ +++ 53-01-1day 235,m O +++ ++ +++
54-10-2 day 235, f 0 + 44+ Not on 229-08-1 day 236, Not on Not on Not on
slide m slide slide slide
40-11-2 day 242,f 0O ++++ -+ ++++ 229-08-2aday 236, O ++++ +++ ++++
m
40-11-3day 242,f O +4+++ +++ +4+++ 229-08-2b day 236, O ++++ +++ ++++
m

In sum, our data on human neurodevelopment suggest that CB;R
expression marks delayed axonal development in Down’s syndrome,
which is mostly overcome by the third trimester when synaptogenesis
dominates. Nevertheless, the impaired positioning of CB4Rs during
mid-gestation could imprint long-lasting modifications on neuronal
structure and function, thus adversely impacting synaptic plasticity in
affected offspring. To experimentally test this hypothesis, we resorted

+/+

to CB4R pharmacology in Ts65Dn mice (vs. littermate controls),

which represent a tractable genetic model of Down’s syndrome [45].
CB1R stimulation induces SCG10 degradation and
tubulin ageing in Ts65Dn™’/* neurons

CB4R stimulation

Erk/Jnk1-dependent SCG10 degradation pathway, which coinciden-

impairs  neuritogenesis by inducing an
tally increases the presence of acetylated tubulin in shortened neur-
ites [18]. This is because SCG10 binds tubulin dimers in a CB4R-
dependent fashion [43] and its degradation increases microtubule sta-
bility (termed ‘ageing’) [18]. Here, we tested the hypothesis that
Ts65Dn*/* neurons could have differential responses to agonist stim-
ulation of CBjRs, particularly since many duplicated genes in this
mouse model affect kinase signalling and protein degradation.

SCG10 accumulated in the perikarya of cultured neurons, with a
selective concentration in axonal varicosities, as well as the growth
cone in both Ts65Dn™/* and wild-type neurons (Figure 5A'-A,,B-B,).
SCG10™ neurite segments were more proximal to the somata on the
Ts65Dn*’*  background, as compared to wild-type neurons
(Figure 5E; 76.41 + 3.59% [Ts65Dn] vs. 85.5 + 2.2% [wild-type], as of
total neurite length, p = 0.02), confirming differential protein localiza-
tion under non-stimulated conditions. When exposing neurons to
WINS55,212-2 (500 nM) for 30 min [18], we found Tsé65Dn™’* neu-
rons to show excess SCG10 degradation, particularly in their distal
(motile) neurite segments (Figure 5C’'-C,,D-D,E; 52.46 + 3.85%
[Ts65Dn] vs. 90.29 + 3.1% [wild-type], of total neurite length,
p < 0.01). Moreover, WIN55,212-2 decreased the relative intensity of

distal-most SCG10 immunoreactivity in neurites (as compared to
somatic SCG10 intensity) in Ts65Dn*/* (12.78 + 2.8% [WIN55,212-
2] vs. 53.55 + 7.03% [no treatment], scaled intensity values, p < 0.01)
but not in wild-type neurons (Figure 5F; 59.75+ 11.35%
[WIN55,212-2] vs. 43.06 + 5.16% [no treatment], p = 0.13). The
increased accumulation of acetylated tubulin is often used as a surro-
gate of excess SCG10 degradation [52]. Indeed, WIN55,212-2 treat-
ment increased tubulin acetylation in Ts65Dn*’* but not control
neurons (Figure 5H,H’). Thus, our data suggest neuronal hypersensi-
tivity to CB4R’s stimulation in Ts65Dn™/* mice, whose developmental

consequence is slowed neuritogenesis.

Neurons from Ts65Dn mice exhibit slowed CB{R-
dependent neuritogenesis in vitro

The general physiological paradigm for CB;R-mediated growth
responses is that CB4R stimulation stalls neurite growth in primary
cells [53, 54], which can be overcome if agonist stimulation of the
CB1Rs is only brief. The differential expression and distribution of
CB4Rs in Down’s syndrome together with the increased sensitivity of
the SCG10 pathway to CB4R stimulation in Ts65Dn™/* mice suggest
that disrupted CB4R functionality, rather than altered localization,
could underscore slowed neurite growth. Therefore, and relying on
our SCG10 data (see above), we challenged Ts65Dn-derived and wild-
type cortical neurons with WIN55,212-2 for 30 min and allowed them

to grow for another day. Under control conditions, Ts65Dn*/*

neu-
rons grew significantly slower than their wild-type counterparts
in vitro (Figure 5A-B,,G; 54.74 + 3.56 um [Ts65Dn] vs. 69.16
+ 4.33 um [wild-type], p = 0.02). Notably, wild-type neurons had
slightly, albeit non-significantly, longer neurites on DIV3 (Figure 5G),
which we interpreted as relative resistance to the low-dose
WIN55,212-2 exposure (30 min). In contrast, WIN55,212-2 occluded
neurite outgrowth in Ts65Dn™* neurons (Figure 5C-D,,G;
46.3 = 4,17 um [Ts65Dn] vs. 82.62 + 6.66 um [wild-type], p < 0.01).

These data suggest that neuritogenesis is per se slowed in Ts65Dn*/+
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control Down

FIGURE 4 CB;R expression in control and Down’s syndrome subjects during the 3rd trimester. (A-A,’) CB1Rs were absent at the SVZ/I1Z
boundary in the temporal cortex of both control and Down’s syndrome cases. (B-B4’) Similarly, CB;R™ processes did not appear in the frontal
cortex either. (C-C,/) CB;R™ structures (white arrowheads in C4, C;’) in the inner pyramidal layer of the cingulate gyrus. (D-D,’) CB;R" profiles in
the strata pyramidale (black arrowheads in D4, D4’) and radiatum (black arrowheads in D,, D5') of Ammon’s horn. (E, E’) CB;R" processes were
present in the cerebellar molecular layer in Down’s syndrome (white arrowheads in E’) but not in control subjects. (F-F;’) CB1R" structures in the
indusium griseum. Abbreviations: CB1R, cannabinoid receptor type; ctrl, control; I1Z, intermediate zone; SVZ, subventricular zone. Scale

bars = 1 mm (A-D), 300 um (F); 200 pm (A, By, E); 5 um (Cy, D4, F4)

neurons and coincides with enhanced sensitivity to agonist-induced
CB4R signalling.

DISCUSSION

Previous studies reported CNR1/CB;R mRNA expression in limbic
cortices of the human foetal brains from mid-gestation (weeks
18-22) [55] and proposed vulnerability to exogenous cannabinoids

[2]. Autoradiography of foetal brains (19-40 weeks of gestation)
demonstrated that CB4Rs are functional and their expression
increases progressively until adulthood [56]. Here, we provide a
regional survey of CB;R-expressing neurites at the light microscopy
level spanning the period of the late first trimester (week 14) until
birth. We demonstrate that the regional distribution of CB4Rs fol-
lows area-specific temporal scales. Our study employed high-
resolution light-and confocal laser scanning microscopy. Unfortu-
nately, the often lengthy post-mortem delay and the conditions of
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FIGURE 5 Neurons from Ts65Dn™/* )
mice develop shorter neurites in a CB4R-
dependent fashion in vitro. (A-Ay)
Neocortical neurons of control littermate
mice. Primary neuronal culture on P2.
Arrowheads indicate SCG
10-immunoreactivity in a neurite. (B-B,)
Neocortical neurons of Ts65Dn** mice.
Primary neuronal culture on P2. Note the
somatic accumulation of SCG10 in B;.
Arrowheads in B, indicate SCG10 (B)
immunoreactivity in a neurite. (C-Cy)
WINS55,212-2 increased SCG10
expression (arrowheads in Cq; arrowhead
in C, points to neurite end) in control
cultures. (D-D5) WIN55,212-2 in primary
neuronal cultures from Ts65Dn*/* mice
reduced SCG10 immunoreactivity in
neurites (arrowheads). (E) WIN55,212-2
reduced the distance of peripheral SCG10
immunoreactivity. (F) WIN55,212-2
reduced the intensity of peripheral
SCG10 immunosignal. (G) Neurons
isolated from Ts65Dn*/* mice and
cultured in vitro had shorter neurites.

(H, H') WIN55,212-2 increased the
expression of acetylated tubulin in
neurons from Ts65Dn*/* but not wild-
type littermate mice. Abbreviation: ctrl,
control. Scale bars = 20 um (A); 3 um

(B1, D1); 2 um (Ay, A, Bz, Ca, D2)

control,
no.treatment

/SCG10/

Ts65Dn,
no treatment
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tissue preservation did not allow for ultrastructural analysis. There-
fore, we have not drawn conclusions on, e.g., the subcellular com-
partmentalization of CB4Rs, and the number, level of structural
maturation, neurochemical identity or the ability of vesicular exocy-
tosis of putative CB;R™ synapses. Instead, we referred to ‘varicosi-
ties’, a morphological descriptor purely considering the shape of
CB;R" structures. Nevertheless, ultrastructural data from the rodent

and primate neocortex revealed CB;R expression in the somata of

neurons radially migrating across the cortical plate [12]. The expres-
sion of CB4R at the early neuroblast phase is relevant to (endo-)can-
nabinoid-induced nucleokinesis [57], a key step of directional
chemotaxis. While we can neither confirm nor exclude the somatic
localization and presence of CB4R-containing intracellular vesicles in
the cortex of human foetuses, our imaging data support the conclu-
sion that disproportionately many CB4Rs reside in neurites to effi-

ciently modulate neuritogenesis.
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In contrast to the adult pattern, long-range projection neurons
(e.g., cortical pyramidal cells) are the primary source of CB4Rs in the
developing forebrain [14, 58], a finding that corroborates model stud-
ies showing that pathfinding decisions and fasciculation steps also rely
on CB;R-mediated signalling events [18, 24, 59]. Due to their vast
number and diverse subtypes (including associative, commissural and
projection), CB;R™ axons were visualised throughout the developing
human foetal forebrain. The immunoreactive processes, which were
typically positioned as if they were white matter pathways, harboured
CB;R" varicosities. Varicose structures were numerous at the SVZ-1Z
boundary of all telencephalic areas [60], including both the neocortex
and allocortex.

Down'’s syndrome is characterised by reduced neurogenesis
[61, 62], an imbalance of the projection neuron/interneuron ratio, and
astrogliosis [63]. The reduced number of dendritic spines and synap-
tosomal structures reflect defunct morphogenesis [64]. Most of these
observations are based on results described in foetal brains from the
second trimester. Likely, these changes shall originate from morpho-
genetic events during the first/early second trimester. Here, we show
that the temporal dynamics of CB4R expression is distinct in Down'’s
syndrome: The appearance of CB4Rs is delayed, particularly during
the early phase of brain development (first/second trimesters), and
stays disproportionately high also at foetal periods when CB4R
expression in controls becomes reduced. These pathogenic changes
could provoke an imbalance of neurogenesis, radial cell migration [12]
and morphogenesis leading to cortical delamination in Down’s syn-
drome. We could not identify a morphological difference of CB,R™
profiles in Down’s syndrome, supporting that the time factor, but not
compartmentalization, is a principal determinant of altered endocan-
nabinoid signalling.

Testing the distribution of CB1Rs does not equal the study of the
entire endocannabinoid system, which includes enzymes, receptor-
interacting proteins (like CRIP1a [65]) and putative transporters. Nev-
ertheless, we are confident in our data because human neuropathol-
ogy studies in congenital neurological and psychiatric conditions
(e.g., epilepsy [66, 67], schizophrenia [68], fragile X syndrome [69] and
attention-deficit spectrum disorder [70]) highlight that changes in
CB4R distribution faithfully capture the involvement, as well as impair-
ment of the endocannabinoid system in disease pathogenesis. More-
over, a recent study on temporal changes in the expression of GABAA
receptor subunits in utero highlighted that temporal modifications of
ionotropic receptor expression that directly gate synaptic neurotrans-
mission are delayed in Down'’s syndrome [71]. This finding also linked
foetal changes in synaptogenesis to excess p-amyloid load in Down’s
syndrome brains. Therefore, we suggest that altered CB4R expression
might be both a surrogate for impaired neuronal migration/
specification and causal to errant synaptic connectivity and plasticity
in this devastating disorder.

We propose that Down'’s syndrome is associated with not only
delayed CB4R expression but also increased CB4R responsiveness.
This hypothesis is based on our in vitro neuropharmacology data from
Ts65Dn™’* neurons, which were found to be more sensitive to CB4R

stimulation than their wild-type counterparts. These findings are

supported by data showing that CB4R expression and function are

increased in the hippocampus of adult Ts65Dn™/*

mice and its phar-
macological inhibition restores synaptic plasticity, memory processes
and neurogenesis [45]. The novelty of our study derives from showing
that increased CB4R responsiveness persists throughout the lifetime
of Ts65Dn™/* neurons, at least in vitro, and is due, at least in part, to
the accelerated breakdown of SCG10/stathmin-2, a key component
of the microtubule elongation and proofreading machinery in neurites
[43]. Of note, reduced Stmn2/SCG10 mRNA expression was also
reported in neurospheres derived from foetuses with Down’s syn-
drome [42]. Indeed, an increased concentration of acetylated tubulin,
a post-translational modification indicative of excess microtubule sta-
bility and slowed turnover (i.e., ‘ageing’) [52], is poised to link CB4R
hypersensitivity-aberrant SCG10 degradation-increased  tubulin
stability-slowed brain development in foetuses with Down’s syn-
drome [18].

Community-wide genotoxicity studies from the National Survey
of Drug Use and Health (2003-2017) and the National Birth Defects
Prevention Network demonstrated elevated rates of Down’s syn-
drome in infants prenatally exposed to THC, cannabigerol and canna-
bichromene, and this association fulfilled formal quantitative criteria
of causality [72]. Therefore, we suggest that maternal cannabinoid use
during pregnancy could aggravate the genetic penetrance and clinical

manifestation of Down'’s syndrome.
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