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Brain development is composed of several processes, which are chronologically and mechanistically 
overlapping each other.  However, the process of the earliest neural circuit formation in the rostral brain is 
less understood compared with other processes in brain development, in part because of the lack of 
appropriate molecular markers.  Accordingly, the identification of molecular markers for nerve cells may 
accelerate the detailed analysis of neural development.  Growth associated protein 43 (GAP-43) is a major 
growth cone protein that regulates F-actin dynamics, and it has been often used as a marker for developing 
neurons.  To test whether GAP-43 can be used as a general marker for developing neurons in chick early 
embryos, we analyzed the expression pattern of GAP-43 protein in the brain.  While the majority of the 
neurons were GAP-43 positive, the earliest neurons in the dorsal mesencephalon (future tectum) were 
GAP-43 negative.  However, a subset of the GAP-43 negative neurons became positive at later stages.  
Such a difference in the expression of GAP-43 protein may contribute to the precise patterning of the neural 
circuits in the mesencephalon in the subsequent development.  The earliest neurons in the telencephalon, 
which belong to the terminal nerve (TN), were also GAP-43 positive.  Since the development of TN is poorly 
understood compared to other cranial nerves, GAP-43 could help the detailed analysis of the development 
of TN as the marker.
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Introduction
Brain development is composed of several processes, 

which are chronologically and mechanistically overlapping 
each other, e.g. neural induction, regionalization, neurogen-
esis, layer formation and neural circuit formation (reviewed 
in Sanes et al. 2012).  Most of the processes are extensively 
studied in several model organisms, including mouse and 
chick, two major model animals.  In contrast, the process of 
the earliest neural circuit formation in the rostral brain in 
the amniotes is less understood compared with other pro-
cesses.

Chick embryos are popular model system for the anal-
ysis of brain regionalization as well as the development of 
neural circuit (Araki and Nakamura 1999; Nakamura 2001).  
Recently, Ware and Schubert (2011) described the detailed 
analysis of the earliest neural circuit development in the 
rostral brain of the chick embryo; the earliest axons, the 
medial longitudinal fascicle (MLF) axons appear at stage 
HH12 (for staging, see Hamburger and Hamilton 1951) in 

the posterior lateral diencephalon, which is followed by the 
appearance of the descending tract of the mesencephalic 
nucleus of the trigeminus (DTmesV) axon in the dorsal 
mesencephalon and the tract of the postoptic commissure 
(TPOC) axons on the ventral anterior diencephalon close to 
the optic stalk at HH14 (Ware and Schubert 2011).

The identification of molecular markers for nerve cells 
has accelerated the detailed analysis of neural development.  
For example, neurofilament, βIII tubulin and acetylated 
α-tubulin are often used for pan-neuronal markers; vesicu-
lar glutamate transporter for glutaminergic neurons; gluta-
mate decarboxylase for GABAergic neurons; glycine trans-
porter 2 for glycinergic neurons markers; tyrosine 
hydroxylase for dopaminergic neurons; serotonin trans-
porter for serotogenic neurons; choline acetyltransferase for 
cholinergic neurons; dopamine β-hydroxylase for noradren-
ergic/adrenergic neurons; histidine decarboxylase for hista-
minergic neurons; glial fibrillary acidic protein for astro-
cytes; and myelin proteolipid protein (PLP)/DM-20 for 
mylenating oligodendrocytes.
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Fig. 1.  Comparison of the expression patterns of acetylated α-tubulin and GAP-43 in the rostral brain of chick embryo.
 Double immunofluorescence staining with anti-acetylated α-tubulin antibody (in green; A, C, E, G, I, K) and anti-

GAP-43 antibody (in red; B, D, F, H, J, L).  The stages are HH14 (A, B), HH16 (C, D), HH17 (E, F), HH18 (G, H), 
HH20 (I, J) and HH21 (K, L).  The samples were flat-mounted so that the ventricular side faced to the glass slides after 
cutting along the ventral midline, coverslipped, and imaged through the coverslips.  The pictures are schematized in  
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A´-L´.  The dotted lines are the telencephalon-diencephalon, diencephalon-mesencephalon and mesencephalon-rhomb-
encephalic boundaries.  The dorsal midlines (dm) are indicated with arrows.  The broken lines indicate the ventral mid-
lines (vm).  Areas surrounded with rectangles are magnified in the Fig. 2.  Abbreviations: di, diencephalon; III, oculo-
motor nerve; mes, mesencephalon; os, optic stalk; pi, pineal gland; rh, rhombencephalon; tel, telencephalon.  For other 
abbreviations see the main text.  Scale bars, 1 mm.
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Growth associated protein 43 (GAP-43), also known 
as neuromodulin, B-50, pp46, brain abundant, membrane 
attached signal protein 2 (Basp2), P-57 and F1, consists of 
the loosely conserved IQ-motif, calmodulin-binding protein 
family with neurogranin (also known as RC3) and Purkinje 
cell protein 4 (also known as PEP-19) (for review, see 
Skene 1989; Benowitz and Routtenberg 1997).  GAP-43 is 
a major growth cone protein, and regulates F-actin dynam-
ics via its phosphorylation by protein kinase C.  It is also 
acylated at the N-terminal cysteine residues (Liang et al. 
2002), and the N-terminal region is utilized to make a 
membrane-bound chimeric protein (Okada et al. 1999).  
Since the expression of GAP-43 mRNA and protein is 
almost confined to neurons, it is often used as a marker for 
developing neurons.  However, GAP-43 is also expressed 
in glial cells and myoblasts (reviewed in Sensenbrenner et 
al. 1997).

Constitutive expression of GAP-43 in the neurons of 
transgenic mice induces sprouting of the axons in normal 
development as well as in the reinnervation after nerve 
lesion (Aigner et al. 1995).  Although the adult central ner-
vous system grossly normal in homozygous GAP-43 
knockout mice, they show various defects in the neural cir-
cuits including failures of retinotectal projections, inter-
hemispheric telencephalic connections and thalamocortical 
projections (Strittmatter et al. 1995; Maier et al. 1999; 
Zhang et al. 2000; Shen et al. 2002).  At the cellular level 
the axon pathfinding is abnormal during the development 
and the growth cones are morphologically abnormal with 
reduced F-actin in vitro (Strittmatter et al. 1995; Shen et al. 
2002).  In addition the neuronal proliferation is also affected 
(Mani et al. 2001; Shen et al. 2008).  Reflecting these struc-
tural defects GAP-43 knockout mice also show functional 
defects including memory impairment and sensorimotor 
disorder (Metz and Schwab 2004; Rekart et al. 2005).

To test whether GAP-43 can be used as a pan-neuronal 
marker in chick early embryos, we compared the immuno-
fluorescence patterns between anti-GAP-43 polyclonal anti-
body and anti-acetylated α-tubulin monoclonal antibody.

Materials and Methods
Embryos

Fertilized chicken eggs were purchased from a local farm.  The 
eggs were incubated at 38°C until appropriate developmental stages 
(Hamburger and Hamilton 1951).  The embryos were fixed with 4% 
paraformaldehyde in phosphate buffered saline (PBS) overnight, 
dehydrated in increasing concentrations of methanol and stored at 
−20°C in 100% methanol until use.  The study protocol was approved 
by the Animal Care and Use Committee of Iwate University.  All 
experiments were performed in compliance with the relevant laws 
and the institutional guidelines.

Immunofluorescence
After rehydration through decreasing concentration of methanol 

the fixed embryos were incubated in blocking solution (5% heat inac-
tivated sheep serum) for 30 min, and incubated with the primary anti-
bodies, anti-GAP-43 rabbit polyclonal antibody (Novus Biologicals, 

1:500 dilution in blocking solution) and anti-acetylated α-tubulin 
monoclonal antibody (Sigma T6793, 1:4,000), overnight.  Next, the 
embryos were washed in PBST (PBS with 0.1% Tween-20) for 10 
min three time and for 1 hr four times.  Then, they were incubated in 
blocking solution for 30 min, and incubated with secondary antibod-
ies, Alexa Fluor 488 goat anti-mouse IgG (H + L) (Invitrogen, 1:500) 
and Alexa Fluor 594 goat anti-rabbit IgG (H + L) (Invitrogen, 1:500), 
overnight.  Finally, they were washed with the same condition 
described above, flat-mounted by dissection, and observed with a 
conventional fluorescent microscope.

Results and Discussion
In the double immunostaining experiment with anti-

GAP-43 and anti-acetylated α-tubulin antibodies we noticed 
that the MLF neurons/axons and TPOC neurons/axons are 
positive for GAP-43 while most of DTmesV neurons/axons 
are negative (Fig. 1A-C, A´-C´; Fig. 2A-F).  This tendency 
was also observed at later stages (Fig. 1D-L, D´-L´; Fig. 2G 
and H).  Thus, the GAP-43 expression is not pan-neural in 
the brain of early chick embryos.

Previously, we showed that GAP-43 labeled the tract 
of the posterior commissure (TPC) in later embryos (HH23) 
(Matsunaga et al. 2000).  TPC consists of dorsally project-
ing axons from neurons located in the ventral pretectum, 
posteriormost diencephalon, and ventrally projecting axons 
from neurons located in the dorsal pretectum.  The former 
axons develop earlier than the latter (Fig. 1G; Ware and 
Schubert 2011).  At HH18 when these axons start to extend 
dorsally, they are GAP-43-positive, and the expression con-
tinues at later stages (Fig. 1G-L, G´-L´).  Thus, the TPC is 
GAP-43-positive as soon as it is formed.

While the posterior commissure crosses the dorsal 
midline at the posterior diencephalon, the mesencephalon 
has another commissure, tectal commissure.  We asked 
whether any signs of the onset of the development of the 
tectal commissure can be detected among the specimens.  
However, we could not find any obvious evidence that a 
subset of axons cross the dorsal midline in the mesencepha-
lon at the stages examined (Fig. 1; Fig. 2G and H), although 
further analyses are needed before definite conclusions can 
be reached.

It has been reported that the terminal nerve (TN) 
axons, the first axons in the telencephalon appear at HH17 
(Ware and Schubert 2011).  We observed that the putative 
TN cells expressed GAP-43 while the surrounding other 
telencephalic neurons only weakly expressed GAP-43 or 
were negative for it (Fig. 2I and J).  In addition, the occulo-
motor nerve, another cranial nerve, was GAP-43 positive 
(Fig. 1C-L, C´-L´).

DTmesV neurons emerge at the earliest stage of the 
development of the amniotes; thus, they could function as 
pioneer neurons and could be crucial for later development 
of brain neural circuit (Ware and Schubert 2011).  Since 
GAP-43 is generally enriched in developing neurons, the 
lack of GAP-43 in the most of developing chick DTmesV 
neurons was unexpected.  Although the function of GAP-43 
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seems to be critical for the development of neural circuits, 
and there is no structural paralogue with strong similarity in 
vertebrate genomes, a small number of homozygous GAP-
43-knockout mice survive even after birth (Strittmatter et 
al. 1995).  This discrepancy is explained by the fact that a 
functional homologue of GAP-43 may be Basp1 (brain 
abundant, membrane attached signal protein 1/brain acid 

soluble protein 1), also known as CAP-23 (cytoskeleton-
associated protein of approximate molecular mass 23 kD) 
and NAP-22 (22 kDa neuronal tissue-enriched acidic pro-
tein) (Frey et al. 2000).  Thus, Basp1 might be expressed in 
chick DTmesV neurons and compensate for the lack of 
GAP-43 in the chick DTmesV neuron.  Whether Basp1 is 
expressed in the DTmesV neurons or not, chick DTmesV 

Fig. 2.  Differential expression of GAP-43 protein in the chick developing axons.
 Double immunofluorescence staining with anti-acetylated α-tubulin antibody (in green; A, C, E, G, I) and anti-GAP-43 

antibody (in red; B, D, F, H, J).  A, B, C, D, E and F are higher magnification of the areas surrounded with rectangles in 
the Fig. 1A′ and B′.  G and H are higher magnification of the areas surrounded with rectangles in Fig. 1K′ and L′.  Most 
of DTmesV neurons are negative for GAP-43 (A, B) while TPOC (C, D) and MLF (E, F) neurons are positive at HH14,  
although small numbers of DTmesV neurons weakly expresses GAP-43 (arrowheads in A and B).  The majority of DT-
mesV axons are still negative for GAP-43 at HH 21, while a subset of them are GAP-43 positive (G, H, arrowheads).   
(I, J) Putative TN cells are express GAP-43, while the expression in the surrounding telencephalic neurons is low or  
undetectable (HH25).  Scale bars, 0.1 mm.
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neurons could be an ideal model system to assess the 
importance of GAP-43 during the development of neural 
circuits in amniotes in vivo.

Interestingly, we observed that a subset of axons in the 
dorsal/lateral mesencephalon were GAP-43 positive from 
stage 17 onward (Fig. 1E-L, E´-L´; Fig. 2A, B, G and H, 
arrowheads).  The axonal trajectory indicates that at least 
some of the GAP-43 positive axons in the dorsal/lateral 
mesencephalon may be a subset of the DTmesV axons but 
not the tectobulbar (TB) axons, which originate from the 
lateral mesencephalon, cross the lateral longitudinal fascicle 
(LLF), the axonal bundle of DTmesV neurons, and join 
with the MLF.  Thus, DTmesV neurons might be a hetero-
geneous population of neurons.  Such heterogeneity might 
contribute to the precise patterning of the neural circuits in 
the mesencephalon at later stage.  GAP-43 can be a useful 
molecular marker for the analysis of the heterogeneity in 
the DTmesV neurons.  In addition, we detected the expres-
sion of GAP-43 in the developing putative TN cells, whose 
function is the least studied among cranial nerves.  Thus, 
GAP-43 could be also used as a marker for TN cells, and 
facilitate the analysis of their development.
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