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PURPOSE. Amacrine cell neurite patterning has been extensively studied in vivo, and more than
30 subpopulations with varied morphologies have been identified in the mammalian retina. It
is not known, however, whether the complex amacrine cell morphology is determined
intrinsically, is signaled by extrinsic cues, or both.
METHODS. Here we purified rat amacrine cell subpopulations away from their retinal neighbors
and glial-derived factors to ask questions about their intrinsic neurite growth ability. In
defined medium strongly trophic for amacrine cells in vitro, we characterized survival and
neurite growth of amacrine cell subpopulations defined by expression of specific markers.
RESULTS. We found that a series of amacrine cell subtype markers are developmentally
regulated, turning on through early postnatal development. Subtype marker expression was
observed in similar fractions of cultured amacrine cells as was observed in vivo, and was
maintained with time in culture. Overall, amacrine cell neurite growth followed principles
very similar to those in postnatal retinal ganglion cells, but embryonic retinal ganglion cells
demonstrated different features, relating to their rapid axon growth. Surprisingly, the three
subpopulations of amacrine cells studied in vitro recapitulated quantitatively and qualitatively
the varied morphologies they have in vivo.
CONCLUSIONS. Our data suggest that cultured amacrine cells maintain intrinsic fidelity to their
identified in vivo subtypes, and furthermore, that cell-autonomous, intrinsic factors
contribute to the regulation of neurite patterning.
Keywords: amacrine cells, retinal development, neurite patterning, intrinsic neurite growth

in retinal ganglion cells (RGCs).8 Here we take advantage of our
ability to highly purify retinal amacrine cells to ask, do purified
amacrine cells in vitro recapitulate the neurite grown patterns
that they have in vivo? These data argue for at least a
contribution of intrinsic neurite growth programs to amacrine
cells’ varied neurite morphologies in vivo.

macrine cells are a heterogeneous group of retinal
interneurons with a widely varied and complex neurite
patterning. There are more than 30 morphologic subtypes
described in the mammalian retina,1–3 which range from having
few to multiple neurites that may include short or long, axonlike processes, or thin or bushy dendritic-like trees. Additional
criteria for amacrine cell subtype classification include the
synaptic laminae of their neurites in the inner plexiform layer,
the neurotransmitters they secrete, and the specific markers
they express.
Despite these myriad morphologies, little is known about
the factors that determine amacrine cells’ morphological
patterning. Previous studies have suggested the importance of
extrinsic signals contributing to neural patterning in the
retina,4–6 drawn from the extensive characterization of
amacrine cell morphology in vivo.2,7 Drawing conclusions
about any contribution of intrinsic or cell-autonomous contributions to neurite patterning, however, is naturally limited by
the lack of ex vivo studies.
The use of in vitro cultures may help elucidate whether
there is any role for intrinsic regulation of neurite growth. For
example, purified cultures were previously used to demonstrate developmental regulation of intrinsic axon growth ability

Sprague-Dawley rats were used for these experiments in
compliance with institutional animal care and use committee
review and approval. All animals were treated in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. Amacrine cells and RGS were purified by
immunopanning as previously described.8–11 Briefly, retinas
were dissected from embryonic day 20 (E20) and postnatal days
8 through 10 (P8–P10) rats and dissociated with papain
(Worthington, Lakewood, NJ) using gentle mechanical trituration to obtain a single-cell suspension. After depleting the
retinal suspension of macrophages, RGCs were positively
selected using T11d7 monoclonal antibodies.12 Enrichment of
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FIGURE 1. Immunostaining of amacrine cells in vitro and in vivo. (A, C, E, G) E19 or P8 amacrine cells were purified, plated in serum-free media and
immunostained as labeled. E19 and P8 retinal cross-sections were stained for the same amacrine cell markers. (B, D, F, H) Quantification of
immunoreactivity of amacrine cells in vitro at 2 hours in vitro or 1DIV after plating for each marker as labeled. #P ¼ 0.055 ‘‘trend.’’ *P < 0.05; **P <
0.01; Student’s t-test.

amacrine cells to ~90% purity was achieved subsequently by
depleting Ox7-positive cells (remaining RGCs and other retinal
neurons), and immunopanning for Vc1.1-positive cells.13

Amacrine Cell and RGC Culture
Acutely purified amacrine cells and RGCs were plated at low
density on poly-d-lysine (PDL)-coated glass coverslips (70 kDa,
10 lg/mL; Sigma-Aldrich, St. Louis, MO), without and with

laminin, respectively (Trevigen, Gaithersburg, MD) in serumfree media (Neurobasal; Gibco, Carlsbad, CA) as described8,9,11
containing insulin (50 ng/mL) and forskolin (5 mM; SigmaAldrich); ciliary neurotrophic factor (10 ng/mL; Peprotech,
Rocky Hill, NJ), brain-derived neurotrophic factor (50 ng/mL;
Peprotech), and a modified version of B27.14 Under these
conditions, survival of amacrine cells at 3 days in vitro (3DIV) is
~60%.11 Cultures were maintained at 378C in a humidified
incubator with 10% CO2 and either immunostained or
processed for neurite growth analysis as described below.

Immunofluorescence

FIGURE 2. Amacrine cell immunostaining with Vc1.1 antibody. Acutely
purified amacrine cells were plated in serum-free media and
immunostained at 2 hours or at 1DIV. The bars show percentage of
cells immunopositive for Vc1.1 of the total number of cells labeled
with the nuclear dye DAPI. Error bars: SEM.
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For immunostaining of the retina, eyes were dissected from
E20 and P9 Sprague-Dawley rats. Corneas and vitreous bodies
were carefully removed and the eyecups were immediately
fixed with 4% paraformaldehyde for 2 hours, after which the
tissues were cryoprotected in 30% sucrose, snap frozen in
mounting medium (OCT Tissue-Tek; Electron Microscopy
Sciences, Hatfield, PA), and sectioned. Sections were postfixed
in 4% paraformaldehyde or 10% trichloroacetic acid (TCA) for
10 minutes, then blocked and permeabilized with 20% goat or
donkey serum and 0.2% Triton X-100 for 30 minutes. Retinal
tissues were incubated overnight with anti-Vc1.1 (1:100;
Sigma-Aldrich), anti-HPC-1 (1:200; Abcam, Cambridge, MA),
anti-parvalbumin (PV, 1:500; Sigma-Aldrich), anti-calretinin
(1:5000), anti-glutamate transporter 1 (GLYT-1, 1:2000) and
anti-tyrosine hydroxylase (TH, 1:100; BD Biosciences, Mississauga, ON, Canada). Secondary detection was performed using
fluorescent antibodies at a 1:500 (Alexa-488, Alexa-594) or a
1:200 dilution (Alexa-647; Invitrogen, Carlsbad, CA). The slides
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FIGURE 3. Different populations of amacrine cells can be identified by their polarization patterns in vitro. (A) Postnatal day 9 amacrine cells were
purified by immunopanning and cultured in the presence of trophic factors. After 3 days in vitro, the cells were fixed and stained with TRITCconjugated phalloidin. Images were analyzed in a fluorescence microscope and the neurites were manually traced using microscopy software. Scale
bar: 20 lm. (B–E) Postnatal amacrine cells and RGCs were purified and plated for 3 days, after which cells were stained with phalloidin and their
neurites manually traced (E20 RGCs, n ¼ 62; E20 amacrines, n ¼ 73 ; postnatal RGCs, n ¼ 218; postnatal amacrine cells, n ¼ 323).

were mounted in medium with DAPI (Vectashield; Vector
Laboratories, Burlingame, CA) and examined with an inverted
fluorescent microscope (Axio Observer Z1; Carl Zeiss Microscopy, Thornwood, NY) or a confocal microscope (Leica TCS
SP5; Leica Microsystems, Buffalo Grove, IL).
Immunocytochemistry of purified amacrine cells as in
Figure 1 was performed at 2 and at 24 hours after plating the
cells on PDL-coated glass coverslips (70 kDa, 10 lg/mL; SigmaAldrich) in serum-free media. Antibodies used are described
above.

Phalloidin Staining and Neurite Growth Analysis
Amacrine cells and retinal ganglion cells were acutely purified
from embryonic (E20) and postnatal (P8–P11) animals and
plated at clonal density on glass coverslips (70 kDa, 10 lg/mL;
Sigma-Aldrich) in serum-free media as described above. After
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3DIV, cells were carefully fixed with warm 4% paraformaldehyde for 25 minutes. Blocking and membrane permeabilization
were performed as described above and TRITC-conjugated
phalloidin (3.3 g/mL; Sigma-Aldrich) was added and left
overnight at 48C together with DAPI (Invitrogen) for nuclear
staining. Neurite length measurements were performed at 320
and 363 objective magnification using an inverted fluorescence microscope and microscopy software (AxioVision; Carl
Zeiss Microscopy); data analysis was conducted using spreadsheet software (Excel; Microsoft Corp., Redmond, WA) and
statistical software (SPSS; IBM, Chicago, IL). At least 60 cells
were analyzed per experiment. Five different variables were
recorded for each cell: number of primary neurites coming off
the cell body ‡ 10 lm and their individual length, number of
branch points with branches ‡ 10 lm and the neurite length of
each branch, and length of the longest neurite without its
branches. Combination of these values allowed for the
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TABLE 1. Comparison of Neurite Growth Variables in Amacrine Cells and RGCs
Amacrines
P8–P10

Amacrines
E20

RGCs
P8

RGCs
E20

Total

ANOVA, K-W
P Value

Post Hoc Comparison Results

Number of segments
Mean
SD
Median
Minimum
Maximum

8.76
7.73
7.00
1.00
50.00

7.67
5.61
7.00
1.00
36.00

14.27
8.71
12.00
1.00
57.00

8.55
3.87
8.00
1.00
17.00

10.40
8.05
8.00
1.00
57.00

<0.001, <0.001

RGCs P8 > Amacrines P8–P10,
Amacrines E20, RGCs E20

5.92
2.95
6.00
1.00
14.00

3.89
1.96
4.00
1.00
11.00

6.23
2.36
6.00
1.00
12.00

4.97
3.02
5.00
1.00
17.00

<0.001, <0.001

RGCs E20, Amacrines E20 >
RGCs P8 Amacrines E20 >
RGCs P8 Amacrines P8–P10 >
RGCs P8

Number of neurites > 10 lm
Mean
SD
Median
Minimum
Maximum

5.24
3.48
5.00
1.00
17.00

Number of branch points with branches > 10 lm
1.76
2.70
1.00
0.00
18.00

0.88
1.95
0.00
0.00
13.00

5.19
4.13
5.00
0.00
26.00

1.16
1.40
1.00
0.00
5.00

2.71
3.54
1.00
0.00
26.00

<0.001, <0.001

RGCs P8 > Amacrines P8–P10,
Amacrines E20, RGCs E20
Amacrines P8–P10 > Amacrines
E20

0.34
0.52
0.11
0.00
3.00

0.12
0.22
0.00
0.00
1.30

1.77
1.91
1.25
0.00
16.00

0.20
0.32
0.12
0.00
2.00

0.76
1.34
0.29
0.00
16.00

<0.001, <0.001

RGCs P8 > Amacrines P8–P10,
Amacrines E20, RGCs E20
Amacrines P8–P10, RGCs E20 >
Amacrines E20

Average segment length
Mean
21.84
SD
11.81
Median
18.42
Minimum
7.34
Maximum
92.27

21.38
24.71
16.97
10.85
223.82

51.27
24.37
45.58
18.29
202.06

101.55
105.40
76.61
13.39
682.67

38.59
43.69
27.12
7.34
682.67

<0.001, <0.001

RGCs E20 > RGCs P8 >
Amacrines P8–P10, Amacrines
E20

25.28
25.20
21.04
10.93
223.82

204.37
144.96
178.04
18.29
1098.76

125.37
103.14
99.38
13.39
682.67

96.55
119.50
46.38
10.35
1098.76

<0.001, <0.001

RGCs P8 > RGCs E20 >
Amacrines P8–P10 > Amacrines
E20

47.20
126.48
27.05
10.93
1068.49

195.05
88.21
180.04
20.28
689.24

430.29
272.38
387.99
19.98
1727.41

129.07
158.92
63.56
10.35
1727.41

<0.001, <0.001

RGCs E20 > RGCs P8 >
Amacrines P8–P10, Amacrines
E20

151.38
151.11
123.35
10.93
1119.10

643.16
323.97
615.19
18.29
2073.63

642.90
287.36
631.18
78.00
1778.81

370.80
332.51
266.31
10.35
2073.63

<0.001, <0.001

RGCs P8, RGCs E20 > Amacrines
P8–P10, Amacrines E20

Mean
SD
Median
Minimum
Maximum
Branching index
Mean
SD
Median
Minimum
Maximum

Average neurite length
Mean
SD
Median
Minimum
Maximum

34.35
23.59
28.07
10.35
170.11

Longest neurite length
Mean
SD
Median
Minimum
Maximum

45.22
32.81
33.37
10.35
180.07

Total neurite length
Mean
SD
Median
Minimum
Maximum

184.35
173.26
121.77
10.35
861.32

Since variances are significantly different between cell types for all variables, ANOVA overall group comparison were verified with the KruskalWallis test, followed by Tamhane’s multiple comparison procedure.

calculation of the rest of the parameters used in data analysis:
total neurite length (sum of the length of all primary neurites
and their branches); number of segments (number of primary
neurites þ 2 3 number of branch points); and average segment
length (total neurite length divided by the number of
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segments). Comparison of neurite growth variables by cell
type yielded significantly high variances between cell types for
all variables; therefore, ANOVA overall group comparison were
verified with the Kruskal-Wallis test, followed by Tamhane’s
multiple comparison procedure.
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TABLE 2. Principal Component Analysis
P8–P10 Amacrines

E20 Amacrines

P8 RGCs

E20 RGCs

Principal Component Analysis

PC1

PC2

PC3

PC1

PC2

PC3

PC1

PC2

PC3

PC1

PC2

PC3

Number of segments
Number of neurites > 10 lm
Number of branch points > 10 lm
Branching index
Average segment length
Average neurite length
Longest neurite length
Total neurite length
Variance explained, %

0.21
0.16
0.19
0.13
0.08
0.17
0.17
0.22
53

0.23
0.12
0.24
0.16
0.48
0.22
0.31
0.04
24

0.13
0.47
0.12
0.53
0.06
0.38
0.06
0.18
18

0.15
0.10
0.14
0.13
0.18
0.22
0.21
0.24
50

0.26
0.17
0.25
0.25
0.23
0.16
0.19
0.04
37

0.16
0.81
0.38
0.44
0.02
0.13
0.04
0.18
12

0.26
0.00
0.27
0.23
0.09
0.20
0.08
0.22
42

0.22
0.44
0.13
0.25
0.15
0.35
0.12
0.14
25

0.04
0.16
0.08
0.16
0.45
0.02
0.45
0.30
23

0.25
0.03
0.32
0.27
0.07
0.17
0.24
0.32
29

0.22
0.17
0.15
0.11
0.26
0.24
0.19
0.10
44

0.14
0.49
0.23
0.41
0.03
0.15
0.23
0.35
19

Negative component coefficients (italic) for a variable indicate that cells with large values for that observed variable tend to sort toward one end
of that underlying variable, while positive coefficients (bold) indicate they sort toward the other end of that underlying variable. Coefficients with
absolute value < 0.1 indicate that the observed variable does not contribute much to the underlying principal component.

Neurite Growth Analysis of Amacrine Cell
Subpopulations
Postnatal day 8 amacrine cells were purified and plated on PDLcoated coverslips as described above. At 3DIV, cells were
carefully fixed in warm 4% PFA and processed for immunostaining and phalloidin labeling as previously described. Cells
were manually traced as indicated in the phalloidin (neurites)
channel to mask the observer, and grouping of cells by
immunoreactivity to amacrine cell subtype markers was
assessed later on. Measurements of immunoreactive cells were
compared against their negative counterparts within the same
group. At least 50 immunoreactive cells were analyzed per

group and the means were compared using unpaired Student’s
t-test.

RESULTS
Purified Amacrine Cell Subpopulations During
Development
We purified E20 and P9 amacrine cells by immunopanning and
asked whether these amacrine cell subpopulations change
greatly through the early embryonic to late postnatal period.
We immunostained acutely purified cells at either 2 hours after

FIGURE 4. Amacrine cell morphology in vitro and contribution to principal component analysis. Example images of postnatal amacrine cells at the
extremes of the principal component axes described in Table 2 are shown here. Scale varies slightly to demonstrate neurite growth in each picture.
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FIGURE 5. Parvalbumin immunoreactive amacrine cells in vivo and in vitro. (A) Camera lucida reconstructions of parvalbumin immunoreactive cells
from rabbit inferior retina. Reprinted with permission from Casini G, Rickman DW, Brecha NC. AII amacrine cell population in the rabbit retina:
identification by parvalbumin immunoreactivity. J Comp Neurol. 1995;356:132–142. Copyright 1995 Wiley-Liss, Inc. (B) Purified amacrine cells
immunoreactive to parvalbumin (yellow) and counterstained with TRITC-conjugated phalloidin show a similar morphology in vitro. The arrows
show examples of lobular processes. (C) Quantification of neurite growth parameters of PV-IR amacrine cells at 3DIV. The bars represent the values
of PV-IR cells (n ¼ 70 cells) normalized to non-IR cells within the experiment (n ¼ 53 cells). Error bars: SEM of the PV-IR cells.

plating or at 1DIV, and found that, at 2 hours in vitro, fewer E19
amacrine cells were immunoreactive to GLYT-1 (Figs. 1C, 1D),
PV (Figs. 1E, 1F), and TH (trend level only; Figs. 1G, 1H) than
P9 amacrine cells, whereas calretinin immunoreactivity was
statistically similar at the two ages (Figs. 1A, 1B). After 1 DIV,
E19 amacrine cells conserved their immunoreactivity to TH
and Vc1.1 (Fig. 1H, Fig. 2), but decreased in immunoreactivity
to GLYT-1 and PV (Figs. 1D, 1F), due to either in vitro aging or a
relative decrease in survival of these cells at this particular
developmental age. We found no significant changes in
immunoreactivity of P9 amacrine cells from 2 hours to 1DIV
(Figs. 1B, 1D, 1F), except for an increase in TH-immunoreactive
(TH-IR) cells (Fig. 1H). Immunostaining of retinal cross-sections
showed similar differences in amacrine cell subpopulation
immunoreactivity for calretinin, GLYT-1, PV, and TH between
E19 and P8 (Fig. 1). Taken together, these data suggest that
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significant amacrine cell differentiation, at least in the
expression of this subset of subpopulation markers, continues
through this developmental period, consistent with prior
literature on the coordinated expression of neurotransmitters
at all stages during retinal development.15–19 Importantly, we
found that these subtype marker phenotypes are expressed in
mostly stable proportions in vitro.

Amacrine Cell Neurite Extension In Vitro
Amacrine cells extend complex and varied neurites in vivo; the
variation in their neurite patterning has been used to
characterize them in vivo into subtypes based on morphology.3,7,20 We asked whether this varied morphology is recapitulated in vitro. We purified embryonic and postnatal amacrine
cells and cultured them in defined, serum-free media. At 3DIV,
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TABLE 3. Neurite Growth Statistics of PV-IR Cells

Variable
Number of segments
Number of primary neurites
Number of branch points
Branching index
Average segment length
Average neurite length
Longest neurite
Total neurite length

Group

n

Mean

SD

SEM

IR cells
Non-IR cells
IR cells
Non-IR cells
IR cells
Non-IR cells
IR cells
Non-IR cells
IR cells
Non-IR cells
IR cells
Non-IR cells
IR cells
Non-IR cells
IR cells
Non-IR cells

70
53
70
53
70
53
70
53
70
53
70
53
70
53
70
53

6.4571
8.9811
3.9714
4.5283
1.2429
2.2264
0.3037
0.4468
24.1314
23.5734
39.1857
42.4491
48.1316
54.6443
160.9063
214.1643

6.18949
9.86347
2.55361
3.15987
2.18317
3.93036
0.45238
0.5924
12.87655
10.78301
31.18085
32.56867
53.70092
59.60329
212.31594
292.91882

0.73979
1.35485
0.30521
0.43404
0.26094
0.53988
0.05407
0.08137
1.53904
1.48116
3.72682
4.47365
6.41849
8.18714
25.37661
40.23549

amacrine cells were stained with phalloidin to visualize neurite
morphology and their neurites were manually traced (Fig. 3A).
We collected data on five different parameters of neurite
growth: the number of primary neurites extending from the
cell body, the number of branch points, the length of each
primary neurite with its branches, the length of every branch,
and the length of the longest neurite without its branches. We
used these data to calculate three additional variables: the total
neurite length; the number of segments (defined as a stretch of
neurite bounded by the cell body, a branch point, or the end of
a neurite); and the average segment length (see Methods and
Fig. 3A).
We analyzed these different neurite growth parameters and
found that postnatal amacrine cells were able to extend
multiple neuritis; and in some cases, one of the neurites was as
long as 180 lm (longest neurite; see Table 1), although the
majority of the cells (60%) extended neurites less than 150 lm
long (Fig. 3B). Consistent with the existence of axon-bearing
amacrine cells,21,22 in our cultures we found that ~40% of the
postnatal amacrine cells extended one lengthy process,
typically 20 to 40 lm long (Fig. 3C).
Embryonic amacrine cells also grew one lengthier neurite of
similar size on average (47 lm). Comparing this phenomenon
with RGCs, we found that postnatal RGCs, on average, have a
longest neurite (axon) 4 times larger (195 lm) and that in
embryonic RGCs, the longest neurite is almost 10 times as long
(430 lm; Table 1). Thus embryonic and postnatal amacrine
cells extend neurites of similar lengths, unlike RGCs, which
extend considerably longer axons in the embryonic period
than in the postnatal period.8
Quantifying the number of neurites per cell and the average
segment length roughly grouped the amacrine cells into
clusters (Figs. 3D, 3E) suggesting the existence of more than
one cell subpopulation in our cultures. To address this
observation, and ask whether in vitro amacrine cells retain
morphologic diversity analogous to that exhibited in vivo, we
performed a principal component analysis. This is a multivariate analysis method that reduces our original seven variables
into fewer components when (and if) these variables are highly
correlated. We found that three components were able to
explain 90% to 99% of the variance in the samples analyzed
(Table 2). Component 1, which accounted for approximately
53% of the variability in amacrine cell neurite growth,
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t-test for Equality of the
Means – Significance,
2-tailed; equal variance
not assumed
0.106
0.297
0.105
0.146
0.794
0.576
0.533
0.266

described a variable largely based on total neurite growth
capacity, with a spectrum running from short, simple cells on
one end to long, complex neurite morphologies on the other
(example cells in Fig. 4). Component 2, which explained 24%
of the variability in amacrine cell neurite growth, ran from
short, highly branched neurites on one end to long neurites
with fewer branches on the other (Fig. 4). This suggests that a
significant component of neurite growth can be explained by a
mechanism that trades branching for total length. Finally,
component 3 accounted for 18% of the variability, and
displayed a wide spectrum of neurite shape and length
complexity, where large numbers of neurites and longer
lengths were on one end and large numbers of branches were
on the other end (Fig. 4). Interestingly, the principal
component analysis yielded remarkably similar data for
embryonic and postnatal amacrine cells and postnatal RGCs
(Table 2), but embryonic RGCs differed slightly in that they had
the longest neurite length per neuron and a corresponding
larger average segment length (Table 1), and their ‘‘component
2,’’ trading length for branching, was extracted first and
explained the most variance (29%) rather than the second
most, as in all of the other populations studied (Table 2). Thus,
these data suggest that ‘‘component 2’’ (trading branching
versus length) is more important for characterizing E20 RGCs
than ‘‘component 1’’ (overall size), whereas for postnatal RGCs
and amacrine cells at all ages, overall size is a more important
feature of neurite growth.

Neurite Outgrowth of Amacrine Cell
Subpopulations
Extensive evidence suggests that extrinsic, environmental
signals are critical for shaping amacrine cell morphologies in
vivo, but there is less evidence that addresses whether the
variety of morphologies in vivo also depends on an intrinsic or
cell-autonomous component (see Discussion below). To
address this question, we asked whether purified amacrine
cells would retain any intrinsic neurite growth properties
typical of their in vivo growth patterns. We purified amacrine
cells, characterized them by immunocytochemistry and
measured their neurite outgrowth as described in the Methods
section.
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FIGURE 6. Tyrosine hydroxylase immunoreactive amacrine cells in vivo and in vitro. (A) Camera lucida reconstructions of tyrosine hydroxylase
immunoreactive cells in the ventral part of adult rabbit retina. Reprinted with permission from Casini G, Brecha NC. Postnatal development of
tyrosine hydroxylase immunoreactive amacrine cells in the rabbit retina: I. Morphological characterization. J Comp Neurol. 1992;326:283–301.
Copyright 1992 Wiley-Liss, Inc. Scale bar: 50 lm. (B) Purified amacrine cells immunoreactive to tyrosine hydroxylase (yellow) and counterstained
with TRITC-conjugated phalloidin show a similar morphology in vitro. (C) Quantification of neurite growth parameters of TH-IR amacrine cells at
3DIV. The bars represent the values of TH-IR cells (n ¼ 88 cells) normalized to non-IR cells within the experiment (n ¼ 56 cells). *P < 0.05, unpaired
Student’s t-test. Error bars: SEM of the TH-IR cells.

We first asked whether parvalbumin-immunoreactive (PVIR) amacrine cells in vitro would replicate their in vivo
morphologies. Previous camera lucida reconstructions of PV-IR
cells of the rabbit retina show cells with a pyriform cell body
and cell processes with lobular appendages in one sublamina
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and arboreal processes in another sublamina23 (Fig. 5A),
consistent with the description of AII amacrine cells revealed
by the use of intracellular labels such as Golgi stain,24
horseradish peroxidase, and Lucifer Yellow.25 We found that
PV-IR cells trended toward lower number of segments, number
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FIGURE 7. GLYT-1 immunoreactive amacrine cells in vivo and in vitro. (A) Illustrations of eight types of GLYT-IR cells from rat retina spanning
different sublaminae of the IPL. Reprinted with permission from Menger N, Pow DV, Wässle H. Glycinergic amacrine cells of the rat retina. J Comp
Neurol. 1998;401:34–46. Copyright 1998 Wiley-Liss, Inc. (B) Purified amacrine cells immunoreactive to GLYT-1 (yellow) and counterstained with
TRITC-conjugated phalloidin show a similar morphology in vitro. (C) Quantification of neurite growth parameters of GLYT-1-IR amacrine cells at
3DIV. The bars represent the values of GLYT-1-IR cells (n ¼ 67 cells) normalized to non-IR cells within the experiment (n ¼ 67 cells). *P < 0.05. **P <
0.01. ***P < 0.001, unpaired Student’s t-test. Error bars: SEM of the GLYT-1-IR cells.

of primary neurites coming off the cell body, number of branch
points, longest neurite, and total neurite length compared with
non–PV-IR amacrine cells (Figs. 5B, 5C). However, because of
the high variability of these values (Table 3), the difference
between the means was not statistically significant. PV-IR cells
did demonstrate lobular varicosities on their neurites in vitro
similar to those seen in vivo (arrows in Fig. 5B). Thus PV-IR
amacrine cells in vitro demonstrate a morphology similar to
that in vivo (Fig. 5B).
We next investigated the morphology of TH-IR cells in vitro.
These cells are part of the family of wide field amacrine cells
and in vivo, they have been described as cells with long
(hundreds of micrometers), thin, unbranched, axon-like
processes with few spines or varicosities3,22,26–28 (Fig. 6A).
Consistent with their morphology in vivo, TH-IR amacrine cells
in vitro extended fewer primary neurites that were 33% longer
on average than those of non–TH-IR amacrine cells. Overall,
the total neurite length of TH-IR cells was 50% larger than in
non–TH-IR amacrine cells (Figs. 6B, 6C). Thus, for TH-IR cells,
there was striking morphological similarity among purified
amacrine cells and the cells described in the literature in the
mammalian retina (Fig. 6A).3,26,27
Finally, we examined the morphology of glycinergic
amacrine cells in vitro and found that they too resembled the
shape of glycinergic amacrine cells in vivo (Figs. 7A, 7B).29
Glycinergic amacrine cells, widely known as AII amacrine cells,
are characterized by their narrow field and a bushy dendritic
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tree coming off a single neurite that can span many sublaminae
in the inner plexiform layer (IPL; Fig. 7A). In our cultures, cells
that were immunoreactive to the glycinergic transporter 1
(GLYT-1-IR cells) had a significantly greater number of
segments and a total neurite length ~2-fold larger than
controls (Fig. 7C). The number of primary neurites coming
off the cell body was significantly higher in GLYT-1-IR cells
(Figs. 7B, 7C). Taken together, these data show that in vitro,
amacrine cells elaborate neurites with a variety of complexities
reminiscent of the variation in patterning seen in vivo, and
support the hypothesis that at least a portion of their
patterning variability in vivo may depend on cell-intrinsic
mechanisms.

DISCUSSION
Understanding the molecular and cellular basis for the
morphological heterogeneity of neurons in the central nervous
system remains a major goal in neuroscience. Amacrine cells in
the mammalian retina represent an excellent model system in
which to study this question, as they demonstrate remarkable
morphologic heterogeneity1,2,30,31—despite arising from a
common progenitor,32–38 migrating to only two retinal layers,
and extending neurites into the same synaptic neuropil, the
inner plexiform layer of the retina. Although the variation in
amacrine cell morphology has been carefully characterized in
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vivo, little work has focused on which of their properties are
maintained cell autonomously in vitro. Similar work on other
populations of central nervous system neurons has yielded
fruitful observations about neurite growth properties; for
example, the signals optimal for survival and neurite growth
of RGCs have been characterized using such cultures.39,40 Here
we take advantage of our ability to highly purify these neurons
by immunopanning to study their neurite growth away from
neuronal- or glial-derived signals found in the in vivo
environment.

Total Neurite Length Conservation in Amacrine
Cell Neurite Growth
Detailed analysis of neurite morphology in vivo has suggested
that at least some neurons maintain a constant total neurite
length when they grow neurites, trading off between neurite
length and branching.41 Our data using principal component
analysis suggest that the second greatest component that
captures the variance in amacrine cell neurite growth follows
this principle of trading neurite length for complexity
(branching), and supports the hypothesis that the biology that
underlies this observed conservation may be cell-autonomous.
The increased importance of this conservation principle in
embryonic RGCs (Table 2) may ultimately explain their
dramatically increased axon growth ability compared with
either amacrine cells, or with postnatal or adult RGCs.8 The
underlying biology could in theory involve limitations on
supply of any single or number of building blocks for neurite
elongation (e.g., cytoplasmic or membrane components42) or
we hypothesize a feedback between the cell body and neurites
or growth cones, but remains to be discovered.

Intrinsic Regulation of Amacrine Cell Neurite
Growth
It is not known whether the varied morphology of amacrine
cell neurites in vivo1–3 is attributable to cell intrinsic or
extrinsic signals, or both. Evidence for the role of extrinsic
cues in neurite patterning in the retina came from experiments
addressing the role of activity in RGCs’ dendrite remodeling
during development. In these experiments, a decrease in local
calcium concentration at the tip of the dendrites was sufficient
to alter the dendritic organization of RGCs.6 Further evidence
for the importance of extrinsic cues in neurite patterning was
demonstrated in mutant zebrafish, where in the absence of
RGCs, amacrine cells failed to properly direct their projections
to the IPL and the sublaminar architecture of the retina was
temporarily disorganized.5 Over time, most of the projection
errors were corrected and the sublaminae were formed,
suggesting that the IPL contained other cues, including
possibly the amacrine cell neurites themselves that were
important for lamination.4
Here we find that a number of amacrine cell subtypes
recapitulate aspects of their in vivo morphology in vitro.
Consistent with prior characterizations of amacrine cell
subpopulations in the mammalian retina,2,26,29,43–47 in our
cultures PV-IR cells grew processes with lobular appendages
and multiple varicosities.23,48 TH-IR cells had long axon-like,
unbranched processes,22 and GLYT-1-IR cells also exhibited a
typical bushy neurite morphology,29 although our quantitative
analysis of number of branch points and branching index of
GLYT-1-IR cells did not yield statistically significant differences
with the non-IR cells, possibly because our analyses did not
include branches < 10 lm. Nevertheless, these data suggest
that amacrine cells have cell subtype-specific intrinsic determinants of neurite growth that are carried into culture.
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Despite the strong evidence for the role of extrinsic cues in
determining neurite patterning in the developing retina, a few
prior results support the hypothesis of intrinsic regulation. For
example, during the initial phase of lamination in the
developing zebrafish retina, amacrine cells extend processes
indiscriminately that are not directed toward their final
destination, the IPL.4 This may represent a brief developmental
period of neurite growth relatively free of guidance from
extrinsic cues. The culture model used here may be useful to
study such guidance cues in the future, although there are
certain limitations to studying amacrine cell neurite growth in
vitro, such as the lack of three-dimensional (3-D) cues to study
neurite polarity, or to investigate neurite lamination into
separate layers, as occurs in the IPL.
The creation of transgenic mouse lines that express
fluorescent protein reporters under the control of amacrine
cell-specific promoters (for example, as in Haverkamp et al.50)
and the existence of eletrospun scaffolds to study RGC
properties in 3-D49 and scaffolds that support RGC and
amacrine cell survival51 will certainly allow these questions
to be further addressed. Taken together, these data support the
existence of genetically programmed, intrinsic regulation of
amacrine cells’ neurite growth and patterning in the developing retina although the true mechanism is likely a delicate
balance between extrinsic and intrinsic cues.
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