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Abstract

The 6-hydroxydopamine (6-OHDA) neurotoxic lesion of the midbrain dopamine (DA) system is one of the most widely used tech-
niques for modelling Parkinson’s disease in rodents. The majority of studies using this approach, however, largely limit their
analysis to lesioning acutely, and looking at behavioural deficits and the number of surviving tyrosine hydroxylase (TH)-stained
cells in the midbrain. Here we have analysed additional characteristics that occur following intrastriatal delivery of 6-OHDA, pro-
viding better understanding of the neurodegenerative process. Female C57/Black mice were given lesions at 10 weeks old, and
killed at several different time points postoperatively (3 and 6 h, 1, 3, 6, 9 and 12 days). While the detrimental effect of the toxin
on the TH+ fibres in the striatum was immediate, we found that the loss of TH+ dendritic fibres, reduction in cell size and intensity
of TH expression, and eventual reduction in the number of TH+ neurons in the substantia nigra was delayed for several days
post-surgery. We also investigated the expression of various transcription factors and proteins expressed by midbrain DA neurons
following lesioning, and observed changes in the expression of Aldh1a1 (aldehyde dehydrogenase 1 family, member A1) as the
neurodegenerative process evolved. Extracellularly, we looked at microglia and astrocytes in reaction to the 6-OHDA striatal
lesion, and found a delay in their response and proliferation in the substantia nigra. In summary, this work highlights aspects
of the neurodegenerative process in the 6-OHDA mouse model that can be applied to future studies looking at therapeutic
interventions.

Introduction

Parkinson’s disease (PD) is a neurodegenerative condition, charac-
terised by the loss of midbrain dopamine (DA) neurons, especially
those that reside in the substantia nigra pars compacta (SNpC;
Fearnley & Lees, 1991). Anatomically, these cells lie dorsal to the
substantia nigra pars reticulata (SNpR) and lateral to the ventral teg-
mental area (VTA; H€okfelt et al., 1984). There is currently no cure
for PD, though many genes inferring susceptibility to the disease
have been identified (Houlden & Singleton, 2012).
Traditionally, PD has been modelled in rodents and primates via

the delivery of neurotoxins, such as 6-hydroxydopamine (6-OHDA)
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; Duty &
Jenner, 2011). 6-OHDA has been used since the late 1960s (Unger-
stedt, 1968), and has high affinity for some of the catecholaminergic
transporters (Sachs & Jonsson, 1975). It is often injected unilaterally
into the brain so that each animal can serve as its own control, with
a lesioned and an unlesioned hemisphere, as well as for reasons of
morbidity given that bilateral lesions cause aphagia and adipsia
(Rowland, 1978). In addition, unilateral lesions have an added

advantage in behavioural analysis, as turning behaviour in response
to amphetamine or apomorphine can be easily assessed in this
model (Schwarting & Huston, 1996).
The striatal delivery of 6-OHDA was originally devised to inves-

tigate a chronic loss of SNpC DA neurons given that the more
widely used 6-OHDA lesion to the medial forebrain bundle (MFB)
results in an acute massive cell loss (Sauer & Oertel, 1994). The
6-OHDA striatal lesion is now also being used on transgenic PD
mice to determine whether a particular gene of interest alters DA
neuronal vulnerability (Perez et al., 2005; Alvarez-Fischer et al.,
2008; Diaz-Ruiz et al., 2009; Domanskyi et al., 2011; Lev et al.,
2013). Many of these transgenic studies, however, have focused on
behavioural analysis and the reduction of tyrosine hydroxylase
(TH)+ neurons as their primary determinants of whether their gene
of interest has had any effect. While a great deal is known about
the behavioural consequences of the delivery of 6-OHDA into the
mouse midbrain DA system (Lundblad et al., 2004; Iancu et al.,
2005; Grealish et al., 2010; Heuer et al., 2012), the molecular and
extracellular processes involved in the degeneration are still being
determined.
We have re-examined the early neurodegenerative processes

involved in the intrastriatal delivery of 6-OHDA with the goal of
better understanding the time course of DA cell loss in this PD
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mouse model. Our results show that after the rapid loss of DA fibres
in the striatum, several days are required before changes are
observed in SNpC dendritic density, cell size and gene expression,
with the eventual reduction in TH+ cells starting at 6 days post-sur-
gery. In addition, the response from surrounding glial cells is also
delayed, with the proliferation of microglia not occurring until 6–
9 days post-surgery. Together these results provide a clearer picture
of the neurodegenerative processes following the striatal delivery of
6-OHDA in this mouse model of PD, with implications for the test-
ing and timing of novel neuroprotective agents.

Materials and methods

Animals

All animal experiments were performed in accordance with the UK
Animals (Scientific Procedures) Act 1986. Sixty-four female C57/
Black mice (from Charles River Labs, Margate, UK) were used in
this study, and they were housed with unrestricted access to food
and water. All surgeries were conducted during the daylight hours
of the time cycle.

Stereotaxic injections

The mice were anaesthetised with isoflurane, placed in a stereotaxic
frame and were unilaterally lesioned in the striatum (co-ordinates:
anterior–posterior: +0.5; medial–lateral: +0.21; dorsal–ventral: 3.0).
A small hole was drilled in the exposed skull and a Hamilton syr-
inge was used for the delivery of the 6-OHDA (5 lg/lL; 2 lL in
total, at a rate of 0.5 lL/min). Control mice were injected with sal-
ine. The syringe was left in place for 5 min before being slowly
removed. The mice were then sutured and allowed to recover in a
heated recovery chamber.

Tissue processing

The mice were killed at different time points (3 and 6 h, 1, 3, 6, 9
and 12 days post-surgery, n = 8 per time point). Eight saline-
injected control mice were killed at 12 days post-surgery. The mice
were killed with a 0.5-mL intraperitoneal injection of Euthatal (pen-
tobarbitone sodium, 200 mg/mL; Merial, UK). They were perfused
transcardially with 0.9% saline followed by ice-cold 4% paraformal-
dehyde (PFA; 0.1 M phosphate buffer, pH 7.4). Brains were
removed and postfixed in 4% PFA overnight before being switched
to 30% sucrose.

Immunohistochemistry

Perfused brains were sectioned coronally at 40-lm intervals using a
sledge microtome (Leica SM 1400). Sections were collected in six
series and were washed in 0.1 M phosphate buffer saline before
being exposed to primary incubation. Antibodies used in this study
included: Rabbit-Aldh1a1 (aldehyde dehydrogenase 1 family, mem-
ber A1; 1 : 200; Abcam), which labels a subset of DA neurons in
the midbrain (Jacobs et al., 2007); Rabbit-ATF-3 (activating tran-
scription factor 3; 1 : 50; Santa Cruz), which labels the stress-
induced transcription factor that is upregulated in lesioned DA neu-
rons (Bernstein et al., 2011); Rabbit-Active Caspase 3 (1 : 100,
559565; BD) is used as a marker of apoptotic neurons; Rat-CD11b
(cluster of differentiation molecule 11B; 1 : 500; RnD systems)
labels microglial cells; Rabbit-DARPP32 (1 : 200; Cell Signaling) is
used to localise striatal projection neurons; Goat-FoxA2 (forkhead

box protein A2; 1 : 1000; Santa Cruz), which is a transcription fac-
tor involved in DA neuron development and maintenance (Stott
et al., 2013); Rabbit-GFAP (glial fibrillary acidic protein; 1 : 500;
DAKO), which is expressed in astrocytes; Mouse-GFAP (1 : 1000;
Abcam); Rabbit-Girk2 (G-protein-activated inward rectifier potas-
sium channel 2; 1 : 100; Alomone Labs), which labels a subset of
DA neurons in the midbrain (Mendez et al., 2005; Thompson et al.,
2005); Rabbit-Ki67 (1 : 200; DAKO) to identify mitotic cells; Rab-
bit-Nurr1 (nuclear receptor-related one protein; 1 : 300; Santa Cruz),
which is a transcription factor involved in DA neuron development
and maintenance; Rabbit-Pitx3 (pituitary homeobox three protein;
1 : 500; Invitrogen), which is a transcription factor involved in DA
neuron development and maintenance; Rabbit-TH (1 : 1000; Milli-
pore) to label the rate-limiting enzyme involved in DA production;
Mouse-TH (1 : 500; Millipore); and Sheep-TH (1 : 1000; Milli-
pore). Sections were visualised by immunofluorescence (Alexa fluor
488, 568 and 688; 1 : 500; Invitrogen) or diaminobenzidine (DAB;
Sigma).

Stereological analysis

Randomised estimations of TH+ cells in the substantia nigra were
performed using a standard stereological method (Olympus CAST
Grid System; Guillery & Herrup, 1997). The definition of the sub-
stantia nigra used in this study was similar to that used by Kirik
et al. (2001). A vertical line passing through the most medial tip of
the cerebral peduncle represented the medial border, resulting in the
exclusion of the TH+ cells in the VTA. The medial lemniscus pro-
vided an additional dividing line between the substantia nigra and
VTA on sections where it was available. The dorsal border of the
substantia nigra extended dorso-laterally along the upper limits of
the cells populating the SNpC, and by so doing encompassed all of
the TH+ neurons of the SNpC and the substantia nigra pars lateralis.
The ventral perimeter began at the extremity of the pars lateralis and
followed the dorsal border of the cerebral peduncle ventrally until it
met the medial vertical line, thereby including the TH+ cells in the
SNpR.
A total of five sections of substantia nigra, between �2.5 and �3.8

relative to Bregma (see Fig. 3A for an example), were counted per
brain for all of the animals involved in the study. A 49 objective
magnification was initially used to outline the area of interest, and
then a 409 objective magnification was employed to count TH+
cells in each counting frame (40 9 40 lm). After dehydration and
coverslipping, the section thickness was estimated to be 15–20 lm.
Depth information for each count was used to determine antibody
penetration, which was used to generate a frequency–distribution
curve. The initial estimations of the total number of TH+ cells were
calculated excluding this portion. A final estimation for the total
number of TH+ neurons was performed according to the optical
fractionator formula (West et al., 1991).

Optical density analysis

For the analysis of optical density, all DAB-stained slides were
imaged using the Scanscope XT slide scanner (Aperio), at a resolu-
tion of 0.5 microns/pixel, using a 209 objective. To determine the
fibre density in the striatum and SNpR, the mean optical intensity
was measured from the TH+-stained sections (Carlsson et al.,
2007; Decressac et al., 2012). Slides were scanned on the Scan-
scope XT (Aperio). The scanning was done at a resolution of 0.5
microns/pixel, using a 209 objective. For the striatum, the mea-
surements were conducted from 12 coronal levels for the striatum,
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delineated as being between +1.7 and �1.4 relative to Bregma.
The area of interest did not include the nucleus accumbens and
globus pallidus (GP). Fibre density analysis on TH+ fibres of the
SNpR was conducted across two coronal sections per brain
(320 lm apart, n = 8 mice per time point). The analysed area was
defined as the rostral SNpC, where only TH+ fibres are present in
the SNpR and no TH+ cell bodies (from approximately �2.7 to �3.2
according to Bregma; outlined areas in Fig. 3A). For TH staining,
non-specific background was determined by readings made from the
TH� corpus callosum and normalized to the white light background
surrounding the section on the glass slide. All fibre density analy-
sis was done using ImageJ (version 1.42q for Mac OSX, from the
National Institutes of Health; http://rsb.info.nih.gov/ij/). Densitome-
try measures of GFAP+ astrocytes were made by placing a rectan-
gular box over the SNpC (as outlined in Fig. 8A). This was done
on both sides of the brain across four sections of the midbrain
from approximately �2.7 to �3.6 according to Bregma. Non-
specific background readings were made in GFAP� areas of the
medial mammillary nucleus, and the analysis was performed with
ImageJ.

Cell body and fluorescent intensity measurements

Using our stereological microscope and ImageJ, the change in size
of the soma and nucleus of SNpC TH+ neurons was measured as
previously described (Stott et al., 2013). Briefly, using a 409 lens,
fluorescent images were taken from the lesioned and unlesioned
sides of the brain (see Fig. 3D for an example), across three coronal
planes of midbrain (from approximately �2.7 to �3.4 according to
Bregma, three images per side of the side, n = 4 animals at each
time point). Images were taken from days 1, 3 and 6 post-lesion.
We did not take images beyond day 6 as the loss of TH expression
of SNpC cells that were dying would result in the data being
skewed by the surviving, ‘normal-sized’ TH+ cells that remained.
The area of the cell body and nucleus were measured for all of the
cells in the image where a nucleus was present, and these measures
were then converted and analysed as cell diameter. Fluorescent
intensity measures were made by merging series of 209 confocal
images of the ventral midbrain (using Photoshop, Adobe), and plac-
ing a rectangular box over the SNpC (as outlined in Fig. 8A). This
analysis was conducted across three coronal planes of midbrain
(from approximately �2.7 to �3.4 according to Bregma, n = 4
animals at each time point) using ImageJ.

Microglial morphology analysis

Four 5-lm-thick 409 confocal images were taken across the
medial–lateral axis on three sections of the SNpC from both the
lesioned and unlesioned sides of the midbrain (resulting in 12
images for each side). This was done for four mice at each time
point. All of the images contained TH+ neurons and CD11b+ cells
in separate channels, though at the time of image capture only the
TH channel was used to indicate that the correct area was being
imaged. The CD11b+ images were then noise de-speckled, made
binary and skeletonised before being analysed using the ImageJ
plugin, AnalyzeSkeleton plugin (http://imagejdocu.tudor.lu/doku.
php?id=plugin:analysis:analyzeskeleton:start) for the number of end
points per frame and the length of processes (Morrison & Filosa,
2013). During image analysis the investigator was blind to the
nature (lesioned or unlesioned) of each image. The results were
normalised by counting the number of CD11b+ cell bodies in each
image.

Statistical analysis

Statistical analysis was performed using Prism (version 5.0; Graph-
pad Software, San Diego, CA, USA). The statistical test and number
of animals used in each experiment is indicated in the Results and
each figure legend. In optical density experiments, comparisons were
made with the unlesioned side of the brain so that between-section
differences in antibody staining did not affect results. For the stere-
ological estimations of TH+ cells in the midbrain, comparisons were
made with saline-injected control animals in order to avoid any
within-animal changes occurring at later time points. Differences
were considered significant when P < 0.05 (*P < 0.05;
**P < 0.005; ***P < 0.0005). Percentages are presented with the
standard error (SE) in both the text and figures.

Results

Surgical procedure

All of the 56 adult female C57-Bl/6 mice injected with 2 lL of
5 lg/lL of 6-OHDA in this experiment recovered from the surgical
procedure and survived until their allotted time point. We found in a
pilot study that volumes and concentrations of 6-OHDA above the
amount used resulted in worse surgical outcomes and recovery (data
not shown). Upon recovery from the surgery in the current study,
all of the 6-OHDA-injected mice began spontaneously rotating in a
clockwise fashion (towards the lesioned side of the brain) and
appeared to maintain a preference for this orientation when moving
freely around their home cage during the days following surgery.
The same surgical procedure was conducted on eight adult female
C57-Bl mice except that they had intrastriatal delivery of saline
rather than 6-OHDA. These mice were killed at the 12-day time
point, and upon recovery from surgery these animals did not display
spontaneous rotating behaviour.

Gradual loss of DA axonal and dendritic fibres following
delivery of 6-OHDA

Mice were killed at various time points post-surgery (3 and 6 h, 1,
3, 6, 9 and 12 days post, n = 8 for each time point), and we investi-
gated the degeneration of the TH+ fibres at three levels of the fore-
brain over time. These levels were – the striatum; the GP; and the
MFB. We observed a rapid and chronic loss of TH+ fibres in the
striatum following unilateral delivery of 6-OHDA (Fig. 1A and B).
Within 3 h, a large area of the injected striatum exhibited an
absence of TH+ fibres (77.6 � 3.5% of unlesioned side,
P < 0.0001; one-way ANOVA; Fig. 1B). Along the periphery of the
de-innervated region, we found many TH+ fibres with a swollen
morphology, while a general reduction in the TH+ staining was seen
in many fibres surrounding the main lesion site (Fig. 1C, compare
the lower portion of Fig. 1C with D). This loss of TH+ fibres
increased rapidly, and by 6 h post-lesion the TH+ staining of the
injected striatum was just 63.1 � 6.4% of the unlesioned side. By
1 day post-lesion, only 41.4 � 3.1% of the TH+ fibres in the
lesioned striatum were still present, and this remained stable over
the duration of the rest of the study (Fig. 1A and B). At 12 days
post-lesion, only a few swollen and degenerating TH+ fibres were
still present at high magnification, and the remaining DAergic fibres
expressed robust levels of TH (compare Fig. 1C and D). To confirm
that the striatum itself was not structurally damaged by the surgical
procedure, we performed DARPP-32 staining at 12 days post-sur-
gery and found no difference between the two sides of the brain
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(96 � 1.8% of unlesioned side, P = 0.1673; Fig. 1A and B). In
addition, saline-injected control mice exhibited no difference in TH+
fibre staining (99.4 � 0.9% of uninjected side; Fig. 1A and B).
In the GP, TH+ fibres could already be seen degenerating at 3 h

post-6-OHDA lesion (Fig. 2A). Even at this early time point, the
dorsal GP appeared to have severe loss of TH+ fibres
(* in Fig. 2A), and the remaining fibres in the lower, more medial
portion of the structure exhibited a swollen appearance when com-
pared with the uninjected side of the brain (Fig. 2A). By 12 days
post-surgery, the remaining TH+ fibres had returned to their normal

thin appearance in the GP (compare insets in Fig. 2A). Degeneration
of TH+ fibres in the MFB was not immediately apparent after sur-
gery (3 h time point; Fig. 2B), but swelling of the axonal fibres was
seen at 6 h post-surgery (Fig. 2C). This morphology was also appar-
ent at 6 h post-surgery when looking at the TH+ fibres in the mid-
brain, just dorsal to the SNpC and VTA (Fig. 2D).
After analysing the axonal terminals in the forebrain, we then

looked at the dendritic fibres of the DA neurons in the SNpR (Fig.
3A and B). We conducted fibre density analysis on TH+ fibres
across two coronal sections of the SNpR (n = 8 mice per time

A

B C D

Fig. 1. Rapid loss of DAergic fibres in the striatum following delivery of 6-hydroxydopamine (6-OHDA). (A) Images of coronal sections from brains at vari-
ous positions relative to Bregma illustrate the loss of tyrosine hydroxylase (TH)+ fibres in the striatum at 3 h, 1 day and 12 days after the delivery of 6-OHDA.
DARPP32-stained sections demonstrate that the structure of the striatum itself is unaffected by the surgical procedure, and the delivery of saline shows the
potent effect of the neurotoxin. Grey arrows indicate the lesioned side of the brain. (B) Optical density analysis of striatal sections at numerous time points after
surgery provides a quantitative representation of the fibre loss seen in the images presented above (n = 8 at each time point; one-way ANOVA). (C) High-magnifi-
cation images of the TH+ fibres in the area surrounding the lesion site illustrate the swollen DAergic fibres (arrows) and a reduction of TH expression seen
immediately following surgery. (D) By 12 days post-surgery, TH levels in intact axonal branchings appear to have returned to normal and the swollen fibres
have disappeared. Scale bars: 300 lm (A); 30 lm (insets in C and D). ***P ≤ 0.0005.
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point). While there was no difference at 24 h post-surgery
(P = 0.46), we found that there was a significant reduction in the
density of TH+ fibres at 3 days post-lesion when comparing
lesioned and intact sides of the brain (12.3 � 2.2% reduction of
TH+ fibres, P = 0.0008; one-way ANOVA; Fig. 3B). This gradually
increased to a 41.5 � 2.9% loss by 12 days post-lesion
(P < 0.0001; Fig. 3B). The remaining fibres appeared truncated and
were sparsely separated as opposed to the densely packed dendrites
on the unlesioned side of the brain.

Delayed reduction in the number of TH+ neurons

We next turned our attention to the cell bodies of the SNpC DA
neurons. Stereological estimations of the TH+ cell population in the
SNpC were conducted from 1 to 12 days post-lesion (n = 8 at each
time point; Fig. 3A and C). We found that there was no significant
reduction in the number of TH+ cells until 9 days post-lesion
(80.3 � 2.2% of saline-injected control, P < 0.0001; compared with
93 � 3.9% of saline-injected control, P = 0.1551 at 6 days post-
lesion; one-way ANOVA), and the quantifications from this stage
onwards were made difficult due to the low level of TH expression

in many cells on the lesioned side of the brain. The loss of TH
expression in SNpC cells continued to 12 days post-lesion, resulting
in the number of TH+ cells being only 54.4 � 2.8% of the saline-
injected controls. We found no trend regarding the loss of TH
expression in SNpC cells on a particular coronal plane, though we
did find that more medially positioned cells seemed to be less
affected than laterally located TH+ neurons.
During the stereological investigation, we noted a change in the

size of DA neuron cell bodies (Fig. 3D and E). With further analy-
sis, we found that while there was no difference in cell size at 1 day
post-surgery, there was a 16% and 19.5% reduction in cell size at 3
and 6 days, respectively (3 days, P = 0.00017; 6 days,
P = 0.00008, n = 8 at each time point; one-way ANOVA; Fig. 3E).
When we compared the size of the nucleus in TH+ cells (by outlin-
ing the TH� region inside the cell body), we found no significant
difference in nucleus size until 6 days post-surgery (a 12.1% reduc-
tion in the size of the nuclei on the lesioned side of the brain,
P = 0.03).
Reductions in TH mRNA levels after 6-OHDA lesion have been

previously reported (Na et al., 2010), and during the cell size analy-
sis we again noted a reduction in the level of TH expression on the

A

B

C

D E

Fig. 2. Immediate degeneration of the tyrosine hydroxylase (TH)+ fibres in the GP after lesioning. (A) Coronal images taken at different time points demon-
strate that the degeneration of TH+ fibres in the GP was immediately apparent (3 h post-surgery), with loss of TH+ fibres in the dorsal portion (asterisk) and
swollen TH+ fibres in the more medial areas (compare inset in the saline-injected image with that of the 3-h image). These swollen fibres were much reduced
at 12 days post-surgery (compare inset in 12-days image with that of the 3-h image). (B and C) Swollen TH+ fibres were not found in the MFB at 3 h, but
were apparent at 6 h (arrowheads). (D and E) The timing of this degeneration was also observed in the midbrain, with swollen fibres found in the area directly
dorsal to the substantia nigra pars compacta (SNpC) and ventral tegmental area (VTA) at 6 h (arrowheads in E), but not 3 h post-surgery (D). Scale bars:
500 lm (A); 150 lm (B–E).
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A

B C

D E

Fig. 3. Delayed reduction in the number of tyrosine hydroxylase (TH)+ cells in the midbrain of 6-hydroxydopamine (6-OHDA)-lesioned mice. (A) Coronal
images of the mouse midbrain following the delivery of 6-OHDA demonstrating the delayed loss of substantia nigra pars compacta (SNpC) dendrites in the sub-
stantia nigra pars reticulata (SNpR) and slow reduction in TH+ cells in the SNpC. Co-ordinates on the left indicate the position of sections in rows relative to
Bregma, and grey arrows indicate the lesioned side of the brain. (B) Fibre density analysis of the SNpR (using areas indicated by arrowheads and dotted lines
in A) reveals significant loss of TH+ dendritic fibres beginning at 3 days post-surgery (n = 8 at each time point; one-way ANOVA). (C) A reduction in the num-
ber of TH+ cells did not become significant until 9 days post-surgery (n = 8 at each time point; one-way ANOVA). (D) An example of a single-plane fluorescent
confocal image that was used to determine the size of TH+ cell bodies and nuclei. (E) A significant reduction in cell diameter was evident at 3 days post-sur-
gery and continued to decrease at 6 days post-surgery (n = 4 at each time point; one-way ANOVA). Scale bars: 200 lm (A); 40 lm (D). **P ≤ 0.005,
***P ≤ 0.0005. FR, fasciculus retroflexus; ML, medial lemniscus.
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lesioned side of the brain. We thus attempted to quantify this by
comparing the difference in the intensity of TH expression using
fluorescent staining in the SNpC on the lesioned side of the brain
when compared with the unlesioned side. Using optical density
analysis, we investigated this change in TH intensity during the
post-surgical stages before the reduction of TH+ cell numbers
occurs (days 1–6; Fig. 3D and E). We found that at 1 day post-sur-
gery there was no difference in the intensity of TH staining in the
SNpC (TH staining on the lesioned side was 101 � 4.3% of the un-
lesioned side, n = 4 at each time point; one-way ANOVA). There was
a significant decrease in TH intensity, however, between the 1 and
3 days time points (86.4 � 2.1% of unlesioned side, P = 0.011),
and a further decrease by 6 days post-surgery (71 � 2.5% of the
unlesioned side, P = 0.00017). These results suggest that there is a
slow reduction in the number of TH+ neurons in the SNpC follow-
ing the unilateral delivery of 6-OHDA in the striatum.

Loss of DA neuronal markers

The midbrain DA neurons develop through a very specific tran-
scriptional cascade (Ang, 2006). The expression of many of these
developmental genes is maintained in the mature DA neurons of
the adult brain, suggesting multiple functions across time (Kadkho-
daei et al., 2009; Di Salvio et al., 2010; Stott et al., 2013). Given
the reduction in TH intensity in the days following the lesion, we
decided to examine how the expression of other DA-related genes
was affected by the 6-OHDA striatal lesion. Nucleic transcription
factors, such as Nurr1 and FoxA2, are known to be mislocalised
under certain conditions, such as bladder cancer and hyperinsulina-
emia, respectively (Wolfrum et al., 2004; Inamoto et al., 2010). We
determined to see if the delivery of 6-OHDA would affect the
expression of these transcription factors. With immunostaining, we
found no change in the nuclear location of Nurr1, FoxA2 and Pitx3
across all the time points analysed in the study (Fig. 4A). We did,
however, note a progressive reduction in the levels of protein
expression (based on florescent intensity) in all three cases. At day
3 there was a 33.7 � 8.8% decrease in FoxA2 expression (n = 4 at
each time point; P = 0.009; Student’s t-test; Fig. 4A) and a
33.2 � 11.4% decrease in Nurr1 expression when comparing the
intensity of staining in the SNpC on the lesioned side of the brain
with the unlesioned side.
The SNpC DA neurons can be defined by the expression of spe-

cific proteins, such as Girk2 and Aldh1a1 (Mendez et al., 2005;
Thompson et al., 2005; Jacobs et al., 2007). While the expression
of Girk2 was maintained in the SNpC DA neurons, we found that
from day 3 onwards, there was a reduction in fluorescent intensity
(from 1 to 3 days post-surgery: 89.9 � 2.9 % of the unlesioned
side, P = 0.023, n = 4 at each time point; Student’s t-test). This loss
continued reaching 76 � 3.6% of the unlesioned side by 6 days
post-surgery. We also noted a reduction in the level of Aldh1a1
expression (60.6 � 4.5% of the unlesioned side by 6 days post-
surgery, P = 0.018, n = 4 at each time point; Student’s t-test), but
this reduction was partly due to a shift in the expression pattern of
the protein. We found that from day 3 onwards, Aldh1a1 was
restricted to the nucleus of TH+ neurons on the lesioned side of the
brain (Fig. 4B1–3). We found little or no Aldh1a1 expression in the
cytoplasm or dendritic fibres of the SNpC DA neurons (Fig. 4B2
and 3). Reductions in Aldh1a1 mRNA following 6-OHDA have
been previously reported (Na et al., 2010), but differential expres-
sion of Aldh1a1 in the nucleus has only been referred to in terms of
colon cancer, where it linked to poor clinical outcome (Kahlert
et al., 2012).

Upregulation of ATF-3 and active Caspase 3

The downregulation of DA-related genes in the degenerating DA
neurons was in contrast to the upregulation of the cyclic AMP-
dependent transcription factor (ATF-3). ATF-3 is a member of the
ATF-3/Creb family of basic-leucine zipper-type transcription factors,
acting as a stress-inducible regulator of various anti- and pro-apopto-
tic pathways (Bernstein et al., 2011; Tanaka et al., 2011; Hunt
et al., 2012). Previous reports have suggested that ATF-3 mRNA is
upregulated in DA neurons immediately following exposure to neu-
rotoxins (Holtz et al., 2005; Na et al., 2010), and following axoto-
my of the nigrostriatal pathway in rats (Song et al., 2008), but the
time course of ATF-3 expression after 6-OHDA lesioning has never
been reported in mice.
We found that there was no ATF-3 protein expression in the

SNpC of the lesioned brain until 3 days post-surgery (Fig. 5A). The
number of ATF-3+/TH+ cells increased up until 6 days post-sur-
gery, and the expression of ATF-3 was restricted to the TH+ DA
neurons in the SNpC of the lesioned side of the brain (Fig. 5B and
C). Although ATF-3 expression has previously been observed in the
cytoplasm (Stimpson et al., 2011), we found that it was always
restricted to the nucleus (Fig. 5B). In addition, at no time point did
we see co-labelling of ATF-3 with the glial markers GFAP or
CD11b (data not shown), though astrocytic expression of ATF-3 has
been reported (Kim et al., 2010). Indeed, given the specific upregu-
lation, we would propose ATF-3 as an early marker of stressed DA
neurons in future studies of PD mouse models.
To investigate the timing of the actual loss of SNpC DA neurons

following striatal delivery of 6-OHDA, we used an antibody label-
ling active Caspase 3. We found very little expression in the SNpC
until 9 days post-surgery (Fig. 6). Active Caspase 3 expression was
most robust in cells with no or very low levels of TH expression
(Fig. 6A–C). Condensed chromatin could also be observed in these
dying DA neurons at 12 days post-lesion (Fig. 6B3), suggesting that
apoptotic processes were underway. Terminal deoxynucleotidyl
transferase dUTP nick-end labelling (TUNEL) staining on sections
from 9 and 12 days post-surgery, however, revealed little or no
staining (data not shown), suggesting that the eventual loss of SNpC
neurons was either extremely rapid or occurred after this time. Dou-
ble-labelling with microglial marker CD11b demonstrated the close
proximity of microglia to these dying cells (Fig. 6C).

Delayed response of microglia and astrocytes to lesion

The substantia nigra is known to have a high density of ‘resting’
microglia (Lawson et al., 1990; Sharaf et al., 2013), and in the PD
brain activated microglia have been observed in proximity to dying
SNpC cells (McGeer et al., 1988). To investigate the microglia
response in the 6-OHDA striatal mouse model, we stained microglia
across the time course of the study using CD11b (also known as
OX42; Marinova-Mutafchieva et al., 2009). Increased CD11b
expression is believed to correspond to the severity of microglial
activation (Gonzalez-Scarano & Baltuch, 1999; Roy et al., 2006), so
we initially attempted to use optical density analysis as a simple
measure of the microglial response in the SNpC. These results dem-
onstrated only a subtle, non-significant increase in CD11b expres-
sion on the lesioned side of the brain (98.2 � 5.1% of the
unlesioned side at 1 day; 103.6 � 7.1% at 3 days; 102.7 � 4.0% at
6 days; 107.1 � 3.9% at 9 days; and 116.7 � 13.1% at 12 days
post-surgery, n = 8 at each time point). Given the high level of
CD11b expression naturally occurring in the brain (Fig. 7A), this
density analysis approach was not ideal. So in order to achieve a
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more representative analysis, we turned to a recently introduced
measure for analysing microglial response using cell morphology
(Morrison & Filosa, 2013). This method involved quantifying the
number of endpoints (the tips of processes) and branch length of mi-
croglia using high-magnification confocal images (Fig. 7B and C).
De-ramification of microglia can be considered an objective measure
of microglial response to lesioning (Morrison & Filosa, 2013).
CD11b+ microglia on the lesioned side of the brain exhibited

similar numbers of endpoints to that seen on the unlesioned side at
all time points to 6 days post-surgery (100.1 � 7.6%, P = 0.882,
n = 4 at each time point; one-way ANOVA), but this then fell to
77.79 � 3.9% at 9 days (P = 0.0013) and 87.04 � 5.7% at 12 days

post-surgery (P = 0.023) as the microglia de-ramified (Fig. 7D).
This trend was also observed in the length of microglial processes,
which were unaffected until 6 days post-surgery (104.7 � 8.5% of
the unlesioned side, P = 0.398), but then decreased to
84.67 � 6.7% at 9 days (P = 0.0493) and further to 56.83 � 4.3%
at 12 days post-surgery (P > 0.0001; Fig. 7E).
A similar delayed time course was also observed when we analysed

astrocyte activation with GFAP staining (Fig. 8A and B). Using optical
density, we found that at 1, 3 and 6 days post-surgery little difference
in astrocyte activation could be seen in the SNpC when compared with
the unlesioned side (96.0 � 6.8% at 1 day; 90.3 � 6.0% at 3 days;
97.9 � 4.5% at 6 days), but this changed at 9 days post-surgery with

A

B

A1

A2

A2A1

B1 B2 B3

A3

Fig. 4. Delayed loss of DA-related genes and altered cellular localisation of Aldh1a1. (A) Immunofluorescent images of the midbrain demonstrated a reduction
in expression and delayed loss of DA-related genes, such as FoxA2. When comparing the injected side of the brain (A1) with the unlesioned side of the brain
(A2), a significant reduction in the intensity of the staining was observed from 3 days post-surgery (A3; n = 4 at each time point; Student’s t-test). (B) The nor-
mal expression of Aldh1a1 (B and B1) also changed following 6-OHDA lesioning of the striatum in that it was found predominantly in the nucleus of DA neu-
rons in the SNpC on the injected side of the brain from 3 days post-surgery (B and B2–3). Scale bar: 200 lm (A and B); 30 lm (A1–3); 50 lm (B1–3). FR,
fasciculus retroflexus; TH, tyrosine hydroxylase. *P ≤ 0.05.
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an increase in GFAP staining (150.8 � 23.6%), which reached
140.0 � 18.6% of the unlesioned side at 12 days post-surgery (n = 4
at each time point; one-way ANOVA; Fig. 8B).

Increase in cell proliferation in the ventral midbrain following
6-OHDA lesion

The delayed response from microglia and astrocytes was matched
by the number of dividing cells in the brain following the 6-OHDA
lesion. Ki67 (also known as MK167) is a nuclear protein associated
with cell proliferation, present during all active phases of the cell
cycle (G1, S and G2; Scholzen & Gerdes, 2000). Using Ki67 immu-
nostaining (Fig. 8C), we found no significant increase in the number
of proliferating cells 24 h post-lesion (0.25 � 0.2 cells vs.
0.13 � 0.1 cells on the unlesioned side, P = 0.15, n = 4 at each
time point; Student’s t-test). There was, however, a significant rise
by 3 (0.9 � 0.4 cells vs. 0.3 � 0.3 cells on the unlesioned side,
P = 0.005) and 6 days (1.55 � 1.1 cells vs. 0.48 � 0.3 cells,
P = 0.016). At 9 days post-lesion, we observed an enormous
increase in the number of dividing cells in the SNpC on the lesioned
side of the brain compared with the unlesioned (7.65 � 3.4 cells vs.
2.0 � 1.2 cells, P = 0.0005), and this increase was maintained at
12 days post-surgery (7.63 � 2.0 cells vs. 4.33 � 1.8 cells,
P = 0.003; Fig. 8D). Interestingly, when comparing the unlesioned
side of the brain across time points, we noted a significant rise in
the number of Ki67+ cells between 6 and 9 days and 9–12 days
post-surgery (P = 0.004 and P = 0.008, respectively; Fig. 7C).

In an effort to determine which cell types were proliferating, we
co-labelled Ki67-stained sections of the midbrain with CD11b or
GFAP. We found that the majority of Ki67+ cells at each time point
were also positive for CD11b (Fig. 8E). From 6 days post-surgery,
a significant number of microglia were dividing on the lesioned side
of the brain when compared with the unlesioned side (6 days:
0.6 � 0.9 cells vs. 0.1 � 0.3 cells, P = 0.03; 9 days: 5.45 � 3.7
cells vs. 0.9 � 0.9 cells, P = 0.00004; 12 days: 2.05 � 1.9 cells vs.
0.95 � 0.9 cells, P = 0.024, n = 4 at each time point; Student’s
t-test; Fig. 8E). Very few GFAP+/Ki67+ cells were found during
this analysis (< 0.2 GFAP+/Ki67+ cells per section between 24 h
and 9 days post-surgery, followed by 1.35 GFAP+/Ki67+ cells per
section 12 days post-lesion), leading us to conclude that the majority
of the dividing cells (more than 50% at each time point) in the
SNpC after 6-OHDA lesion were microglia. When considered
together with the microglia and astrocyte response to this lesion
model, these results suggest that the glial reaction to the striatal
delivery of 6-OHDA in mice is delayed until 6–9 days post-surgery.

Discussion

The delivery of the neurotoxin 6-OHDA to the midbrain DA system
is commonly used to model the DA pathology of PD. In mice,
6-OHDA has previously been injected into the brain at four sites –
the striatum (Von Voigtlander & Moore, 1973; Brundin et al.,
1986; Bensadoun et al., 2000; Akerud et al., 2001; Cunningham &
Su, 2002; Iwata et al., 2004; Lundblad et al., 2004; Alvarez-Fischer

A

B C

Fig. 5. Upregulation of ATF-3 in stressed DA neurons. (A) Coronal sections of the ventral midbrain over time demonstrate the upregulation in expression of
ATF-3 from 3 days post-surgery. (B) High-magnification images illustrate the nuclear localisation of ATF-3 expression in the SNpC DA neurons on the injected
side of the brain, but not the unlesioned side (C). Scale bars: 250 lm (A); 100 lm (B and C). FR, fasciculus retroflexus; TH, tyrosine hydroxylase.
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et al., 2008; Diaz-Ruiz et al., 2009; Domanskyi et al., 2011; Vir-
gone-Carlotta et al., 2013); the MFB (Lundblad et al., 2004; Iancu
et al., 2005; Kucinski et al., 2013); intracerebroventricularly (Kab-
uto et al., 2013; Ribeiro et al., 2013); and directly into the SNpC
(Parish et al., 2001, 2008; Moses et al., 2008; Thompson et al.,

2009; Grealish et al., 2010; Kauhausen et al., 2013). Given the high
mortality rate associated with the MFB approach in mice (Lundblad
et al., 2004), the non-specific targeting of intracerebroventricular
delivery and the rapid onset of cell death resulting from SNpC
lesioning in rats (Jeon et al., 1995), we chose to use the striatal
delivery model for our analysis of the early processes involved in
the neurodegeneration of SNpC DA neurons as a means to better
develop a system in which future disease-modifying approaches
could be tested.
Following the delivery of 6-OHDA to a single site in the stria-

tum, the degeneration of TH+ fibres in the striatum began immedi-
ately. This rapid loss of TH+ fibres in the striatum agreed with
previously reported reductions in striatal DA in this 6-OHDA mouse
(Iwata et al., 2004; Alvarez-Fischer et al., 2008) and rat model
(Rosenblad et al., 2000; Blandini et al., 2007; Grealish et al., 2008;
Ambrosi et al., 2010; Walsh et al., 2011). Within 12 days, how-
ever, the surviving TH+ fibres in the ventral striatum appeared to
present a normal morphology and level of TH expression. At this
last time point we attempted to investigate whether new sprouting
of the remaining TH+ axons was occurring using a GAP43 anti-
body, but found no increase in staining.
Despite the rapid loss of axonal fibres in the forebrain, changes to

the SNpC neurons in the midbrain were not immediately apparent.
Alterations in cells size, dendrite length and gene expression
required several days, and the eventual reduction in the number of
TH+ cells did not become significant until 6–9 days post-surgery.
This delayed loss of TH+ cell numbers was in disagreement with
previous reports that observed 25–35% TH cell loss 3–4 days post-
intrastriatal 6-OHDA lesion in mice (Alvarez-Fischer et al., 2008;
Virgone-Carlotta et al., 2013), but it was in accordance with what
has been seen in rats (Sauer & Oertel, 1994; Cutillas et al., 1999;
Blandini et al., 2007; Marinova-Mutafchieva et al., 2009). Our
results are supported by the appearance of active Caspase 3 only at
time points after 6 days post-surgery and the absence of TUNEL
staining during this period, suggested that the dying SNpC DA
neurons may still be present. This holds true with the loss of other
DA-related genes such as FoxA2, Nurr1 and Pitx3, but the mainte-
nance of ATF-3. The delayed expression of Caspase 3 in our study
is in contrast with recent data suggesting a more immediate appear-
ance (1 day post-surgery; Hernandez-Baltazar et al., 2013). We can-
not account for this difference, except to note that previous
publications in rat have suggested a delayed expression for Caspase
3 (> 4–5 days post-surgery; Ebert et al., 2008; Hanrott et al., 2008;
Marinova-Mutafchieva et al., 2009). Taken together, however, these
DA cell body results point towards a critical period between 6 and
9 days post-surgery when TH staining begins to be lost in the
SNpC.
It is interesting to note that this critical period is also the point at

which we observed a delayed response from the glial populations in
the brain. The reaction of microglia that we observed was based on
CD11b staining and morphological analysis. Several published
reports on the onset of the microglial response to intrastriatal
6-OHDA delivery in both mouse (Virgone-Carlotta et al., 2013) and
rats (Marinova-Mutafchieva et al., 2009; Walsh et al., 2011) have
suggested a more immediate response (within 4 days of the lesion).
While the amount of 6-OHDA used in the present study (10 lg) is
similar to that used in these previous studies (8–12 lg), our analyti-
cal approach was different. The previous studies used area measure-
ment estimates, density analysis and cell counts to determine their
results. We initially attempted to use density analysis to assess the
microglial response, but we found this approach unsatisfactory given
the high level of background CD11b. We also tried labelling the
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C C1

C2

C3

B2 B3

Fig. 6. Active Caspase 3 present from 9 days post-surgery. (A) Immunohis-
tochemical stainings of active Caspase 3 in the SNpC of the lesioned side of
the brain at 12 days post-surgery. (B) High-magnification images of a weakly
tyrosine hydroxylase (TH)+ cell (B1) presenting strong active Caspase 3
expression (B2) and condensed chromatin (B3). (C) CD11b+ microglia (C3)
were found to be in close proximity to the active Caspase 3+ (C1), weakly
TH+ cells (C2). Scale bars: 200 lm (A); 5 lm (B); 25 lm (B1–3); 15 lm
(C); 45 lm (C1–3). FR, fasciculus retroflexus.
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Fig. 7. Delayed response of microglia in the ventral midbrain. (A) Immunohistochemical stainings on coronal sections of the ventral midbrain with an antibody
for CD11b illustrate the general level of expression across the whole region and the gradual increase in the SNpC on the lesioned side of the brain by 12 days
post-surgery. (B and C) High-magnification confocal images provide an example of the images from the lesioned (B) and unlesioned side (C) of the brain that
were used in the quantitative analysis presented in (D and E). A significant reduction in endpoints (D) and branch length (E) was observed from 9 days post-
surgery onwards (n = 4 at each time point; one-way ANOVA). Scale bars: 400 lm (A); 60 lm (B and C). *P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005. FR, fascicu-
lus retroflexus; MM, medial mammillary; TH, tyrosine hydroxylase.
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microglia with antibodies for CD68, which labels phagocytic activ-
ity (Marinova-Mutafchieva et al., 2009), but failed to see any
expression.

Quantitative analysis of morphology has been proposed as a fair
means of determining the microglial response, and we decided to
use this approach in order to judge the activation of microglia in

A

B C

D E

Fig. 8. Activation of astrocytes in the midbrain following 6-OHDA striatal lesion. (A) Coronal sections of the ventral midbrain over time demonstrating the
increase in glial fibrillary acidic protein (GFAP)+ astrocytes. The dotted-line rectangle on the unlesioned side at 1 day post-surgery illustrates the region used for
optical density analysis. (B) This analysis found a significant increase in GFAP expression from 9 days post-surgery onwards (n = 4 at each time point; one-way
ANOVA). (C) Ki67+ staining overlapped with CD11b+ microglia on the lesioned side of the brain at 9 days post-surgery. (D) Quantification of the Ki67+ cells in
the SNpC found that the average number of dividing cells per section on the lesioned side of the brain was significantly more than the unlesioned side from
3 days post-surgery onwards, but there was a major increase in these numbers from 9 days post-lesion (n = 4 at each time point; Student’s t-test). (E) Double-
labelling of cells found that CD11b+ microglia made up the bulk of the dividing cells (n = 4 at each time point; Student’s t-test). Scale bars: 300 lm (A); 25 lm
(C). 6-OHDA, 6-hydroxydopamine; FR, fasciculus retroflexus; MM, medial mammillary; TH, tyrosine hydroxylase. *P ≤ 0.05, **P ≤ 0.005, ***P ≤ 0.0005.
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our study (Morrison & Filosa, 2013). Given that microglia are active
even in the normal brain (Kettenmann et al., 2011), a significant
increase in the number of de-ramified microglia is required in order
to observe any change. By quantifying the number of endpoints (the
tips of processes) and branch length of microglia, we only found a
significant increase at 9 days post-surgery, and this was maintained
at the 12 day time point. These findings are supported by a previous
time course study in rats that found an increase in activated micro-
glia from day 6 to 28 post-surgery, peaking at day 12, with mitotic
microglia only being detected from day 12 onwards (Depino et al.,
2003).
A previous time course study of astrogliosis following 6-OHDA

lesion in rats has shown a delay in the astrocyte response similar to
what we observed in this study (Walsh et al., 2011). Densitometry
has been used in both cases, and the finding suggests that astrocytes
may require more time to be activated. Although the majority of
the dividing cells (Ki67+) were found to be microglia, we did find
a small number of GFAP+ cells dividing at 12 days post-surgery,
supporting the notion that astrocytes may be delayed in their
response.
The findings of the current study raise important considerations

regarding the timing and delivery of therapeutic agents in this
mouse model of PD. Firstly, as has been previously demonstrated
in rats (Rosenblad et al., 2000; Kirik et al., 2001), the placing of
treatments in the striatum after lesion will have a reduced func-
tional effect on the SNpC DA neurons as their axonal fibres are
no longer present. This has implications for treatments in humans
as the degree of terminal loss in the corpus striatum is greater
than the loss of DA neurons in the midbrain in early PD (Bern-
heimer et al., 1973) and MPTP-treated monkeys (Herkenham
et al., 1991). Thus, while the targeting of neuroprotective treat-
ments should focus on the midbrain, restoration of DA levels in
the striatum will also be required in order to achieve functional
behavioural outcomes. Second, the timing of the loss of SNpC
neurons suggests that the window of opportunity for therapeutic
intervention in this mouse model is approximately 1–2 weeks
post-surgery. The rescue of these cells, however, involves more
than simply blocking cell death. Although apoptotic processes are
underway by 6–9 days post-lesion (as indicated by active Caspase
3 expression), severe morphological changes of the affected SNpC
DA neurons have also occurred. Indeed it is interesting to note
that delayed nigral delivery of GDNF to the 6-OHDA striatal rat
model rescued DA cell numbers, but had no effect on restoring
DA cell size (Winkler et al., 1996). Future therapeutic agents
will need to not only block cell death, but also restore cell
morphology.
In this study, we have attempted to better characterise some of

the intracellular and extracellular events surrounding the loss of mid-
brain DA neurons following the intrastriatal delivery of 6-OHDA in
the mouse. It is our hope that these findings will allow for a clearer
understanding of the degenerative process that will enable better
testing of disease-modifying approaches – whether that be via the
delivery of neuroprotective agents or the genetic manipulation of the
TH+ cells using new transgenic mice.
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