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Abstract

Background: The fasciculus retroflexus is the prominent efferent pathway

from the habenular complex. Medial habenular axons form a core packet

whereas lateral habenular axons course in a surrounding shell. Both groups of

fibers share the same initial pathway but differ in the final segment of the

tract, supposedly regulated by surface molecules. The gene Amigo2 codes for a

membrane adhesion molecule with an immunoglobulin-like domain 2 and is

selectively expressed in the medial habenula. We present it as a candidate for

controlling the fasciculation behavior of medial habenula axons.

Results: First, we studied the development of the habenular efferents in an

Amigo2 lack of function mouse model. The fasciculus retroflexus showed a var-

iable defasciculation phenotype. Gain of function experiments allowed us to

generate a more condensed tract and rescued the Amigo2 knock-out pheno-

type. Changes in Amigo2 function did not alter the course of habenular fibers.

Conclusion: We have demonstrated that Amigo2 plays a subtle role in the fas-

ciculation of the fasciculus retroflexus.
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1 | INTRODUCTION

The mammalian central nervous system integrates multi-
ple functional systems. One of them, the limbic system,
plays a pivotal role and is related to emotions, behavior,
memory and olfaction. This complex system involves
neuronal populations located in all cerebral regions:
amygdala, hippocampus, cingular cortex, septal, and
hypothalamic nuclei in the secondary prosencephalon;

thalamic and habenular nuclei in the diencephalon; sub-
stantia nigra, ventral tegmental area, periaqueductal
gray, and reticular formation in the midbrain; raphe sero-
toninergic complex, locus coeruleus and reticular forma-
tion in the hindbrain.1 This vast group of different
neuronal structures is interconnected by axonal tracts
that display stereotyped trajectories Minor alterations in
the specification of limbic neuronal subtypes or in their
connectivity might account for a variety of syndromes
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and pathologies related to the limbic system. These dis-
eases include mental disorders such as substance abuse,
schizophrenia and depression, or alterations of normal
development that generate disabilities in learning, moti-
vation, reward, pain, and memory mechanisms.2-7

The habenular complex is located in the epithalamus
(dorsal part of the thalamic progenitor area in alar pro-
somere 2). It plays a pivotal role in the communication
between forebrain components and midbrain and hind-
brain neurotransmitter-identified neurons (dopamine,
serotonin, etc.). It consists of two major subregions, the
medial and the lateral habenular areas (mHb and lHb).
Their afferent and efferent fibers are integrated within
the so-called “dorsal diencephalic conduction system”
(ie, stria medullaris, fasciculus retroflexus).8,9 Both mHb
and lHb project through the fasciculus retroflexus (fr; this
is also known as habenulo-interpeduncular tract). The
mHb axons aggregate strongly together and occupy the
core of the tract, whereas the lHb axons incorporate
within the shell of the tract.10,11 This differential organi-
zation of the two components is accompanied by differ-
ent behavior at their terminal trajectory. The lHb axons
defasciculated as they reach the diencephalic basal plate
and innervate in a diffuse pattern the meso-diencephalic
substantia nigra and the hindbrain raphe formation.11 In
contrast, the mHb axons remain compact as they reach
the brain surface next to the diencephalic floor plate and
thereafter navigate caudalwards into their selective tar-
get, the interpeduncular nucleus located in the ventrome-
dian prepontine hindbrain. Characteristically, these
axons sequentially crisscross several times their terminal
neuropile from left to right, or vice versa. The developing
trajectory of the fr has been described12 and the related
guidance control mechanisms have been partially
unveiled.12-16 These mechanisms require the interaction
of the growing axons with long and short distance acting
guidance molecules. These processes are accompanied by
mutual adhesive interactions between the axons that give
rise to the fasciculation of the tracts. These interactions
can be homophilic or heterophilic and play a crucial role
in the correct generation of the different fascicles.17-19

This variant fasciculation behavior of the fr must be
due to differential expression of given membrane proteins
in the mHb and lHb axonal populations. A particular
combination of surface proteins will direct the response
of the growing axons to signaling molecules found in
their trajectory. The mHb and lHb neurons indeed
express differential combinations of axon guidance and
cell adhesion molecules, as was demonstrated by laser-
capture microdissection and mass spectrometry.20

Between the molecules enriched in the mHb, Schmidt
and collaborators described the presence of well-known
proteins such as the Netrin1 receptor, Deleted in colon

carcinoma (DCC), and also Neuropilin2 (Nrp2), receptor of
Semaphorin3F. The latter is responsible for the aversive
response of mHb fr axons toward the pretectal alar terri-
tory.14,15,21 Other molecules such as Plexin-B222,23 are not
expressed in the habenula in the correct time window when
de fr is generated. Interestingly, a leucine-rich-repeat-
containing and immunoglobulin-like protein named
amphoterin induced gene and ORF 2, which is presently
known as adhesion molecule with immunoglobulin like
domain 2 (Amigo2; Laeremans et al)24 was detected in the
central nervous system. It is especially expressed in the hip-
pocampus.25-27 Amigo2 expression in the mHb was
described28 and is confirmed from Allen Institute mouse
brain mapping data. It belongs to a family of type I trans-
membrane proteins that mediates cell-cell interactions by
homophilic (Amigo2-Amigo2) and heterophilic
(Amigo1-Amigo2-Amigo3) interactions.26 Such interactions
already have been related to neural circuit development29

and neurite outgrowth and fasciculation.26

Various alterations of this gene have been described
in humans. Psychomotor development delay detected in
two patients with a proximal 12q deletion was related to
Amigo2 loss of function.30 Genomic analysis of a patient
with intellectual disabilities among multiple congenital
abnormalities established a direct link to Amigo2
sequence alterations.31 Moreover, disfunction of this gene
has been described in patients with Occulo-Auriculo-
Vertebral Spectrum Disease.32,33 Finally, overexpression
of Amigo2 has been related to an increment in the meta-
static properties of hepatic, lung, gastric, ovarian or mela-
noma cancers.34-39

The specific expression of this marker in the mHb
prompted us to select Amigo2 as a candidate molecule to
play a role in the differential final trajectory and/or fas-
ciculation behavior of the mHb vs lHb axons. To examine
this hypothesis, we decided to study the effect of Amigo2
loss and gain of function on murine fr development.

2 | RESULTS

2.1 | Distribution of mHb and lHb axons
in the fr

As a first step in our analysis, we checked the differential
distribution of fr habenular axons in E15.5mouse brains
as they end their dorsoventral course next to the
thalamo-pretectal boundary. We labeled the habenular
complex by application of a DiI crystal. Corroborating
previous data, it was observed that in the vicinity of the
substantia nigra pars compacta (SNc; identified by the
presence of tyrosine hydroxylase immunoreactivity) the
mHb axons remain fasciculated compactly close to the
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pial surface, while the lHb axons defasciculate and inner-
vate the SNc (Figure 1A). The trajectory of mHb axons
was confirmed by the presence of DCC, the receptor of

Netrin1 and specific marker of mHb neurons.20,40 No
DCC positive axons defasciculated inside the SNc
(Figure 1B). As previously demonstrated, this different

FIGURE 1 Differential behavior

between mHb and lHb axons. Sagittal

sections (A, B, E, F) and coronal

sections (C, D) of E15.5 mouse brains to

describe the fr. (A) DiI labeling and

αTH immunohistochemistry (IHC). The

lHb fr defasciculated and targeted the

SNc meanwhile the mHb axons

contacted the diencephalic pial surface

to travel along the anteroposterior axis

along diencephalon, midbrain and

finally reach the Ip in r1. (B) αDCC and

αTH immunochemistry. DCC

specifically labeled the mHb fr axons,

which navigate superficially to the SNc.

(C-F) α-CNTN2 as a mHb marker and

α-NF as a lHb marker by

immunochemistry. The distribution of

the axons is segregated in the fr

depending on their origin, mHb fr axons

are placed in the core and lHb fr axons

in the sheath of the tract. lHb, lateral

habenula; lHb fr, lateral habenular

axons of the fasciculus retroflexus, Mb

bp, midbrain basal plate; mHb, medial

habenula; mHb fr, medial habenular

axons of the fasciculus retroflexus; ps,

pial surface; Pt bp, pretectal basal plate;

SNc, substantia nigra pars compacta; Th

bp, thalamic basal plate. Scale

bar: 100 μm
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behavior is also accompanied by a segregation of fr
axons.20,41 Labeling mHb axons with Contactin2 (CNTN2;
Figure 1C) and lHb axons with Neurofilament (NFEM;
Figure 1C), revealed the axonal distribution within the fr
(Figure 1D-F). In a sagittal section, we noted how the mHb
axons begin to fasciculate tightly in the core of the initial
segment of the fascicle, while the lHb axons selectively sur-
round them in the shell of the tract (Figure 1E). This segre-
gation was maintained until the fascicle reached the
diencephalic basal plate (Figure 1F). The distribution of
mHb axons in the core and lHb axons in the shell of the fr
was also displayed in a frontal section (Figure 1D).

2.2 | Amigo2 expression in the
developing habenula

Once we confirmed the mHb and lHb axonal organiza-
tion in the fr, we proceeded to study Amigo2 expression
pattern during embryonic development in comparison
with the distribution of CNTN2 and NFEM, well-known
markers of the medial and lateral habenular territories,

respectively. These markers were used thereafter to
describe the phenotypes in our experimental approaches.
Habenular Amigo2 mRNA signal was absent at E11.5
(Figure 2A), but a faint expression was observed in the
prospective mHb territory at E13.5 (Figure 2B), and
strong mHb expression was present at E15.5 (Figure 2C).
We compared this expression with the localization of a
specific protein of the mHb (CNTN2) and a specific pro-
tein of the lHb (NFEM). CNTN2 was not present at E11.5
(Figure 2D). It displayed broad labeling of the mHb man-
tle at E13.5 (Figure 2E) and its expression concentrated
in the periventricular stratum of the mHb at E15.5
(Figure 2F). On the other hand, NFEM expression was
already found at E11.5 in the lHb (Figure 2G), increased
at E13.5 (Figure 2H) and covered all the lHb plus the
habenular commissure at E15.5 (Figure 2I).

2.3 | Amigo2 loss of function phenotype

With the aim to describe Amigo2 lack of function in our
system, we compared wild type and Amigo2�/� E15.5

FIGURE 2 Amigo2

expression in the habenular

development. Coronal sections

of E11.5 (A, D, G), E13.5 (B, E,

H) and E15.5 (C, F, I) brains.

Amigo2 in situ hybridization

(A, B, C).

Immunohistochemistry against

CNTN2 (D, E, F) as mHb

marker and NFEM (G, H, I) as

lHb marker. The lHb neurons

were firstly detected at E11.5

(arrow in G). We were able to

follow, at E13.5 and E15.5, the

development of both nuclei with

the selected markers. fr,

fasciculus retroflexus; lHb,

lateral habenula; mHb, medial

habenula; Th, thalamus. Scale

bar: 200 μm
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brains. In contrast to wild type conditions, shown in sag-
ittal sections in Figure 3A, mutant brains showed less
compact CNTN2-positive mHb axons that occupied a
broader territory and delayed their condensation until
they reached the ventral superficial portion of the tract;
this reveals a failure of fasciculation of this component
along the initial dorsoventral course through the alar and

basal plates (Figure 3B). In wild type coronal sections of
the habenula (white lines in Figure 3A), we detected the
mHb axons fasciculating in a single tract as they are sur-
rounded by the lHb axons (Figure 3C, E). In contrast, in
mutant coronal sections (white lines in Figure 3B) it was
also striking that mHb axons seemed unable to form a
normal single compact tract (Figure 3D), and lHb fibers

FIGURE 3 Study of the fr phenotype in Amigo2�/� mutant. E15.5 wild type brain sagittal section (A) and E15.5 Amigo2�/� brain

sagittal section (B). Coronal sections of an E15.5 wild type (C, E) and an E15.5 Amigo2�/� mutant brain (D, F). The plane of the coronal

sections is indicated with white lines in A and B. All of them are stained with NFEM (as lHb marker) and CNTN2 (as mHb marker). The

tract was wide, and even divided in two fascicles in the mutant embryos and the axons were less fasciculated. Sagittal sections of E18.5 wild

type (G, I) and Amigo2�/� brains (H, J) labeled by immunohistochemistry against CNTN2. In a lateral section, we observed the mHb fr

reaching the rhombomere 1 (G) and in a more medial section the two Ip nucleus main components (rostral and caudal) labeled by the

innervation of the CNTN2 positive mHb fr axons (I). In the Amigo2�/�, a wider fr is observed following the expected trajectory (H) and how

its fibers innervate with no obvious defect the Ip nucleus (J). Coronal sections of adult wild type (K) and Amigo2�/� (L) labeled by

immunohistochemistry against ChAT and Substance P. The ventral mHb axons, ChAt positive, innervate the rostral and caudal Ip, while

dorsal mHb axons, Substance P positive, innervate the lateral IP subnucleus. No alteration in this innervation was detected in Amigo2�/�.
cb, cerebellum; fr, fasciculus retroflexus; Hb, habenula; Ipc, caudal interpeduncular nucleus; Ipl, lateral interpeduncular nucleus; Ipr, rostral

Interpeduncular nucleus; lHb, lateral habenula; lHb fr, lateral habenular axons of the fasciculus retroflexus, mHb, medial habenula; mHb fr,

medial habenular axons of the fasciculus retroflexus; Pt, pretectum; SNc, substantia nigra pars compacta; Th, thalamus. Scale bar: 100 μm
(A-F) and 200 μm (G-L)
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accompanied all disaggregated tract portions generating cor-
responding shells (arrows in Figure 3D). At the initial por-
tion of the mutant fr, different degrees of fasciculation were
observed, even involving left- and right-sided components,
with poorly compacted tracts or even with the fibers divided
in two distinct fascicles (Figure 3F). This slightly asymmet-
ric phenotype was side independent and inconstant. We
also analyzed the trajectory of the fr at E18.5 in the absence
of Amigo2. In the wild type, the fr course continues through
the paramedian basal midbrain (Figure 3G) to reach the
rostral and caudal subnuclei of the Ip formation in the pre-
pontine rostral hindbrain (Figure 3I), In Amigo2�/� speci-
mens, no visible defect was located. The fascicle displays
the same route (Figure 3H) reaching its standard target in
the hindbrain (Figure 3J). In the adult, Amigo2 expression
in the mHb is restricted to its ventral part. We analyzed the
localization of choline acetyl transferase (ChAT) and

substance P proteins, which are specific markers of ventral
and dorsal mHb neurons, respectively. In the wt, ventral
mHb axons innervate the central part of the rostral and cau-
dal Ip subnuclei, while dorsal mHb axons innervate the cor-
responding lateral Ip portions42 (Figure 3K). The same
distribution of ventral and dorsal mHb axons was found in
Amigo2�/� specimens (Figure 3L). Therefore, no alteration
in the fr guidance mechanism and Ip innervation was
detected in the Amigo2 loss-of-function phenotype.

2.4 | Phenotype quantification and
variability

Once the loss-of-function phenotype was described, we
quantified the alteration observed. We analyzed 12 wild
type (Figure 4A-A00) and 14 mutant fr (Figure 4B-B00, C-

FIGURE 4 Classification of the fr phenotype in Amigo2�/� mutant. (A-A0 0) fr coronal sections at three levels of a E15.5 wild type

embryo; (B-B0 0, C-C0 0) fr coronal sections at three levels of two E15.5 Amigo2�/� mutant embryo, (B) presents a mild phenotype and (C) a

severe phenotype. Labeled against CNTN2 (as mHb marker) and NFEM (as lHb marker). The tract was less compacted and generated

unilateral aberrant duplications of fr. (D, E) Graphical representation of the normalized arbitrary fluorescent unit distribution of the wild

type (D; n = 12) and Amigo2�/� mutant fr with blue for the mild phenotype and magenta for the severe phenotype (E; n = 14).

(F) Graphical representation of the phenotype prevalence distribution in Amigo2�/� mutant tracts. To facilitate the reading of the graph we

have not included the “normal” side of the mild phenotype. fr, fasciculus retroflexus; lHb fr, lateral habenular axons of the fasciculus

retroflexus, mHb fr, medial habenular axons of the fasciculus retroflexus; NFAU; normalized fluorescent arbitrary units. Scale bar: 100 μm

COMPANY ET AL. 1839



C00). This showed in the first place that the mutant phe-
notype was not constant. In 60% of cases we found a mild
phenotype with fr defasciculated unilaterally in two sepa-
rate tracts (Figure 4B-B00, F), not always in the same side,
while in 40% of cases the fr displayed bilateral strong
defasciculation (Figure 4C-C00, F).

In order to quantify the distribution of fr fibers, we
analyzed three points along the fascicle in wildtype, mild
and severe phenotype (level 1 at the initial segment
located roughly 100 μm away from the habenula, level
2 at the middle of the dorsoventral course and level 3 at

the final dorsoventral position, just before the defascicu-
lation of the lHb axons). The most significant phenotype
was found at level 1 in the initial segment. We placed a
standard square surface overlay oriented parallel to the
largest dimension of the tract complex (one or several
partitions), which served to obtain normalized fluores-
cent arbitrary units measured along the largest dimen-
sion of the various separate tract elements the surface of
the sectioned tract, representing the results on a cartesian
graph. The X axis coincides with the largest dimension of
the tract and the Y axis represents the measured

FIGURE 5 Birth-dating of the

habenular neurons. Coronal sections of

E15.5 wild type brains. The embryos

were collected at E15.5 after five BrdU

injections during the designated day:

10.5 (A), 11.5 (B), 12.5 (C) and 13.5 (D).

In E we show color-coded overlays of

the four previous images, by the use of

Adobe Photoshop, in order to get a

general overview of the habenular birth

date, E10.5 in magenta, E11.5 in blue,

E12.5 in green and E13.5 in red. The lHb

is born around E10.5 and E11.5

meanwhile the mHb is born around

E12.5 and E13.5. Cx, cortex; lHb, lateral

habenula; mHb, medial habenula; Th,

thalamus. Scale bar: 200 μm
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fluorescent labeling quantity (one or more peaks along
the X axis). The distribution in the wild type fr showed a
single compact tract with its fibers occupying an average
width of 137.11 ± 17.4 μm and a single Gaussian peak of
fluorescence distribution (Figure 4D). In contrast, the
mutant fr displayed a wider spatial distribution with an
average maximum width of 235.5 ± 49.7 μm and a vari-
able number of fluorescence peaks corresponding to the
number of defasciculated tracts (mild phenotype in blue
and severe phenotype in magenta; Figure 4E). The

average tract width was of 210.8 ± 33.3 μm in the mild
phenotype and of 272.6 ± 48.4 μm in the severe pheno-
type. The difference between the wild type and mutant
tract width was statistically significant (P < .0001 by
Unpaired test). Also, the difference between the wild
type, mild and severe areal width was statistically signifi-
cant (P < .0001 by One-way ANOVA test). The difference
in the distribution of the fr fibers between wild type and
mutants was compared by Kolmogorov-Smirnov test and
the result was statistically significant (P < .0001).

FIGURE 6 Overexpression of

Amigo2 in wild type ONTCs. E13,5 wild

type ONTCs electroporated with an

Amigo2 + GFP (left side) and GFP (right

side) expressing vectors and after 72 h of

incubation (A-E). ONTC labeled by

immunohistochemistry against GFP (B),

CNTN2 (C) and NFEM (D). In the

experimental side we labeled the three

points of measurement. ONTC labeled

by in situ hybridization against Amigo2,

the arrow indicates ectopic expression

in the experimental side, the arrowhead

indicates the endogenous expression in

the control side (E). Significance was

analyzed by Unpaired t tests. Significant

differences (* < 0.05) among Amigo2

electroporated and control fr are found

at level 1 and 3 (F; n = 4). fp; floorplate;

fr; fasciculus retroflexus, Mb, midbrain;

p1, prosomere 1 (pretectum); p2,

prosomere 2 (thalamus); p3, prosomere

3; r1, rhombomere 1. Scale bar: 200 μm
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FIGURE 7 Amigo2�/� phenotype recovery. E13,5 wild type and mutant ONTCs electroporated with an Amigo2 + GFP or GFP

expressing vectors and after 72 h of incubation (A-F). Wild-type ONTC GFP electroporated (A, D), Amigo2�/� GFP electroporated (B, E) and

Amigo2�/� Amigo2 + GFP electroporated (C, F). Labeled against GFP and CNTN2 by immunohistochemistry. The numbers indicated in A

indicate the measurement points. Significance was analyzed by One-way ANOVA tests. Significant differences (* < .05) were found among

wild type and Amigo2 electroporated mutant fr at level 1 and also between Amigo2 electroporated mutant and GFP electroporated mutant fr

at level 1 (G). fr, fasciculus retroflexus; Hb, habenula; Th, thalamus. Scale bar: 200 μm
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The fasciculation alteration was still visible at level 2 in
mild and severe phenotypes when compare with the wild
type (arrows in Figure 4A0, B0, C0) but the quantifications of
the fr diameters were not statistically significative. At level
3, the fascicle on both phenotypes did not present obvious
defects in its fasciculation (Figure 4A00, B00, C00).

2.5 | Amigo2 gain of function

We also studied the effect of Amigo2 overexpression or
gain of function by electroporation of the habenular com-
plex in culture. In order to select the optimal time win-
dow correlative with mHb neurogenesis, we analyzed the
birth dates of the habenular neurons. The lHb neurons
were born between E10.5 and E11.5 while mHb neurons
were produced between E12.5 and E13.5 (Figure 5A-E).
We selected this last period to target the mHb by electro-
poration of Amigo2 functional plasmid vector in Organo-
typic nervous tissue cultures (ONTCs).

We electroporated Amigo2 plus Gfp expressing plas-
mid vectors on the left side of the wild-type ONTCs,
while Gfp was electroporated alone in the right side as a
control (n = 4). The electroporated area was easily identi-
fied by the presence of GFP fluorescent signal
(Figure 6A, B). Moreover, the course of mHb axons was
displayed by CNTN2 immunoreaction (Figure 6A, C) and
that of the lHb axons by NFEM immunoreaction
(Figure 6A, D). The Amigo2 functional plasmid vector
activity was positively tested by in situ hybridization
(ISH, Figure 6E). The control side showed the endoge-
nous Amigo2 expression limited to the habenula (arrow-
head in Figure 6E), while the experimental side displayed
an expanded electroporated area (arrows in Figure 6E).
In order to quantify the phenotype observed, we selected
three levels along the fr to measure the tract thickness
(close to the origin, at the ventral point of caudalward
bending, and at the midpoint between the previous ones;
1-3 in Figure 6B). At the three levels, the electroporated
tract diameter was thinner than in the controls. This
result was observed not only in the mHb axons
(Figure 6C) but also in the lHb axons (Figure 6D). How-
ever, the difference was statistically significant only at
the upper and lower points (P < .05 by Unpaired t test in
each level; Figure 6F). Thus, an Amigo2 overexpression
in the habenular territory resulted in a thinner fr when
compared with the control side.

2.6 | Amigo2�/� phenotype rescue

In order to rescue the phenotype observed in the Amigo2
mutant we electroporated Gfp in wild type (Figure 7A;

n = 3) and mutant Hb (Figure 7B; n = 3), as controls,
and Amigo2 plus Gfp in mutant Hb (Figure 7C; n = 3).
The fr course was shown by CNTN2 labeling and the
measure of the tract spread was done at the three levels
described above. The Gfp electroporated mutant fr dis-
played a wider spread than the wild type one (Figure 7D,
E), while the Amigo2 electroporated mutant fr was
reduced in width compared with the wild-type. However,
the observed difference between the samples only was
statistically significant at the proximal or initial level
(P < .05 by One-way ANOVA test in each level,
Figure 7G). Functional Amigo2 is thus able to rescue the
phenotype observed in the mutant in terms of the tract
diameter.

3 | DISCUSSION

Axonal behavior is regulated by surface molecules that
controls the degree of fasciculation processes and the
integration of short and long-range signals that guide the
growing axons toward their final targets.17,43,44 The fr is a
tightly packed tract originated in the habenular complex.
Its fibers are segregated in a core region with axons from
the mHb and a shell area with axons from the lHb.10,11

Evolutionary analysis has suggested that the mammalian
mHb is homologous to the primitive habenula of lam-
preys and teleosts, whereas the lHb would have appeared
later in evolution.45 This sequence may fit with the mam-
malian fr organization with mHb axons in the core and
lHb axons in the shell. All fr axons share the same initial
behavior (dorsoventral course across the caudalmost tha-
lamic mantle into the basal plate) but differ in the subse-
quent tegmental segment. While initially both
components follow a fasciculated course, upon arrival at
the diencephalic basal domain the lHb axons defascicu-
late from mHb axons and follow their own terminal
course. The fasciculation/defasciculation processes
involved in the development of the fr are unknown. Some
well-known guidance molecules such as DCC, Robo or
Ephrins (among others) generally promote fascicula-
tion.17 Nevertheless, the specific surface proteins that are
involved in the fasciculation of the fr are unknown. By its
expression in the mHb at an appropriate time window,
Amigo2 seemed a candidate to play a role in the fascicula-
tion behavior at least of mHb axons.20

Our results have shown that Amigo2 indeed plays a
role in the fr fasciculation but not in its navigation, since
the fascicle is able to reach normal final targets in
absence of the Amigo2. The lack of function phenotype
results in a variable fr defasciculation (division into two
or more separate tracts) that tends to be slightly asym-
metric and appears most strongly at the initial segment
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of the dorsoventral course. The mammalian Hb, as well
as its fr, is a rather symmetric structure in contrast to the
reptilian, amphibia and fish counterparts where strong
asymmetries have been described.41,45 Nevertheless, sub-
tle differences have been described also in some rodent
strains.45 The Amigo2 loss-of-function alteration may
uncover subtle heterogeneities existing between both
sides (eg, various other interacting molecular determi-
nants), so that the resulting phenotype has different
penetrance.

It is safe to assume that a particular sort of axons
expresses a cocktail of surface molecules that could have
collectively redundant roles in the behavior of the grow-
ing fiber. Moreover, the capacity of the different Amigo
family members to interact in both homophylic and het-
erophilic manner may add to the variability in the pheno-
type (severe vs mild forms) observed after the removal of
only one of these surface proteins. Remarkably, the initial
defasciculation of mHb axons also produced an alteration
in the fasciculation of the lHb axons, which seemed
attracted to form shells around the separate packets of
mHb axons. This bespeaks of a specific adhesive interac-
tion between the mHb and lHb axons. This result con-
firms a strong interaction between lHb and mHb axons
in the fr.20,41

Finally, Amigo2 electroporation reduced the fr width
in the wild type and partly rescued in the mutant the
altered phenotype observed without reaching the full
wild type level. The fact that the recovery was consistent
and that control and experimental ONTCs sides shared
the same electroporation conditions suggested us that cell
death or ectopic effects were not interfering in our over-
expression experiments. Thus, Amigo2 is a molecular
determinant to define the fasciculation level of the fr and
our results allowed us to postulate that Amigo2 is
involved in the fasciculation of the fr particularly at the
start of its descending course (it does not seem to have a
similar role along the final descending route of the tract
into the hindbrain) but does not intervene in navigational
guidance proper.

4 | EXPERIMENTAL PROCEDURES

4.1 | Mouse strains

For staging, the day when the vaginal plug was detected
was considered as embryonic day 0.5 (E0.5). All mouse
manipulation and experimental procedures were per-
formed according to the directives of the Spanish and
European Union governments and the protocols were
approved by the Universidad Miguel Hern�andez OIR
Committee (2016/VSC/PEA/00190). The Amigo2 knock-

out line generation and genotype was previously
described in Li et al.46

4.2 | In situ hybridization and
immunohistochemistry

Mouse embryo brains were fixed overnight in 4% parafor-
maldehyde (PFA) in phosphate buffered saline (PBS).
Samples were agarose-embedded and sectioned at
100 μm by vibratome.

For ISH, the tissue was post fixed in 4% PFA. Next, it
was rinsed in PBS, and pre-hybridized with hybridization
buffer (deionized formamide [Ambion 50%], sodium cit-
rate salt [SSC �5, pH 5.3], heparin [Sigma-Aldrich
50 lg/ml], Tween 20 [Sigma-Aldrich, 0.1%]). The
digoxigenin-labeled RNA probe (Amigo2, BC095990) was
denaturalized at 80�C. The tissue was incubated in
hybridization buffer with the probe over night at 65�C.
The samples were washed (SSC �2 pH 4.5, formamide
50% and SDS 1%, water 50%) five times at 65�C. After-
wards, the samples were washed with MABT �1 (NaCl
(150 mM), maleic acid (100 mM, Sigma-Aldrich) NaOH
(Sigma-Aldrich) to obtain pH 7.5, and Tween 20 0.1%)
and the tissue was blocked in sheep serum 20%, (Sigma-
Aldrich, #S3772) and 2% of blocking reagent (Roche;
#11096176001) in MABT �1 and was incubated over-
night with an alkaline phosphatase-coupled anti-
digoxigenin antibody (Roche Diagnostics, #1109327
4910). Next day, the samples were extensively washed
with MABT �1 to remove the traces of non-specific
bound antibodies. Before the colorimetric reaction, the
samples were incubated in NTMT (NaCl [0.1 M], Tris-
HCl [0.2 M, pH 9.5], MgCl2 [0.05 M] and Tween
20 [0.1%]). Standard NBT/BCIP (Boehringer, Mannheim)
was used as a chromogenic substrate to detect the probes.
The alkaline phosphatase reacts with this substrate pro-
ducing a solid precipitate.

For IHC, it was performed as previously described.47

The primary antibodies used were: αBrdU (1:200; M
0744/Dako), αChAT (1:150; AB144P/Chemicon),
αCNTN2 (1:500; AF4439/RD Systems), αDCC (1:100; #sc-
6535/Santa Cruz), αNFEM (1:1000; AB1987/Chemicon),
αROBO3 (1:300; AF3076/Rdsystems), αSubstance P
(1:200; MAB356/Millipore) and αTH (1:1000; AB152/
Sigma-Aldrich).

4.3 | Axonal tracing

For axonal tracing, the embryonic brains were fixed for
1 h in 4% PFA. Small Dil crystals (1,10-dioctadecyl
3,3,30,30-tetramethylindocarbo-cyanine perchlorate;
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Molecular Probes) were inserted into the habenular
nuclei. The labeled brains were incubated at 37�C in 4%
PFA until the tracers had diffused sufficiently. The brains
were sectioned and IHC processed without detergent to
avoid the DiI signal loss.

4.4 | Birth dating by BrdU labeling

For detection of the peak of neurogenic proliferation,
BrdU was administered intraperitoneally to the pregnant
females (3 mg/100 g body weight) every 2 h, for a period
of 10 h (five injections in total) starting at desired stages.
The embryos were extracted at E15.5.

4.5 | Organotypic nervous tissue culture

They were developed as previously described (Moreno-
Bravo et al).12 In brief, E13.5 embryos neural tubes were
dissected and opened along the dorsal midline and telen-
cephalic vesicles and hypothalamus regions were
removed. The diencephalic fr developing area was kept
intact. Finally, the dissected explants were cultured like
an open book with the ventricular surface looking
upwards on a polycarbonate membrane (Whatman
Nuclepore Track-Etched Membranes). The ONTCs in the
incubator 3 h at 37�C, 5% CO2 until the electroporation
process.

4.6 | Overexpression of Amigo2 in
ONTCs experiment

Amigo2 (BC095990) and/or PCX-GFP expressing vectors
were electroporated focally in ONTCs. For the electropo-
ration procedure the ONTCs and its supporting mem-
brane was placed onto an 1% agarose block within a
setup of two horizontally oriented platinum electrodes.
An 1% agarose column was attached to the mobile upper
electrode. Two electric pulses of 80 V and 5 ms, spaced
500 ms were applied using a square pulse electroporator.
The electroporated ONTCs were incubated 72 h at 37�C,
5% CO2 in enriched DMEM.

4.7 | ONTCs immunochemistry

The incubated ONTCs were fixed in 4% PFA for 3 h. After
dehydration in methanol, the samples were bleached
using 6% Hydrogen Peroxide solution in 100% methanol
O/N at 4�C. Samples were blocked using PBS-GT, PBS
containing 0,2% Gelatin (Prolabo) and 0.5% Triton X-100

(Sigma-Aldrich) O/N at RT and then incubated in agita-
tion for 7 days at 37�C with αCNTN2 (1:500; AF4439/RD
Systems), αNFEM (1:1000; AB7794/Abcam), αGFP (1500:
GFP-1020/AVES). This was followed by six washes of
30 min in PBS-GT 0.5% at RT and incubated with the sec-
ondary antibodies O/N at 37�C. ONTCs were counter-
stained with DAPI diluted in PBS at 0,001% and
incubated 10 min. at room temperature.

4.8 | Image processing and
quantification

Bright field and fluorescent images were acquired with a
camera (Leica DFC500) associated with a stereomicro-
scope (Leica Fluo-III) and with Leica Confocal SPEII,
respectively. The figures were composed with Adobe Sys-
tem software. The axon trajectory in the Amigo2 mutant
and control sections was quantified at three levels. Level
1 was at the proximal segment of the fr (100 μm from the
Hb), level 3 was before the caudal bending point of the
fascicle and level 2 at the mid position between the other
two. We quantified by the distribution of red and green
fluorophores ligated to the two sorts of studied axons in
the fr area by the Plot Profile tool of the Fiji software in
normalized photographs to avoid background fluores-
cence interference. The fr phenotype in Amigo2 mutant,
control and electroporated ONTCs was quantified at
three fixed levels along the longitudinal aspect of the fas-
cicle by Fiji software. The statistical analysis was per-
formed with Kolmogorov-Smirnov test (Figure 4),
Unpaired t tests (Figures 4 and 6) and One-way ANOVA
test (Figures 4 and 7) using GraphPad Prism software. All
authors consent to participate and publish the data
included in this manuscript.
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