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Abstract
The early postnatal development of the A-layers of the dorsal lateral geniculate nucleus (LGNd) was investigated in kittens 
aged 0–34 days by immunohistochemistry for the selective marker for neuronal differentiation (NeuN protein) and parval-
bumin. We report two new facts about the LGNd development. First, there is a transient stratification of NeuN labelling in 
layer A, and to a lesser extent in layer A1, in kittens aged 0 and 4 days. Second, a transient population of large cells that 
are located between the LGNd A-layers (interlaminar cells) showed high expression levels of both NeuN and parvalbumin. 
These neurons possessed both the morphological and immunohistochemical features, similar to cells in the neighbouring 
perigeniculate nucleus. Both NeuN-stratification and double-stained interlaminar cells gradually disappeared during the 
second postnatal week, and almost completely vanished by the opening of the critical period. We discuss a possible link-
age between these observed transitory networks and the ON-/OFF- and X-/Y-cells development and propose that the data 
obtained reflect the functioning of the early environmentally independent geniculate networks.
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Introduction

The dorsal lateral geniculate nucleus (LGNd) is an impor-
tant processing centre within the retinocortical pathway. The 
LGNd is not simply a principal relay station, but it also plays 
an essential role in the regulation and modulation of the 
information flow between the retina and the primary visual 
cortex (Hubel and Wiesel 1961; Sherman and Koch 1986; 
Mastronarde 1987; Mastronarde et al. 1991; Sherman and 
Guillery 2002, for review). In carnivores, the LGNd consists 
of six principal layers (A, A1, C, C1, C2, and C3); the most 
robust layers, A and A1, receive projections from distinct 
eyes: layer A from the contralateral side, and layer A1 from 

the ipsilateral side (Sanderson 1974; Stryker and Zahs 1983; 
Lee et al. 1999).

LGNd development begins in prenatal life. In cats, retinal 
afferents from the two eyes invade future layers A and A1 
between days E32 and E37 (Shatz 1983), but the complete 
development of the two LGNd A-layers continues develop-
ing through the third postnatal week, when the experience-
dependent stage (so called, critical period) begins (Crowley 
and Katz 2002; Huberman et al. 2005; Chalupa 2007; Speer 
et al. 2010). The segregation of retinal input from the two 
eyes into the LGNd A-layers has been used as a model sys-
tem for investigating the mechanisms underlying afferent 
targeting during development (Huberman et al. 2005; Speer 
et al. 2010), particularly, for modelling the refinement of 
cortical ocular dominance columns during precritical and 
critical periods (Crowley and Katz 2002). There is evidence 
for developmental dissimilarity between layers A and A1, 
in favour of dominance by the contralateral retinal input 
(Linden et al. 1981; Shatz 1983; Chapman 2000); yet, many 
aspects of the developmental dynamic of the LGNd A-layers 
are poorly understood.

The aim of the present study was to document the tem-
poral dynamic of the A-layers development during early 
postnatal ontogenesis, using NeuN immunostaining. NeuN 
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is a neuron-specific nuclear protein, which is identified as 
the Fox-3 gene product (Kim et al. 2009) and is expressed 
in most mature neuronal cell types (except for certain cells, 
including cerebellar Purkinje cells, olfactory bulb mitral 
cells, retinal photoreceptor cells, Cajal-Retzius cells, infe-
rior olivary neurons, dentate nucleus neurons, sympathetic 
ganglion cells, etc.) (Mullen et al. 1992; Sarnat et al. 1998). 
A heterochrony in NeuN expression was observed during 
the development of the CNS, and it was proposed that this 
protein “…may correspond to the state of differentiation 
or level of functioning of the neuron, rather than simply 
to withdrawal from the cell cycle” (Mullen et al. 1992). To 
date, NeuN has been widely used as a specific marker for the 
functional assessment of neurons (Alekseeva et al. 2015).

Materials and Methods

All experimental procedures were approved by the Ethics 
Commission of the Pavlov Institute of Physiology, and were 
performed in accordance with the requirements of Council 
Directive 2010/63EU of the European Parliament on the pro-
tection of animals used in experimental and other scientific 
purposes. Fourteen normal pigmented kittens, of either sex, 
aged 0 (n = 2), 4 (n = 2), 10 (n = 2), 14 (n = 2), 21 (n = 1), 
28 (n = 2), and 34 (n = 3) postnatal days were used for this 
study. Under deep anaesthesia (a mixture of 2 mg/kg Zoletil 
and 20 mg/kg xylazine), all animals were perfused transcar-
dially with 0.9% NaCl, followed by 4% paraformaldehyde. 
After it, brains were removed and stored in 20 and 30% 
sucrose, and subsequently cut into 50-μm sagittal sections 
using a freezing microtome.

The detailed procedure of immunohistochemical staining 
was described previously (Merkulyeva et al. 2016). After 
chemical unmasking and endogenous peroxidase activity 
blocking, sections were preincubated with 10% normal goat 
serum (NGS, Vector Laboratories, UK), followed by incu-
bation for 70 h in a monoclonal mouse primary antibody to 

NeuN (Millipore, USA, PRID: AB_2298772, 1:5000 dilu-
tion) or in a polyclonal rabbit primary antibody to parval-
bumin (Abcam, UC, PRID: AB_298032, 1:10000 dilution). 
Then, the slices were incubated in a biotinylated second-
ary antibody (horse anti-mouse IgG, Vector Laboratories, 
UK, 1:600 dilution) for 1 day or in an Alexa-conjugated 
secondary antibody (Alexa Fluor488 goat anti-mouse IgG 
(PRID: AB_2576208) or Alexa Fluor568 goat anti-rabbit 
IgG (PRID: AB_2576207), Thermo Fisher Scientific, USA, 
1:200 dilution) for 2 h. In the former case, slices were subse-
quently processed using an avidin–biotin horseradish-perox-
idase complex (ABC Elite system, Vector Laboratories) and 
diaminobenzidine (DAB)-NiCl-H2O2 reaction. The DAB-
reacted slices were coverslipped in Canadian balsam and 
the Alexa-reacted slices were coverslipped in 50% glycerol.

The DAB-reacted slices were analysed with an Olympus 
microscope (Olympus Corporation, Japan) using a Nikon 
camera (Nikon Corporation, Japan). The fluorescent Alexa-
reacted slices were analysed with an inverted fluorescence 
microscope (Leica Camera, Germany). NeuN-positive cells 
were analysed in two regions of interest (ROI): in the visual 
centre (from − 15° to + 15°) and the upper peripheral repre-
sentation areas (Fig. 1f), in accordance with previous work 
by K.J. Sanderson (1974). The number of neurons and their 
sizes were manually estimated using free software from Fiji 
(PRID: SCR_002285) (Schindelin et al. 2012). Approxi-
mately 100–120 labelled cells were analysed in each animal. 
Statistical differences were assessed using the Fisher-test.

Results

Weak staining in the A-layers compared with the C-layers 
and with the neighbouring perigeniculate nucleus (PGN) 
is a common feature in newborn (aged 0 and 4 postnatal 
days) animals (Fig. 1a). In these kittens, we observed a 
stratification of the A-layers; specifically, NeuN expres-
sion is higher in the centre of the layer A (Fig. 1a, boxes 1 
and 2, red arrows), and far fewer labelled cells were found 
within its dorsal and ventral regions. This stratification is 
clearly seen throughout the layer A, regardless of retinal 
eccentricity. For layer A1, we found only partial stratifi-
cation in areas corresponding to the upper visual periph-
ery representation (Fig. 1a, box 2, red arrows). Another 
common feature of NeuN staining in newborn kittens is 
the presence of large, dark NeuN-positive (NeuN+) cells 
in the interlaminar area between layers A and A1 (INT 
cells) (Fig. 1a, boxes 1 and 2,e). Unlike the cells at the 
depth of the A-layers, INT neurons exhibit prominent cyto-
plasmic labelling that spreads to the proximal dendrites. 
INT cells are larger than cells in the A-layers (223 ± 25 
and 104 ± 6  µm2, respectively, F = 8.91, F crit = 1.95, 
p < 0.001) and darker than cells in the A-layers (grey level 

Fig. 1   NeuN labelling distribution in the dorsal lateral geniculate 
nucleus (LGNd) and in the perigeniculate nucleus (PGN) of kittens 
aged 4  day (a), 14  days (b), and 34  days (c). Red countered boxes 
are enlarged regions of central (1, 3, and 5) and peripheral (2, 4, and 
6) visual field representation. Red arrows indicate labelled stripes of 
NeuN+ cells in layers A and A1. Calibration marker is 500  µm. A 
diagram of interdependence between the size (in µm2) and optical 
density (in grey level) of NeuN+ cells located in the depth of layers 
A and A1 (A/A1), in the interlaminar area (INT), and in the PGN of 
newborn kittens (d). An example of NeuN+ cells in layers A and A1, 
in the interlaminar area, and in the PGN of newborn kittens (e). Red 
arrows indicate labelled stripes of NeuN+ cells in layers A and A1. 
Visual field representation in LGNd; (+) upper visual field, (−) lower 
visual field; A, P, D, V: anterior, posterior, dorsal, ventral. Red coun-
tered boxes are regions of interest (ROI) of central and peripheral vis-
ual field representation (f)

◂
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index, 56.1 ± 3.0 and 88.1 ± 2.6, respectively, F = 16.15, 
F crit = 1.95, p < 0.001) (Fig. 1d). Labelled INT cells are 
similar to labelled neurons within the PGN in size and in 
staining pattern (PGN cell size, 205 ± 13 µm2; grey level 
index, 52.6 ± 1.7) (see typical examples of NeuN+ cells 
in Fig. 1e).

In kittens aged 10 days and older, the A-layers no longer 
exhibit pale staining; instead, they are similar in staining 
intensity to the C-layers (Fig. 1b, c). In kittens aged 14 days, 
stratification in the A-layers becomes less visible, and the 
weakly stained stripes are sometimes visualized only in the 
upper visual periphery (Fig. 1b, box 4). Darkly stained INT 
neurons are still visible in these animals, but they are distrib-
uted sparsely and no longer show labelling of the proximal 
dendrites.

In kittens aged 3 weeks and older, no striking differ-
ences were found in NeuN labelling between layers A and 
A1 or within either of the A-layers (Fig. 1c, boxes 5 and 
6); NeuN+ cells are homogeneously distributed over both 
A-layers. Since the third postnatal week, the interlaminar 

space between layers A and A1 has become almost devoid 
of NeuN+ neurons.

We observed a clear similarity between the INT and 
PGN cells in newborn kittens. Since it was found that the 
interlaminar zones in the LGNd possess a cell type that is 
physiologically similar to neurons in the PGN, and that 
interlaminar and PGN cells are both parvalbumin-positive 
(Sanchez-Vives et al. 1996), we also performed parvalbu-
min staining in the animals aged 0–3 weeks. In all P0 and 
P4 kittens, parvalbumin staining was observed in the soma 
and proximal dendrites of most of the INT and PGN neu-
rons; sparse cells were also found at the depth of the LGNd 
in layers A and A1 (Fig. 2a, b). All parvalbumin-positive 
INT cells were also NeuN+ (130 out of 130 cells analysed) 
(Fig. 2b, white arrows). Many cells within the PGN (approx. 
60%, 342 out of 600 cells) were also double-labelled for 
parvalbumin and NeuN. This prominent parvalbumin stain-
ing in neuronal somas of INT cells disappears during matu-
ration, as demonstrated by 14-day-old kittens expressing 
far fewer parvalbumin-positive neuronal somas compared 

Fig. 2   NeuN and parvalbumin labelling in the dorsal lateral genicu-
late nucleus (LGNd) and in the perigeniculate nucleus (PGN) of new-
born kittens (a, b). Calibration marker in a is 500 µm. Regions from 

a enlarged (in white dashed squares). Some double-labelled cells 
(merge) are marked by white arrows; A, A1, Cm—LGNd layers (b)



1141Cellular and Molecular Neurobiology (2018) 38:1137–1143	

1 3

with newborn kittens (7-11 cells per slice and 34-55 cells 
per slice, respectively). Additionally, in kittens older than 
14 days, parvalbumin-positive cells within the interlaminar 
area were only sparsely observed.

Discussion

NeuN is the Fox-3 gene product that was proposed to be a 
determinant factor of neural specificity during neuron-spe-
cific alternative splicing (Kim et al. 2009). Within a postmi-
totic neuron, the level of NeuN expression corresponds to its 
differentiation status and level of functioning (Mullen et al. 
1992; Weyer and Schilling 2003; Kempermann et al. 2004; 
Alekseeva et al. 2015). It was found that immature neuronal 
cells are negative for NeuN (Lavezzi et al. 2013). In this 
study, three facts were obtained by using NeuN immuno-
histochemistry. First, we shown a clear stratification of the 
NeuN staining in the A-layers of kittens aged 0–2 postnatal 
weeks that disappeared gradually up to the second postnatal 
week; second, differences in this disappearance were found 
in favour to the layer A1. And third, a transient population 
of interlaminar cells expressed both NeuN and parvalbumin 
was obtained in kittens aged 0–1 postnatal weeks. Thereby, 
we propose that the data obtained here can be related to the 
gradual evolvement of different developing networks into 
the LGNd A-layers functioning.

The finding of the A-layers stratification possibly can 
mean that neurons within the central parts of the A-layers are 
developed earlier than the cells within the border parts of the 
A-layers. What differences between these parts are known? 
Sublamination in the A-layers has been observed in some 
carnivores such as ferrets, minks, weasels, and coatis, where 
ON- and OFF-systems are functionally segregated (Sander-
son 1974; Stryker and Zahs 1983). Although a similar, clear 
sublamination pattern of the A-layers into leaflets has not 
been described in cats, electrophysiological studies report 
that ON-cells are predominant at the tops of the A-layers, 
and OFF-cells at the bottoms, and both types are balanced in 
the centres of the A-layers (Bowling and Wieniawa-Narkie-
wicz 1986). Moreover, the steepest gradients and the maxi-
mum differences in proportions of ON- and OFF-cells were 
obtained in layer A, not in layer A1. If regions with a mixed 
ON-/OFF-neuronal population are mature earlier than ones 
with only ON or OFF population, we can expect different 
dynamics of the NeuN staining in these regions.

Another possible explanation of the present data is related 
to the properties and development of different types of the 
principal neurons in layers A and A1. In cats, the pathway 
from the retina to the LGNd comprises at least three mor-
phologically and physiologically distinct neuronal pathways, 
referred to as X, Y, and W, which are thought to analyse 
different aspects of the visual scene (Enroth-Cugell and 

Robson 1966; Sherman and Spear 1982; Wilson et al. 1984; 
Sur 1988). There are several evidences for X and Y neurons 
have different distribution patterns through the LGNd lay-
ers, a tendency most prominently observed in layer A; Y 
cells are concentrated at the laminae borders and X cells are 
concentrated mainly in the centres of the layers (Mitzdorf 
and Singer 1977; Bowling and Wieniawa-Narkiewicz 1986]. 
In accordance with the fact that X and Y retinogeniculate 
axons invade the LGNd non-simultaneously in favour to the 
X cells (Sur 1988; Garraghty et al. 1998), and in accord-
ance to the fact that Y cells complete their physiological 
maturation later than X cells do (Norman et al. 1977; Man-
gel et al. 1983; Sherman 1985; Hockfield and Sur 1990), 
we may expect different developmental profiles for central 
and border parts of the A-layers and for NeuN staining as 
well. We also should note that a heterogeneity in geniculate 
populations of both Y and X cells was obtained previously 
(X and Y populations were divided into the lagged and 
unlagged cells; Humphrey and Weller 1988; Mastronarde 
et al. 1991); thus, stratification observed here possibly can 
be related not to the distribution and development of total X 
and Y populations, but to the distribution and development 
of these subpopulations.

We also obtained a different disappearance of the A-lay-
ers stratification in regions correspondent to visual centre 
and visual periphery representation (4-th out of 14-th post-
natal day, respectively). This fact is in good agreement with 
the data about the late maturation of the entire peripheral 
visual system compared with the visual centre (see Bur-
nat 2015). Since in relative terms the Y cells are most fre-
quent in peripheral visual field representation than X cells 
(Fukuda and Stone 1974; So and Shapley 1979; Watanabe 
and Fukuda 2002), we again can suppose that A-layers sub-
lamination can be related to the different timings of X and 
Y cells development.

The disappearance of the A-layers stratification was faster 
in layer A1 compared with layer A. Developmental studies 
in cats and ferrets have reported that contralateral eye affer-
ents invade the LGNd before ipsilateral eye afferents do, and 
during the subsequent period in which two retinal inputs 
overlap, a contralateral dominance has been detected (Dan-
iels et al. 1978; Linden et al. 1981; Shatz 1983; Sretavan 
and Shatz 1986). Optical imaging and single-unit recordings 
have demonstrated a contralateral eye dominance in driv-
ing cortical mapping for orientation and ocular dominance, 
before eye opening (Crair et al. 1998). Therefore, an earlier 
maturation of the contralateral input was expected. Present 
data illustrate the opposite effect; thus, it is unlikely related 
to retinal dominance per se.

Our third most important result presented here is a tran-
sient neuronal population of large INT cells double-stained 
for NeuN and parvalbumin that were revealed in kittens aged 
0–4 days, and these neurons gradually disappear up to the 
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critical period beginning. These neurons share similar mor-
phological features with PGN neurons, and it was shown that 
the LGNd interlaminar neurons and PGN cells are anatomi-
cally and functionally similar (Montero 1989; Sanchez-Vives 
et al. 1996; Bickford et al. 2008), and both are parvalbu-
min-positive (Demeulemeester et al. 1991; Sanchez-Vives 
et al. 1996). Since the PGN modulates transmission through 
the LGNd and between the dorsal thalamus and the cortex 
(Sherman and Koch 1986; Cucchiaro et al. 1991; Uhlrich 
et al. 1991; Fitzgibbon 2002), we can propose that the pop-
ulation of double-stained INT cells observed here can be 
related to the early functioning of these networks before the 
critical period beginning.

The process of segregation of the contralateral and ipsi-
lateral inputs in the LGNd is virtually complete near the 
time of birth; but laminar development is lasted for sev-
eral weeks (from 2 to 8) (Kalil 1978; Shatz 1983). In this 
study, we shown that NeuN staining within LGNd A-layers 
changed significantly up to the second postnatal week, the 
time point when transient population of large NeuN/parval-
bumin-positive cells is disappeared. We propose that data 
obtained here reflect the functioning of early environment-
independent geniculate networks during precritical period 
of LGNd development.
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