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Dopaminergic amacrine (DA) cells play multiple and important roles in retinal function. Neurotrophins are known to modulate the
number and morphology of DA cells, but the underlying regulatory mechanisms are unclear. Here, we investigate how
neurotrophin-3 (NT-3) regulates DA cell density in the mouse retina. We demonstrate that overexpression of NT-3 upregulates DA
cell number and leads to a consequent increase in the density of DA cell dendrites. To examine the mechanisms of DA cell density
increase, we further investigate the effect of NT-3 overexpression on retinal apoptosis and mitosis during development. We find
that NT-3 does not affect the well known wave of retinal cell apoptosis that normally occurs during the first 2 weeks after birth.
Instead, overexpression of NT-3 promotes additional mitosis of DA cells at postnatal day 4, but does not affect cell mitosis before
birth, the peak period of amacrine cell genesis in wild-type retinas. We next show that retinal explants cultured from birth to day
7 without extra NT-3 produced by lens exhibit similar number of DA cells as in wild type, further supporting the notion that
postnatal overexpression of lens-derived NT-3 affects DA cell number. Moreover, the additional mitosis after birth in NT-3-
overexpressing mice does not occur in calretinin-positive amacrine cells or PKC-positive rod ON bipolar cells. Thus, the NT-3-
triggered wave of cell mitosis after birth is specific for the retinal DA cells.

Introduction
Dopamine modulates multiple functions in the retina, including
neuronal differentiation and survival, eye growth, the relative gain of
visual signaling, and circadian rhythm (Witkovsky, 2004). In adult
retinas of several species, the total number and distribution of dopa-
minergic amacrine (DA) cells, identified by tyrosine hydroxylase
(TH) immunoreactivity, are tightly regulated (Masland et al., 1993;
Whitney et al., 2009; Keeley and Reese, 2010). DA cells constitute
around one-hundredth of a percentage of total retinal neurons
(Masland et al., 1993; Whitney et al., 2009), and they tile almost the
whole retina (Raven et al., 2003; Whitney et al., 2009). During devel-
opment, amacrine cell genesis peaks around embryonic day 14.5
(E14.5) in mice (Young, 1985; Cepko et al., 1996), with most DA
cells born before birth (Evans and Battelle, 1987; Voinescu et al.,
2009).

Many studies suggest that neurotrophins can regulate DA cell
number and morphology (Cellerino et al., 1998; Calamusa et al.,
2007; Liu et al., 2007; Grishanin et al., 2008; Landi et al., 2009).
For example, the density of type II DA cells increases with injec-
tion of BDNF or neurotrophin-3 (NT-3) in the rat retina (Cel-
lerino et al., 1998). In BDNF knock-out mice or mice with TrkB,
the high-affinity receptor for BDNF, conditionally eliminated
within the retina, the complexity of neuronal processes of DA
cells is reduced (Cellerino et al., 1998; Grishanin et al., 2008).
However, it is still unclear how neurotrophins regulate DA cell
number. Some studies suggest that neurotrophins protect cells
from apoptosis, which in turn increases the relative cell number
in the retina (Frade et al., 1999; Cui and Harvey, 2000), but other
studies show that neurotrophins do not affect the final number of
retinal neurons remaining after the wave of programmed cell
death (Pollock et al., 2003). Neurotrophin signaling could also
influence neural differentiation by interacting with transcription
factors in the retina (Liu et al., 2004; de Melo et al., 2008). Little is
known about whether NT-3 specifically regulates DA cell num-
ber by preventing programmed cell death or stimulating genesis
of new DA cells.

Given the expression of NT-3 in DA cells (Seki et al., 2004; Liu
et al., 2009) and its action in regulating of DA cell number, we
explored the underlying regulatory mechanisms using a trans-
genic mouse model in which NT-3 is continuously overexpressed
in the eyes (Lavail et al., 2008; Liu et al., 2009). We determined
how the density and morphology of DA cells were affected in the
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NT-3 overexpression (NT-3 OE) mice. After confirming a signif-
icant increase in DA cell number in NT-3 OE mice, we showed
that this increase was not caused by a lower than normal rate of
retinal apoptosis, but an increase of birth of new DA cells. Finding
evidence for a promiscuous DA cell differentiation at P4, we fur-
ther revealed that other classes of retinal neuron were not af-
fected. Together, our results demonstrate that overexpression of
NT-3 stimulates a new wave of DA cell genesis after birth.

Materials and Methods
Animals. Transgenic mice expressing NT-3 driven by an � A-crystallin pro-
moter were generated, crossed to C57BL/6J background, and characterized
(Robinson et al., 1995; Lavail et al., 2008; Liu et al., 2009). Mice were reared in
12 h light/darkness. All animal procedures conformed to the guidelines on
the Use of Animals in Neuroscience Research from the NIH and were in
accordance with protocols approved by Northwestern University.

Immunohistochemistry in the mouse retina. Immunohistochemistry
was performed following our published procedure (Liu et al., 2007). For
embryonic retinas, heads were fixed in 4% paraformaldehyde (PFA) in
0.1 M PBS, pH 7.4, for l-2 h, cryoprotected in 10% and then 20% sucrose
in PBS overnight. Cryostat sections (16 �m) or whole-mounted retinas
were prepared for immunostaining (Feng et al., 2006; Liu et al., 2007).
Two TH antibodies, rabbit anti-TH antibody (AB152; Millipore) and
mouse anti-TH antibody (MAB318; Millipore), were tested and exhib-
ited similar staining pattern (data not shown). Because rb-TH antibody
stains processes better with lower background than the ms-TH antibody
in the mouse retina (data not shown), we used the rb-TH antibody in this
study. We also used rabbit anti-protein kinase C� (PKC�) (Millipore
Bioscience Research Reagents; 1:1000) for rod ON bipolar cells and rabbit
anti-calretinin antibody (Millipore Bioscience Research Reagents; 1:500) for
cholinergic amacrine cells. Sections or whole-mounted retinas were then
incubated with secondary antibodies conjugated to Alexa Fluor 488, or Alexa
Fluor 594 (diluted 1:500–1:1000; Invitrogen) and coverslipped (Liu et al.,
2007). Images were taken with the Zeiss Discovery V8 dissecting microscope
and Zeiss confocal microscope (Zeiss Pascal; Zeiss).

For cell densities, we counted 4 –10 standardized areas per retina in
whole-mounted retinas. Because TH immunostaining was weak at P3,
we counted all cells containing TH signals in the projected images of the
confocal Z-stacks. For bipolar cells, we counted three to six areas in
retinal sections (see Fig. 9). Each experimental group included 4 –10
retinal samples (see details in Results).

To quantify the density of TH-immunopositive processes, projections of
the confocal Z-stacks were acquired using ImageJ. We chose areas devoid of
DA cell bodies and thick primary processes. All images were first thresholded
to the same level and then the density of TH-immunoreactive processes was
measured using the Integrated Density function in ImageJ (Grishanin et al.,
2008).

Morphometric analysis. Several measures were used to quantify cell distri-
bution, including the nearest neighbor (NN), the Voronoi domain analysis,
and the density recovery profile (DRP) of cell distribution. We used a
custom-written semiautomatic algorithm in MATLAB to find cell centers in
retinal images. For each retina, two to four images immunostained with
anti-TH antibody were processed by LSM5 Image Browser and Adobe Pho-
toshop to facilitate the following MATLAB morphometric analysis. For NN
analysis, we rejected cells close to the border of the image (i.e., that they could
have potential closer neighbors outside the image) (see examples in Fig. 2A).
We then computed the distance between each selected cell and its nearest
neighbor. For the Voronoi analysis, we computed the Voronoi diagram of
the cell centers in each image, and measured the size of the Voronoi domain
of each cell. Again, we rejected cells whose Voronoi domains were close to the
border of the image (see examples in Fig. 2B).

For the DRP analysis, one cell was considered as the origin, and the
distance of every other cell relative to the origin was computed. This was
repeated for every cell in the image, resulting in an autocorrelogram of
cell distribution, from which was derived a DRP curve. In other words,
DRP describes the relative density of DA cells at increasing distances
from each cell (Raven et al., 2003). DRP curves prepared from each
animal were then averaged for each experimental group, and then nor-

malized by their mean DA cell density. To simulate random distributions
of DA cells, we generated 20 random samples with the same cell density as
in each NT-3 OE image (n � 5 images). We computed a corresponding
average random DRP of the 20 simulated samples, and then averaged
these DRPs and computed the SEs to obtain the global DRP of the ran-
dom simulations.

Apoptosis. Terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end labeling (TUNEL) was performed at P4, P7, and P13
using the In Situ Cell Death Detection Kit, Fluorescein (Roche) (Senn-
laub et al., 2002; Fuerst et al., 2008). In brief, following fixation with 4%
PFA for 15 min, samples were permeabilized on ice for 2 min using a
solution of 0.1% sodium citrate and 0.1% Triton X-100 in PBS, then
microwaved in 0.1 M citrate buffer, pH 6.0, for 1 min at 725 W. Samples
were then blocked for 30 min in a solution of 0.1 M Tris-HCl, 3% of BSA,
and 20% of normal bovine serum, and then incubated at 37°C for 1 h
with the TdT enzyme and the fluorescein label solution. For positive
controls, the sections were incubated for 10 min with DNase before
permeablization. The negative controls lacked the TdT enzyme during
the labeling process. Following TUNEL staining, the samples were im-
munostained with anti-TH antibodies. TUNEL-positive cells were
counted in the neuroblastic layer (NBL) or the inner nuclear layer (INL)
next to the optic nerve on the retinal sections.

Cell mitosis. To identify mitotic cells, 10 mM 5-bromo-2�-deoxyuridine
(BrdU) (Sigma-Aldrich) with 15% DMSO in PBS was injected into pregnant
mice (20 �l/g of body weight) or into pups (30 �l/g) intraperitoneally and/or
subcutaneously. It was estimated that BrdU was available for mitotic cells
undergoing their last S-phase for�1–2 h following injection (Voinescu et al.,
2009). Therefore, heads of embryonic mice or eyes of pups were dissected 1 h
after injection at E13.5 and E15.5, and 2 h after injection at P2 and P4,
respectively. BrdU incorporated into mitotic cells was stained with anti-
BrdU antibody (Developmental Studies Hybridoma Bank). To double label
mitotic cells with other retinal markers, we injected BrdU at P3 and P4 (100
�g BrdU/g). Two weeks after injection of BrdU, retinas were dissected and
immunostained with different cell-specific markers.

Two antibodies were used to detect M-phase of mitotic cells: Anti-
phosphohistone H3 (Ser10), clone 3H10, FITC conjugate (Millipore;
labeled as 3H10) and phosphohistone H3-Ser 10 (Santa Cruz Biotech-
nology; labeled as PhH3) (Pan et al., 2005; Chen et al., 2009). These two
antibodies gave similar staining patterns in the mouse retinas (data not
shown). In this study, we mainly used PhH3 antibody because it gave
stronger signal than 3H10 (data not shown).

BrdU or PhH3-positive cells were counted in two areas separately:
central is the area next to the optic nerve and peripheral is the edge area in
retinal sections (see Figs. 5A, 6 A). We analyzed three to five sections per
retina and each experimental group included three to six retinas.

Retinal explant culture. Pups were killed at P0. Retinas and pigmented
epitheliums without lens were dissected and placed on Millicell inserts
(Millipore) and then transferred to six-well culture plates containing 1
ml of culture medium (50% MEM with HEPES, 25% Hanks solution,
25% heat-inactivated fetal calf serum, 25 U/ml penicillin, 25 �g/ml strep-
tomycin, 200 �M L-glutamine, and 5.75 mg/ml glucose) in each well.
Retinal explant samples were cultured at 37°C in 5% CO2 for 7 d, and the
medium was changed every other day (Hatakeyama and Kageyama,
2002). Whole-mounted retinas were prepared for immunostaining and
TH-positive cells were counted as described above.

Results
Overexpression of NT-3 increases DA cell density
To study whether and how NT-3 modulates DA cell develop-
ment, we used transgenic mice that continuously overexpress
NT-3 from lens fibers under the control of the �A-crystallin pro-
moter (Lavail et al., 2008; Liu et al., 2009). In the adult (P30 –P40)
WT retina, the average density of DA cells, as identified by TH
immunostaining, was 29 � 2 cells/mm 2 (n � 9 retinas; Fig. 1A–
C), consistent with the previous findings that DA cells are one of
the most sparsely distributed amacrine cells in the mouse retina
(Raven et al., 2003). In the NT-3 OE retinas, the DA cell density
was more than three times higher (100 � 7 cells/mm 2; n � 5
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retinas; p � 0.001 in Student’s t test) than that in the WT retinas
(Fig. 1A–C). We then examined how the distribution pattern of
DA cells might have been changed in the NT-3 OE retinas.

We analyzed how overexpression of NT-3 changed the spacing
properties of TH-positive cells using two methods: the distance be-
tween nearest-neighbor cells (NN analysis) (Fig. 2A,C) and the area
“occupied” by each DA cell (the Voronoi domain analysis) (Fig.
2B,D). The mean distance to the nearest neighbor in adult NT-3 OE
retina was 51 � 1 �m (n � 5 retinas), significantly shorter than that
in WT [100 � 4 �m; n � 9 retinas; p � 0.001 in Kolmogorov–
Smirnov (K-S test); Fig. 2C]. In fact, many more DA somata clus-
tered in NT-3 OE retinas: 11.6% of DA cells had at least one neighbor
within 20 �m distance, while in WT retinas, only 0.58% of DA cells
had a neighbor within 20 �m from its center (Fig. 2C).

The Voronoi domain analysis computes a set of territories occu-
pied by individual cells. In other words, any position within a

Voronoi domain is closer to the given cell than to any other cells. It
thus reflects the distance between a DA cell to its multiple neighbors
and gives an estimate of local density of DA cells (Fig. 2B). Consis-
tent with the NN analysis, we found that the Voronoi domain was
much smaller in NT-3 OE mice than that in WT (NT-3 OE, 0.89 �
0.03 � 104 �m2; WT, 2.9 � 0.2 � 104 �m2; p � 0.001 in K-S test;
Fig. 2D). In WT retinas, almost no DA cells were found to occupy
areas smaller than 5000 �m2 (Fig. 2D), which was known as the
“exclusion zones” for individual DA cells (Raven et al., 2003). By
contrast, 22.6% of DA cells in NT-3 OE retinas occupied such small
areas (Fig. 2D). Together, our data demonstrate that NT-3 overex-
pression results in more densely packed DA cells. Moreover, some
DA cells are clustered together much more than in WT retinas.

We further plotted the DRP, which describes the mean density of
DA cells relative to a center cell at increasing distance (Raven et al.,
2003). DRPs were calculated and averaged for WT (n � 9 retinas)

Figure 1. NT-3 OE upregulates the number of TH-positive DA cells. A, B, Images of flat-mounted mouse retinas immunostained with TH antibody show that more TH-positive cells were present
in NT-3 OE mice. Scale bars: A, 500 �m; B, 100 �m. The red circles show that DA cells clustered in the NT-3 OE retina. C, The number of TH-positive cells in NT-3 OE mice was significantly increased
compared with WT controls. ***p � 0.001 in Student’s t test. Error bar represents SE.

Figure 2. DA cells in NT-3 OE mice become randomly distributed over the retina. A, Examples for the NN analysis in processed image of WT and NT-3 OE retinas. B, Processed Voronoi images for
analyzing spacing properties of WT and NT-3 OE retinas. Selected cells appear in red and rejected cells in blue. Light yellow partitions show the area occupied by each cell. Scale bar, 100 �m. C,
Histogram and the cumulative distribution (inset) of the NN show that the distance between the nearest TH-positive cells in NT-3 OE mice was significantly shorter than that in WT mice. D, Histogram
and the cumulative distribution (inset) of Voronoi areas show that TH-positive cells in NT-3 OE mice occupied smaller area than in WT mice. Bin width: C, 20 �m; D, 5000 �m 2. p � 0.001 in K-S test.
E, Normalized DRPs show that the DRP generated from average of 100 random simulations (labeled as “random”) was very similar to the DRP of NT-3 OE mice.
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and NT-3 OE (n � 5), and then normalized
by their own mean DA cell density (Fig. 2E).
Our data confirmed that the probability of
finding another DA cell within 50 �m from
any cell was much lower in WT than in
NT-3 OE retinas. This is in agreement with
the idea that DA cells tend to keep a larger
distance between each other to form the
mosaic regularity (Raven et al., 2003). By
contrast, in NT-3 OE retina, the relative
density of DA cells already reached the mean
density within this 50 �m range (Fig. 2E),
consistent with our above data that the min-
imal spacing constraints were abolished in
NT-3 OE retinas.

To get an idea of the randomness of DA
distribution in NT-3 OE retinas, we gener-
ated and averaged 100 random samples (20
per image � 5 images) with the same cell
density (labeled as random; Fig. 2E). We
found that the DRP distribution of WT ret-
inas was significantly different from the dis-
tribution created by random simulated
distributions (p � 0.001, K-S test with DRPs
estimated on 100 bins). At the same time,
the DRP of NT-3 OE retina was very similar
to the DRP of the random distribution (Fig.
2E). Our data suggest that overexpression of
NT-3 results in an increase of DA cell den-
sity and their distribution is shifted from a
tile-like to a random-like pattern.

The mean density of DA cell plexus in
NT-3 OE mice is comparable with those
in WT mice
With the threefold increase in DA cell
density in NT-3 OE retinas, we noticed that the packing of these
DA cell processes was denser than that in WT mice (Fig. 3A). To
examine whether the processes of individual DA cells were altered

in NT-3 OE mice, we analyzed the dendritic density of TH-
positive cells at P10 when TH signals in processes first became
discernible. Because the TH-positive dendrites from neighboring
cells heavily overlapped, we found it hard to trace the dendritic

Figure 3. DA cells exhibit a largely normal dendritic density in NT-3 OE mice. A, D, Immunostaining of TH-immunoreactive processes at P10 (A) and P30 (D). Scale bar, 10 �m. B, E, TH-immunoreactive
processes of DA cells were threefold to fourfold stronger in NT-3 OE mice than WT controls at P10 (B) and P30 (E). After normalized by the DA cell density at P10 (B) and P30 (E), the difference in the integrated
density of DA cell processes disappeared. Inset images: WT and NT-3 OE retinas immunostained with anti-TH antibody processed in ImageJ for integrated density analysis. Scale bar, 20 �m. C, F, No difference
in the number of primary processes of TH-positive cells at P10 (C) and P30 (F ) was found between WT and NT-3 OE retinas. ***p � 0.001 in Student’s t test. Error bar represents standard error of the mean.

Figure 4. Overexpression of NT-3 does not affect overall cell apoptosis during postnatal development. A, Double labeling with TH (red)
and TUNEL (green) of retinal sections from WT (top) and NT-3 OE mice (bottom) at P4, P7, and P13. Scale bar, 50�m. B, No difference was
found in the number of TUNEL-labeled apoptotic cells in the NBL at P4 and in the INL at P7 and P13 between WT and NT-3 OE mice. N.S., Not
significant (p � 0.05) in Student’s t test. Error bar represents standard error of the mean.
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trees of individual DA cells. Therefore, we quantified the TH-
immunopositive processes in WT and NT-3 OE retinas using the
Integrated Density function in NIH ImageJ (Fig. 3B) (Grishanin
et al., 2008). The mean value was approximately fourfold higher
in NT-3 OE mice than that in WT mice (NT-3 OE, 7.3 � 0.7 �
10 7; WT, 1.8 � 0.3 � 10 7; p � 0.001, Student’s t test; Fig. 3B, left).
After normalizing by DA cell density, we found no significant
difference in the mean density of TH-positive processes between
WT and NT-3 OE mice (NT-3 OE, 5.0 � 0.5 � 10 5; WT, 4.6 �
0.7 � 10 5; p � 0.70; Fig. 3B, right). Additionally, we compared
the number of primary dendrites emerging from the DA cell
somata (Fig. 3C). The number of primary processes was not dif-
ferent between NT-3 OE and WT retinas (NT-3 OE, 2.8 � 0.1;
WT, 2.6 � 0.1; p � 0.26; Fig. 3C). These results suggest that the
dendritic network of DA cells became denser as a result of more
DA cells in NT-3 OE retinas, but the mean density of DA cell
plexus was not altered in neonatal mice.

In WT retina, the TH-immunoreactive processes that form
the complex network at the border of the INL and the inner
plexiform layer continue to develop after eye opening (�P13)
(Nguyen-Legros et al., 1983; Sharma, 2001). We thus further ex-
amined whether overexpression of NT-3 affected the DA cell
dendritic network in older animals (Fig. 3D,E). At P30, the pro-
cesses were denser than at P10 in WT (5.6 � 0.5 � 10 7 at P30 vs
1.8 � 0.3 � 10 7 at P10; p � 0.001, Student’s t test). The overall

dendritic network of DA cells at P30 was still significantly denser in
NT-3 OE mice than that in WT mice (NT-3 OE, 13.9 � 1.1 � 107;
WT, 5.6 � 0.5 � 107; p � 0.001; Fig. 3E, left). After normalized by
DA cell density, no difference in the complexity of DA cell processes
between WT and NT-3 OE mice was found at P30 (NT-3 OE, 13.8 �
1.0�105;WT,14.5�1.3�10 5;p�0.68;Fig.3E,rightgraph).Wealso
compared the number of primary dendrites emerging from the DA cell
somata at P30 and found no difference between NT-3 OE and WT
retinas (NT-3 OE, 2.7 � 0.1; WT, 2.8 � 0.1; p � 0.49; Fig. 3F).

Together, our data showed that overexpression of NT-3 led to
an increase of DA cell density and their somata became more
randomly distributed over the retina. Consequently, the den-
dritic network of DA cells became denser. We interpreted these
findings as evidence that the increased dendritic density resulted
simply from the presence of more DA cells. Next, we investigated
the developmental mechanisms by which NT-3 overexpression
led to an increase of DA cell density. Because neurotrophins were
known to promote both neuronal survival and differentiation in
the CNS (Huang and Reichardt, 2001), we examined whether the
increased number of DA cells in NT-3 OE retinas was due to a
decrease of cell apoptosis or an increase in cell mitosis.

Overexpression of NT-3 does not affect cell apoptosis
A wave of programmed cell death occurs in mouse retina during
the first two postnatal weeks (Young, 1984; Linden and Pinto,

Figure 5. Overexpression of NT-3 increases S-phase mitotic cells in the peripheral retina at P4. A, Low-magnification images of retinal sections of WT mice at E13.5 and P2. BrdU-positive cells in
the central and the peripheral retinas of WT (top panel) and NT-3 OE (bottom panel) at E13.5, E15.5, P2, and P4. The arrow indicates the optic nerve (ON). Central (C) and peripheral (P) areas were
marked with solid and dashed squares, respectively (same in Fig. 6 A). The arrowheads indicate the NBL. Scale bars: 200 �m (in the bright-field images); 20 �m (in images with BrdU staining). B,
Quantification of the number of BrdU-positive cells in the NBL at four different ages shows an increase of BrdU-positive cells in the peripheral retina at P4 in NT-3 OE mice. *p � 0.05; ***p � 0.001
in Student’s t test (same in Figs. 6 –9). Error bar represents standard error of the mean.
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1985). To quantify and compare the rate
of cell death in WT and NT-3 OE retinas,
we examined the number of TUNEL-
labeled apoptotic cells at P4, P7, and P13
(Fig. 4). Overall, we found no difference
between WT and age-matched NT-3 OE
retinas in the mean number of TUNEL-
labeled cells (Fig. 4). In WT retinas, con-
sistent with apoptosis peaking during the
first postnatal week, we found more apo-
ptotic cells at P4 (29 � 4 cells; n � 3 reti-
nas) and at P7 (25 � 2 cells; n � 5 retinas)
than that at P13 (11 � 1 cells; n � 3 reti-
nas; Fig. 4B). We observed similar num-
ber of cells undergoing apoptosis in NT-3
OE retinas at these three ages (P4: 25 � 4
cells, n � 3 retinas, p � 0.49; P7: 20 � 1
cells, n � 6 retinas, p � 0.08; P13: 9 �
1 cells, n � 4 retinas, p � 0.57, Student’s t
test; Fig. 4B). Our data therefore show
that the increase of DA cell number is un-
likely due to a decrease of cell apoptosis in
NT-3 OE mice.

Overexpression of NT-3 does not affect
cell mitosis before birth
We next examined whether overexpres-
sion of NT-3 upregulated cell mitosis,
which could lead to more cells differenti-
ating into DA cells. Because most ama-
crine cells are born around E14.5 (Cepko
et al., 1996; Voinescu et al., 2009), we
pulse-labeled mitotic cells by injecting
BrdU into pregnant mice at E13.5 and E15.5 (Fig. 5). We counted
BrdU-positive cells in the central and peripheral areas separately
because the two areas exhibited different patterns of mitotic ac-
tivity (Young, 1985). No significant difference was found be-
tween WT and NT-3 OE mice at the two embryonic ages (at
E13.5, central, p � 0.17; peripheral, p � 0.27; at E15.5, central,
p � 0.60; peripheral, p � 0.11, Student’s t test; same below; Fig.
5B). At E13.5, we found 84.6 � 3 BrdU-positive cells/100 �m at
the central and 73.4 � 4 cells/100 �m at the peripheral retinas in
WT mice, not significantly different from those in NT-3 OE ret-
inas (central, 78.1 � 3 cells/100 �m; peripheral, 65.3 � 6 cells/
100 �m). At E15.5, similar results were obtained (central, 61.8 �
4 cells/100 �m in WT and 58.6 � 4 cell/100 �m in NT-3 OE;
peripheral, 35.8 � 4 cells/100 �m in WT and 45.6 � 4 cells/100
�m in NT-3 OE). Our data therefore indicate that overexpression
does not affect overall cell mitosis before birth.

Overexpression of NT-3 promotes cell mitosis after birth
Even though most amacrine cells were born before birth, we
further examined cell mitosis during early postnatal develop-
ment. At P2, no difference was detected between WT and NT-3
OE retinas (central, p � 0.96; peripheral, p � 0.75; Fig. 5B).
However, at P4, more BrdU-positive cells were found in the pe-
ripheral retina of NT-3 OE mice than that of WT mice (NT-3 OE,
84 � 4 cells/100 �m; WT, 70 � 4 cells/100 �m; p � 0.05; Fig. 5B),
suggesting more cells were still differentiating at P4 in NT-3 OE
retinas.

We confirmed that NT-3 overexpression promoted cell mito-
sis at P4 using another antibody against phosphohistone H3
(PhH3), a marker for M-phase mitotic cells (Fig. 6). In general,

PhH3 stains fewer cells than BrdU-pulse labeling and they were
mainly found in the outer surface of the retina (OSR), which is
apposed to the retinal pigment epithelium, at P2 and P4 (Fig.
6A,B). Similar to the BrdU-labeling results, we found more mi-
totic cells at P4 in NT-3 OE retinas (Fig. 6C). In WT retina,
PhH3-positive cells in central and peripheral retinas were quite
low at P2 (5.1 � 0.6 and 5.0 � 0.7 cells/100 �m, respectively).
No difference was detected in NT-3 OE retinas at this age
(central: 4.2 � 0.6 cells/100 �m, p � 0.27; peripheral: 5.2 �
0.8 cells/100 �m, p � 0.88; Fig. 6C). At P4, only a few positive
cells were found in the peripheral area (4.1 � 0.4 cells/100
�m), and almost no cells were labeled in the central area
(0.2 � 0.1 cells/100 �m) in the WT retinas (Fig. 6C). By con-
trast, the number of PhH3-positive cells in NT-3 OE mice at
P4 was significantly larger compared with WT in the central
(0.9 � 0.3 cells/100 �m; p � 0.05) and the peripheral areas
(6.6 � 0.5 cells/100 �m; p � 0.001; Fig. 6C).

Because overexpression of NT-3 increased cell mitosis only at
P4 and no difference in apoptosis was found after P4, we sur-
mised that (1) there should be an increase after P4, and (2) there
should be no difference before P4 in DA cell number. We counted
directly the DA cell numbers on whole-mounted retinas and ret-
inal sections at P2–P3 and P4 –P6 (Fig. 7A–C). We found that, in
the P4 –P6 group, the number of TH-positive cells in NT-3 OE
mice was 265 � 13 cells/mm 2, significantly higher than that in
WT mice (143 � 12 cells/mm 2; p � 0.001; Fig. 7D). By contrast,
at P3, there was no significant difference between WT and NT-3
OE retinas (WT, 393 � 61 cells/mm 2; NT-3 OE, 443 � 58 cells/
mm 2; p � 0.56; Fig. 7D). A higher density of DA cells was found
at P3 than P4 –P6, presumably due to retinal growth and/or on-

Figure 6. Overexpression of NT-3 upregulates the M-phase mitotic cells at P3–P4. A, Low-magnification retinal sections show
that M-phase mitotic cells immunolabeled with anti-PhH3 antibody appeared in the outer surface of the retina (OSR). B, High-
magnification images show the PhH3 signals in the central (left) and the peripheral (right) areas at P2 (top) and P4 (bottom). Scale
bars: A, 200 �m; B, 50 �m. C, More cells were undergoing mitosis at P4, but not at P2, in NT-3 OE than WT retinas. Error bar
represents standard error of the mean.
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going apoptosis. Given the decrease in DA cell density from
P2–P3 to P4 –P6, it is impossible to rule out a selective decreased
apoptosis of DA cells in NT-3 OE mice. However, given the ab-
sence of NT-3 action on apoptosis (Fig. 4) and the increased
number of DA-positive mitotic cells in the NT-3 OE mice, we
consider that a major part of the increase of DA cell number can
be attributed to the increase of mitosis.

To further support the model that lens-derived overexpres-
sion of NT-3 affects DA cell development after birth, retinas
were dissected and cultured without lenses from birth for 7 d
(see Materials and Methods). Without extra NT-3 produced
by lens, the number of DA cells was similar to the WT number
(WT: 36 � 5 cells/mm 2, n � 6 retinas; NT-3: 47 � 11 cells/
mm 2, n � 5 retinas; p � 0.08 in Student’s t test; Fig. 8), in
contrast to the twofold increase seen in NT-3 OE mice in vivo
at P4 –P6 (Fig. 7D). Together, our data show that overexpres-
sion of NT-3 after birth, but not before birth, regulates DA cell
number.

The increase of mitotic cells at P4 in
NT-3 OE retinas leads to more DA cells
but not cholinergic amacrine and rod
ON bipolar cells
Normally, most postnatal mitotic cells are
born into bipolar cells and rods, and only
�1% differentiate into amacrine and gan-
glion cells (Young, 1985). Here, we found
more mitotic cells at P4 in the NT-3 OE
retinas, which led us to investigate further
whether these additional mitotic cells in
NT-3 OE retinas had indeed differenti-
ated into DA cells (Fig. 9). We pulse-
labeled mitotic cells at P3 and P4 with
BrdU. At P16, the retinas were double-
immunolabeled with antibodies against
TH and BrdU (Fig. 9A). The number of
BrdU-positive cells in the inner INL

where TH cell bodies was found slightly increased (WT, 6.5 �
0.6 � 10 3 cells/mm 2; NT-3 OE, 7.9 � 0.4 � 10 3 cells/mm 2), but
it did not reach significant level (p � 0.06; Fig. 9B). Importantly,
almost no TH cells were colabeled with BrdU at P16 in WT reti-
nas (1.0 � 1.7; n � 3 retinas; Fig. 9A,C). By contrast, in NT-3 OE
retinas, a lot more cells were colabeled with BrdU and TH anti-
bodies (18.3 � 6.8; n � 3 retinas; p � 0.05 in Student’s t test; Fig.
9A,C). This indicates that the dividing cells at P4 indeed differ-
entiate into DA cells. In other words, the differentiation of pre-
cursor neurons into DA cells after birth is increased in NT-3 OE
mice.

This spurt of differentiation around P4 was not generalized
across all classes of retinal neuron. We immunolabeled calretinin
cholinergic amacrine cells in the INL and displaced amacrine cells
and RGCs in the GCL (Fig. 10). We found comparable numbers
of BrdU cells in the INL in WT and NT-3 OE retinas (WT,
128.7 � 4 cells/100 �m; NT-3 OE, 122.5 � 4 cells/100 �m; p �

Figure 7. The number of TH-positive cells in NT-3 OE mice is significantly increased at P4 –P6 but not at P2–P3. A, C, TH-positive cells in whole-mount retinas from WT and NT-3 OE mice at P5 (A)
and P3 (C). B, TH-positive cells in retinal section of WT and NT-3 OE mice at P4. Scale bars: A, 100 �m; B, 50 �m; C, 20 �m. D, More TH-positive cells were found at P4 –P6 but not at P2–P3 in NT-3
OE retinas. Error bar represents standard error of the mean.

Figure 8. Retinas from NT-3 OE pups cultured in vitro without lenses show similar number of DA cells as in the cultured WT
retinas. A, Images of TH immunostaining in the WT and NT-3 OE retinal explants after 7 d in culture. Scale bar, 100 �m. B, The TH
cell density in cultured NT-3 OE retinas (n � 5) was not significantly different from that of cultured WT retinas (n � 6; p � 0.08 in
Student’s t test). Error bar represents standard error of the mean.
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0.24, Student’s t test; Fig. 10C). Very few cells were double-
labeled by BrdU and calretinin antibodies in the WT retinas
(2.0 � 0.8; n � 3 retinas; Fig. 10B,E). Comparable colabeling of
BrdU and calretinin was found in NT-3 OE retinas (1.8 � 0.5;
n � 3 retinas; p � 0.62; Fig. 10B,E). We further counted
calretinin-positive cells in the INL and in the GCL separately at
P30 and found no difference between WT and NT-3 OE retinas
(Fig. 10F,G). The mean density of calretinin cells in the INL was
1948 � 48/mm 2 in NT-3 OE retinas, which was similar to that in
WT (2068 � 46 cells/mm 2; p � 0.08 in Student’s t test). Similar
findings applied in the GCL (NT-3 OE, 2328 � 77 cells/mm 2;
WT, 2388 � 99 cells/mm 2; p � 0.64; Fig. 10G). Our data reveal
that the additional mitotic cells found at P4 are not calretinin-
positive amacrine or RGCs in NT-3 OE retinas.

We also examined whether the increase of mitosis at P4 up-
regulated rod ON bipolar cell differentiation in NT-3 OE retinas
(Fig. 10A,D,H, I). In the WT retinas, a large proportion of BrdU-
cells were colabeled by PKC�, a marker for rod ON bipolar cells,
at P16 (9.8 � 1.7; n � 3 retinas; Fig. 10A,D), confirming the
postnatal birth of rod ON bipolar cells (Young, 1985). However,
no difference was found between WT and NT-3 OE retinas
(10.0 � 2.2; n � 3 retinas; p � 0.85, Student’s t test; Fig. 10A,D).
Furthermore, no difference was found in rod ON bipolar cell
number between WT and NT-3 OE retinas at P30 (WT: 30.1 �
2.3, n � 4 retinas; NT-3 OE: 30.4 � 3.5, n � 4; p � 0.82; Fig.
10H, I), suggesting that rod ON bipolar cell differentiation was
not affected in NT-3 OE retinas. Together, our data indicate that
the increase in mitosis at P4 leads to more DA cells and is not
generalized to other types of retinal neuron in the NT-3 OE
retinas.

Discussion
In this study, we find that overexpression of NT-3 leads to an
increase of DA cell density and a comparable change in DA cell
dendrites in the retina. We further investigate whether NT-3 up-
regulates DA cell density by promoting neuron differentiation
into DA cells or by decreasing retinal cell death during develop-

ment. We find that overexpression of NT-3 does not affect overall
cell apoptosis in the first two postnatal weeks. In contrast, while
overexpression of NT-3 does not affect cell mitosis at E13.5–
E15.5, it promotes mitosis at P4. More DA cells are thus observed
in NT-3 OE mice at and after P4. Moreover, we confirm that the
additional mitotic cells found at P4 in NT-3 OE retinas indeed
differentiate into DA cells. These results suggest that NT-3 regu-
lates the development of DA cells by promoting cell mitosis after
birth.

Neurotrophin signaling in retinal development
In the retina, neurotrophins and their Trk receptors are ex-
pressed both prenatally and postnatally (Hallbook et al., 1996;
Llamosas et al., 1997; Bennett et al., 1999; Nakazawa et al.,
2002; Seki et al., 2004; Liu et al., 2007, 2009). TrkC, the high-
affinity receptor for NT-3, is first detectable at E14 and be-
comes evident in the INL at P4 and P7 (Nakazawa et al., 2002).
During postnatal development, TrkC gradually increases with
age (Nakazawa et al., 2002) and NT-3 maintains constant ex-
pression level (Liu et al., 2009).

The general signaling mechanisms of neurotrophins have
been well documented (Huang and Reichardt, 2001). It is shown
that NT-3 could activate different Trk receptors under different
circumstances. For example, NT-3 is required for activation of
TrkB during neurogenesis and TrkA during target tissue inner-
vation in dorsal root ganglia (Fariñas et al., 1998; Coppola et al.,
2001). In retina, NT-3 signaling promotes the conversion of neu-
roepithelial cells into neurons (Frade et al., 1999; Das et al., 2000).
Perturbing NT-3-TrkC signaling results in a reduction of all cell
types (Das et al., 2000). However, NT-3 may bind to the low-
affinity receptor P75NTR to activate the prodeath pathway (for
review, see Hackam, 2008).

In DA cells, NT-3 and TrkB are detected (Cellerino and
Kohler, 1997; Liu et al., 2009), and TrkC is only shown in the
INL (most likely in amacrine cells) (Nag and Wadhwa, 1999;
Nakazawa et al., 2002). Little is known whether the expression

Figure 9. Mitotic cells labeled by BrdU at P4 are found to differentiate into DA cells. A, Double immunolabeling of TH (green) and BrdU (red) in WT and NT-3 OE retinas at P16. Zoomed-in images
(right panel) show clearly colabeled TH plus BrdU cells in the NT-3 OE, but not in the WT retinas. The arrows point to more double-labeled TH cells in the NT-3 OE retina. Scale bar, 20 �m. B, The
number of BrdU-positive cells in the inner INL where TH cell bodies were found slightly increased but there was no significant difference. C, A lot more of TH cells were found to be colabeled with BrdU
in NT-3 OE than WT retinas. Error bar represents standard error of the mean.
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levels of Trk receptors in DA cells are regulated the same way
as in the whole retina. Even less is known whether the phos-
phorylation of Trk receptors is developmentally regulated in
DA cells. This is partially due to the difficulties in quantifying
their changes in subtype of retinal cells, especially for TrkC,
which has much lower expression level than TrkA and TrkB
(Nakazawa et al., 2002). Further studies are needed to investigate
how NT-3 signaling specifically affects DA cell development.

Differentiation of DA cells
In mice, retinal cells are born in sequence (Young, 1985). Ama-
crine cells are generated mainly before birth (Young, 1985; Cepko
et al., 1996), but different subtypes of amacrine cells seem to
possess distinct birthdays (Voinescu et al., 2009). For example,
GABAergic amacrine cells are generated 2–3 d before glycinergic
amacrine cells (Voinescu et al., 2009). DA cells, which have been
reported to be GABAergic in mice (Haverkamp and Wässle,
2000), are born within the GAD65/67 differential wave that peaks
around E14.5 (Voinescu et al., 2009). Around 1–2% of amacrine

cells were found to be double labeled by BrdU and TH antibodies
at the peak time (Voinescu et al., 2009), consistent with the fact
that DA cells only constitute �1% of the total amacrine pop-
ulation in the INL. LaVail et al. (2008) showed that NT-3 is
already overexpressed at E14.5 (Lavail et al., 2008). Interest-
ingly, we found no significant difference in DA cell number
between WT and NT-3 OE retinas before P4 (Fig. 7), suggest-
ing that overexpression of NT-3 before birth does not affect
DA cell differentiation.

After birth, most mitotic cells are born into rod cells and bi-
polar cells (Young, 1985). LaVail et al. (2008) showed that the
thickness of the outer nuclear layer (ONL) in NT-3 OE mice was
indistinguishable from that of WT (Lavail et al., 2008). Here, we
find that overexpression of NT-3 does not affect the number of
rod ON bipolar and calretinin-positive amacrine cells and RGCs
(Fig. 10). Moreover, we confirm that mitotic cells labeled at
P3–P4 are differentiated into DA cells (Fig. 9), supporting the
conclusion that overexpression of NT-3 stimulates a new wave of
DA cell genesis after birth.

Figure 10. The differentiation of rod ON bipolar or calretinin-amacrine cells and their final numbers are not affected in NT-3 OE retinas. A, B, Double immunolabeling of PKC� (A) and calretinin
(B; green) with BrdU (red) in WT and NT-3 OE retinas at P16. BrdU was found to colabel many bipolar cells, but not calretinin-positive cells. Scale bar, 20 �m. C, Compared with WT, the numbers of
BrdU-positive cells in the INL did not change in NT-3 OE retinal sections. D, E, Quantifications of colabeled BrdU cells with PKC� (D) and calretinin (E) show no difference between WT and NT-3 OE
retinas. F, Confocal images of the calretinin-positive amacrine cells in the INL and displaced amacrine cells and RGCs in the GCL in a WT retina. In the orthogonal view (top), calretinin-positive cells
in the GCL were marked with gray balls. Grid size and scale bar, 50 �m. G, No difference was found in the number of calretinin-positive cells in the INL (left) and the GCL (right) between WT and NT-3
OE mice at P25. H, Immunolabeling of PKC� in WT and NT-3 OE retinal sections at P30. Scale bar, 20 �m. I, Quantification of the number of PKC�-positive cells shows no difference between WT and
NT-3 OE retinas at P30. Error bar represents standard error of the mean.
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Cell apoptosis in the retina: actions of neurotrophins
Retinal development is accompanied by naturally occurring cell
death (Young, 1984; Linden and Pinto, 1985). Different subtypes
of retinal neuron in the ONL and the INL undergo different cell
loss (Young, 1984; Williams et al., 1990; Linden et al., 1999). For
example, compared with total cells present on the day of birth,
Young (1984) estimated that �7.8% of amacrine cells, 24.5% of
the cells in the INL, and 8.6% of the cells in the GCL might
undergo degeneration. Different magnitudes of cell death have
been estimated even for the same type of retinal neuron. Com-
pared with the study by Young (1984), other groups suggested
that the number of RGCs was reduced by �50% during develop-
ment (Potts et al., 1982; Perry et al., 1983; Williams et al., 1990). It
remains to be determined the exact percentage of cell death of
each subtype of amacrine cells during neonatal development.

It is controversial whether neurotrophins regulate cell survival
in the retina. For example, it was shown that NT-4/5 reduced cell
death in the neonatal rat retina (Cui and Harvey, 2000). By con-
trast, other study suggested that NT-4 did not protect developing
retinal neurons from apoptosis in rat retinal explants (Martins et
al., 2005). BDNF controlled cell apoptosis in the chick retina
(Frade et al., 1999), but the final number of survived RGCs was
not affected by BDNF signaling in the mouse retina (Pollock et
al., 2003). Overexpression of BDNF increased DA cell number
(Liu et al., 2007); however, removal of TrkB receptor in the retina
did not change DA cell number (Grishanin et al., 2008). Although
we cannot rule out the possibility that the apoptosis of DA cells
might be specifically altered by NT-3, the overall number of cells
undergoing apoptosis in the mouse retina during postnatal de-
velopment was not affected (Fig. 4).

Establishment of DA cell structure and distribution
The tiling properties of retinal neurons represents an economical
coverage of two-dimensional receptive domains, which is pre-
sumably maintained by persistent repulsive interactions between
neighboring cells (MacNeil and Masland, 1998). For example, the
spacing properties of DA cells were modulated by selective neu-
ronal death, which eliminated DA cells in close proximity to one
another, thereby creating the exclusion zone for every DA cell
(Raven et al., 2003). In this study, we show that, in NT-3 OE
retinas, DA cells become more randomly distributed after more
DA cells are generated (Fig. 2), implying that NT-3 may not play
a direct role in regulating DA cell spacing properties. At the same
time, more studies suggest that the dendritic repulsion may not
be required to establish the dendritic field structure; instead, it
may be an end-stage fine-tuning mechanism for more efficient
coverage of the retinal surface (Lin et al., 2004; Keeley and Reese,
2010). In Bax�/� mice, although the dendritic fields of DA cells
were smaller, they did not reduce their field extent in proportion
to the increase in homotypic density (Keeley and Reese, 2010).
Because the DA cell density increased approximately threefold in
NT-3 OE mice, the DA cell processes became threefold thicker
than WT retinas (Fig. 3), supporting the idea that the morpho-
genesis of DA cells is independent of homotypic interactions.

The structure of DA cell processes can also be determined by
internal mechanisms such as Dscam, an Ig superfamily member
adhesion molecule (Fuerst et al., 2008). In Dscam�/� retinas, DA
cells had a large number of processes that self-crossed (Fuerst et
al., 2008). In mice with TrkB conditionally eliminated within the
retina, the complexity of neuronal processes of DA cells was re-
duced (Grishanin et al., 2008). Here, our study shows that over-
expression of NT-3 does not affect the overall morphological
characteristics of individual DA cells (Fig. 3), although we cannot

rule out the possibility that there are fine changes of dendritic mor-
phology in individual DA cells. The responsible developmental
mechanisms of DA cell morphology remain to be elucidated.

In summary, we demonstrate that overexpression of NT-3 pro-
motes mitosis of DA cells at P4, and this increase of mitosis after birth
is not generalized throughout the retina. Given the absence of NT-3
action on apoptosis in the NT-3 OE mice, we consider that NT-3
regulates DA cell numbers most likely through promoting a new
wave of cell division after birth.
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