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Abstract

Recombinant adeno-associated viral (rAAV) vectors can be used to introduce neurotrophic genes into injured CNS neurons,
promoting survival and axonal regeneration. Gene therapy holds much promise for the treatment of neurotrauma and
neurodegenerative diseases; however, neurotrophic factors are known to alter dendritic architecture, and thus we set out to
determine whether such transgenes also change the morphology of transduced neurons. We compared changes in
dendritic morphology of regenerating adult rat retinal ganglion cells (RGCs) after long-term transduction with rAAV2
encoding: (i) green fluorescent protein (GFP), or (ii) bi-cistronic vectors encoding GFP and ciliary neurotrophic factor (CNTF),
brain-derived neurotrophic factor (BDNF) or growth-associated protein-43 (GAP43). To enhance regeneration, rats received
an autologous peripheral nerve graft onto the cut optic nerve of each rAAV2 injected eye. After 5–8 months, RGCs with
regenerated axons were retrogradely labeled with fluorogold (FG). Live retinal wholemounts were prepared and GFP
positive (transduced) or GFP negative (non-transduced) RGCs injected iontophoretically with 2% lucifer yellow. Dendritic
morphology was analyzed using Neurolucida software. Significant changes in dendritic architecture were found, in both
transduced and non-transduced populations. Multivariate analysis revealed that transgenic BDNF increased dendritic field
area whereas GAP43 increased dendritic complexity. CNTF decreased complexity but only in a subset of RGCs. Sholl analysis
showed changes in dendritic branching in rAAV2-BDNF-GFP and rAAV2-CNTF-GFP groups and the proportion of FG positive
RGCs with aberrant morphology tripled in these groups compared to controls. RGCs in all transgene groups displayed
abnormal stratification. Thus in addition to promoting cell survival and axonal regeneration, vector-mediated expression of
neurotrophic factors has measurable, gene-specific effects on the morphology of injured adult neurons. Such changes will
likely alter the functional properties of neurons and may need to be considered when designing vector-based protocols for
the treatment of neurotrauma and neurodegeneration.
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Introduction

Replication-deficient viral vectors such as recombinant adeno-

associated virus (rAAV) are increasingly being used to introduce

‘therapeutic’ genes into neural cells, a method that allows targeted

supply of neuroprotective and/or growth-promoting molecules to

the injured or degenerating CNS [1–5]. In the eye, vitreal injection

of rAAV serotype 2 (rAAV2) or other viral vectors encoding growth

factors increases retinal ganglion cell (RGC) survival and axonal

regeneration after optic nerve (ON) injury [6–9].

The gene therapy approach holds much promise for the

treatment of neurodegenerative diseases and retinal dystrophies

[10–13], as well as potentially enhancing repair after neurotrauma

[14]. However, what is not yet clear is the extent to which long-

term constitutive expression of transgenes changes the structure

and function of transduced neurons. This is especially relevant

when using genes that encode, for example, secretable neuro-

trophic factors because these peptides are known to alter dendritic

architecture, synaptic density and plasticity, cause down-regulation

of cognate receptors and modulate activity of signaling molecules

[15–19]. Thus persistent over-expression of some transgenes may

alter local circuitry and neuronal responsiveness to endogenous

neuroactive factors [1,20,21].

We therefore set out to determine whether soma size and

dendritic architecture is altered after prolonged rAAV2 vector

transduction, and whether any such changes depend on the type of

gene that is introduced into CNS neurons. Because rAAV based

gene therapy will potentially be used in post-injury as well as

neurodegenerative conditions, we chose to use our established

visual system regeneration model to quantitatively analyze changes

in adult rat RGCs that had been axotomized and then induced to

regenerate. RGC viability and long-distance axonal regeneration

was promoted by grafting an autologous peripheral nerve (PN)

segment onto the cut ON [22,23]. Four vectors were tested:

rAAV2-GFP alone, and bi-cistronic rAAV2 vectors encoding

either brain-derived neurotrophic factor (rAAV2-BDNF-GFP), a
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secretable form of ciliary neurotrophic factor (rAAV2-CNTF-

GFP), or a non-secreted protein growth-associated protein 43

(rAAV2-GAP43-GFP). A saline-injected control group was also

included. BDNF, CNTF, and GAP-43 have all been shown to

influence adult RGC viability and axonal regeneration [23], and

the impact of each of these genes when encoded in rAAV vectors

has been documented previously in rat PN-ON graft studies [8,9].

Five to eight months after the initial surgery, regenerated RGCs

were identified by retrogradely labeling them with fluorogold (FG)

injected into the distal end of each PN graft. Living retinas were

subsequently removed, wholemounted, and regenerated FG

positive (+) RGCs were intracellularly injected with Lucifer Yellow

(LY). Expression of GFP in all rAAV vectors permitted

identification of transduced, regenerated RGCs. GFP+ and non-

transduced GFP negative (2) RGCs that had regrown an axon into

the PN graft were filled. After immunoprocessing for LY, soma

size and dendritic morphology were analyzed and quantified using

Neurolucida software. We observed gene-specific changes in the

morphology of identified, regenerating adult RGCs after long-

term rAAV2 therapy, not only in transduced RGCs but also in

non-transduced RGC populations. Furthermore, some changes

appeared to be subtype specific, seen only in large, type RI-like

RGCs.

Results

Impact of transgenes on RGC morphology
FG+ RGCs that had regenerated an axon to the distal end of PN

grafts were identified and photographed under UV light (Fig. 1A,

G) and also at 488 nm to determine whether the RGCs were

transduced (GFP+) or non-transduced (GFP2; Fig. 1B, K, L). In all

groups, transduced RGCs were most frequently seen in temporal

retina, in the vicinity of the initial rAAV2 vitreal injection (Fig. 1D)

[14,24]. RGCs were injected iontophoretically with LY and a

photograph taken under 488 nm (Fig. 1C, I, M) for subsequent

identification of individual RGCs from immunolabelled and

Neurolucida traces (Fig. 1E, F, J, N). This procedure was repeated

on 20–50 RGCs per retina (Fig. 1D). The number of regenerated

FG+ RGCs that were analyzed in each control or vector group is

shown in Table 1. For clarity, throughout the text for each of the 4

vectors used in this study we will denote transduced and non-

transduced (nt) FG+ RGCs as GFP/ntGFP, BDNF/ntBDNF,

CNTF/ntCNTF or GAP43/ntGAP43 respectively.

In some vector groups, a significant proportion of the 375 fully

analyzed RGCs possessed one or more highly abnormal dendritic

morphologies, including either very sparse dendrites or unusually

tangled processes (Fig. 2A). The proportion of RGCs with such

abnormal dendritic morphologies was, compared to saline, not

significantly different in rAAV2-GFP and rAAV-GAP43-GFP

groups, but was significantly increased in the rAAV2-BDNF-GFP

and rAAV2-CNTF-GFP injected groups (X2 = 130; p,0.0001;

Fig. 2B).

Discriminant analysis (summarized in Table 2)
To quantify the morphological changes in regenerate RGCs

induced by transgene expression, we applied multivariate statistical

analysis to take into account all of the 15 parameters that were

measured using Neurolucida (see Materials and Methods for further

detail). We used discriminant analysis, a statistical technique used

for differentiating groups using multiple quantitative variables [25].

The analysis extracts canonical scores, which represent a transfor-

mation of the original measurements into an expression of maximal

differences between groups. Where significant differences were

detected between the canonical scores of experimental and control

groups, we then performed post-hoc analysis of the morphological

measurements to determine the nature of these differences.

Discriminant analysis of the 5 treatment groups confirmed

significant differences between all treatment groups. Most of the

differences relative to control groups (saline and rAAV2-GFP

injected retinae) were contained in canonical scores 1 and 2

(Fig. 3A). In addition, canonical score 3 demonstrated that RGCs

from rAAV2-GFP transduced retinae differed from saline injected

controls (p,0.0001; Fig. 3B). Because the canonical scores

represent a transformation of the data from the morphological

parameters they cannot be attributed to specific morphological

differences. We therefore performed ANOVA and posthoc

analysis on all of the measurements to identify how GFP

expression affected morphology. However, no individual param-

eter was found to be responsible for this difference either in

transduced or non-transduced cells, suggesting the effects of GFP

on RGC morphology were relatively minor. Nonetheless in all of

the following analyses we compared treatment groups to rAAV2-

GFP controls and not to saline injected controls.

In rAAV2-BDNF-GFP injected retinae, the soma size of all LY-

injected, regenerating RGCs was significantly increased compared

to LY labeled, FG+ RGCs in rAAV2-GFP controls (P,0.0001;

Fig. 3C). In addition, dendrites were longer (p = 0.02), field size

was larger (p = 0.003; Fig. 3D), and total and mean nodal distances

were longer (p = 0.008 and p = 0.003 respectively). When

transduced and non-transduced RGCs were analyzed separately,

most of the changes could be attributed to transduced BDNF

neurons, which had larger somata (P,0.0001) and larger field size

(p = 0.03) compared to their GFP transduced counterparts. No

significant differences were observed in regenerate ntBDNF

compared to ntGFP RGCs.

In rAAV2-CNTF-GFP injected retinae, the only difference

compared to rAAV-GFP injected retinae was a significant increase

in the soma size of RGCs (p,0.0001). The increase was observed

in both CNTF and ntCNTF RGCs compared to GFP (p,0.0001)

and ntGFP (p = 0.0014) RGCs respectively. In addition, CNTF

RGCs had significantly larger soma size compared to ntCNTF

RGCs (Table 2; p = 0.0085).

For RGCs in rAAV2-GAP43-GFP injected retinae, the fractal

count [26] was significantly increased compared to rAAV2-GFP

controls (p = 0.02), and dendrite density was also increased

(p = 0.02). Analysis of transduced versus non-transduced neurons

revealed that the difference in fractal count was found only in

transduced GAP43 RGCs (p = 0.04), whereas an increase in

dendritic density was found only in ntGAP43 RGCs (p = 0.03).

Sholl analysis
To further characterize the morphological changes induced in

RGCs by the different transgenes, we also performed a Sholl

analysis, the most commonly used method to measure dendritic

field density and structure [27]. The method assesses the

distribution of dendrites as a function of eccentricity using the

cell body as the centre. Analysis of the total cell population

revealed that RGCs in rAAV2-BDNF-GFP and rAAV2-CNTF-

GFP injected retinae had significantly denser dendrites from

200 mm to 400 mm (BDNF) and from 320 mm to 400 mm (CNTF)

distal from the cell body compared to rAAV2-GFP controls

(Fig. 3E). No significant differences were detected when trans-

duced and non-transduced RGCs were analyzed separately.

Assessment of morphological changes in one putative
RGC subtype

The analysis above demonstrates that each transgene had a

distinct and significant impact on dendritic morphology of RGCs.

Gene Therapy Alters Neuronal Morphology
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However, it is well established that there are multiple different

subtypes of RGCs within the rat retina with characteristic

morphologies [28,29]. It is therefore desirable to analyze these

subtypes separately to confirm that morphological differences

between subtypes have not masked differences due to transgene

expression. However, unlike in mouse, in which there is a

correspondence of specific molecular markers with RGC cell

subtype [30,31], in rat there is no definitive method of classifying

all RGC subtypes independent of morphology. The only

phenotypic marker consistently used in rat RGCs is melanopsin,

which is expressed in about 3% of RGCs. However, in the specific

context of RGC axonal regeneration into a PN-ON graft, murine

melanopsin expressing RGCs do not regenerate more frequently

than other RGCs [32], thus in our rat study we would expect only

about 10–15 regenerate RGCs to be melanopsin positive, clearly

too few for any justifiable analysis.

Nonetheless, there is consensus across many studies that rat

RGCs can be effectively classified into three or four main subtypes

based on cell body size, number of dendrites, dendritic field size

and stratification [29,33–36]. Most importantly, this morpholog-

ical classification has also been applied to RGCs in peripheral

nerve grafted animals [37,38], suggesting that regenerating RGCs

Figure 1. Injection, tracing and identification of individual RGCs from rAAV2-injected retinae. Photomicrographs and Neurolucida-
traced images showing the procedure for labeling and identifying regenerating retinal ganglion cells (RGCs). Regenerating RGCs were first identified
based on retrograde labeling (Fluorogold; A), and transduced cells were based on GFP expression (GFP+ RGC is shown in B). After filling the dendrites
with Lucifer yellow (C), the RGC was again photographed. This procedure was repeated on 20–50 RGCs per retina (D). The visualization of dendritic
architecture was further enhanced with Lucifer yellow immunohistochemistry, and individual cells with complete fills (E) were traced using
Neurolucida software. The Neurolucida trace (F) was compared to images of the cells taken immediately after the Lucifer yellow injection (C) to allow
each cell to be classified as transduced (GFP+) or as a non-transduced ‘‘bystander’’ neuron (GFP2). G–N: Representative images of RGCs that were
retrogradely labeled with Fluorogold (G, K), identified as GFP2 (H) or GFP+ (L), injected with Lucifer yellow (I,M) and traced using Neurolucida software
(J,N). Scale bars: 100 mm.
doi:10.1371/journal.pone.0031061.g001

Gene Therapy Alters Neuronal Morphology
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maintain core structural features of their subtype despite injury-

induced alterations in dendritic architecture [39]. Consistent with

this, the outcome of our whole population analysis of the 375 LY-

labeled RGCs did not reveal any overall change in the number of

primary dendrites emanating from RGCs in any vector group.

Using only morphological criteria, the best consensus across all

studies is the identification of the RGC 1 subtype, known as RI in

regenerating RGCs [37,38]. These cells have a large soma, 4–6

primary dendrites and large dendritic field area with a very typical

dendritic branching pattern [29,36]. These same criteria identify

type RI RGCs following a PN graft [37,38]. Types 2 and 3 have

smaller cell bodies than type 1 cells, fewer than 3 primary

dendrites, and are differentiated primarily by the number of

branch points but this measure becomes unreliable in regenerating

RGCs in which branching density is greatly reduced [37].

Taking this previous literature into account, we conservatively

assessed whether it was possible to identify RI-like RGCs within

our general population using the number of primary dendrites, cell

body size and typical dendritic branching pattern as the essential

criteria. We identified all RGCs that had large somas, more than 4

primary dendrites and a ‘‘typical’’ type RI dendritic branching

pattern (examples are shown in Fig. 4A). All RGCs from each

treatment group were then plotted on separate scatterplots with

the number of dendrites on the X axis and cell body size on the Y

axis. RGCs that were identified as ‘‘RI-like cells’’ are shown as

grey circles to identify them relative to the other cells (white

diamonds; Fig. 4B). RI-like cells clustered together to the upper

right of the scatterplot for all treatments, suggesting that they

formed a coherent group. Most importantly, even though BDNF

and CNTF RGCs had consistently larger cell bodies than the

other treatment groups, the clustering was still apparent. To

further confirm that our identification was robust, we performed a

discriminant analysis on all RGCs, where cells were either

classified as ‘‘RI’’ or ‘‘other’’, and these cells were found to cluster

into two distinct groups, regardless of treatment (Fig. 4C).

Analysis of RI-like RGCs
Plots showing canonical scores 1 (X axis) and 2 (Y axis) from

multivariate discriminant analysis of dendritic morphology for

transduced and non-transduced RI-like RGCs in each vector

group are shown in Figure 5A; the data are summarized in

Table 2. As seen in Figure 5B, BDNF and ntBDNF RI-like RGCs

possessed soma areas that were significantly increased compared to

GFP and ntGFP cells respectively (p = 0.04 for both). In ntBDNF

RGCs, there was also a strong trend for a larger dendritic field

area compared to ntGFP cells (p = 0.06; Fig. 5B). In addition,

transduced and non-transduced RGCs in rAAV2-BDNF-GFP

injected eyes were significantly different from each other, ntBDNF

RGCs having a larger dendritic field area compared to BDNF

RGCs.

In CNTF and ntCNTF RI-like RGCs, soma area was also

significantly increased compared to GFP and ntGFP cells

respectively (Fig. 5B). In addition, dendrites of ntCNTF RGCs

were less complex than those of ntGFP cells, with fewer nodes and

reduced branch order, as well as increased total and mean

terminal/nodal distances, suggesting growth of terminal segments.

As observed in rAAV2-BDNF-GFP injected eyes, transduced and

non-transduced RGCs in rAAV2-CNTF-GFP injected eyes were

significantly different; compared to CNTF RGCs, ntCNTF RGCs

had significantly fewer nodes and lower order branching,

confirming the loss of complexity in these non-transduced, or

bystander, neurons.

Morphological differences in RI-like RGCs from rAAV2-

GAP43-GFP injected eyes were attributed to an increase in

tortuosity in GAP43 transduced cells compared with GFP

transduced controls (Fig. 5B). Note here that Sholl analysis of

RI-like RGCs failed to reveal any significant differences (data not

shown).

Stratification of dendritic tree
For the majority of FG+ RGCs, the dendritic tree extended

within the inner half of the inner plexiform layer (on average

within 30 mm of the cell body) suggesting that they were ON

centre cells [40]. A small number of cells appeared to be either

OFF or bistratified (ON/OFF) cells but these were not analyzed

statistically due to low numbers (0–3 cells per treatment group).

Within the population of presumed ON cells, sampled across a

similar range of retinal eccentricities, the depth profile of dendritic

trees was increased in all treatment groups, and this was mainly

due to branches extending to an abnormal depth within the IPL

(BDNF: p = 0.004; CNTF: p = 0.003; GAP43: p = 0.01; all

compared to GFP controls Fig. 6A–C). BDNF affected only

transduced RGCs (p = 0.049), CNTF affected both transduced

and non-transduced neurons (p = 0.02 for both), and GAP43

affected only transduced RGCs (p = 0.002) compared to appro-

priate transduced or non-transduced GFP controls. In the

population of RI-like cells, RGCs in rAAV2-BDNF-GFP injected

eyes were not affected, whereas dendrites of rAAV2-CNTF-GFP

transduced and non-transduced, and rAAV2-GAP43-GFP trans-

duced RGCs ramified more deeply (p = 0.02; p = 0.03; p = 0.0009

compared to appropriate transduced or non-transduced GFP

controls). In RGCs with grossly abnormal dendritic morphology,

while dendritic branches were occasionally seen at the border of

the inner plexiform and inner nuclear layers (INL), these processes

were not seen to penetrate the INL itself (Fig. 6D, E).

Discussion

The potential clinical benefits of using gene therapy to deliver

growth factors to treat neurological or retinal dysfunction are

Table 1. Number of RGCs analyzed in each control and
experimental group for all RGCs, and for those identified as
Type RI cells.

All cells Type RI

Saline 68 17

BDNF 73 40

ntBDNF 14 7

BDNF 59 33

CNTF 117 42

ntCNTF 62 22

CNTF 55 20

GAP43 63 19

ntGAP43 16 4

GAP43 47 15

GFP 54 20

ntGFP 14 5

GFP 39 15

Total analysed 375 138

No axon/FG- 66

Incomplete fill 59

Grand Total 500

doi:10.1371/journal.pone.0031061.t001

Gene Therapy Alters Neuronal Morphology
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Table 2. Summary of main dendritic morphological changes of long-term gene therapy affected retinal ganglion cells (RGCs)
compared to appropriate GFP transduced or non-transduced control groups.

ALL RGCS ALL RGCS TYPE I-LIKE RGCS

BDNF Increased soma area (P,0.0001), longer dendrites
(p = 0.02), larger dendritic field (p = 0.003), increased total
and average nodal distance (p = 0.008; p = 0.03). Sholl
analysis: denser dendrites. Deeper stratification
(p = 0.004). Increased prevalence of aberrant morphology.

BDNF
transduced

Increased soma area (p,0.0001),
increased field size (p = 0.003),
deeper stratification (p = 0.049).

Increased soma area (p = 0.04)

BDNF non-
transduced

No change Increased soma area (p = 0.04), increased field area
(trend: p = 0.063), deeper stratification (p = 0.01).

CNTF Increased soma area (p,0.0001). Sholl analysis:
denser dendrites. Deeper stratification (p = 0.003).
Increased prevalence of aberrant morphology.

CNTF
transduced

Increased soma area (p,0.0001),
deeper stratification (p = 0.02).

Increased soma area (p = 0.0002),
deeper stratification (p = 0.02).

CNTF non-
transduced

Increased soma area (p,0.0014),
deeper stratification p = 0.02

Increased soma area (p = 0.001), reduced complexity
(nodes (p = 0.006), branch order (p = 0.03), increased
terminal/nodal distance (total and mean: p = 0.05),
deeper stratification (p = 0.03).

GAP43 Increased complexity (fractal count: p = 0.02).
Increased dendritic density (p = 0.02). Deeper
stratification p = 0.01

GAP43
transduced

Increased complexity (fractal
count: p = 0.04). Deeper
stratification (p = 0.002).

Increased tortuosity (p = 0.01).
Deeper stratification (p = 0.0009)

GAP43 non-
transduced

Increased dendritic density
(p = 0.03)

No change

doi:10.1371/journal.pone.0031061.t002

Figure 2. Increased prevalence of RGCs with abnormal morphology in retinae injected with rAAV2-BDNF-GFP and rAAV2-CNTF-
GFP. A: Representative Neurolucida traces showing retinal ganglion cells (RGCs) with abnormal morphology. The term ‘aberrant morphology’ was
used to describe RGCs with one extremely long dendrite that was exceptionally tortuous or abnormally sparse or asymmetric. Arrows indicate axons.
The rAAV2 treatment group is indicated under each cell; nt = non-transduced RGC. B: Pie charts showing frequency distribution of RGCs with aberrant
morphology in control and experimental groups.
doi:10.1371/journal.pone.0031061.g002

Gene Therapy Alters Neuronal Morphology
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Figure 3. Evidence for morphological differences in RGCs from retinae injected with rAAV2 encoding different transgenes. A: Plot
showing canonical scores 1 (Y axis) and 2 (X axis) from a multivariate discriminant analysis of dendritic morphology of all retinal ganglion cells (RGCs).
Plots show the first two canonical scores that together represent more than 80% of the variance. Axes represent units of standard deviation. Circles
represent the 95% confidence region to contain the true mean of the treatment groups. Black lines show the coordinate direction (i.e. morphological
parameters measured in Neurolucida) in canonical space. Note that the length of the lines is not representative of effect size due to the
multidimensional nature of the analysis. B–D: Box plots showing median and quartiles for selected morphological parameters that were significantly
different between treatment groups. B: values for the third canonical score which accounts for the significant difference between Saline and rAAV2-
GFP injected groups. Means for soma area (C) and dendritic field area (D) are shown for all treatment groups. * p,0.05; **p,0.001; *** P,0.0001. E:
Sholl analysis of all RGCs by treatment group. Error bars = standard error of the mean. Asterisk (*) indicates significant (p,0.05) difference between
rAAV2-BDNF-GFP and GFP; # indicates significant (p,0.05) difference between rAAV2-CNTF-GFP and GFP.
doi:10.1371/journal.pone.0031061.g003
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currently under investigation [10,13,41–45]. Post-injury delivery

of appropriate viral vectors may also be an effective treatment after

neurotrauma [14]. Depending on circumstances, such therapies

may need to be long term and it therefore seems prudent to

examine whether there are any unintended consequences of

sustained delivery of such factors on neuronal structure and

function. We have shown previously that intraocular injection of

rAAV-BDNF-GFP or rAAV-CNTF-GFP influences adult RGC

survival and regeneration after injury [8,9]. Here we show that, in

FG+ RGCs that had regrown an axon into PN grafts and therefore

had comparable access to factors expressed by the grafted PN

tissue, intravitreal delivery of vectors encoding BDNF, CNTF or

GAP43 nonetheless resulted in significant and complex changes in

the dendritic morphology of the total population of regenerate

neurons.

Each factor induced specific structural changes but overall,

BDNF and CNTF increased RGC soma size, while BDNF

increased dendritic field size and CNTF and GAP43 altered

dendritic complexity. These changes did not obviously restore

regenerating RGCs towards a more ‘‘normal’’ morphology, but

rather added to the effects that were induced post-injury; thus

BDNF further increased dendritic field size and CNTF reduced

complexity in RGCs whose dendritic arbors had become larger

[46] and less complex [37] following optic nerve lesion and PN

transplantation. Furthermore, all three transgenes induced abnor-

mal dendrite growth that was not restricted to normal sub-laminae

within the IPL. A significant finding was that the morphologies of

non-transduced (GFP2), FG+ RGCs in rAAV injected eyes were

also differentially affected, thus the total impact of a given

transgene is multifarious and extends to bystander neuronal

populations [47].

As described in the Results, others have argued that it is possible

to recognize and classify at least some rat adult RGC subtypes that

are regenerating an axon into a PN graft [37,38]. Regenerating

type RI RGCs in particular appear to display the most

characteristic and convincing similarities to this same class in

normal retina. We identified all RGCs that had large somas, more

than 4 primary dendrites and a ‘‘typical’’ type RI dendritic

branching pattern and discriminant analysis showed that these

cells were always clustered in a separate group, irrespective of

vector treatment. The impact of rAAV-CNTF-GFP injections was

most obvious in these RGCs, with a significant reduction in the

complexity of the dendritic arbors. While additional phenotypic

markers for RGC subtypes, other than morphology, would have

been helpful in these experimental animals, few such markers are

available for rat RGCs. Importantly, characterization of regener-

ating, type 1-like RGCs has been reported in other species [48–50]

and in the cat a number of physiological studies on RGCs

regenerating axons into PN grafts unequivocally confirms the

phenotype of morphologically characterized alpha cells as being

Y-type in character although with some altered receptive field

properties [51,52].

Growth factors and dendritic morphology
BDNF. Studies of nervous system development and

regeneration reveal pleiotropic effects of growth factors on

dendritic morphology [17,19,39,53,54]. It is generally accepted

that BDNF increases dendritic field size and complexity of

branching [55,56], although BDNF may also cause a loss of

dendrite complexity [57,58]. Consistent with these complex

effects, we found that RGCs were differentially affected

depending on whether RGCs were transduced or non-

transduced. Dendritic field area was consistently increased in

RGC within rAAV2-BDNF-GFP injected eyes, and was

accompanied by increased dendritic length, specifically due to

longer nodal segments, suggesting interstitial growth [46]. Perhaps

surprisingly, the increased growth was not accompanied by

changes in branch density, perhaps due to altered dynamics of

loss and formation of dendritic branches; in Xenopus tadpoles,

target-derived (tectal) BDNF increases, whereas local (retinal)

BDNF decreases, RGC dendrite complexity [58]. The different

effect of BDNF depending on whether it is local or target-derived

is relevant because in the present study the adult RGCs

regenerated into blind-ended PN grafts and thus were exposed

to factors expressed in the grafts but they could not re-connect

with central targets. The resulting loss of balance between retinal

and target BDNF may have contributed to the non-characteristic

growth patterns we observed.

A key finding was the effect of rAAV2-BDNF-GFP injections on

both transduced and non-transduced, regenerating RI-like RGCs.

Interestingly, the effects were most pronounced in the non-

transduced, bystander population. BDNF secreted from single cells

within brain slices of immature cortex has been shown to act as an

‘‘intercellular morphogen’’, increasing dendritic growth in neigh-

bouring neurons [16,59]. There are many possible mechanisms

whereby secreted, transgene-derived BDNF might exert its effects

on RGCs: BDNF effects can be mediated by full-length (TrkB-FL)

and truncated (TrkB-T1) receptors, and by the p75 receptor.

TrkB-FL promotes dendritic growth and complexity via recruit-

ment of PI3-kinase and perhaps MAP kinase signaling pathways

[17,56] although in our model TrkB-FL signalling may be less

relevant because the receptor may have been down-regulated in

response to sustained high levels of BDNF [60]. TrkB-T1 has

slightly different effects than TrkB-Fl in that it increases dendrite

growth in regions distal to the soma and inhibits proximal

branching, at least in cortical pyramidal neurons [61]. In addition,

BDNF signalling via p75 may also be involved because in

hippocampal neurons, p75 overexpression reduces dendrite

complexity [57] and NGF activation of p75 increases dendrite

length [62].

CNTF. Sustained expression of CNTF in regenerating RGCs

was associated with increased cell body size in all RGCs, but

increased aberrant dendritic growth and a loss of dendritic

complexity were detectable only in RI-like cells. Interestingly,

changes in dendritic architecture were most pronounced in non-

transduced RGC populations. Intravitreal delivery of rAAV2-

CNTF-GFP results in extensive elongation of RGC axons [8,9]

Figure 4. Classification of RI-like RGCs. A: Neurolucida traces of representative RI-like retinal ganglion cells (RGCs) from control and experimental
rAAV2 groups. Transduced and non-transduced (nt) FG+ RGCs in the 4 rAAV2 groups are labeled as GFP/ntGFP, CNTF/ntCNTF, BDNF/ntBDNF or
GAP43/ntGAP43 respectively. B: Clustering of transduced and ntRI-like RGCs based on the number of primary dendrites (X-axis) and soma area (Y axis)
in control and experimental groups. RI-like RGCs are denoted by grey circles and remaining cells by white diamonds. C: Plot showing canonical scores
1 (X axis) and 2 (Y axis) from a multivariate discriminant analysis of dendritic morphology of RI-like RGCs and ‘‘other’’ RGCs. Plots show the first two
canonical scores that together represent more than 80% of the variance. Axes represent units of standard deviation. Solid black circles represent the
95% confidence region to contain the true mean of the group. Black lines show the coordinate direction (i.e. morphological parameters measured in
Neurolucida) in canonical space. Note that the length of the lines is not representative of effect size due to the multidimensional nature of the
analysis.
doi:10.1371/journal.pone.0031061.g004
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Figure 5. Evidence for morphological differences in type RI-like RGCs from retinae injected with rAAV2 encoding different
transgenes. A: Plots showing canonical scores 1 (X axis) and 2 (Y axis) from multivariate discriminant analysis of dendritic morphology for RI-like
retinal ganglion cells (RGCs). Plots show the first two canonical scores that together represent more than 80% of the variance. Axes represent units of
standard deviation. Circles represent the 95% confidence region to contain the true mean of the group. Black lines show the coordinate direction (i.e.
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but comparatively little is known about the impact of CNTF on

dendritic architecture, although CNTF and leukemia inhibitory

factor (LIF) have been reported to induce dendritic retraction in

cultured sympathetic neurons [15]. The actions of CNTF, LIF and

other cytokines are regulated by suppressor of cytokine signaling

(SOCS) molecules and SOCS3 deletion enhances RGC axonal

regeneration [63]. We previously reported that intravitreal CNTF

injection results in a long lasting increase in SOCS3 expression in

RGCs [64]. The more pronounced effects of rAAV2 mediated

expression of the secretable form of CNTF on the dendritic

morphology of non-transduced RGCs may reflect lower levels of

SOCS expression in these bystander cells compared to transduced

RGCs, the latter therefore having a reduced capacity to respond to

the cytokine [24].

GAP43. AAV-GAP43-GFP expression primarily affected

dendritic complexity and branching, and is consistent with the

influence of GAP43 on cytoskeletal structure and neurite/axonal

growth [65–67]. There is also direct evidence that motifs found in

the GAP43 protein regulate dendritic growth and branching in

cultured hippocampal cells [68]. We observed significant changes

in all RGCs, characterized by the development of denser and

more complex dendritic trees with more tortuous dendrites. It is

unclear how vector induced GAP43 protein expression affected

field density of non-transduced RGCs, given that the protein is

not normally secreted. However, GAP43 may promote secretion

of other factors that alter the growth of neighboring neurons.

One candidate is the protease nexin 1 (PN-1), a serine-protease

and thrombin inhibitor expressed in glia and neurons in vivo

[69,70]. Secreted PN-1 alters extracellular protease activity,

influencing neuronal development [71] including neurite

outgrowth [72–75]. GAP43 may influence PN1 secretion [76],

potentially altering the retinal environment and contributing to

the dendritic changes described here. Note that PN1 has also

been implicated in pathological situations [70] and in Alzheimer’s

disease [77] where abnormal dendritic morphologies are

common.

Abnormal morphologies and stratification
Previous studies of RGC dendritic morphology following ON

lesions with or without a PN graft have described a high

proportion of ‘‘unclassifiable’’ cells [37]. Abnormal morphologies

were most frequent in rAAV2-CNTF-GFP and rAAV2-BDNF-

GFP injected retinae, suggesting that these two transgenes

promote aberrant arborization and growth beyond what is

normally observed following ON crush or PN transplantation

[46,51,78].

Subsets of lamina-specified RGCs are tuned to distinct visual

features [40,79] and disruption to stratification leads to compro-

mised visual function. As in the cat [52,80,81], the majority of

regenerate RGCs possessed dendrites characteristic of ON-

responsive cells, however we commonly observed inappropriate

extension of dendritic branches into deeper regions of the IPL.

Abnormal stratification was seen more frequently in rAAV2-

CNTF-GFP and rAAV2-GAP43-GFP injected eyes and resem-

bled the dendritic trees in retinae after exposure to increased

glutamate levels [82,83].

Conclusions
While vector-mediated expression of secreted growth factors in

neurons and other cells undoubtedly has beneficial effects on cell

viability and regenerative growth, we now show that long-term

overexpression of such transgenes alters the dendritic morphology

of both transduced and non-transduced regenerating neurons,

potentially altering the pattern and efficacy of the afferent synaptic

input to these cells [84]. To determine whether similar transgene-

induced changes are seen in normal RGCs we are currently

completing a separate quantitative study examining changes in

dendritic architecture of uninjured RGCs. Altered dendritic

morphologies may affect the function of any conserved or

reconstructed neural circuits, raising important questions for

future study. In the visual system such changes may be a benefit

or a hindrance to behavior; changes in dendritic field size and/or

complexity in different RGC classes may increase detection

capabilities in retinae with reduced RGC numbers but may also

negatively impact upon visual acuity [52]. Altered dendritic

architecture in other CNS regions would obviously be associated

with different functional processing issues. While the time-course

of the observed dendritic changes and how they relate to axonal

regeneration remains to be determined, the present data suggest it

is prudent to develop reliable systems that allow the effective

regulation of transgenes, especially if gene therapy is to be used to

provide neurotrophic support during the treatment and clinical

management of neurodegeneration and neurotrauma.

Materials and Methods

Data were obtained from female Wistar rats aged 8–10 weeks at

the time of rAAV2 injection and PN-ON surgery. Rats were

purchased from the Animal Resources Centre (WA) Experimental

work was approved by The University of Western Australia

Animal Ethics Committee and conformed to national NHMRC

guidelines.

AAV vectors
Each vector was commercially produced by GTC Virus Vector

Core (NC, USA) and was generated from either the pTRUF12

plasmid (GFP, BDNF and GAP43) or the pTRUF12.1 plasmid

(CNTF; gift of Prof. Joost Verhaagen). For bi-cistronic rAAV2

vectors the relevant gene sequence also contained a post IRES site

that also permitted subsequent GFP expression, hence resulting in

the production of two individual proteins (the growth factor

protein and the GFP protein as a marker for transduction).

Expression was driven by the cytomegalovirus early enhancer

chick-b-actin (CMV-CAG) promoter. The CNTF gene sequence

included a nerve growth factor signal to allow secretion of the

vector produced CNTF protein (gift of Prof. Sendtner). Due to the

rAAV2 packaging size limitation this vector was based on the

pTRUF 12.1 plasmid with a CMV-CAG promoter that lacked a

promoter intron and thus provided sufficient space for the

transgene [8]. Previous in vitro and in vivo studies using the

CNTF, BDNF and GAP-43 rAAV-2 constructs have shown by

Western blot, ELISA and immunohistochemistry that transduced

cells express biologically active proteins and promote RGC

survival and axonal regeneration [2,8,9,85].

morphological parameters measured in Neurolucida) in canonical space. Note that the length of the lines is not representative of effect size due to
the multidimensional nature of the analysis. B: Box plots showing median and quartiles for selected morphological parameters that were significantly
different between treatment groups. Transduced and non-transduced (nt) FG+ RGCs in the 4 rAAV2 groups are labelled as GFP/ntGFP, CNTF/ntCNTF,
BDNF/ntBDNF or GAP43/ntGAP43 respectively. Asterisk (*) indicates groups that are significantly different from ntGFP RGCs (p,0.05) and # indicates
groups that are significantly different from GFP RGCs (p,0.05).
doi:10.1371/journal.pone.0031061.g005
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Surgery
Rats were anaesthetized with an intraperitoneal (ip) injection of

a 1:1 mixture of ketamine (100 mg/ml) and xylazine (20 mg/ml;

1 ml/kg). For vitreal injections, 4 ml of either saline, rAAV2-GFP,

rAAV2-BDNF-GFP, rAAV2-CNTF-GFP or rAAV2-GAP43-GFP

(n = 5 per group) was injected into the temporal part of the left eye

via a glass micropipette inserted just behind the ora serrata, the

pipette tip angled in order to avoid damage to the lens. All vector

concentrations were 161012 genome copies/ml. Seven to nine

days later, rats were again anaesthetized (see above) and the ON

was cut about 1.5 mm behind the eye and a segment of PN was

grafted onto the stump to enhance regeneration [22,23]. The graft

consisted of a 1.5 cm segment of autologous tibial nerve sutured

onto the proximal stump of the cut ON with 10/0 suture (Ethilon;

Johnson & Johnson, Australia). The distal portion of the PN was

positioned over the skull and the end sutured to connective tissue

using 6/0 suture. Care was taken to avoid damaging orbital blood

vessels and the ophthalmic artery lying beneath the ON; vascular

Figure 6. Abnormal stratification in RGCs from retinae injected with rAAV2 encoding different transgenes. A–C: Side views of
Neurolucida traces showing examples of abnormal stratification in each rAAV2 treatment group. Arrows indicate axons and ‘‘s’’ is immediately below
the soma. The scale bar in A applies to the three traces. D: Neurolucida trace of an rAAV2-GAP43-GFP transduced retinal ganglion cell (RGC). Ai and Aii
are side views. E: confocal image of the same cell as in D; pink is Cy3 immunofluorescence for lucifer yellow, wholemount counterstained with
Hoechst 33342 (blue). Areas a and b are shown in more detail. Area a is shown in panels ai-aiv. Panel ai shows a higher power magnification of a and
panels aii and aiii show the XZ and YZ projections respectively at the crosshairs shown on panel ai. Panel aiv shows the full YZ projection of panel a
and shows that dendritic processes descend through the inner plexiform layer and run along the border of the inner nuclear layer (INL), but they do
not enter the INL. Area b is shown in panel bi as an XZ projection showing the relationship of this dendritic branch to the INL. GCL, ganglion cell layer.
Scale bar in ai: 25 mm.
doi:10.1371/journal.pone.0031061.g006
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integrity of the retina immediately after this procedure was

confirmed in each rat. Animals received a subcutaneous injection

of buprenorphine (0.02 mg/kg, Temgesic; Reckitt & Colman,

UK) and an intramuscular injection of Benacillin (0.1 ml, Troy

Laboratories Pty. Ltd. Australia).

Retinal wholemount preparation
Grafted animals survived for 5–8 months before further

analysis. The range of post-graft survival resulted from the fact

that it was only possible to process a small number of animals at

any given time. Intracellular RGC injections were done on 16

different days during that period. To control for any effect of post-

operative survival time on RGC morphology, rats from different

AAV groups were sampled across the 5–8 month range, 80% of

animals sampled between 6 and 8 months after surgery. For

example, PN grafted rats injected with rAAV2-CNTF-GFP (n = 5)

were injected on weeks 26, 27, 30 (2 animals) or 33 after surgery

while rAAV2-BDNF-GFP rats (n = 5) were injected on weeks 25,

26, 31, 32 or 33. Two to three days prior to sacrifice, rats were

anaesthetized as above and RGCs were retrogradely labeled with

4% FG (0.5 ml) injected into the distal end of the PN graft, more

than 1 cm beyond the suture point with the transected ON. Rats

were sacrificed with pentobarbitone (150 mg/kg, ip) and the whole

retina was rapidly removed from the eyecup in oxygenated AMES

buffer and flat mounted RGC-side facing down onto a glass slide.

A circle of black Millipore filter paper was lowered onto the retina.

The tissue adhered to the filter paper and was turned over and

placed RGC-side up in oxygenated AMES buffer.

Single cell injections
The retina was placed in a slide chamber, immobilized with a

small weight and superfused with oxygenated AMES for the

duration of the experiment. Glass micropipettes (resistance: 50–

300 MV) were filled by capillary action with LY (Molecular

Probes/Invitrogen; 2% in 0.1 M Tris buffer). RGCs were injected

with LY by inserting the micropipette into the cell soma under the

control of a micromanipulator. Injections lasted for 2–5 min until

dendrites appeared completely filled. The micropipette was slowly

removed and the filled RGCs visualized and photographed under

UV light and also at 488 nm to determine whether regenerate

FG+ RGCs were transduced (GFP+) or non-transduced (GFP2) by

the respective rAAV vectors (Fig. 1). We note that post-IRES GFP

expression in AAV vectors can be lower compared to GFP driven

directly by a promoter [86], thus it is possible that some apparently

GFP2 RGCs were transduced but the GFP was not discernable.

However, based on GFP expression we previously determined the

transduction efficiency of our bi-cistronic vectors in normal rat

RGCs and found little difference between these vectors and AAV-

GFP [8]. Furthermore, the present quantitative analysis consis-

tently revealed significant differences between transduced and

non-transduced RGC populations, thus we argue that if any

RGCs were incorrectly characterized as non-transduced, their

number was very small. Between 20–50 RGCs were intracellularly

injected per retina (Fig. 1D). In all groups, RGCs were most easily

visualized and injected at mid-retinal eccentricities (Fig. 1D), thus

there was only minimal sampling from central or peripheral retina.

Immunohistochemistry
At the end of each experiment, the retina was removed from the

slide chamber, gently peeled off the filter paper and fixed in 4%

paraformaldehyde for 2 hrs at room temperature in the dark. The

fixed retinae were washed in PBS for 3610 min and incubated

overnight at 4uC with an anti-LY antibody (Santa Cruz

Biotechnology), 1:500 dilution in 1% triton-X-100, 1% BSA in

PBS. Following a one hour wash in PBS at room temperature,

retinae were incubated with a Cy3 goat-anti-rabbit antibody

(Jackson Laboratories), 1:300 in 1% triton, 1% BSA in PBS, for

4.5 hrs at room temperature in the dark. Retinas were then

washed 3 times for 10 min in PBS and mounted in Citifluor,

coverslipped and sealed with nail varnish. Slides were stored at

4uC until further analysis.

Quantitative and statistical analysis of retinal ganglion
cell morphology

RGCs were manually traced directly from immunolabelled

retinal wholemounts using Neurolucida software and analyzed in

Neurolucida explorer. The experimenter was blinded to treatment

group. In all groups, RGCs were sampled from a similar range of

eccentricities. Use of a digitized stage allowed 3-dimensional

measurements to be taken directly from the tissue without confocal

imaging. The resulting Neurolucida traces contained quantitative

data in the Z-axis allowing an estimation of dendritic stratification

depth. In selected RGCs with abnormal dendritic trees, stratifi-

cation relative to the inner nuclear layer was visualized by

counterstaining wholemounts with Hoechst 33342 (Sigma) dye.

Dendrites were traced at 406magnification under oil immersion

(Uplan Apo 406/1.00 oil Iris).

Due to various technical problems it was not possible to process

retinae from 4 of the 25 PN-ON grafted eyes. In the remaining 21

retinae (4 saline, 4 rAAV2-GFP, 4 rAAV2-BDNF-GFP, 5 rAAV2-

CNTF-GFP and 4 rAAV2-GAP43-GFP) a total of 500 cells in the

ganglion cell layer were injected and their dendrites manually

traced using Neurolucida. Of these, 125 (25%) were discarded,

either because (i) after fixation and processing some were found

not to be FG+ or did not have a clearly labeled axon projecting to

the optic disk and therefore may not have been RGCs, (66 cells),

or (ii) because the dendrites were extremely abnormal in

appearance and it was not possible to be certain whether this

was due to incomplete LY fills or genuine morphological changes

(59 cells).

Analysis of morphology
As previously described [37], we observed RGCs with

morphologies comparable to those of normal intact cells [29], as

well as RGCs with one or more abnormal structures including

either very sparse dendrites or unusually tangled processes. To

determine whether different transgenes were more likely to induce

these abnormal morphologies, we compared the proportion of

cells in each treatment group with abnormal dendrites using a Chi

squared test.

To further characterize differences between RGCs we per-

formed multivariate analysis (Discriminant analysis; JMP) of key

morphological RGC parameters [87]. Parameters measured for

each cell were: soma area, number of nodes, number of primary

dendrites, total dendrite length, dendritic field area, average

segment tortuosity, maximum order branching, fractal count,

dendritic density (dendritic field area/total dendritic length), total

terminal distance, average terminal distance, total nodal distance,

average nodal distance, total terminal/nodal distance and average

terminal/nodal distance.

A multivariate analysis was carried out to determine whether

RGC morphology was significantly different between treatment

groups. This analysis provided 4 canonical scores for each cell

which were analyzed by ANOVA and confirmed to be

significantly different between treatment groups (Tukey’s post

hoc test; p,0.0001 for all treatment groups for at least one of the

canonical scores). Measurements of morphological parameters (eg.

cell soma size, dendrite length etc) were then compared by
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ANOVA (Tukey’s post hoc test; significant when p,0.05) to

identify which parameters were responsible for the differences.

To determine whether transgenes had differential impact on

transduced and non-transduced cells in each treatment group,

transduced cells in experimental retinae were compared to

transduced cells in rAAV2-GFP injected retinae and non-

transduced cells in experimental retinae were compared to non-

transduced cells in rAAV2-GFP injected retinae. Transduced and

non-transduced cells were also compared within treatment groups.

This analysis provided 3 canonical scores for each treatment, that

were analyzed by ANOVA and post hoc tests (Tukey). If post hoc

analysis of canonical scores revealed significant differences

between groups, measurements of morphological parameters were

then analyzed by ANOVA as described above.

Dendritic tree morphology was also assessed using Sholl analysis

[27], which involves counting the number of dendrites intersecting

concentric circles of increasing diameter (20 mm intervals)

centered on the cell body. The radial distribution of dendrites

was analyzed by ANOVA (repeated measures, Bonferroni post-

hoc test). All 375 Neurolucida traces are available on the public

data base NeuroMorpho.Org.
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dependent rescue of axotomized rat retinal ganglion cells by adenovirus-

mediated expression of GDNF in vivo. Eur J Neurosci 15: 637–643.

7. Sapieha PS, Peltier M, Rendahl KG, Manning WC, Di Polo A (2003) Fibroblast

growth factor-2 gene delivery stimulates axon growth by adult retinal ganglion

cells after acute optic nerve injury. Mol Cell Neurosci 24: 656–672.

8. Leaver SG, Cui Q, Plant GW, Arulpragasam A, Hisheh S, et al. (2006) AAV-

mediated expression of CNTF promotes long-term survival and regeneration of

adult rat retinal ganglion cells. Gene Ther 13: 1328–1341.

9. Hellström M, Harvey AR (2011) Retinal ganglion cell gene therapy and visual

system repair. Curr Gene Ther 11: 116–131.

10. Tuszynski MH, Thal L, Pay M, Salmon DP, U HS, et al. (2005) A phase 1

clinical trial of nerve growth factor gene therapy for Alzheimer disease. Nat Med

11: 551–555.

11. Bjorklund A, Kordower JH (2010) Gene therapy for Parkinson’s Disease.

Movement Disord 25: S161–S173.

12. Mandel RJ (2010) CERE-110, an adeno-associated virus-based gene delivery

vector expressing human nerve growth factor for the treatment of Alzheimer’s

disease. Curr Opin Mol Ther 12: 240–247.

13. Simonelli F, Maguire AM, Testa F, Pierce EA, Mingozzi F, et al. (2010) Gene

therapy for Leber’s congenital amaurosis is safe and effective through 1.5 years

after vector administration. Mol Ther 18: 643–650.

14. Hellström M, Pollett MA, Harvey AR (2011) Post-injury delivery of rAAV2-

CNTF combined with short-term pharmacotherapy is neuroprotective and

promotes extensive axonal regeneration after optic nerve trauma. J Neurotrauma

28: 2475–2483.

15. Guo X, Chandrasekaran V, Lein P, Kaplan P, Higgins D (1999) Leukemia

inhibitory factor and ciliary neurotrophic factor cause dendritic retraction in

cultured rat sympathetic neurons. J Neurosci 19: 2113–2121.

16. Horch HW (2004) Local effects of BDNF on dendritic growth. Rev Neurosci 15:

117–129.

17. Dijkuizen PA, Ghosh A (2005) Regulation of dendritic growth by calcium and

neurotrophin signalling. Prog Brain Res 147: 17–27.

18. Kuipers SD, Bramham CR (2006) Brain-derived neurotrophic factor mecha-

nisms and function in adult synaptic plasticity: new insights and implications for

therapy. Curr Opin Drug Discov Devel 9: 580–586.

19. Parrish JZ, Emoto K, Kim MD, Jan YN (2007) Mechanisms that regulate

establishment, maintenance, and remodeling of dendritic fields. Annu Rev

Neurosci 30: 399–423.

20. Klein RL, McNamara RK, King MA, Lenox RH, Muzyczka N, et al. (1999)

Generation of aberrant sprouting in the adult rat brain by GAP-43 somatic gene

transfer. Brain Res 832: 136–144.

21. Klein RL, Muir D, King MA, Peel AL, Zolotukhin S, et al. (1999) Long-term

actions of vector-derived nerve growth factor or brain-derived neurotrophic

factor on choline acetyltransferase and trk receptor levels in the adult rat basal

forebrain. Neuroscience 90: 815–821.

22. Bray GM, Villegas-Perez MP, Vidal-Sanz M, Aguayo AJ (1987) The use of

peripheral nerve grafts to enhance survival, promote regrowth and permit

terminal reconnection in the central nervous system of adult rats. J Exp Biol 132:

5–19.

23. Harvey AR, Hu Y, Leaver SG, Mellough CB, Park K, et al. (2006) Gene therapy

and transplantation in CNS repair: the visual system. Prog Retin Eye Res 25:

449–489.

24. Hellström M, Mulling J, Ehrlert E, Verhaagen J, Pollett MA, et al. (2011)

Negative impact of rAAV2 mediated expression of SOCS3 on the regeneration

of adult retinal ganglion cell axons. Mol Cell Neurosci 46: 507–515.

25. de Winter W, Oxnard CE (2001) Evolutionary radiations and convergences in

the structural organization of mammalian brains. Nature 409: 710–714.

26. Milosević NT, Ristanović D, Jelinek HF, Rajković K (2009) Quantitative

analysis of dendritic morphology of the alpha and delta retinal ganglion cells in

the rat: a cell classification study. J Theor Biol 259: 142–150.

27. Sholl DA (1953) Dendritic organization in the neurons of the visual and motor

cortices of the cat. J Anat 87: 387–406.

28. Fukuda Y (1977) A three group classification of rat retinal ganglion cells:

histological and physiological studies. Brain Research 119: 327–344.

29. Huxlin KR, Goodchild AK (1997) Retinal ganglion cells in the albino rat:

revised morphological classification. J Comp Neurol 385: 309–323.

30. Huberman AD, Manu M, Koch SM, Susman MW, Brosius Lutz A, et al. (2008)

Architecture and activity-mediated refinement of axonal projections from a

mosaic of genetically identified retinal ganglion cells. Neuron 59: 425–438.

31. Lin B, Wang SW, Masland RH (2004) Retinal ganglion cell type, size, and

spacing can be specified independent of homotypic dendritic contacts. Neuron

43: 475–485.

32. Robinson GA, Madison RD (2004) Axotomized mouse retinal ganglion cells

containing melanopsin show enhanced survival, but not enhanced axon

regrowth into a peripheral nerve graft. Vis Res 44: 2667–2674.

33. Dreher B, Sefton AJ, Ni SY, Nisbett G (1985) The morphology, number,

distribution and central projections of Class I retinal ganglion cells in albino and

hooded rats. Brain Behav Evol 26: 10–48.

34. Perry VH (1979) The ganglion cell layer of the retina of the rat: A Golgi study.

Proc R Soc Lond B Biol Sci 204: 363–375.

35. Martin PR (1986) The projection of different retinal ganglion cell classes to the

dorsal lateral geniculate nucleus in the hooded rat. Exp Brain Res 62: 77–88.

36. Sun W, Li N, He S (2002) Large-scale morphological survey of rat retinal

ganglion cells. Vis Neurosci 19: 483–493.

37. Thanos S, Mey J (1995) Type-specific stabilization and target-dependent survival

of regenerating ganglion cells in the retina of adult rats. J Neurosci 15:

1057–1079.

38. Chiwitt C, Prokosch V, Seeger J, Thanos S (2011) Long-term morphometric

stabilization of regenerating retinal ganglion cells in the adult rat. Restor Neurol

Neurosci 28: 127–139.

39. Weber AJ, Harman CD (2008) BDNF preserves the dendritic morphology of

alpha and beta ganglion cells in the cat retina after optic nerve injury. Invest

Ophthalmol Vis Sci 49: 2456–2463.

40. Famiglietti EV, Kolb H (1976) Structural basis for ON- and OFF-center

responses in retinal ganglion cells. Science 194: 193–195.

Gene Therapy Alters Neuronal Morphology

PLoS ONE | www.plosone.org 13 February 2012 | Volume 7 | Issue 2 | e31061



41. Bainbridge JW, Smith AJ, Barker SS, Robbie S, Henderson R, et al. (2008)

Effect of gene therapy on visual function in Leber’s congenital amaurosis.
N Engl J Med 358: 2231–2239.

42. Cideciyan AV, Hauswirth WW, Aleman TS, Kaushal S, Schwartz SB, et al.

(2009) Human RPE65 gene therapy for Leber congenital amaurosis: persistence
of early visual improvements and safety at 1 year. Hum Gene Ther 20:

999–1004.

43. Eberling JL, Jagust WJ, Christine CW, Starr P, Larson P, et al. (2008) Results
from a phase I safety trial of hAADC gene therapy for Parkinson disease.

Neurology 70: 1980–1983.

44. Marks WJ, Jr., Ostrem JL, Verhagen L, Starr PA, Larson PS, et al. (2008) Safety

and tolerability of intraputaminal delivery of CERE-120 (adeno-associated virus

serotype 2-neurturin) to patients with idiopathic Parkinson’s disease: an open-
label, phase I trial. Lancet Neurol 7: 400–408.

45. Richardson RM, Kells AP, Rosenbluth KH, Salegio EA, Fiandaca MS, et al.
(2011) Interventional MRI-guided putaminal delivery of AAV2-GDNF for a

planned clinical trial in Parkinson’s disease. Mol Ther 19: 1048–1057.

46. Germain F, Fernandez E, Villa P (2003) Morphometrical analysis of dendritic
arborisation in axotomized retinal ganglion cells. Eur J Neurosci 18: 1103–1109.

47. Baumgartner BJ, Shine HD (1997) Targeted transduction of CNS neurons with

adenoviral vectors carrying neurotrophic factor genes confers neuroprotection
that exceeds the transduced population. J Neurosci 17: 6504–6511.

48. Lau KC, So K-F, Cho EYP (1991) Morphological changes of retinal ganglion
cells regenerating axons along peripheral nerve grafts: a Lucifer Yellow and

silver staining study. Restor Neurol Neurosci 3: 235–246.

49. Quan MZ, Kosaka J, Watanabe M, Wakabayashi T, Fukuda Y (1999) Survival
of axotomized retinal ganglion cells in peripheral nerve-grafted ferrets. Invest

Ophthalmol Vis Sci 40: 2360–2366.

50. Cui Q, Harvey AR (2000) CNTF promotes the regrowth of retinal ganglion cell
axons into murine peripheral nerve grafts. Neuroreport 11: 3999–4002.

51. Watanabe M, Sawai H, Fukuda Y (1993) Number, distribution and morphology
of retinal ganglion cells with axons regenerated into peripheral nerve graft in

adult cats. J Neurosci 13: 2105–2117.

52. Miyoshi T, Watanabe M, Sawai H, Rasminsky M, Sugioka M, et al. (1999)
Receptive-field properties of adult cat’s retinal ganglion cells with regenerated

axons. Exp Brain Res 124: 383–390.

53. Miller FD, Kaplan DR (2003) Signaling mechanisms underlying dendrite
formation. Curr Op Neurobiol 13: 391–398.

54. Kwon M, Fernandez JR, Zegared GF, Lo SB, Firestein BL (2011) BDNF-
promoted increases in proximal dendrites occur via CREB-dependent

transcriptional regulation of cypin. J Neurosci 31: 9735–9745.

55. Tolwani RJ, Buckmaster PS, Varma S, Cosgaya JM, Wu Y, et al. (2002) BDNF
overexpression increases dendrite complexity in hippocampal dentate gyrus.

Neuroscience 114: 795–805.

56. Luikart BW, Zhang W, Wayman GA, Kwon C-H, Westbrook GL, et al. (2008)
Neurotrophin-dependent dendritic filopodial motility: a convergence on PI3K

signaling. J Neurosci 28: 7006–7012.

57. Zagrebelsky M, Holz A, Dechant G, Barde YA, Bonhoeffer T, et al. (2005) The
p75 neurotrophin receptor negatively modulates dendrite complexity and spine

density in hippocampal neurons. J Neurosci 25: 9989–9999.

58. Cohen-Cory S, Lom B (2004) Neurotrophic regulation of retinal ganglion cell

synaptic connectivity: from axons and dendrites to synapses. Int J Dev Biol 48:

947–956.

59. Horch HW, Katz LC (2002) BDNF release from single cells elicits local dendritic

growth in nearby neurons. Nat Neurosci 5: 1177–1184.

60. Sommerfeld MT, Schweigreiter R, Bard Y-A, Hoppe E (2000) Down-regulation
of the neurotrophin receptor TrkB following ligand binding. J Biol Chem 275:

8982–8990.

61. Yacoubian TA, Lo DC (2000) Truncated and full-length TrkB receptors

regulate distinct modes of dendritic growth. Nat Neurosci 4: 342–349.

62. Chacon PJ, Arevalo MA, Tebar AR (2010) NGF-activated protein tyrosine
phosphatase 1B mediates the phosphorylation and degradation of I-k-Ba
coupled to NF-k-B activation, thereby controlling dendrite morphology. Mol
Cell Neurosci 43: 384–393.

63. Smith PD, Sun F, Park KK, Cai B, Wang C, et al. (2009) SOCS3 deletion

promotes optic nerve regeneration in vivo. Neuron 64: 617–623.

64. Park KK, Hu Y, Muhling J, Pollett MA, Dallimore EJ, et al. (2009) Cytokine-

induced SOCS expression is inhibited by cAMP analogue: impact on

regeneration of injured retina. Mol Cell Neurosci 41: 313–324.

65. Biffo S, Verhaagen J, Schrama LH, Schotman P, Danho W, et al. (1990) B-50/

GAP43 Expression correlates with process outgrowth in the embryonic mouse
nervous system. Eur J Neurosci 2: 487–499.

66. Strittmatter SM, Igarashi M, Fishman MC (1994) GAP-43 amino terminal

peptides modulate growth cone morphology and neurite outgrowth. J Neurosci
14: 5503–5513.

67. Frey D, Laux T, Xu L, Schneider C, Caroni P (2000) Shared and unique roles of
CAP23 and GAP43 in actin regulation, neurite outgrowth and anatomical

plasticity. J Cell Biol 149: 1443–1453.

68. Gauthier-Campbell C, Bredt DS, Murphy TH, El-Husseini Ael-D (2004)
Regulation of dendritic branching and filopodia formation in hippocampal

neurons by specific acylated protein motifs. Mol Biol Cell 15: 2205–2217.
69. Reinhard E, Suidan HS, Pavlik A, Monard D (1994) Glia-derived nexin/

protease nexin-1 is expressed by a subset of neurons in the rat brain. J Neurosci
Res 37: 256–270.

70. Niclou SP, Suidan HS, Pavlik A, Vejsada R, Monard D (1998) Changes in the

expression of protease-activated receptor 1 and protease nexin-1 mRNA during
rat nervous system development and after nerve lesion. Eur J Neurosci 10:

1590–1607.
71. Meins M, Piosik P, Schaeren-Wiemers N, Franzoni S, Troncoso E, et al. (2001)

Progressive neuronal and motor dysfunction in mice overexpressing the serine

protease inhibitor protease nexin-1 in postmitotic neurons. J Neurosci 21:
8830–8841.

72. Zurn AD, Nick H, Monard D (1988) A glia-derived nexin promotes neurite
outgrowth in cultured chick sympathetic neurons. Dev Neurosci 10: 17–24.

73. Gurwitz D, Cunningham DD (1990) Neurite outgrowth activity of protease
nexin-1 on neuroblastoma cells requires thrombin inhibition. J Cell Physiol 142:

155–162.

74. Dı́az-Nido J, Armas-Portela R, Avila J (1991) Addition of protease inhibitors to
culture medium of neuroblastoma cells induces both neurite outgrowth and

phosphorylation of microtubule-associated protein MAP-1B. J Cell Sci 98:
409–414.

75. Suidan HS, Stone SR, Hemmings BA, Monard D (1992) Thrombin causes

neurite retraction in neuronal cells through activation of cell surface receptors.
Neuron 8: 363–375.

76. Lagriffoul A, Charpentier, Carrette JC, Tougard C, Bockaert J, et al. (1996)
Secretion of protease nexin-1 by C6 glioma cells is under the control of a

heterotrimeric G protein, Go1. J Biol Chem 271: 31508–31516.
77. Choi BH, Kim RC, Vaughan PJ, Lau A, Van Nostrand WE, et al. (1995)

Decreases in protease nexins in Alzheimer’s disease brain. Neurobiol Aging 16:

557–562.
78. Thanos S (1988) Alterations in the morphology of ganglion cell dendrites in the

adult retina after optic nerve transection and grafting of peripheral nerve
segments. Cell Tissue Res 254: 599–609.
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