Exp Brain Res (2017) 235:1861-1874
DOI 10.1007/s00221-017-4937-0

CrossMark

@

RESEARCH ARTICLE

Photobiomodulation-induced changes in a monkey model
of Parkinson’s disease: changes in tyrosine hydroxylase cells
and GDNF expression in the striatum

Nabil El Massri' - Ana P. Lemgruber! - Isobel J. Rowe! - Cécile Moro? «
Napoleon Torres’ - Florian Reinhart? - Claude Chabrol” - Alim-Louis Benabid? -

John Mitrofanis!

Received: 24 January 2017 / Accepted: 27 February 2017 / Published online: 15 March 2017

© Springer-Verlag Berlin Heidelberg 2017

Abstract Intracranial application of red to infrared light,
known also as photobiomodulation (PBM), has been shown
to improve locomotor activity and to neuroprotect midbrain
dopaminergic cells in rodent and monkey models of Par-
kinson’s disease. In this study, we explored whether PBM
has any influence on the number of tyrosine hydroxylase
(TH)*cells and the expression of GDNF (glial-derived neu-
rotrophic factor) in the striatum. Striatal sections of MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-treated
mice and monkeys and 6-hydroxydopamine (60HDA)-
lesioned rats that had PBM optical fibres implanted intrac-
ranially (or not) were processed for immunohistochemistry
(all species) or western blot analysis (monkeys). In our
MPTP monkey model, which showed a clear loss in stri-
atal dopaminergic terminations, PBM generated a striking
increase in striatal THT cell number, 60% higher compared
to MPTP monkeys not treated with PBM and 80% higher
than controls. This increase was not evident in our MPTP
mouse and 60HDA rat models, both of which showed min-
imal loss in striatal terminations. In monkeys, the increase
in striatal THY cell number in MPTP-PBM cases was
accompanied by similar increases in GDNF expression,
as determined from western blots, from MPTP and con-
trol cases. In summary, these results offer insights into the
mechanisms by which PBM generates its beneficial effects,
potentially with the use of trophic factors, such as GDNF.
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Introduction

It is well known that the striatum receives rich terminal
inputs from the dopaminergic cells of the substantia nigra
pars compacta (SNc; Parent and Hazrati 1995; Blandini
et al. 2000). A less well known feature is that the striatum
itself houses a resident population of putative dopaminer-
gic, tyrosine hydroxylase (TH) containing, cells (Dubach
et al. 1987; Tashiro et al. 1989; Betarbet et al. 1997). Many
of these form part of the smaller aspiny interneurone popu-
lation of the striatum (Dubach et al. 1987; Betarbet et al.
1997). In truth, their existence would not have generated
widespread interest, except for the observation that their
number increases after parkinsonian insult (Betarbet et al.
1997; Meredith et al. 1999; Porritt et al. 2000; Palfi et al.
2002; Cossette et al. 2005; Mazloom and Smith 2006;
Tande et al. 2006; Sebastian et al. 2007; Unal et al. 2013;
Depboylu 2014; Xenias et al. 2015). This increase is con-
sidered a compensatory response to the massive depletion
of dopamine levels in the deafferentated striatum (Betarbet
et al. 1997, Porritt et al. 2000; Cossette et al. 2005).
Several studies have explored the issue of whether the
striatal TH™ cells are dopaminergic. In rodents, many cells
have been reported to not contain dopamine nor the key
enzymes in dopamine production, for example vesicular
monoamine transporter-2 (VMaT?2) and/or the dopamine
transporter molecule (DAT; Meredith et al. 1999; Depboylu
2014; Xenias et al. 2015). Further, no striatal TH" cells in
rodents appear to express the phosphorylated forms of TH
(ie, S40, S31 and S19), which indicates a low functional
TH activity (Depboylu 2014). By contrast, many striatal
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«Fig. 1 Outline of the experimental design of this study. a Mice: a
week after optical fibre implant (A’) into the lateral ventricle (A”),
animals had two injections of MPTP (50 mg/kg) or saline over 24 h.
Soon after the first injection, the PBM optical fibre was turned-on
(red striped box) and remained on up until 6 h after the last injection;
the device in non-PBM-treated animals was not turned-on during this
period. The number in the schematic diagram of coronal section (A”)
corresponds to plate in mouse atlas (Paxinos and Franklin 2001). b
Rats: immediately after 60HDA or saline injection into the striatum,
animals had an optical fibre implant (B’) into a midline midbrain
region (B”). Soon after the implant, the PBM optical fibre was turned-
on (red striped box) and remained on up until perfusion on 23 days;
the device in non-PBM-treated animals was not turned-on during this
period. The number in the schematic diagram of coronal section (B”)
corresponds to plate in rat atlas (Paxinos and Watson 2005). ¢ Mon-
keys: 2 weeks after optical fibre implant (C’) into a midline midbrain
region (C”), animals had five injections of MPTP (1.5 mg/kg) or not
over 24 h. Soon after the first injection, the PBM optical fibre was
turned-on (red striped box) and remained on up until 24 h after the
last injection; the device in non-PBM-treated animals was not turned-
on during this period. The number in the schematic diagram of coro-
nal section (C”) corresponds to plate in monkey atlas (Paxinos et al.
1998)

In this context, several studies have reported that when
glial derived neurotrophic factor (GDNF) is introduced
to the striatum of MPTP-treated monkeys, either by gene
delivery using a lentiviral vector (Palfi et al. 2002) or by
a carotid body graft (Sebastian et al. 2007), there is an
increase in the number of striatal TH™ cells. Further, that
MPTP-treated monkeys treated with GDNF in these ways
show a reduction in clinical scores and an improvement
in motor behaviour (Sebastian et al. 2007).

Following on from these findings, the present study
examined whether a neuroprotective agent, one that has
been shown to enhance midbrain dopaminergic cell sur-
vival after parkinsonian insult, had any effect on the
number of striatal TH" cells and GDNF expression. The
neuroprotective agent we used was photobiomodulation
(PBM) therapy ( l = 670 nm). PBM has been shown to
offer neuroprotection in cell culture (Liang et al. 2008;
Ying et al. 2008; Trimmer et al. 2009), as well as in vari-
ous insect (Vos et al. 2013; Powner et al. 2016), rodent
(Whelan et al. 2008; Shaw et al. 2010, 2012; Peoples
et al. 2012; Moro et al. 2013, 2014; Purushothuman et al.
2013; Johnstone et al. 2014; Reinhart et al. 2014, 2015;
Oueslati et al. 2015; El Massri et al. 2016a) and mon-
key (Darlot et al. 2016; Moro et al. 2016; El Massri et al.
2016b) models of Parkinson’s disease. In addition to
neuroprotection, several studies have reported improved
locomotor activity and a reduction in clinical signs after
PBM (Whelan et al. 2008; Moro et al. 2013; Reinhart
et al. 2014, 2015, 2016; Oueslati et al. 2015; Darlot
et al. 2016). In the present study, we took the opportu-
nity to examine our rodent (mouse: Moro et al. 2014; rat:
Reinhart et al. 2015) and primate (monkey: Darlot et al.
2016) material further. These animals that had PBM via

an intracranial optical fibre device followed by either
60HDA (rats) or MPTP (mice and monkeys) lesion.

Methods
Subjects

The striatum of Balb/c mice (n=17; ~8 weeks old), Wistar
rats (n=15; ~8 weeks old) and macaque monkeys (Macaca
fascicularis; n=16; 4-5 years old) were analysed. Experi-
ments were approved by the Animal Ethics Committee of
the University of Sydney and COMETH (Grenoble), by the
French Ministry for Research (protocol number 00562.02)
and were performed in accordance with the European
Communities Council Directive of 1986 (86/609/EEC) for
care of laboratory animals.

Experimental procedure

We immunostained striatal and midbrain sections from ani-
mals used in previous studies (mouse: Moro et al. 2014;
rat:;; Reinhart et al. 2015; monkey:; Darlot et al. 2016).
There was no overlap of results between the present study
and those previous ones. Full details of the PBM opti-
cal fibre device and the entire experimental procedure
were described in the previous studies, hence only the
major points of protocol will be outlined here. Animals
were implanted stereotactically with a PBM optical fibre
(Fig. 1A’-C"). These fibres were attached proximally to a
670 nm laser diode, which was then connected to a battery.
The lateral ventricle in mice (Fig. 1A”) and a midline region
of the midbrain in rats (Fig. 1B”) and monkeys (Fig. 1C")
was targeted for implantation. Thereafter, the skull opening
was covered with biological cement and the overlying tis-
sues were sutured (Moro et al. 2014, 2016; Reinhart et al.
2015; Darlot et al. 2016). All implants were tested imme-
diately before (arrow Fig. 1C’) and after implantation for
efficacy.

MPTP and 60HDA lesions

Mice had either two MPTP (ip, 25 mg/kg/injection; total
of 50 mg/kg per mouse; Sigma) or saline injections over
a 24 h period on 7 and 8 days post-surgery; this was fol-
lowed by a 6 day survival period (Fig. 1a; Shaw et al. 2010,
2012; Moro et al. 2013, 2014; Johnstone et al. 2014; Rein-
hart et al. 2014, 2016; El Massri et al. 2016a). The mon-
keys received MPTP injections (im, 0.3 mg/kg/day) for 5
days (total of 1.5 mg/kg), from 14 to 18 days post surgery,
followed by a 3 week survival period (Fig. 1c; Darlot et al.
2016). The control monkeys did not receive any injections
(Control and PBM groups). For rats, 6OHDA (7.5 pg/pl)
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or saline was injected stereotaxically into the caudate-
putamen complex (CPu) of the right hand side (Heise and
Mitrofanis 2005; Reinhart et al. 2015), immediately prior to
optical fibre implantation (Reinhart et al. 2015).

Photobiomodulation (PBM)

For the mice and monkeys, the optical fibre device was
turned-on during the period of MPTP (+saline in mice)
injection. Soon after the last injection (6 h in mice and
24 h in monkeys), the device was turned-off (Fig. la, c).
The output from the device was 0.16 mW power in mice
(Moro et al. 2014) and 10 mW power in monkeys (Darlot
et al. 2016). For the PBM-treated MPTP injected mon-
keys (MPTP-PBM group), these were from the group that
showed few clinical signs and had evidence of neuropro-
tection (group 1; Darlot et al. 2016). We chose this group
for inclusion because it would provide the clearest indica-
tion of whether PBM had an impact on striatal organisation
after MPTP insult. In control monkeys, these had optical
fibre implants and either the device never turned-on (Con-
trol group) or turned-on soon after surgery (PBM group).
For the latter group, these animals had a slightly longer sur-
vival period (up to 12 weeks), hence providing a good indi-
cation of whether PBM alone had an impact on the internal
striatal organisation. For rats, the optical fibre device was
turned-on immediately after implantation (and soon after
60HDA injection; see above), and remained on up until
the end of the experimental period (Fig. 1b). The output
from the device in rats was 0.16 mW power, the same as
in mice (Reinhart et al. 2015). From previous measure-
ments in body tissues, light signal has been detected up to
20-30 mm away from the source (Johnstone et al. 2016;
Hamblin 2016). The striatum of mice and rats is certainly
within the range of light signal from our midbrain (rats) or
lateral ventricle (mice) implant sites (Paxinos and Frank-
lin 2001; Paxinos and Watson 2005); in the larger brain of
monkeys, the bulk of striatal tissue is still within range of
our midbrain implant sites (Paxinos et al. 1998). Hence, we
are confident that light signal reached most, if not all, the
striatum in each species.

Immunohistochemistry and cell analysis

Animals had their brains aldehyde-fixed (4% buffered
paraformaldehyde), cryoprotected and sectioned using a
freezing microtome (mouse: Moro et al. 2014; rat: Rein-
hart et al. 2015; monkey: Darlot et al. 2016). Sections of
striatum were incubated in either rabbit anti-TH (1:500;
T8700 Sigma), anti-phosphorylated tyrosine hydroxylase
S40 (THp40; 1:100; ab51206; Abcam), anti-phosphoryl-
ated tyrosine hydroxylase S31 (THp31; 1:100; ab51197,
Abcam), anti-phosphorylated tyrosine  hydroxylase
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S19 (THpl19; 1:100; ab51194; Abcam) or anti-GDNF
(glial-derived neurotrophic  factor; ab119473(1:500)/
ab18956(1:50); Abcam and SCZSC-328(1:500); Santa
Cruz). All sections were then incubated in biotinylated
anti-rabbit IgG (ab64256, Abcam), followed by the strepta-
vidin-peroxidase complex (ab64269, Abcam), reacted in a
3,3'-diaminobenzidine tetrahydrochloride solution (D3939
Sigma) and then finally coverslipped. Some midbrain sec-
tions were also processed using the THp antibodies, using
the same protocol. For controls, sections were processed
as described above except that no primary antibody was
used. These control sections were immunonegative. As
described by previous studies (Shaw et al. 2010, 2012; Peo-
ples et al. 2012; Moro et al. 2013, 2014, 2016; Purushothu-
man et al. 2013; Johnstone et al. 2014; Reinhart et al. 2014,
2015, 2016; El Massri et al. 2016a, b; Darlot et al. 2016),
the density of TH* terminals in the striatum was analysed
using Imagel software, while the number of TH* cells in
the SNc and striatum, together with the number of THp40™,
THp31*, THp19" cells in the striatum were estimated
using the optical fractionator method (Stereolnvestigator,
MBF Science). For comparisons in the number of immuno-
reactive cells between groups, a one-way ANOVA test was
performed, in-conjunction with multiple comparison tests
(GraphPad Prism).

Western blots

We undertook western blots on the aldehyde-fixed stri-
atal sections of monkeys. Ideally, we would have used
fresh tissue, but this was not possible in our experimen-
tal paradigm. Nevertheless, with our use of controls and
specific antibodies to GDNF and TH (Becker et al. 2007),
we are confident that our western blots would detect any
changes in the expression of these antigens induced by
MPTP and/or PBM. The striatum was dissected away
from sections in the PBM, MPTP and MPTP-PBM
groups. Due to limited availability of primates for sci-
entific use, we could only process sections from these
groups, with the PBM group serving as our control. Pro-
tein was extracted using the Qproteome FFPE tissue kit
(Qiagen) and total protein concentration of striatal tis-
sue was calculated using a Bradford assay kit (Bio-Rad
catalogue 500-0006). This was followed by running pro-
tein lysates on a 10%TGX Mini Protean Gel (Bio-Rad)
then analysed using stain-free gel densitometry (Bio-Rad
Image Lab software) to determine protein content. West-
ern blots were run using the automated western blot-
ting system Peggy Sue system (ProteinSimple). Samples
with approximate equal amounts of protein were loaded
onto a supplied well plate and incubated with either
anti-TH (1:50; T8700 Sigma), anti-GAPDH (glyceralde-
hyde 3-phosphate dehydrogenase; loading control; 1:50;



Exp Brain Res (2017) 235:1861-1874

1865

ab9485; Abcam) or anti-GDNF (glial-derived neuro-
trophic factor; ab119473(1:50)/ab18956(1:50); Abcam
and SCZSC-328(1:50); Santa Cruz), followed by bioti-
nylated anti-rabbit IgG (ProteinSimple), followed by the
streptavidin-peroxidase complex and ECL substrate for
visualisation (ProteinSimple). Samples were run over-
night. All analysis on samples (eg, area under curves and
band intensity and size) were undertaken by the auto-
mated system within Peggy Sue. The experiment was run
in triplicate and data for both TH and GDNF expression
in each sample were normalised against GAPDH (loading
control), and expressed as “relative expression” (Fig. 6d,

e).

Results

In the section that follows, the results in mice, rats and
monkeys will be considered separately.
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Fig. 2 Mice. Graphs showing a the estimated number of TH* cells
in the striatum b the density of TH* terminals in the striatum of the
different experimental groups. SEM are indicated for each column. ¢
Photomicrograph of a small TH™ cell (arrow) in the striatum. These
cells were found mainly in the dorsal regions of the nucleus (black
arrow C'). d Photomicrograph of a medium-sized TH* cell (arrow)

Mice

We analysed striatal sections from four experimental
groups of mice (Moro et al. 2014); Saline (n=5), Saline-
PBM (n=3), MPTP (n=5) and MPTP-PBM (n=4).
There were very few TH' cells in the striatum of mice;
we estimated ~5000 cells across the entire striatum in
controls (Fig. 2a), a value similar to that reported previ-
ously (Unal et al. 2013). The majority of the striatal TH*
cells had small somata (arrow Fig. 2c) that tended to be
found in the dorsal regions of the nucleus. A minority
of TH* cells had medium-sized somata (arrow Fig. 2d)
and these were found mainly on the striatal border with
the globus pallidus. When comparing between the dif-
ferent experimental groups, we found no major differ-
ences in the morphology nor number of striatal TH* cells
(Fig. 2a; ANOVA: F=2.8; p>0.05). Further, no substan-
tial differences were evident in the density of striatal TH*
terminals between the groups (Fig. 2b; ANOVA: F=1.0;
p>0.05).

in the striatum. These cells were found mainly on the striatal border
with the globus pallidus (white arrow C'). Both examples are from
the Saline group (other groups were similar; not shown). Scale bar
100 pm; both photomicrographs are of coronal sections, medial to left
and dorsal to fop
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Rats

In rats, striatal sections from three experimental groups
were analysed (Reinhart et al. 2015); Saline (n=35),
60HDA (n=5) and 60HDA-PBM (n=4). As in mice,
TH™ cells in the striatum of rats were not numerous; we
estimated ~16,000 cells across the entire striatum of the
Saline group (Fig. 3a). The majority of striatal TH* cells
had small somata (arrow Fig. 3c) and many were found in
the dorsal regions of the nucleus. A minority of TH* cells
had medium-sized somata (arrow Fig. 3d) and these were
found mainly on the striatal border with the globus pal-
lidus. In some cases, the bulk of the dendritic tree of the
medium-sized cells was evident, revealing their spiny pro-
files (arrowhead Fig. 3d). We found no major differences
in the morphology of TH* cells in the striatum of the dif-
ferent groups. In terms of number, although there were
slightly more TH* cells in both the 60HDA and 60HDA-
PBM groups compared to the Saline group (Fig. 3a),
these differences were found not significant (ANOVA:
F=0.7; p>0.05). Further, we found no clear differences

RAT

50 o
S A | striatum: TH* cell number
40 A
)]
E30
2
=20
[]

o
510
8

0

Saline 60HDA 60HDA-PBM
20 T
B | striatum: TH* terminal density

[}
315 A
: |
>
glo . T T
=
3 J
£ 5

0o 4

Saline 60HDA 60HDA-PBM

experimental groups

Fig. 3 Rats. Graphs showing a the estimated number of TH* cells
in the striatum b the density of TH* terminals in the striatum of the
different experimental groups. SEM are indicated for each column. ¢
Photomicrograph of a small TH" cell (arrow) in the striatum. These
cells were found mainly in the dorsal regions of the nucleus (black
arrow C'). e Photomicrograph of a medium-sized TH* cell (arrow)
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in the overall density of striatal TH* terminals between the
groups (Fig. 3b; ANOVA: F=0.2; p>0.05).

Monkey

We analysed striatal sections from four experimental
groups of monkeys (Darlot et al. 2016); Control (n=3),
PBM (n=5), MPTP (n=5) and MPTP-PBM (n=3). As
in rodents, TH* cells in the striatum of monkeys were
not particularly numerous; in the control cases for exam-
ple, we estimated ~500,000 cells across the entire striatum
(Fig. 4a), a value similar to that reported previously (Palfi
et al. 2002). The majority of striatal TH* cells in monkeys
had small somata (arrows Fig. 4d—f), while a minority had
medium-sized somata (not shown; similar to that evident
in rodents; Figs. 2d, 3d). We found no major differences in
the morphology of TH™ cells in the striatum of the differ-
ent groups (arrows Fig. 4d—f). In terms of number how-
ever, a clear pattern was evident. The number of striatal
TH™ cells was similar in the Control and PBM groups and
~50% lower than in the MPTP group; in the MPTP-PBM

in the striatum; the arrowhead indicates spines on dendrites. These
cells were found mainly on the striatal border with the globus palli-
dus (white arrow C"). Both examples are from the Saline group (other
groups were similar; not shown). Scale bar 100 pm; both photomicro-
graphs are of coronal sections, medial to left and dorsal to fop



Exp Brain Res (2017) 235:1861-1874

1867

S MONKEY
striatum: TH* cell number
& 2500 - A
i
X
5 2000 1
el
E 1500
c
T 1000
s
S 500 A
0 -
Control PBM MPTP MPTP-PBM
200 7| B | striatum: TH* terminal density
8 150 - [ I
(]
>
>
L 100 -
(e)]
&
] b 4
€ 50 - .
0.0 T T T 1
Control PBM MPTP  MPTP-PBM

experimental groups

c striatum: distribution of

MPTP-PBM

PBM

Control

Fig. 4 Monkeys. Graphs showing a the estimated number of TH*
cells in the striatum b the density of TH* terminals in the striatum
of the different experimental groups. SEM are indicated for each col-
umn. ¢ Schematic diagrams of the distribution of TH* cells in the
striatum of the different experimental groups; sections were repre-
sentative of pattern across entire striatum and correspond to plate 62

group, quite strikingly, cell number was ~60% higher than
in the MPTP group (p >0.001) and ~80% higher than in the
Control and PBM groups (Fig. 4a). These differences were
significant (ANOVA: F=14; p<0.0001). Figure 4c shows
the distribution of TH* cells from representative sections
in the Control, PBM, MPTP and MPTP-PBM groups. In
each group, TH* cells were found across all regions of
the striatum, with a tendency for more cells to be located
dorsally than ventrally (Palfi et al. 2002). Other than the

. o ._\ ‘
MPTP N
TH* cells N
F . - -
MPTP

MPTP-PBM -

in monkey atlas (C'; Paxinos et al. 1998). Photomicrographs of small
TH* cells (arrow) in the striatum of the Control (d), MPTP (e) and
MPTP-PBM (f) groups (such cells in PBM group were similar; not
shown). Arrow in (C') indicates approximate region were photomicro-
graphs were taken from. Scale bar 100 um; all photomicrographs are
of coronal sections, medial to /eft and dorsal to top

differences in number, there was no clear evidence for a
difference in the distribution of TH* cells between the dif-
ferent groups (Fig. 4c). In terms of TH* terminals in the
striatum, there was a reduction in density in both the MPTP
and MPTP-PBM groups compared to the Control and PBM
groups (Fig. 4b; ANOVA: F=32; p<0.0001). Although
the reduction from controls was massive in both groups, it
was clearly less in the MPTP-PBM compared to the MPTP
group (p <0.05).
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We next examined the patterns of THp40, THp31 and
THp19 immunoreactivity in this species. All these anti-
bodies labelled cells similar in morphology to the small
TH™ cells described above, except that THp40, THp31 and
THp19 immunoreactivity tended to be localised within
the soma and not, or rarely, within the dendrites (arrows
Fig. 5a, ¢, d). THp40 immunoreactivity was seen also
in many axonal profiles within the striatum (arrowhead
Fig. 5b), while THp31 and THp19 immunoreactivity was
not evident in these profiles (Fig. 5c, d). Figure 5e shows
that there were few THp40*, THp31" and THp19™" cells
seen in the striatum of the different groups. The differences

THp31+

Fig. 5 Monkeys. Photomicrographs of a, b THp40 ¢ THp31 and d
THp19 immunoreactivity in the striatum. These examples are from
the MPTP group (other groups were similar; not shown). The bulk
of THp40* (a) THp31" (b) THp19* (c) cells had small somata and
immunoreactivity was largely limited to the somata (arrows). Arrow
in (D') indicates approximate region were photomicrographs were
taken from (corresponding to plate 62 in monkey atlas; Paxinos et al.
1998). e Graph showing the estimated number of THp40*, THp31*,
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in the estimated total number of THp40", THp31* and
THp19" between the groups were not significant (ANOVA:
F=3.3; p>0.05). Unlike in the striatum, there was rich
THp40 (arrow Fig. 5f), THp31 (arrow Fig. 5g) and THp19
(arrow Fig. 5h) immunoreactivity in the SNc, particularly
its dorsal sector, in monkeys of all the groups.

We then examined the patterns of GDNF expression in
this species. We found very few GDNF* cells in the stria-
tum of each group from immunohistochemical sections
(Palfi et al. 2002; Sebastian et al. 2007). This was the case
with the three commercially available antibodies to GDNF
that we used (see “Methods”). On the rare occasion when

THp19+

E | striatum: THp40* ,THp31+ THp19+ cell number

~2000 1 — @ Tripa0
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X 1500 4 L) THp19

lq—,
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E 1000 -
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8 9 = —— ;
Control MPTP MPTP-PBM

experimental groups

THp19" cells in the striatum of the different experimental groups.
SEM are indicated for each column. Photomicrographs of THp40
(arrow f), THp31 (arrow g) and THp19 (arrow h) immunoreactivity
in the SNc. These cells were in the dorsal sector of the nucleus. These
examples are from the MPTP group (other groups were similar; not
shown). Scale bar 100 pum; all photomicrographs are of coronal sec-
tions, medial to left and dorsal to fop



Exp Brain Res (2017) 235:1861-1874

1869

we did find immunoreactive cells in the striatum, they were
small and immunoreactivity was limited to the somata
(arrows Fig. 6a, b). We hence moved to western blots to

A ’ GDNF+
N e h
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MONKEY
=
C o
s £ £
66 £ = =
- TH
S
a
v
N B B GAPDH ¢
40- 8
=
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[

= GDNF

12-
kDa

Fig. 6 Monkeys. Photomicrographs of (a, b arrows) GDNF* cells in
the striatum. These examples are from the MPTP group (other groups
were similar; not shown). Very few labelled cells were seen in any
given section; in fact, many of the sections of each animal were bar-
ren of labelled cells. When they were found, they had small somata
and immunoreactivity was largely limited to the somata (arrows).
Scale bar 100 pm; all photomicrographs are of coronal sections,
medial to left and dorsal to fop. Arrow in B' indicates approximate
region were photomicrographs were taken from (corresponding to
plate 62 in monkey atlas; Paxinos et al. 1998). ¢ Examples of west-

explore GDNF expression further. Using this method, we
found clear GDNF* bands in each of the three groups ana-
lysed (Fig. 6¢c; ANOVA: F=7.7; p<0.05). There was an

B
\.
striatum
I
0.25- . .
striatum: GDNF expression
0.20-
T
0.154 *
0.10
0.05- T
0.00 T ;
PBM MPTP MPTP-PBM
2.0 . .
striatum: TH expression
1.5-
1.0-
0.5
0.0- .
PBM MPTP MPTP-PBM

experimental groups

ern blots for TH, GDNF (similar band patterns were seen from the
three antibodies used) and GAPDH (loading control) from samples of
the three groups analysed. d Graph showing GDNF expression nor-
malised against the loading control GAPDH (relative expression) in
the three groups analysed; *in MPTP-PBM group column represents
significant difference (p <0.05) to MPTP group. e Graph showing TH
expression normalised against the loading control GAPDH (relative
expression) in the three groups analysed. SEM are indicated for each
column
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~35% increase in expression (when normalised against the
loading control, GAPDH) in the MPTP compared to the
control PBM group (Fig. 6d); in the MPTP-PBM group,
there was a further~50% increase in expression from the
MPTP group (p<0.05), and an ~85% increase from the
control PBM group (p <0.001). We also explored the pat-
terns of TH expression in the different groups using west-
ern blots. As seen from the immunohistochemical sections
(Fig. 4b), the western blots indicated a massive reduction
in TH expression in the striatum of both the MPTP and
MPTP-PBM groups, compared to the control PBM groups
(Fig. 6e). From the western blots, there was a slightly
higher expression of TH in the MPTP-PBM compared to
the MPTP group (Fig. 6e), but unlike the immunohisto-
chemistry (Fig. 4b), this increase did not reach statistical
significance (p >0.05).

Discussion

We found that PBM therapy had a major impact on the
number of TH* cells and patterns of GDNF expression in
the deafferentated striatum of MPTP-treated monkeys. Our
results indicate the striatum as a potential therapeutic target
for PBM therapy in Parkinson’s disease.

Changes in striatal TH* cell number is dependent
on a loss of dopaminergic terminations?

Previous studies have reported that the number of striatal
TH™ cells is related closely to the density of TH* terminals
and dopaminergic transmission (Betarbet et al. 1997; Por-
ritt et al. 2000; Palfi et al. 2002; Cossette et al. 2005; Huot
et al. 2007). For example, in MPTP-treated monkeys (Huot
et al. 2008), 60HDA-lesioned mice (Darmopil et al. 2008)
and Parkinson’s disease patients (Huot et al. 2007), L-dopa
administration results in little or no increase in the num-
ber of striatal TH* cells. The results of the present study
are consistent with these previous findings. In our monkey
model, where there was a marked loss of striatal TH" ter-
minations in animals, there was a clear increase in the num-
ber of striatal TH* cells. By contrast, in our mouse and rat
models, where the overall loss of striatal TH' terminations
was minimal, there was no clear increase in striatal TH*
cell number. In other rodent models that result in larger
MPTP and 60HDA lesions, both of which would reduce
the overall density of striatal TH™ terminations, an increase
in striatal TH* cell number has been reported (Meredith
et al. 1999; Darmopil et al. 2008; Unal et al. 2013; Dep-
boylu 2014; Xenias et al. 2015). For our purposes here, the
patterns evident in the striatum of our mouse and rat model
provide for an excellent contrast to the patterns evident in
the striatum of our monkey model. In particular, that an
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increase in striatal TH* cell number results after a large
decrease in striatal TH* terminations.

The increase in striatal TH* cell number after striatal
deafferentation is thought to be an intrinsic compensa-
tory mechanism, in an effort to restore dopamine neuro-
transmission (Betarbet et al. 1997; Porritt et al. 2000; Palfi
et al. 2002; Cossette et al. 2005; Huot et al. 2007). It is not
entirely clear however, if these cells are capable of mak-
ing dopamine, at least in sufficient quantities to make up for
that loss after deafferentation of the striatum. Many cells,
for example, appear to lack all of the enzymes required to
make dopamine in mice, and perhaps also in monkeys (see
“Introduction”). Our findings in monkeys, as with those
in mice (Depboylu 2014), indicated that many of the stri-
atal TH* cells did not express phosphorylated TH (S40,
S31 and S19), suggesting that they are likely to have a low
activity of TH. It is not clear whether this seemingly low
TH activity is sufficient to increase dopaminergic transmis-
sion in the deafferented striatum, and indeed make for a
clinical and functional difference.

Photobiomodulation stimulates TH and GDNF
expression in the monkey striatum

We found that, while the monkeys in the MPTP group
had more TH* cells (Betarbet et al. 1997; Porritt et al.
2000; Palfi et al. 2002; Cossette et al. 2005; Huot et al.
2007) and GDNF expression than the controls, the MPTP-
PBM group had even more striatal TH* cells (~60%) and
GDNF expression (~50%) than the MPTP group. PBM of
the deafferentated monkey striatum appeared to stimulate
the intrinsic compensatory mechanisms even more (see
above). Such increases were not evident in the control PBM
group (and in our mouse and rat models; see above), indi-
cating that a striatal lesion was required before PBM trig-
gered the intrinsic compensatory mechanisms. It should
be noted that, although the MPTP-PBM group had more
striatal TH* terminations than the MPTP group, it still had
many fewer terminations than the PBM (+4-control) group
(Fig. 4b); the MPTP-PBM group still, in effect, had a stri-
atal lesion, seemingly sufficient for PBM to induce both TH
and GDNF expression.

The PBM-induced increase in GDNF expression is of
particular interest. Previous studies have shown that GDNF
(Gash et al. 2005; Orme et al. 2013), together with others
such as acidic fibroblast growth factor (aFGF; Du and laco-
vitti 1997; Du et al. 1995) and brain-derived neurotrophic
factor (BDNF; Du et al. 1995), increase the number of TH*
cells in cell culture and in the SNc. Further, in vivo appli-
cation of GDNF (Palfi et al. 2002; Sebastian et al. 2007)
or FGF (Jollivet et al. 2004), results in a large increase in
striatal TH* cell number after parkinsonian insult, in pat-
terns similar to that observed after our PBM treatment
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Fig. 7 Summary and speculation of the patterns of TH and GDNF
expression in the striatum in a controls (control and PBM group). b
MPTP-treated (MPTP group) and ¢ MPTP-treated exposed to PBM
(MPTP-PBM group). In the controls (a), there are many TH* cells
in the SNc and they have rich terminations in the striatum; there are
very few striatal TH* cells in these cases. After MPTP treatment
(b), there are fewer TH* cells in the SN¢ and the striatum is largely
deafferentated, almost barren of TH* terminations. Contrary to these
losses, there is a clear increase in striatal TH* cell number after
MPTP lesion. There is also an increase in GDNF expression in the
striatum, presumably within the cells themselves, and this expression

(see above). We suggest that PBM stimulated the expres-
sion of GDNF which, in turn, switched-on TH expression
in striatal cells; that the PBM-induced increase in striatal

Summary & Speculation

is thought to trigger the TH expression (see text for details). Hence,
the MPTP lesion or deafferentation appears to prompt intrinsic com-
pensatory mechanisms within the striatum. In the MPTP-treated cases
that were exposed to PBM also (¢), there is an increase in TH* cell
number in the SNc, to near control levels; within the striatum, there
is an increase in TH* terminations in these cases, although nowhere
near to control-like levels. PBM appears to stimulate a further
increase in GDNF expression in the MPTP-lesioned striatum, trigger-
ing the expression of TH in more striatal cells. We suggest that PBM,
after MPTP lesion or deafferentation, prompts the striatal intrinsic
compensatory mechanisms even further

TH" cell number was mediated by GDNF. It remains to
be determined whether the PBM-induced GDNF expres-
sion in the striatum derives from the neurones and/or the
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surrounding glia, in particular astrocytes (Sandhu et al.
2009; d’Angelmont et al. 2015).

Recent studies have reported that PBM is associated with
the up-regulation of another trophic factor, namely BDNF.
PBM stimulates an increase in BDNF expression after trau-
matic brain injury (Xuan et al. 2013), together with increas-
ing dendritic morphogenesis and neural connectivity in
embryonic rats (Meng et al. 2013). In fact, BDNF, together
with GDNF, have been shown to be expressed in the stria-
tum of 60HDA-lesioned rats after of injection viral vectors
(Sun et al. 2005). Both trophic factors were shown effec-
tive in improving behaviour and offering neuroprotection.
In relation to our study here, PBM may not only induce
GDNF expression in the parkinsonian striatum, but other
factors, such as BDNF, as well (Hamblin 2016).

It should be noted that transcranial application of PBM
in both rodents and monkeys is likely to have an effect on
TH and GDNF expression in the striatum as well, similar
to that described here for intracranial midbrain application.
The striatum in both rodents (mouse 2—-3 mm; rat 4-5 mm)
and monkeys (15-20 mm) is near enough to the cranial sur-
face for the externally applied light to reach it. In humans,
the striatum is much further away from the cranial surface
(50-60 mm), beyond the reach of light applied externally
(see Johnstone et al. 2016). For these reasons, with the
human application in mind, we have developed the intracra-
nial approach, not only for PBM to reach the midbrain, but
the striatum as well.

Significance of PBM-induced TH and GDNF expression
after MPTP treatment

Taken all the results together, we would like to speculate
on the following scenario. In the MPTP-deafferentated
striatum, interneurones—as an intrinsic compensatory
mechanism—produce GDNF that triggers TH expression
(Fig. 7). PBM appears to stimulate these mechanisms fur-
ther, prompting more GDNF expression (and perhaps other
trophic factors as well), leading to increased TH expression
in cells (Fig. 7¢). In addition, we suggest that GDNF has a
more global role in the deafferentated striatum, serving as a
trophic sign post and actively promoting the regrowth and
reinnervation of dopaminergic axons within the striatum.
All in all, the beneficial intrinsic compensatory mecha-
nisms of the striatum - triggered in response to deafferenta-
tion - may be enhanced further by PBM.

Conclusions
Our results showed that, after deafferentation of the mon-

key striatum, PBM-induced an increase in the number of
striatal TH* cells, together with the well-known trophic
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factor, GDNF. We suggest that the PBM-induced GDNF
expression stimulated the expression of TH in new cells
and has a trophic function, encouraging the regrowth of
axons and reinnervation of cellular targets in the striatum.
More broadly, the induction of GDNF expression and per-
haps other trophic factors also, may in fact be a means by
which PBM elicits its beneficial effects across neural tis-
sues. Overall, our results raise the idea of a new therapeutic
direction, one linking PBM with GDNF expression and its
trophic effects. It also highlights the striatum as a potential
therapeutic target for PBM therapy.
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