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Abstract

Dendritic arbors of retinal ganglion cells (RGCs) collect information over a certain area of the

visual scene. The coverage territory and the arbor density of dendrites determine what fraction of

visual field is sampled by a single cell and at what resolution. Yet it is not clear whether visual

stimulation is required for the establishment of branching patterns of RGCs, and is there a general

principle directs the dendritic patterning of diverse RGCs. By analyzing the geometric structures

of RGC dendrites, we found that dendritic arbors of RGCs underwent a substantial spatial

rearrangement after eye-opening. Light deprivation blocked both the dendritic growth and the

branch patterning, suggesting that visual stimulation is required for the acquisition of specific

branching patterns of RGCs. We further showed that vision dependent dendritic growth and arbor

refinement were occurred mainly in the middle portion of the dendritic tree. This non-proportional

growth and selective refinement suggested that the late-stage dendritic development of RGCs is

not a passive stretching with the growth of eyes, but an active process of selective growth/

elimination of dendritic arbors of RGCs driven by visual activity. Finally, our data showed that

there was a power law relationship between the coverage territory and dendritic arbor density of

RGCs on a cell by cell basis. RGCs are systematically less dense when they cover larger territories

regardless of their cell types, retinal locations and developmental stages. These results suggest that

there is a general structural design principle directs the vision dependent patterning of RGC

dendrites.
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Introduction

Dendrites of neurons exhibit enormously diverse morphologies. The geometrical structure of

dendrites is the primary determinant of neuron's biophysical property. In many cases, the

size and branching pattern of dendrites can be related to neuronal functions, such as the

receptive field and the number and organization of synaptic inputs (Yuste and Tank, 1996).

Therefore, discovering the design principles that neurons use to configure their dendritic

arbors is central to understanding how neural circuits are constructed.

The development of dendrites is a highly dynamic process of membrane extension and

retraction (Cline, 1999, 2001) regulated by both intrinsic and extrinsic signals (Jan and Jan,

2003). Although genetic program is likely to determine the expression of neuronal type

specific markers and the general appearance of dendritic structures, the final dendritic

complexity is substantially regulated by epigenetic factors such as afferent inputs from

presynaptic neurons. Blocking communications among neurons has direct consequences for

the establishment of the mature dendritic morphology of neurons in many regions of the

nervous system (Wong 2002), including barrel cortex pyramidal cells (Maravall et al.,

2004), cerebellar Purkinje cells (Mason, et al., 1997), spinal motor neurons (Kalb, 1994),

ciliary ganglia (Purves and Hume, 1981), auditory brainstem neurons (Deitch and Rubel,

1984) and retinal ganglion cells (Bodnarenko and Chalupa, 1993, Xu and Tian, 2004, 2007).

Retinal ganglion cells (RGCs) are the only output neural type of retina and relay visual

signals from the eye to higher visual centers. RGCs display cell subtype specific dendritic

morphologies, with over a dozen distinctive RGC subtypes performing a range of functional

duties in parallel visual processing (Masland, 2001, Sun et al., 2002a; Kong et al., 2005;

Coombs et al., 2006; Völgyi et al., 2009). Accumulating evidence indicated that the

dendritic ramification of RGCs in different sublaminae of the inner plexiform layer (IPL) is

achieved, at least partially, through vision dependent dendritic refinement (Tian and

Copenhagen, 2003; Liu et al., 2007; Xu and Tian, 2007; 2008; Tian 2011; Burnat et al.,

2012). However, it remains controversial whether acquisition of the coverage territory and

dendritic density (the branching pattern) of RGCs requires visual stimulation. On the one

hand, the adult-like morphological diversity of RGCs emerges before bipolar cells make

synaptic contacts with RGCs (Diao, et al., 2004). Light deprivation had no effects on

branching patterns of vast majority of RGCs that projected to either the dorsal lateral

geniculate nucleus (dLGN) in cat (Lau et al., 1990, Sernagor et al., 2001) or the superior

colliculus (SC) in hamster (Leventhal and Hirsch, 1983), except a small portion of RGCs

with “aberrant” ipsi-lateral projections in hamster (Wingate and Thompson, 1994). These

results suggested that visual experience play a limited role, if any, in the maturation of the

branching pattern of RGC dendrites. On the other hand, the dendritic complexity of both

alpha and beta RGCs in cat retina was found to be continuously decreased after eye-opening
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(Ramoa et al., 1988; Dann et al., 1988), suggesting a dendritic remodeling occurred during

the late developmental stage. It remains unclear how the branching pattern of RGC dendrites

is refined after eye-opening and whether this late stage dendritic patterning requires visual

stimulation. It is also not known to what extent that dendritic trees of RGCs need to be

refined in order to fulfill the physiological requirement. In other words, is there a general

principle that governs the activity-dependent dendritic refinement?

It has been reported that all neural arbors, both dendrites and axons, are systematically less

dense when they cover larger territories (Snider et al., 2010; Teeter and Stevens, 2010). Yet

it is not clear whether different subtypes of a neural population follow the same architectural

design principle and whether this universal property directs the activity dependent neural

arbor refinement. We sought to address these questions by examining the role of visual

stimulation in the acquisition of branching patterns of RGC dendrites during development.

We quantitatively examined the spatial organization of dendritic arbors and the relationship

between the coverage area and the dendritic density of RGCs of different ages and rearing

conditions. We found that dendritic arbors of RGCs undergo a significant spatial

reorganization after eye opening. There is a non-proportional growth and selective

elimination of dendritic arbors occurring after the eye-opening. Vision deprivation

substantially blocked this late-stage dendritic development. We further characterized the

relationship between the coverage territory and the arbor density of diverse RGC types at

different ages and rearing conditions. We found that arbor densities of RGCs decrease

exponentially with the increase of the coverage territory. The relationship of these two

morphological features of RGCs follows one scaling law regardless of the cell types,

developmental stages and rearing conditions, suggesting that a general structural design

principle governs the vision dependent dendritic patterning of RGCs.

Experimental Procedures

Animals

Transgenic mice expressing Yellow Fluorescent protein (YFP, [H] line) (Feng et al., 2000,

B6.Cg-Tg(Thy1-YFP)HJrs/J, RRID: IMSR_JAX:003782) in a fraction of RGCs were

obtained from The Jackson Laboratory (Bar Harbor, ME). The control animals were fed and

housed under 12:12-hour cyclic light/dark conditions. The average light intensity

illuminating the cages during subjective days was 40 lux for control mice. Dark-reared

animals were housed in conventional mouse cages, which were placed in a continuously

ventilated light-tight box. The temperature and humidity inside the box were continuously

monitored and controlled. All the procedures of daily monitoring and routine maintenance of

dark-reared mice were conducted under infrared illumination. The handling and

maintenance of animals and tissue preparation met the NIH guidelines and were approved

by Yale University Committees on animal research.

Primary antibodies

Two primary antibodies were used in this study (Table 1). A polyclonal rabbit antibody

against GFP (Molecular Probes, Inc., Eugene, OR, Catalog No. A21311, RRID:

AB_10058149) was used to enhance fluorescent signals of YFP-expressing RGCs. This
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antibody was raised against GFP isolated directly from Aequorea Victoria and has been

characterized by immunocytochemistry in granule cells (Overstreet-Wadiche et al., 2006),

olfactory sensory neurons (Levai et al., 2003), hippocampal neurons (Huang et al., 2005)

and retinal ganglion cells (Xu and Tian, 2007; 2008) that express GFP or YFP. A polyclonal

antibody against tyrosine hydroxylase (TH) (Chemicon AB1542, RRID: AB_90755) was

used to label TH positive dopaminergic amacrine cells in the retina. This antibody was

raised in sheep against pheochromocytoma tyrosine hydroxylase (Haycock and Waymire,

1982) and had been tested to stain a single band of 60 kD molecular weight in PC12 cells

(manufacture's technical information). In addition, this antibody has been used to label

dopaminergic amacrine cells in the mouse retina (Xu and Tian, 2007; 2008).

Preparation of retinal whole-mounts for fluorescent imaging

The morphological assessment of RGCs were carried out on whole-mount retina

preparations as described in detail previously (Xu and Tian, 2007, 2008, Xu et al., 2010). In

brief, retinas with Thy1-YFP positive RGCs were isolated and fixed in 4%

paraformaldehyde (PFA) in 0.01 M phosphate-buffered saline (PBS, PH 7.4) for 30 min at

room temperature. Fixed retinas were washed 10 minutes in PBS for 3 times and then

incubated in 30% sucrose overnight at 4 °C. After blocked in 10% normal donkey serum,

retinas were incubated in a mixture of a rabbit polyclonal antibody against GFP conjugated

with Alexa Fluor 488 (1:500) and a sheep polyclonal anti-TH (1:200) for 6 days at 4°C. A

donkey anti-sheep secondary antibody conjugated with Texas red was used at 1:50 dilution

to reveal the anti-TH bindings. Retinas were then flat mounted on Super-Frost Plus slides

(Fisher Scientific, Pittsburgh, PA) with Vectashield (Vector Laboratoties, Burlingame, CA)

after vigorously washed 3 times in 0.01M PBS.

Confocal laser scanning microscopy

The procedure for confocal laser scanning microscopy has been described previously in

detail (Xu and Tian, 2007, 2008). Briefly, fluorescent images were collected using a dual-

channel Olympus FV5-PSU microscope (Optical Analysis Corporation, Nashua, NH) with a

PlanApo 60x oil lens (numerical aperture: 1.4). Image stacks containing TH positive

dopaminergic amacrine cells and YFP-expressing RGCs in whole mount retina were

collected at z-step intervals of 0.5 μm.

Image processing and data analysis

Image J (NIH, RRID: nif-0000-30467) was used calculate pixel intensities of images. The

dendritic stratification level in the inner plexiform layer (IPL) of each RGC was

characterized by its peak dendritic location as described in detail before (Xu and Tian, 2007;

2008). The IPL thickness was defined as 0-100% from the border of inner nuclear layer, the

best focus plane of the TH labeling dopaminergic amacrine cells, to the border of ganglion

cell layer, the best focus plane of the soma of RGC. The peak dendritic location was

determined by Gaussian fitting of GFP intensity in the IPL using software Igor Pro

(WaveMetrics Inc. Lake Oswego, Oregon, RRID: nif-0000-00072).

Quantitative dendritic analysis of RGCs was carried out using software Neurolucida

(Neurolucida 2000, Microbrightfield, Williston, VT, RRID: nif-0000-10294). The dendritic
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field (DF) size of each RGC was measured by linking tips of dendritic arbors and the area

was calculated. The dendritic density was estimated using Sholl analysis as described before

(Sholl, 1953; Lau et al., 1990; Sun et al, 2002b, Xu et al., 2010). In brief, concentric circles

in 25 μm equal distance apart were superimposed to each RGC with soma located at the

center. The number of cross points between dendritic branches and each circle was counted

(Figure 1A). The dendritic density was defined as the number of cross points per unit

dendritic area. The retinal eccentricity was determined by measuring the distance from soma

of the RGC to the optic nerve.

Dendritic trees of a type RGCs were then manually reconstructed using software

Neurolucida (Xu et al., 2010). Additional eight morphological parameters were measured

and compared across three groups of mice with different ages and rearing conditions. These

include: (i) Total dendrite length; (ii) Average dendritic length, the dendrite length per unit

DF area; (iii) Branch order; (iv) Number of primary dendrites; (v) Number of dendritic ends;

(vi) Segment length; (vii) Segment tortuosity, the ratio of the segment length and the straight

distance between 2 nodes that define the segment. (viii) Segment planar angle, an angle

between a dendritic segment and the one that it branches from computed using rays drawn

from the beginning of a branch to its node or ending.

Statistical analysis

The Kolmogorov-Smirnov (K-S) test was used to determine the difference of cumulative

distributions and the Student t-test was used to examine the difference between two means

using software SAS 9.3 (Cary, NC, RRID: nif-0000-31484). Linear regressions were

accomplished using Origin 9.1 (Northampton, MA, RRID: rid_000069). The analysis of

covariance (ANCOVA) was used to compare regression slopes among groups using SAS

9.3. Data were all presented as mean ± SEM in figures and mean ± SD in the text.

Results

Light deprivation decreases dendritic field sizes and increases arbor densities of RGCs

Transgenic mice expressing YFP in a subset of RGCs (Feng et al., 2000; Thy1-YFP H line)

were used in this study. Intense YFP signals are expressed in almost all RGC subtypes

driven by Thy1 promoter as early as P12 (Xu and Tian, 2007, 2008). Figure 1A shows

representative images of 11 YFP expressing RGC subtypes identified based on

morphological properties described in detail previously (Masland, 2001; Sun et al., 2002;

Diao et al., 2004; Xu and Tian, 2007). These RGCs ramified their dendrites in a single

lamina of the inner plexiform layer (IPL) of the retina, and therefore referred to here as

monostratified RGCs. We first examined the development of the branching patterns of

RGCs occurring after eye-opening. The morphological properties of all 11 monostratified

RGCs were characterized using Sholl analysis (Figure 1B). Individual RGCs was

superimposed to 10 concentric, equidistant (25 μm) circles with soma fitted to the center.

The DF was measured by linking the outermost dendritic tips and the dendritic density was

estimated by counting the number of crossing points between dendritic arbors and

concentric circles (Figure 1B). The DF size of YFP-expressing RGCs was significantly

increased form P12 to P33 (P < 0.001, K-S test), suggesting a continuous growth of
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dendritic arbors after eye-opening (Figure 1C). Surprisingly, the dendritic density, defined

as the number of crossings in a unit DF area, was significantly reduced (Figure 1E, P<

0.001, K-S test), despite an increase in the total crossing number from P12 to P33 (Figure

1D, P < 0.001, K-S test). Light deprivation largely blocked this age-dependent DF expansion

(Figure 1C, P < 0.001 for comparison between P33, the mice reared under normal cyclic

light/dark conditions from birth to P33, and P33D, the mice reared under constant darkness

from birth to P33, K-S test) and the arbor density reduction (Figure 1E, P < 0.001 for

comparison between P33 and P33D, and P < 0.001 for comparison between P12 and P33D,

K-S test), suggesting that visual experience plays an important role in the dendritic

patterning of RGCs during the late stage development. Further studies indicated that the

development of DFs and arbor densities of majority of RGC subtypes were modulated by

visual experience (Table 2).

A scaling law governs the vision dependent dendritic patterning of RGCs

To understand the relationship between the DF size and the arbor density of diverse RGCs

during development, we determined how the average arbor density (crossings per unit DF

area) varies with the size of their territories. We found that arbors of RGCs were

systematically less dense when they cover larger territories, which could be best described

by a power law relationship (Figure 2A-2C, top panels). Interestingly, RGCs of the same

type clustered together and clusters of different subtypes dispersed along an exponentially

decreasing curve, suggesting that all RGCs follow the same scaling law regardless of their

cell types (Figure 2A-C and 2F). For a better view and characterization of this relationship,

we plotted arbor densities of RGCs against their DF sizes in a logarithmic space (Teeter and

Stevens, 2011). The scaling exponents were characterized by computing slopes of linear

regressions of these two variables in the logarithmic space (Figure 2A-C. bottom panels).

There are no differences in the scaling exponents of RGCs in the P12 (slope = -0.46), P33

normal reared (slope = -0.43, P > 0.05 compared with the P12, ANCOVA) and P33 dark-

reared animals (slope = -0.49, P > 0.05 compared with either the P12 or the P33,

ANCOVA). These results suggested that the relationships between the DF and the arbor

density of RGCs follow the same power law regardless of the cell types (Figure 2A-C and

2F) and the developmental stages (Figure 2D).

Dendrites of bistratified RGCs follow the same scaling law defined by monostratified
RGCs

There is another RGC type expressing YFP intensively in the Thy1-YFP mice. The

dendrites of these RGCs form two layers, the ON layer (Figure 3A) and the OFF layer

(Figure 3B) arborizing in the sublamina b and a of the IPL, respectively. These bistratified

RGCs respond to both the onset and the offset of light and detect moving objects at a

specific direction in their receptive field. For both the ON and the OFF dendrites, the arbor

density decreases when the coverage territory increases. However, the densities of these

arbors were generally smaller than monostratified RGCs of similar sizes (Figure 3D and 3E,

blue). Interestingly, we found that the scaling exponents (defined by slopes of linear

regressions in logarithmic space) are similar for monostratified RGCs (-0.49) and bistratified

RGCs (-0.44, P > 0.05, ANCOVA) when arbors in the ON and the OFF layers of bistratified

RGCs were examined together (Figure 3C-3E, magenta), suggesting that arbors of the entire
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dendritic tree of bistratified RGCs follow the same scaling law defined by monostratified

RGCs (figure 3D and 3E, magenta). This power law relationship persisted from P12 to P33

and was not affected by the visual deprivation (Figure 3F), despite a substantial DF

increasing and an arbor density decreasing occurred during this late developmental stage

driven by visual activity (Figure 3G, 3H and Table 2).

These results suggested that the scaling law not only defines the branching patterns of RGCs

of the same type, but also describes the relationship between the DF size and the arbor

density of RGCs of different types and at different developmental stages.

A non-proportional growth and selective pruning of dendritic arbors of A type RGCs after
eye-opening

To understand how arbor densities of RGCs are reduced at the time of their DF sizes are

actively increased, we reconstructed the dendritic trees of A type RGCs at different ages and

rearing conditions. Figure 4A-C shows the representative images and their reconstruction

counterparts of A type RGCs collected from a P12, a P33 and a P33D mice. A type RGCs, a

population homolog to the alpha cells in the rat retina (Peichl et al., 1987a, b, Sun et al.,

2002b), are well conserved in their morphology throughout mammalian species (Peichl,

1991) and can be easily identified according to their large dendritic and soma sizes, 4-6

straight primary dendritic arbors and radiating branch pattering (Sun et al., 2002a; Kong et

al., 2005; Coombs et al., 2006). To maintain an unbiased cell population, we analyzed all 43

A type RGCs collected from 4 retinas of P12 mice, 43 A type RGCs collected from 5 retinas

of P33 mice reared under normal conditions and 40 A type RGCs collected from 5 retinas of

P33 mice reared under constant darkness. The dendrites of these RGCs were clearly isolated

from other YFP-expressing RGCs. On average, there was a significant increase in the DF

size (P < 0.001, Figure 4D and table 3), as well as the total arbor length (P < 0.001, Figure

4E and table 3) from P12 to P33. However, the arbor density measured as the dendritic

length per unit DF area was significantly decreased from P12 to P33 (P < 0.001, Figure 4F

and table 3), which is consistent with the results obtained from the Sholl analysis (Figure 1

and table 2). We further found that the average dendritic length of A type RGCs was much

less (Figure 4E), whereas the dendritic density (length per unit area) was significantly higher

(Figure 4F) in retinas of the dark-reared mice than that of the normal reared ones, suggesting

that visual stimulation plays an important role in the patterning of branch arbors of A type

RGCs.

Since the sizes of DFs of RGCs increase with the retinal eccentricity (distance from soma of

RGC to the optic nerve, Doi et al., 1995), we were wondering whether the late stage DF

expansion and the dendritic arbor refinement were related to retinal locations. Our data

indicated that in the mouse retina, the DFs of A type RGCs increased with the increase of

retina eccentricity at P33 (Figure 4G, r = 0.54, P < 0.001 for linear regression), whereas

there was no observable eccentricity-dependent increase of DFs at P12 (r = -0.03, P > 0.8 for

linear regression). We also found that dendritic densities of A type RGCs decreased with the

increase of retinal eccentricity in mice at the age of P33 (Figure 4H, r = -0.72, P < 0.001 for

linear regression) but not P12 (r =0.05, P > 0.7 for linear regression). Given that arbor

densities of RGCs decrease with the increase of DFs (Figure 2) and that DFs decrease with
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the increase of eccentricity (Figure 4G), it is not clear whether the eccentricity-dependent

arbor density change (Figure 4H) was related to the DF alteration. To address this question,

we grouped A type RGCs according to their retinal locations and compared their dendritic

densities between the P12 and the P33 mice at similar retinal eccentricity. We found that the

DFs of A type RGCs were increased (Figure 4I), but the densities of dendritic arbors were

decreased (Figure 4J) from P12 to P33 for all A type RGCs regardless of their retinal

eccentricity. Light deprivation substantially blocked this developmental process at all retinal

locations (Figure 4G-4J). Although there was a weak linear relationship between DFs and

retinal eccentricities of A type RGCs in the dark-reared mice (Figure 4G, r = 0.43, P< 0.001

for linear regression), the dendritic densities of these cells were not significantly related to

retinal eccentricity (Figure 4H, r= -0.31, P > 0.05 for linear regression).

The decreasing of the dendritic density may be resulted from either the enlargement of DF

or the reduction of branch number. To distinguish between these two possibilities, we

characterized the dendritic geometry of A type RGCs. While the number of primary

dendrites maintained at the same level (5.74 ± 1.74 at P12 and 5.58 ±1.48 at P33, P = 0.58,

t-test), the dendritic tips (ends) were significantly reduced from 52.74 ± 11.86 at P12 to

40.23 ± 7.28 at P33 (P < 0.0001, t-test, Figure 5A). These results suggested that the dendritic

growth occurred after eye-opening was accompanied by a selective pruning of distal

dendritic arbors. Further investigation indicated that the dendritic growth and pruning were

mainly occurred at the middle portion of the dendritic tree (Figure 5B and 5C). The average

arbor lengths of dendritic segments were significantly increased at branch orders of 3-5 and

the numbers of dendritic arbors were decreased at orders of 5-7 from P12 to P33. Such a

non-proportional increasing in the segment length and the selective clipping of the distal

dendrites suggested that the maturation of dendritic tree of RGCs was not a passive

stretching with the growth of the eye, but an active process with the peripheral arbors were

refined more than the proximal ones. Despite the expansion of DF and the pruning of branch

arbors, the segment tortuosity, the ratio of the segment length and the straight distance

between 2 nodes that define the segment (Figure 5D), and the segment planar angles, an

angle between a dendritic segment and the one that it branches from (Figure 5E), had limited

change from P12 to P33.

To determine whether visual stimulation is required for this non-proportional growth and the

selective clipping of dendritic arbors, we quantified the branching patterns of A type RGCs

in mice reared under constant darkness. We found that the increase of the dendritic density

was resulted from, at least partially, the retarded sculpting of distal dendritic arbors of RGCs

in the dark-reared animals. A type RGCs of the dark-reared mice preserved the number of

primary dendrites but increased the number of the dendritic ends (Figure 5A). The dendritic

arbors of RGCs failed to be pruned at orders of 5-7 during the late developmental stage

(Figure 5B) in mice reared under constant darkness. In addition, light deprivation

significantly decreased the average lengths of dendritic segments at orders of 2, 3, 4 and 6 of

A type RGCs (Figure 5C). Interestingly, dark rearing has little effect on the curvatures and

branch angles of dendritic segments of A type RGCs (Figure 4D and 4E), and therefore, the

overall appearance of these cells are similar to that of the age-matched controls reared under

normal conditions.
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A scaling law governs the vision dependent dendritic patterning of A type RGCs

We have showed that the arbor density of RGCs of different subtypes decreases

exponentially with the increases of the DF size (Figure 2). To understand whether the

relationship between these morphological features of A type RGCs follows the scaling law,

we determined how the average arbor densities of A type RGCs vary with the sizes of their

territories. We found a strong positive linear relationship between dendritic length and

coverage territory of A type RGCs at different ages and rearing conditions (Figure 6A and

Figure 6D). There are no statistical differences (P > 0.05, ANCOVA) of the linear regression

slopes of RGCs in the P12 (slope = 0.018) and P33 mice reared under normal conditions

(slope = 0.023) and P33 mice reared under constant darkness (slope = 0.02). In contrast,

arbors of A type RGCs were systematically less dense when they cover larger territories.

The relationship could be best described by a power law relationship (Figure 6B and 6E).

For a better view and characterization of this relationship, we plotted arbor densities of A

type RGCs against their DF sizes in a logarithmic space. The scaling exponents were

characterized by computing slopes of linear regressions of these two variables in the

logarithmic space (Figure 6C and 6F). We found that all A type RGCs follow the same

exponentially decreasing function regardless of their developmental stages and rearing

conditions (P > 0.05 for comparison of regression slopes of P12, P33 and P33D, slope =

-0.71, -0.58 and -0.62, respectively, ANCOVA), suggesting a general association between

the arbor density and the coverage territory of A type RGCs on a cell-by cell basis (Figure

6E and 6F).

But how dendritic density decreases with the increase of dendritic field in RGCs? It is

intriguing to postulate that more dendritic arbors are eliminated when dendritic field is

increased. To test this hypothesis, we plotted the number of branches and the size of

dendritic field of A type RGCs and found that the branch numbers decrease exponentially

with the increase of dendritic fields (Figure 6G and 6H). This result suggested that the

decreasing of dendritic density during the late developmental stage was resulted from, at

least partially, the reduction of branch numbers of RGCs. The number of branches of A type

RGCs was not directly related to the retinal eccentricity. The slope of linear regression

(Figure 6I, r = -0.15) between numbers of branches and retinal eccentricities of RGCs was

not significantly different from zero (P > 0.05).

The vision dependent dendritic patterning is not related to the dendritic stratification

In mouse retina, there are two populations of A type RGCs with their dendrites ramified in

either ON or OFF sublamina of the IPL (Sun et al., 2002a). RGCs undergo a visual

experience dependent redistribution of dendrites from the center to specific layers of the IPL

after eye-opening (Xu and Tian, 2007). We have reported that light deprivation

preferentially blocked dendritic “relocation” of RGCs to the OFF sublamina (Xu and Tian,

2007) through modulation of glycine receptor mediated neurotransmission (Xu and Tian,

2008). To investigate whether the vision dependent sculpting of branching patterns of RGCs

is associated with dendritic stratification, we plotted DF areas and arbor densities of RGCs

against their dendritic stratification level in the IPL. The dendritic stratification of each A

type RGC was determined by quantitatively measuring the peak dendritic density from the

pixel intensity curve of a z-stack confocal images (Figure 6A and 6B) as described
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previously (Xu and Tian, 2007; 2008). We found that the DFs were increased and the arbor

densities were decreased from P12 to P33 (Figure 7C-E) for all A type RGCs regardless of

their dendritic stratification level. This developmental change was partially blocked by light

deprivation (Figure 6F-H), suggesting that visual activity dependent refinement of dendritic

patterning was not associated with the dendritic stratification. We further grouped A type

RGCs into ON and OFF subpopulations and reexamined the dendritic growth and arbor

pruning occurred after eye-opening (Figure 6I-K). On average, the DF area was increased by

56% for ON RGCs (P < 0.001) and 87% for OFF RGCs (P < 0.01) and the arbor densities

(crossing per unit area) was decreased by 24% (P < 0.001) for ON RGCs and 34% (P <

0.001) for OFF RGCs from P12 to P33. Light deprivation retarded the dendritic growth and

branch refinement for both ON and OFF RGCs occurred after eye opening (Figure 5I-5K).

The DF area was decreased by 20% for ON RGCs (P < 0.05) and 26% for OFF RGCs (P <

0.01). The arbor densities was increased by 10% for ON RGCs (P < 0.05) and 24% for OFF

RGCs (P < 0.01) in P33 mice reared under constant darkness compared with that reared in

the normal condition. The vision dependent arbor density reduction was accompanied by a

decreasing of branch numbers. The branch points (nodes) of A type RGCs were significantly

decreased from P12 to P33 and vision deprivation substantially blocked this late stage

refinement of branch arbors in both the ON and the OFF A type RGCs (Figure 7K).

Discussion

We quantitatively examined the development of branching patterns of RGCs in mouse

retina. We found that the acquisition of both the coverage territory and the arbor density of

RGCs require visual activity. RGCs continuously increase their DF size after eye-opening

by elongating branch segments in the middle portion of the dendritic tree. The expansion of

the DF was accompanied by a reduction of dendritic arbor density achieved through

selective elimination of branch arbors in the distal portion of the dendritic tree. Light

deprivation substantially blocked both the dendritic growth and the arbor refinement. This

non-proportional dendritic growth and selective elimination of dendritic arbors suggested

that the late stage dendritic development of RGCs is not a passive stretching with the growth

of eyes, but an active process of selective growth/elimination of dendritic arbors of RGCs

driven by visual activity. Our data also showed that there was a power law relationship

between the coverage territory and the arbor density of RGC dendrites on a cell by cell

basis. RGCs were systematically less dense when they cover larger territories regardless of

their cell types, retinal locations and developmental stages. These results suggest that there

is a general structural design principle directs the visual activity dependent patterning of

RGC dendrites.

Visual activity is required for both dendritic stratification and branch patterning of RGCs

There are at least a dozen morphologically distinctive RGCs subtypes in mouse retina, each

playing a specific role in the parallel visual processing (Masland, 2001, Sun et al., 2002a;

Kong et al., 2005; Coombs et al., 2006; Völgyi et al., 2009). The number of morphologically

characterized RGC types is similar in different mammalian species, suggesting an

evolutionarily conservation in the parallel channels encoding visual information. In all

species that have been studied, RGCs of different subtypes arborize their dendrites in

Xu et al. Page 10

J Comp Neurol. Author manuscript; available in PMC 2015 October 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



specific layers of the IPL and receive synaptic inputs from definite presynaptic neurons. In

addition, the coverage territory and the arbor density of RGCs can vary by many orders of

magnitude, enabling RGCs of different subtypes sample the visual world with specific

precisions. The emergence of the morphological diversity of RGCs is independent of the

patterned visual stimulation (Diao et al., 2004). In mouse retina, RGCs develop from a

diffusely stratified and poorly differentiated group at birth to 12 distinct, morphologically

well-defined subtypes at the time of eye-opening (P13).

On the other hand, many evidences indicated that the emergence of the specific dendritic

stratification of RGCs is refined by visual stimulation after eye opening. During early

developmental stage, the dendritic arbors of newborn RGCs are diffusely arborized in the

IPL. The diffusely stratified dendritic arbors of RGCs are gradually restricted into narrower

stratum by removing of “inappropriate” dendritic arbors (Bansal et al., 2000; Bodnarenko et

al., 1993, 1995; Tian and Copenhagen 2003; Xu and Tian, 2007; Tian, 2011). This initial

dendritic stratification is likely driven by spontaneous retinal activity mediated by

acetylcholine receptors (AChRs) as deletion of beta2 subunits of nicotinic AchRs

significantly retarded the dendritic stratification of RGCs (Bansal et al., 2000). Although

dendrites of most RGCs have achieved narrow ramification at the time of eye-opening

(Mumm et al., 2005, Diao et al, 2004, Xu and Tian, 2007), a large majority of RGCs ramify

their dendrities at the middle portion and extend their arbors into both sublamina a and b of

the IPL at P10-P12 (Xu and Tian 2007; Tian and Copenhagen, 2003). These narrow-

stratified RGCs likely respond to both the onset and the offset of light stimulation (Tian and

Copenhagen, 2003). At the age of P33, dendritic arbors of RGCs are redistributed to

different layers of the IPL and the population of ON-OFF responsive RGCs is reduced from

78% at P10-12% to 21% at the age of P27-30 (Tian and Copenhagen, 2003). Visual

deprivation significantly blocked this age-dependent dendrtic redistribution and the decline

of ON-OFF responsive RGCs, suggesting an instructive role of visual activity in the

emergence of the diverse dendritc stratification and the maturation of functional ON-OFF

pathway.

The present study further suggested that the maturation of dendritic patterning is regulated

by visual experience. Although gross morphologies of most majority RGCs are already

shaped at the time of eye opening (Diao et al., 2004), the dendritic arbors of many subtypes

are shown to bear numerous spines or filapodia, indicating an active remodeling of RGCs

dendrites at this developmental stage (Wong et al., 2000; Lohmann et al., 2002, Xu et al.,

2010). Similar to the development of dendritic stratification, the development of branching

patterns of RGCs includes an initial increase (growth) and then a visual activity dependent

decrease (refinement) of branch arbors. For instance, the complexity (reflected by branch

points) of both alpha and beta RGCs in cat retina were continuously increased start from

E50, reached peak around the time of eye-opening (P7-9) and then gradually decreased to

adult level by eliminating of the excess branch arbors (Ramoa et al., 1988). In mouse retina,

the average branch points of A type RGCs increased from < 30 at the time of birth (Diao, et

al., 2004) to 46.05 ± 12.05 (mean ± SD) at the time of eye-opening (P12) and then declined

to 34.62 ± 6.9 (mean ± SD) at P33 (the present study). Such a developmental profile of the

dendritic complexity was also found in other RGC types in the mouse and the cat retina

(Coombs et al., 2007; Ramoa, et al., 1988; Wingate and Thompson, 1995). Light deprivation
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significantly blocked the late stage dendritic refinement, suggesting the requirement of

visual experience in the branch patterning of RGCs.

While the coverage territories of RGCs was continuously increased after eye-opening, the

dendritic growth was limited to branch segments in the middle of the dendritic tree, leaving

arbor lengths of the most proximal and distal dendrites unchanged (Figure 2G). Similarly,

although the overall dendritic complexity is reduced, only branch arbors in the middle of DF

were eliminated after eye-opening (Figure 2F). Similar sensory dependent dendritic

remodeling was found in dentate granule cells (Rihn and Claiborne, 1990), cerebellar

purkinje cells (Weiss and Pysh, 1978) and cortical pyramidal cells (Koester and O'Leary,

1992; Maravall et al., 2004; Mizrahi and Libersat, 2002). This non-proportional dendritic

growth and selective branch refinement suggested that the late stage dendritic development

of RGCs is not a passive stretching with the growth of eyes, but an active process of

selective growth/elimination of dendritic arbors of RGCs driven by neural activity.

Consistent with this finding, it has been reported that the developmental increase of RGC

DF is not proportional to the expansion of the retina diameter (Ren et al., 2009). Most RGC

types exhibit a fast expansion between postnatal day 8 (P8) and P13, followed by a phase of

retraction between P13 and adulthood of coverage area relative to the retina growth,

suggesting the rate of DF increase of RGCs is not a direct consequence of retina growth but

follows a growth pace intrinsic to the RGCs.

Dendritic stratification and patterning are regulated by visual activity through different
mechanisms

There are two populations of A type RGCs in mouse retina with their dendrites stratified in

either ON or OFF sublamia of the IPL. All A type RGCs that stratified in the ON sublamina

exhibit sustained responses, whereas those with dendrites stratified in OFF sublamia can

have either transient or sustained responses (Pang et al., 2003). The dendritic stratification of

these two populations of A type RGCs is differentially modulated by visual experience.

Light deprivation preferentially blocked dendritic redistribution from the center to the OFF

sublamina of the IPL through modulation of glycine receptors mediated OFF synaptic

transmission in the rod pathway (Xu and Tian, 2007; 2008). In contrast, the branching

pattern of A type RGCs that arborized in both the ON and the OFF sublaminae of the IPL

were modulated by visual experience (Figure 5), suggesting that branch patterning of RGCs

was regulated by visual stimulation through mechanisms other than glycine receptor

mediated neurotransmission. RGCs continuously gain arbor lengths and thus increased the

DF sizes during the whole period of differentiation and development (Dann et al., 1988;

Diao et al., 2004). Blocking neurotransmission in the retina reduced dendritic lengths and

branch numbers of RGCs by affecting dendritic filopodia motility (Lohman et al., 2002;

Wong et al., 2000; Sernagor et al., 2001, Xu et al., 2010). On the other hand, blocking

spiking activity of RGCs also decreased the number of dendritic arbors of both alpha and

beta RGCs in the cat retina (Wong et al., 1991). These results suggested that presynaptic

inputs work in concert with postsynaptic mechanisms modulate the dendritic patterning of

RGCs during development. Given that the selective dendritic refinement occurs at a time

window when RGCs actively form synaptic connections with presynaptic neurons (Fisher,

1979a), it is likely that the synapse formation of RGCs plays a key role in the activity-
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dependent patterning of dendritic branches (Wingate and Thompson, 1995; Wässle, 1988).

Interestingly, light deprivation significantly increased the distal arbors of A type RGCs

(Figure 4), as well as the conventional synapses between amacrine cells and RGCs (Sosula

and Glow, 1971, Fisher, 1979b), suggesting a potential causal relationship between visual

activity dependent synapse formation and the dendritic patterning.

Morphological identification of RGCs

We adopted a system of classification of RGCs used by Sun et al. in the studies of rat and

mouse retinas (Sun et al., 2002a and 2002b). RGCs expressing YFP were classified into four

major groups: cells with large soma and large dendritic field were classified as A type

RGCs; cells with small to medium-sized soma and small to medium-sized dendritic field

were classified as B type RGCs; cells with small to medium-sized soma and medium to

large-sized dendritic field as C type RGCs; and cells with dendrites ramified into two layers

were classified as D type RGCs. The three monostratified RGC types fall into three discrete

clusters and therefore can be easily distinguished based on their overall appearance. RGCs

were further categorized into subtypes based on several morphological parameters such as

the stratification level and the coverage area of the dendritic field and the diameter, density

and curvature of dendritic arbors. The visually identified RGCs consistently fall into one of

the clusters sorted using the cluster analysis (Coombs, et al., 2006; Kong et al., 2005). For

instance, the A1 and A2 subtypes are categorized as cluster 11 and 7, respectively, and the

visually identified B1, B2 and B3 subtypes correspond to clusters of 2, 1, and 4, respectively

(Kong et al., 2005). Although the molecular identity and the gross anatomical appearance of

RGCs are dominated by genetic programs, the adult-like morphology of RGCs is acquired

gradually during postnatal life and the final branching patterns of RGCs is significantly

refined by neural activity. For instance, the dendritic fields of P0 RGCs display very simple

to very complex branching morphologies, however, none of them are morphologically

comparable to those of the adult. At the age of P13, 97% of RGCs exhibited morphological

properties that can be classified into one of the adult subtypes (Diao et al., 2004). Despite

many transient developmental features, such as spines and filapodia, are presented at

dendritic arbors of many subtypes (Wong et al., 2000a; Lohmann et al., 2002), the gross

morphologies of most majority of RGCs are already shaped at P13 (Diao et al., 2004) and

the relationship between the coverage area and the arbor density of P12 RGCs follows that

same scaling law as that in the adult mice. Light deprivation partially blocked the DF growth

and the arbor refinement occurring during the late developmental stage, however, the overall

appearances of diverse RGC types in the dark reared animals are obviously different and can

be classified using the same morphological criteria. Nonetheless, our results suggested that a

power law governs the activity dependent dendritic refinement independent of cell types.

We propose that RGCs acquire their gross morphology through interaction of genetic factors

and the spontaneous retinal activity during the early developmental stage and achieve their

adult-like morphology through vision dependent refinement of branching patterns of their

dendritic trees.
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A scaling law governs the vision dependent dendritic patterning of all RGCs regardless of
their cell type, retinal location and developmental stages

We showed that there are power law relationships between dendritic densities and coverage

territories of RGCs at different ages and rearing conditions. The dendrites of all RGCs tend

to be less dense when they cover larger territories. Several recent studies have found similar

structural scaling relationships between the arbor densities and the coverage areas of both

dendrites and axons of many neuron types in the central nervous system of various species.

In 2009, Wen et al. reported a scaling law relationship between the radius and total arbor

length of basal pyramidal cell dendrites (Wen at al., 2009). Further studies indicated that all

of the neural arbors, both dendritic and axonal, can be described by Gaussian density

functions (Snider et al., 2010) with amplitudes decrease as the arbor coverage increase

(Teeter and Stevens, 2011). Our results extended previous findings by showing that: 1. The

total dendritic lengths scales with the coverage sizes (Figure 6A); 2. The scaling law defined

relationship between DFs and arbor densities of RGCs can be explained, at least partially, by

the activity dependent elimination of dendritic arbors with the expansion of DF sizes during

development; and 3. A general structural design principle defines dendritic patterning of all

RGCs regardless of their cell types, retinal locations, developmental stages and rearing

conditions (Figure 2D-F and Figure 6D-F). This structural association suggests that the

activity-dependent refinement of dendritic arbors is governed by a general principle intrinsic

to the RGC population.

The vision dependent dendritic patterning and the general structural design principle (the

scaling law) can be applied to RGC of different types. In the Thy1-YFP H line, intense

fluorescence proteins are expressed in almost all morphologically identified RGCs, which

may create difficulties to track changes in the same categories of cells. However, we have

showed that visual experience modulated dendritic patterning of bistratified RGCs following

the same scaling law defined by the monostratified RGCs. The bistratified RGCs represent a

unique RGC population in the retina. Their dendrites are separated into two layers and

ramified into both the ON and the OFF sublaminae. This unique dendritic morphology

makes the bistratified RGCs unlikely to be misidentified form other cell types. We further

found that the dendritic patterning of A type RGCs, a population homolog to the alpha cells

in the rat retina, also underwent significant structural remodeling driven by visual activity.

Although the A type RGCs in mouse retina can be further divided into two or three

categories based on their dendritic stratification (Pang et al., 2003; Manookin et al., 2010;

Sun et al., 2002), our results suggested that the dendritic patterning of these cells, both the

ON and the OFF population, are regulated by visual experience (Figure 7) following the

general structural design principle. On the other hand, the wide expression of YFP provides

us a great opportunity to examine the design principle that directs the activity-dependent

dendritic patterning of the entire RGC population. Our data indicated that the dendritic

patterning of almost all RGC subtypes was significantly modulated by visual activity

following the general structural design principle. Although the size of dendritic field varies

substantially in RGCs of different subtypes, RGCs are usually less dense when they cover

larger territories regardless of their cell types (Figure 2). Light deprivation decreased the DF

sizes (Figure 1C) and increased the arbor densities of majority RGC types at the age of P33

(Figure 1E, table 2). These results demonstrated that a general structural design principle
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directs the vision dependent dendritic patterning of all RGCs regardless of their cell types,

retinal locations, developmental stages and rearing conditions.

The morphological studies predict that mouse retina should have at least 12 physiological

channels, each encoding a specific aspect of the visual scene. Yet it is not clear how RGC

types based on morphological properties match to functional classes that responsible for the

parallel visual processing. Although several channels (such as the direction selective RGCs)

have been correlated with morphological cell types, the number of morphological RGC

types generally exceeds the known physiological types (Farrow and Masland, 2011).

Therefore, the physiological and the responsive properties of most of the morphological

RGC types need to be determined, which will doubtlessly further our understanding of the

physiological nature of the power law principle that governs the branching patterns of

RGCs. On the other hand, a detailed study of the branching patterns of RGC types labeled

with specific markers will also help to clarify the potential confusions of the cell type

classification. By combing the physiological properties and the branching patterns of the

genetically labeled RGCs, we might be able to understand the functional significance of the

scaling law based patterning of dendritic arbors.
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Figure 1. Sholl analysis revealed that RGCs underwent a vision dependent dendritic growth and
arbor density reduction after eye-opening
(A) Representative images of diverse RGC subtypes in the retina of P33 mice. (B)
Quantitative Sholl analysis of dendritic arbors of RGCs. One RGC was superimposed to 10

concentric circles with increasing radius at a 25 μm step. The outermost dendritic tips were

linked to calculate dendritic field (DF) size of the RGC. The number of crossing between

dendritic branches and circles was counted. Arrow points to the axon. (C) Cumulative

probabilities of DF areas of monostratified RGCs collected from P12, P33 and dark-reared

P33 (P33D) mice (P < 0.001 for comparison between P12 and P33; P < 0.001 for

comparison between P33 and P33D; and P < 0.001 for comparison between P12 and P33D,

K-S test). Inset, histograms of DF sizes of RGCs in the three groups of mice. (D)

Cumulative probabilities of total crossing numbers of monostratified RGCs at P12, P33 and

P33D mice (P < 0.001 for comparison between P12 and P33; P < 0.001 for comparison

between P33 and P33D; and P < 0.001 for comparison between P12 and P33D, K-S test).

Inset, histograms of the crossing number between concentric circles and dendritic arbors of
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RGCs in the retina of P12, P33 and P33D mice. (E) Cumulative probabilities of dendritic

densities of RGCs measured as number of crossing per unit DF area. Crossings at P33 mice

were less dense than that at the P12 (P < 0.001, K-S test). Light deprivation partially blocked

this developmental reduction of the dendritic arbor density (P < 0.001 compared with either

the P12 or the P33). Inset, histograms of crossing densities of RGCs in the retina of P12,

P33 and P33D mice.
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Figure 2. A general structural design principle directs the vision dependent dendritic refinement
of RGCs
(A-C top) Plots of coverage areas versus dendritic densities (measured as number of

crossings per unit DF area) of different RGCs types in P12 (A top), P33 (B top) and dark-

reared P33 (P33D) mice (C top). Solid lines represent decreasing exponential regressions.

(A-C bottom) Plots of coverage areas versus arbor densities in logarithmic spaces of diverse

RGC types in P12 (A bottom), P33 (B bottom) and P33D mice (C bottom). Solid lines

represent linear regressions. (D) Plots of coverage areas versus dendritic densities of RGCs

in mice of different ages and rearing conditions. Solid line, decreasing exponential

regression. (E) Plots of coverage areas versus dendritic densities of RGCs in mice of

different ages and rearing conditions in a logarithmic space. Solid line, linear regression. (F)

The coverage areas and the dendritic densities were first averaged based on cell types and

then plotted in a logarithmic space. The relationship between these two morphological

features follows a scaling law regardless of the cell types, developmental stages and rearing

conditions.
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Figure 3. Dendrites of bistratified RGCs follow the same scaling law as the monostratified RGCs
(A-C) Representative images of a bistratified RGC. The dendrites of this cell form two

layers, the ON (A) and the OFF (B) dendritic layers, arborized in the sublamina b and a of

the IPL, respectively. (C) Overlay (ON & OFF) of the two layers of dendritic arbors of the

bistratified RGC. (D) Plots of the dendritic densities versus the sizes of DFs of bistratified

RGCs in P12, P33 and dark-reared P33 (P33D) mice. Neither the ON nor the OFF dendrites

of bistratified RGCs (ON or OFF, blue) follows the scaling law defined by monostratified

RGCs. However, dendrites of bistratified RGCs and the monostratified RGCs followed the

same scaling law when the ON and the OFF dendrites of bistratified RGCs were examined

together (ON & OFF, magenta). (E) Plots of the dendritic densities versus the dendritic field

sizes of bistratified RGCs in P12, P33 and P33D mice in a logarithmic space. There was no

difference between slopes of linear regressions of monostratified RGCs (slope = -0.49) and

bistratified RGCs when the ON and the OFF dendrites were examined together (magenta,

slope = -0.44, P > 0.05, ANCOVA). (F) Plot of dendritic densities (ON & OFF) versus the

dendritic field sizes (ON & OFF) of bistratified RGCs, with linear regression (solid line) and

95 % confidence interval (dashed lines). (G) The coverage areas (DF) of dendritic arbors in

the ON or OFF layer and the area summation of ON and OFF arbors of bistratified RGCs in

P12, P33 and P33D mice. (H) The dendritic densities (crossing/μm2 DF area) of dendritic

arbors in the ON or the OFF layer and the density summation of ON and OFF arbors of

bistratified RGCs in P12, P33 and P33D mice. *, ** and ***, P < 0.05, P < 0.01, P < 0.001,

respectively.
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Figure 4. Light deprivation substantially blocked the dendritic growth and the arbor refinement
of A type RGCs occurred after eye-opening
(A-C) Representative images (top) and their reconstruction counterparts (bottom) of A type

RGCs collected from retinas of a P12 (A), a P33 (B) and a dark-reared P33 (P33D, C) mice.

Arrows point to axons. (D) The sizes of dendritic fields of A type RGCs were increased

from P12 to P33 (P < 0.001, Student t-test). Light deprivation substantially blocked this age

dependent expansion of the dendritic field sizes (P < 0.001 for comparison between P33D

and P33; P < 0.01 for comparison between P33D and P12, Student t-test). (E) The total arbor

lengths of A type RGCs was increased from P12 to P33 (P < 0.001, Student t-test). Vision

deprivation partially blocked the dendritic arbor growth occurred after eye-opening (P <

0.05 for comparison between P33 and P33D; P < 0.05 for comparison between P33D and

P12; Student t-test). (F) The dendritic density measured as the average arbor length per unit

DF area was reduced from P12 to P33 (P < 0.001, Student t-test). Vision deprivation

partially blocked the age-dependent arbor density reduction (P < 0.001 for both comparisons

between P33 and P33D and between P33D and P12, Student t-test). (G) Plots of DF sizes
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and eccentricities of RGCs in retinas of P12, P33 and P33D mice. The DFs of A type RGCs

increased with the increase of retinal eccentricity at P33 mice reared under either normal

conditions (r=0.54, P < 0.001) or constant darkness (r=0.43, P < 0.001). There was no

eccentricity related DF change at P12 (r=-0.03, P > 0.05). (H) Plots of dendritic arbor

densities and the retinal eccentricities of RGCs in retinas of P12, P33 and P33D mice. The

arbor density decreases with the increase of the retinal eccentricity at P33 mice reared under

normal conditions (r=0.72, P <0.001). There was no eccentricity related arbor density

changes in P12 (r=0.05, P > 0.05) and P33D mice (r=-0.31, P > 0.05). (I) Plots of the DF

sizes and the retinal locations of A type RGCs, which were grouped based on their retinal

eccentricities. (J) Plots of the arbor densities and the retinal location of A type RGCs

grouped based on their retinal eccentricities. *, ** and ***, P < 0.05, P < 0.01, P < 0.001,

respectively, for comparison between P12 and P33; #, ## and ###, P < 0.05, P < 0.01, P <

0.001, respectively, for comparison between P33 and P33D; !, and !!, P < 0.05 and P < 0.01,

respectively, for comparison between P12 and P33D for (I) and (J).
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Figure 5. Dendrites of A type RGCs undergo a significant spatial reorganization after eye-
opening
(A) The number of terminal dendrites (ends) in the P33 mice was significantly less than that

in the P12 and the dark-reared P33 mice (P < 0.001; P < 0.05 and P > 0.05, for comparison

between P12 and P33, comparison between P33 and P33D and comparison between P12 and

P33D, respectively, Student t-test), despite the numbers of primary dendrites of A type

RGCs were similar in retinas of P12, P33 and P33D mice. (B) Comparison of numbers of

branches at different orders of A type RGCs in P12, P33 and P33D mice. (C) Average

segment lengths of dendritic arbors at different orders of A type RGCs in the P12, P33 and

P33D mice. Average segment tortuosity (D) and dendritic planar angles (E) of A type RGCs

at different branch orders in the P12, P33 and P33D mice. *, ** and ***, P < 0.05, P < 0.01,

P < 0.001, respectively, for comparison between P12 and P33; #, ## and ###, P < 0.05, P <

0.01, P < 0.001, respectively, for comparison between P33 and P33D.
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Figure 6. A scaling law describes the relationship between the coverage territory and the arbor
density of A type RGCs
(A) Plots of the coverage areas versus the dendritic lengths of A type RGCs in P12 (top),

P33 (middle) and dark-reared P33 (P33D, bottom) mice, with linear regressions (solid lines)

and 95 % confidence intervals (dashed lines). (B) Power law relationships between the DF

sizes and the arbor densities (measured by dendritic length per unit DF) of A type RGCs in

P12 (top), P33 (middle) and P33D (bottom) mice. (C) Plots of coverage areas versus arbor

densities in logarithmic spaces of A type RGCs in P12 (top), P33 (middle) and P33D

(bottom) mice, with linear regressions (solid lines) and 95 % confidence intervals (dashed

lines). (D-F) Plots of dendritic length (D) and dendritic density (E) versus DF size of all A

type RGCs collected from three groups (P12, P33 and P33D) of mice. Solid and dashed lines

in D represent linear regressions and 95 % confidence intervals, respectively. Solid line in E

represents the exponentially decreasing regression. (F) Plots of dendritic densities versus the

DF sizes of A type RGCs from all three groups of mice in a logarithmic space, with linear
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regressions (solid lines) and 95 % confidence intervals (dashed lines). (G) Plots of the

branch numbers versus the DF areas of A type RGCs in P12, P33 and P33D mice, with

exponentially decreasing regressions (solid line). (H) Plots of branch numbers versus the DF

areas of A type RGCs in P12, P33 and P33D mice in a logarithmic space, with linear

regression (solid lines) and 95 % confidence interval (dashed lines). (I) Plots of branch

numbers and the retinal eccentricities of A type RGCs in the three groups of mice.
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Figure 7. Visual activity dependent dendritic growth and patterning of RGCs was not related to
their dendritic stratification
(A) A Representative ON A type RGC and its dendritic stratification in the IPL. Left,

maximum X-Y projection of an image stack showing the branching pattern of the RGC

(green) and TH positive dopaminergic amacine cells (magenta). Middle, Y-Z projection of

the same image stack showing dendritic stratification of the RGC. Right, Gaussian fitting of

pixel intensity curve of the image stack. The pixel intensity of this RGC peaked (arrow) at

72 % of the IPL. The shadowed area indicates sublamina a. (B) A Representative OFF A

type RGC in X-Y (left) and Y-Z (middle) projections. Right, the pixel intensity of this OFF

RGC peaked (arrow) at 31 % of the IPL measured by Gaussian fitting of the pixel intensity

curve. The DF area (C) and the dendritic density measured by either the Sholl analysis (D,

crossing) or dendritic reconstruction (E, nodes) of RGCs in P12 and P33 mice were plotted

against the peak dendritic location in the IPL. (F-H) Scatter plots of the DF area (F) and the

dendritic density measured by either the Sholl analysis (G) or the dendritic reconstruction
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(H) as a function of peak dendritic locations of RGCs from mice reared under either normal

condition (P33) or constant darkness (P33D). (I) Average DF area of ON and OFF A type

RGCs of P12 mice reared under normal condition and P33 mice reared under either normal

or dark condition. (J) Average dendritic density of ON and OFF A type RGCs of P12 mice

reared under normal condition and P33 mice reared under either normal or dark condition.

(K) Average nodes number of ON and OFF A type RGCs of P12 mice reared under normal

condition and P33 mice reared under either normal or dark condition. *, ** and ***, P <

0.05, P < 0.01, P < 0.001, respectively; n.s., not statistically different.
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Table 1
Primary Antibodies

Antibody Immunogen Manufacturer Host

anti-GFP
GFP isolated directly from Aequorea Victoria characterized by
immunostaining in granule cells37, olfactory sensory neurons27,
hippocampal neurons18 and RGCs66-67

Molecular Probes, Inc., Eugene,
OR, Catalog No. A21311, RRID:
AB_10058149

Rabbit polyclonal

anti-TH
Pheochromocytoma tyrosine hydroxylase characterized by
immunostaining of TH neurons in retina66-67 and western blotting of
PC12 cells (single 60 KD band)

Chemicon, Catalog No. AB1542
RRID: AB_90755

Sheep polyclonal
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Table 3
Quantification of the dendritic structure of A type RGCs

P12 P33 P33D

Dendritic length (μm) 4587 ± 749 ! 5468 ± 1121 *** 5002 ± 821 #

DF area (μm2) 7.65 ± 0.32 !! 11.88 ± 4.45 *** 9.35 ± 3.17 ###

Dendritic density (μm/μm2) 0.069 ± 0.003 !!! 0.049 ± 0.009 *** 0.056 ± 0.011 ###

Total nodes 46.05 ± 12.06 36.42 ± 6.90 *** 42.4 ± 11.66 ##

Number of primary dendrites 5.74 ± 1.24 5.58 ± 1.48 5.23 ± 1.62

Number of dendritic ends 52.74 ± 11.86 43.23 ± 2.78 *** 48.5 ± 11.84 #

Number of branch segments 98.6 ± 24.07 79.76 ± 13.77 *** 90.75 ± 23.36 ##

*
P < 0.05 for comparason between P12 and P33

**
P < 0.01 for comparason between P12 and P33

***
P< 0.001 for comparason between P12 and P33

#
P < 0.05 for comparason between P33 and P33D

##
P< 0.01 for comparason between P33 and P33D

###
P< 0.001 for comparason between P33 and P33D

!
P < 0.05 for comparason between P12 and P33D

!!
P< 0.01 for comparason between P12 and P33D

!!!
P< 0.001 for comparason between P12 and P33D
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