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Abstract

Deep brain stimulation (DBS) is widely used to treat advanced Parkinson’s disease (PD).  
Here, we investigated how DBS applied on the subthalamic nucleus (STN) influenced the neural 
activity in the motor cortex.  Rats, which had the midbrain dopaminergic neurons partially depleted 
unilaterally, called the hemi-Parkinsonian rats, were used as a study model.  c-Fos expression in the 
neurons was used as an indicator of neural activity.  Application of high-frequency stimulation (HFS) 
upon the STN was used to mimic the DBS treatment.  The motor cortices in the two hemispheres of 
hemi-Parkinsonian rats were found to contain unequal densities of c-Fos-positive (Fos+) cells, and 
STN-HFS rectified this bilateral imbalance.  In addition, STN-HFS led to the intense c-Fos expression 
in a group of motor cortical neurons which exhibited biochemical and anatomical characteristics 
resembling those of the pyramidal tract (PT) neurons sending efferent projections to the STN.  The 
number of PT neurons expressing high levels of c-Fos was significantly reduced by local application 
of the antagonists of non-N-methyl-D-aspartate (non-NMDA) glutamate receptors, gamma-
aminobutyric acid A (GABAA) receptors and dopamine receptors in the upper layers of the motor 
cortex.  The results indicate that the coincident activations of synapses and dopamine receptors in 
the motor cortex during STN-HFS trigger the intense expression of c-Fos of the PT neurons.  The 
implications of the results on the cellular mechanism underlying the therapeutic effects of STN-DBS 
on the movement disorders of PD are also discussed.
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Introduction

Parkinson’s disease (PD) is globally the second  
most common debilitating neurodegenerative disorder,  
only after Alzheimer’s disease.  The pathological 
hallmark of PD is the gross degeneration of dop-
aminergic neurons in the substantia nigra pars com-
pacta (SNpc).  The motor symptoms of PD include 
tremor at rest, bradykinesia, akinesia, muscular  
rigidity and unstable posture.  In addition to various  
medications (35, 37, 57), deep brain stimulation 
(DBS) is also used widely to treat PD patients 
whose symptoms cannot be controlled satisfactorily 
by medications alone (30).

DBS involves the delivery of high-frequency 
electrical stimuli to deep-lying nuclei, such as  
the subthalamic nucleus (STN) and internal globus  
pallidus of the brains of PD patients via long electrodes  
implanted in the brain (2, 4, 6, 16, 56, 59, 63).  
DBS is also used to treat other neurological and 
psychiatric conditions (29).  Presently, our under-
standing of the mechanisms underlying the thera-
peutic effects of DBS is incomplete (11, 29, 54).   
Modifications aiming to improve the clinical efficacy  
and to minimize the potential adverse side effects 
of the current DBS technology have presently been 
investigated (8, 13, 44, 61, 65).

The motor cortices of PD patients and PD  
model animals exhibit neurochemical, anatomical  
and functional abnormalities (46).  By means of 
optogenetics and electrophysiology, it has been 
demonstrated that STN-DBS induces antidromic 
activities which propagate from the STN region to 
the motor cortex, thereby influencing the activity of 
layer V neurons in the motor cortex and producing  
therapeutic effects (24, 42).  Stimulating the motor  
cortex of PD patients by transcranial magnetic stim-
ulation, or by electric shocks, also produces anti-
parkinsonian effects (18, 25).  These results suggest  
that the motor cortex plays important roles in the 
therapeutic effects of STN-DBS on alleviating the 
movement symptoms of PD.

Here, by using c-Fos expression as an indicator  
(9, 14), we studied how high-frequency stimulation  
(HFS) applied on the STN affected the neural activity  
of the motor cortex in hemi-Parkinsonian rats, 
which are a widely used animal model of PD (45,  
48).  We found that STN-HFS rectified the bilateral  
imbalance of the neuronal activity in the motor 
cortices in the two hemispheres.  In particular, the 
pyramidal tract (PT) neurons sending projections to  
the STN (38, 58) were found to be intensely activated  
by a process involving the non-N-methyl-D-aspartate  
(non-NMDA) glutamate receptors, gamma-amin-
obutyric acid A (GABAA) receptors and dopamine 
receptors residing in the upper layers of the motor  

cortex.  The implications of our results to the cellular  
mechanisms underlying the therapeutic effects of 
STN-DBS on the motor symptoms of PD are dis-
cussed.

Materials and Methods

Hemi-Parkinsonian Rats 

Male Sprague-Dawley rats (9-10 week-old, 
weight ~280 g) were purchased from Bio-LASCO  
Taiwan Co., Ltd. (Taipei, Taiwan).  All experimental  
procedures involving rats used in this study adhered 
to the animal guidelines of the National Tsing Hua 
University Institutional Animal Care and Use Com-
mittee (approval document No. 10321).  Hemi-
Parkinsonian rats were produced by applying 6-hy-
droxydopamine (6-OHDA) onto the medial fore-
brain bundle according to the procedures reported 
by Perese et al. (60).  Two weeks after the 6-OHDA  
injection, rats were subjected to amphetamine (Taiwan  
Food and Drug Administration)-induced rotation 
test (28), and rats rotated >6 turns/min were used 
in subsequent experiments, and were referred to as 
“hemi-Parkinsonian rats”.  Rats receiving injection 
of phosphate-buffered saline (PBS) (6 μl) by the 
same procedure were referred to as “control rats”.  
A total of 65 rats were used in this study, including 
49 hemi-Parkinsonian and 16 control rats.

Electrophysiology

Stimulation electrodes were made from two 
Teflon-insulated tungsten wires (inner diameter, I.D., 
50.8 μm; outer diameter, O.D., 101.6 μm; #795500, 
A-M Systems, Carlsberg, WA, USA) placed individ-
ually in stainless steel cannulas (30G1/2”, Becton,  
Dickinson and Company, NJ, USA) with the wire tips  
separated by a distance of ~400 μm.  Two to three 
weeks after receiving PBS or 6-OHDA injection, a 
stainless reference steel wire (127 μm in diameter, 
#791500, A-M Systems) was inserted in the contral-
ateral cerebellum to a depth of 8 mm.  This refer-
ence electrode was used when the ends of the stim-
ulation electrodes were positioned in the STN in the  
lesioned	 side	 (anterior–posterior,	 AP	 −3.8	 mm,	
medial–lateral, ML +2.75/L +3.25 mm, dorsal–ven-
tral,	DV	−7.6	mm).	 	During	 this	 latter	 implantation	
process, the stimulation electrodes were used to 
detect the signature activities of the STN.  Finally, 
the stimulation and reference electrodes were fixed 
to the skull by using dental acrylic (Hygenic repair 
resin, Hygenic, Akron, OH, USA) and ten stainless 
steel anchor screws.  Biphasic symmetrical pulses 
at 130 Hz, pulse width of 60 μs and current of 100 
μA, or as otherwise indicated, were delivered into 
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STN via the stimulation electrodes by using an iso-
lated pulse stimulator (Model 2100, A-M Systems).

Recording electrodes were made from stainless  
steel	wires	(50	μm	in	diameter;	#304	HFV,	California	 
Fine Wire, Grover Beach, CA, USA) shielded by 
polyimide tubing individually (I.D., 127 μm; O.D., 
165 μm; #823200, A-M Systems).  The tip of the re-
cording electrode was positioned in layer Vb of the 
motor cortex (AP +2.5, ML +2.5, DV -2.5 mm).  A 
bare platinum wire (127 μm in diameter, #773000, 
A-M Systems) implanted in the brain (AP +2.5, ML 
0 mm) at a depth of ~6 mm was used as the refer-
ence electrode.  Four weeks after electrode implan-
tation, local field potentials (LFPs) were recorded 
from freely moving rats via the recording electrode.  
Signals recorded were sequentially amplified 20 
times by an 8 channel-headstage preamplifer (Tri-
angle Biosystems, Inc., Durham, NC, USA) and 
then 100 times and bandpass-filtered (0.1-5 k Hz) 
by an amplifier (Differential alternating current, AC 
amplifier model 1700, A-M Systems), digitalized 
into 8-bit signals at 20000/sec sampling rate (AD/
DA convertor, NI-6221, National Instructions, Aus-
tin, TX, USA), and saved on a computer for off-
line analyses.  For power spectral density analyses, 
raw LFPs were down-sampled to 1 K and analyzed 
by using MATLAB script of Fast Fourier Transform 
(FFT).

Drug Application 

For local drug applications, 1 μl of 50 μM 
bicuculine methochloride #0131, Tocris, St. Louis, 
MO, USA; a GABAA receptor antagonist), 50 μM  
CNQX (6-cyano-7-nitroquinoxaline-2,3-dione, #0190,  
Tocris; an antagonist of non-NMDA glutamate re-
ceptors), or 10 μM R(+)-SCH-23390 hydrochloride 
#D054, Sigma-Aldrich; a D1 dopamine receptor an-
tagonist) plus haloperidol #H1512, Sigma-Aldrich; 
a D2 dopamine receptor antagonist) in PBS or PBS  
alone was delivered into layers II/III or layer V of the  
motor cortex by using an injection module.  An injection  
module consisted of a guidance cannula (23G 
Terumo® Needle, #140718, Terumo Co.) and was 
fixed on the skull above the dura 2 weeks prior 
to experiments.  Right before the drug injection 
experiments, an injection cannula (30G Terumo® 
Dental Needle, #150413, Terumo Co.) was inserted 
through the guidance cannula and extended 2 and 
4 mm from the ventral end of the guidance cannula  
to reach layers II/III and layer V of the motor cortex  
(respectively at: AP +2.5, ML +2.5, DV -1 mm and  
AP +2.5, ML +2.5, DV -2.5 mm), respectively.  Drug  
solution and PBS were administered at a flow rate of  
0.5 μl/min.  The injection cannula was removed 5 
min after completing the injection.

Fast Blue Retrograde Labeling

Fast Blue (2.5 μg in 1 μl PBS, #17740; Poly-
sciences Inc., Eppelheim, Germany) was injected 
into	the	STN	(AP	−3.8	mm,	ML	+3.0	mm,	DV	−7.6	
mm) via a 30 G injection cannula placed in the 
brain by inserting through a 23 G stainless steel 
guidance cannula placed between the bipolar stimu-
lation electrodes above the dura.  Fast Blue was 
injected at a flow rate of 0.5 μl/min, and the injec-
tion cannula was retracted 5 min after finishing the 
injection.

Detecting c-Fos Expression by Immunohistochemical 
Staining with 3,3’-Diaminobenzidine (DAB)

Rat brains were fixed by the intracardiac 
perfusion procedures as described earlier by Gage  
et al. (19).  Coronal sections of 40 μm in thickness  
were prepared by using a freezing sliding microtome  
(Leica CM305S, Leica Microsystems, Wetzlar, Ger-
many) and then kept in PBS containing 0.1% (w/v)  
sodium azide at 4°C.  For examining c-Fos expression,  
sections were sequentially incubated in PBS con-
taining 0.3% (v/v) Triton X-100 (PBST), washed 
three times with PBS, incubated in 0.3% (v/v) H2O2 
in methanol for 10 min, and incubated with rabbit 
polyclonal antibody to c-Fos (1:500, Santa Cruz 
Biotechnology Cat# sc-52, RRID:AB_2106783) in  
PBST containing 10% (v/v) fetal bovine serum (FBS)  
at 4°C overnight.  After washing 3 times with PBS,  
sections were incubated with biotinylated anti-rabbit  
IgG antibody (1:200, Vector Laboratories Cat# BA-
1000, RRID:AB_2313606) in PBST containing 10% 
FBS for 30 min and then with avidin/biotinylated 
horseradish peroxidase complex reagents (1:100, 
VECTASTAIN®ABC kit, Vector Laboratories Inc.,  
Burlingame, CA, USA) for 30 min.  After washing  
with PBS, sections were incubated with PBS containing  
0.05% (w/v) DAB and 0.015% (v/v) H2O2 for 15 min,  
washed three times with double-distilled water, and 
mounted onto glass slides by using ReadiUse™  
microscope mounting solution (AAT Bioquest, 
Sunnyvale, CA, USA).  Images of sections were 
acquired by using a microscope (Axioskop2 mot 
plus, Carl Zeiss MicroImaging, Inc., Thornwood, 
NY, USA) and a digital camera (CoolPix 4500, 
Nikon, Tokyo, Japan).  The above procedures were 
also used to examine tyrosine hydroxylase (TH) 
expression in sections by using mouse monoclonal 
antibody to TH (1:200, Millipore Cat# MAB318, 
RRID:AB2201528) and biotinylated anti-mouse 
IgG antibody (1:200, Vector Laboratories Cat# BA-
9200, RRID:AB_2336171).

Immunofluorescence Staining 
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The coronal sections containing motor cortex  
regions were immunofluorescence stained using a  
combination of rabbit polyclonal antibody to c-Fos  
(1:500, Santa Cruz Biotechnology Cat# sc-52, RRID: 
AB_2106783) and Cy3-conjugated goat anti-rabbit  
IgG (H+L) antibody (1:200, Jackson ImmunoResearch  
Labs Cat# 111-165-144, RRID:AB_2338006), or a  
combination of mouse monoclonal antibody to  
TH (1 :50 ,  Mi l l ipo re Ca t# MAB318 , RRID: 
AB_2201528) and Alexa Fluor® 488-AffiniPure goat  
anti-mouse IgG (H+L) antibody (1:200, Jackson  
ImmunoResearch Labs Cat# 115-545-003, RRID: 
AB_2338840) by the procedures of Hsu et al. (33).   
Some sections were also double immunostained with  
mouse monoclonal anti-NeuN antibody (1:500,  
Millipore Cat# MAB377, RRID:AB_2298772), anti- 
GAD67 antibody (glutamic acid decarboxylase, 1:200,  
Millipore Cat# MAB5406, RRID:AB_2278725), or 
anti-non-phosphorylated neurofilament H (SMI-32) 
antibody (1:1000, Millipore Cat# NE1023-100UL,  
RRID:AB_2043449) in combination with Alexa Fluor®  
488-AffiniPure goat anti-mouse IgG (H+L) antibody  
(1:200, Jackson ImmunoResearch Labs Cat# 115-
545-003, RRID:AB_2338840).  Finally, these sec-
tions were treated with 4',6-diamidino-2-phenylin-
dole (DAPI, 10 µg/ml in PBS) at room temperature 
for 15 min to label the nuclei.  Sections were placed  
under glass coverslips in ProLong Gold antifade reagent  
(#773938, Invitrogen/Molecular Probes, Eugene, OR,  
USA) and stored at 4°C.  Images of sections were 
acquired by a microscope (Axio Observer Z1, Carl 
Zeiss, Jena, Germany or LSM 510, Carl Zeiss Mi-
croImaging, Inc.).

Image and Statistical Analyses

Mosaic images of the entire motor cortex (in-
cluding the M1 and M2 regions) were assembled  
from individual images by Adobe Photoshop software  
(Adobe Systems, San Jose, CA), transformed to gray  
scale images (between 0 and 255), and analyzed by  
using image J (http://rsb.info.nih.gov/ij/).  Particles  
with gray scales <85, sizes between 20 and 300 μm2,  
and circularity in the range of 0.6-1 were desig-
nated as c-Fos-positive (Fos+)-particles, and those 
c-Fos+-particles with gray scales <65 and sizes 
>100 μm2 were designated as giant FOS+-particles.  
All data were analyzed by using one-way analysis 
of variance (one-way ANOVA) with post-hoc Tukey 
Honestly Significant Difference.

Results

Characterization of the Hemi-Parkinsonian Rats

Immunohistochemical staining of the brain 

sections prepared from the hemi-Parkinsonian rats 
by using an antibody to TH revealed the depletions 
of TH-positive dopaminergic neurons in the SNpc 
and ventral tegmental area (VTA) and diminished 
dopaminergic processes in the striatum in the le-
sioned side (Fig. 1A, right panels).  In sections pre-
pared from the control rats, the TH-immunostaining 
patterns in the two sides were not distinguishable 
(Fig. 1A, left panels).  Four weeks after 6-OHDA 
injection, exaggerated oscillations in the β-regime 
(between 25 and 40 Hz) were detected in the layer 
Vb of the motor cortex of the hemi-Parkinsonian 
rats (Fig. 1B, right top panel), but not in the same 
brain region of the control rats (Fig. 1B, left top 
panels).  The power of β-oscillations in the hemi-
Parkinsonian rats was attenuated by applying a HFS 
(130 Hz) onto the STN in the lesioned side, and 
β-oscillation power was attenuated more when HFS  
of higher currents was applied (Fig. 1B and Fig. 1C,  
middle and bottom right panels).  Upon STN-HFS, 
the overall mobility of the hemi-Parkinsonian rats  
increased noticeably.  Application of STN-HFS during  
the amphetamine-induced rotation tests could stop 
and sometimes reverse the direction of the rotation  
movement of the animals.  The positions of stimu-
lation electrodes in the STN were verified at the 
end of the experiments (Fig. 1D).  The described 
characteristics were consistent with those of hemi-
Parkinsonian rats as described in earlier reports (5, 
15, 24, 34, 36).

c-Fos Expression in the Motor Cortex 

We examined the c-Fos expression in the motor  
cortices of four groups of rats, including control rats  
without being or had been subjected to STN-HFS, and  
hemi-Parkinsonian rats without being or had been 
subjected to STN-HFS for 4 h, which were referred  
to as CTL, CTL-S, PD and PD-S rats, respectively (Fig.  
2A).  Immunuohistochemical staining of the brain  
sections prepared from these animals using an anti-
c-Fos antibody resulted in the detection of numerous  
c-Fos+-particles over the entire motor cortex region 
(Fig. 2B).  However, due to large variations among 
individual animals, we did not detect differences 
bearing statistical significances between any two of 
these samples with respect to the density of c-Fos+-
particles in different layers of the motor cortex re-
gion (Fig. 2D).  To minimize differences among in-
dividual animals, the motor cortex in the intact side 
of each animal was used as the internal control of 
its motor cortex in the lesioned side and the ratios  
of the c-Fos+-particle density in the motor cortices in  
the injection side (the lesioned side in PD and PD-S 
rats and the sham-injection side in CTL and CTL-S 
rats) to those in the intact side of the above animals  
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were calculated.  The resultant ratios were called the  
c-Fos+-particle ratios (Fig. 2E).  The c-Fos+-particle  
ratios of the control rats were found to be close to 1  
and not affected by STN-HFS.  In the hemi-Parkinsonian  
rats, on the other hand, the c-Fos+-particle ratios were  
lower than those of the control rats.  However, STN-HFS  
raised the c-Fos+-particle ratios of the hemi-Par-
kinsonian rats to a level comparable to those of the 

control rats, i.e. a ratio of ~1.  Furthermore, in the  
internal segment of Globus Pallidus (GPi), the number  
of c-Fos+-particles of PD rats was higher than in the  
control rats, with the particle densities in GPi, 23.6 
± 5.9 per mm2 (n = 3) in PD rats vs. 7.7 ± 3.5 per 
mm2 (n = 3) in control rats (P < 0.01, one-way 
ANOVA).  After STN-HFS, the number of c-Fos+-
particles in the GPi of PD rats decreased (23.6 ± 5.9 

Fig. 1. Characterization of hemi-Parkinsonian rats.  (A) TH expression in the coronal sections prepared from a control rat (left) and 
a hemi-Parkinsonian rat (right) containing striatum (top images) and substantia nigra (SN, bottom images).  Abbreviations: 
Tu, olfactory tubercle; SEPT, septum; CB, cell bridges ventral striatum; SNpc, SN pars compacta; SNpr, SN pars reticulate; 
VTA, ventral tegmental area.  Scale bars: 2 mm.  (B) Time-frequency power spectra of LFPs respectively recorded from 
layer Vb of M1 of a control rat (left panel) and a hemi-Parkinsonian rat (right panel) 4 weeks after 6-OHDA injection and 
before (Baseline, top panel) and during the application of STN-HFS at current intensities of 100 μA (middle panel) and 200 
μA (bottom panel).  (C) Quantification of the powers of β-oscillations in the motor cortices of control and hemi-Parkinso-
nian rats before and during the application of STN-HFS at current intensities of 100 and 200 μA. Data are mean ± standard 
deviation (S.D.) from 3 animals.  *P < 0.05 and **P < 0.01.  (D) Verification of the location of the bipolar stimulating elec-
trodes	(arrowheads)	within	the	STN.	Scale	bar:	500	μm.
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per mm2 (n = 3) in the PD rats vs. 2.5 ± 2.9 per mm2 (n  
= 3) in the PD-S rats (P < 0.01).  This observation  
is in accordance with the notion that the GPi/substantia  
nigra pars reticulata (SNr) becomes hyperactive in  
PD and that the GPi/SNr hyperactivity is inhibited  
by HFS-DBS (11).  Interestingly, many large c-Fos+- 
particles with strong staining intensities were con-
sistently noted in the motor cortices in the lesioned  
side of the PD-S rats; examples are indicated by open  

arrows in the right panel under PD-S in Fig. 2B and 
in Fig. 2C.  However, only a few of such large and  
dark particles were found in the motor cortices in the  
intact side of the same animals (Fig, 2B, left panel 
under PD-S).  Such large and dark c-Fos+-particles  
were also seldom found in the motor cortices of CTL  
or CTL-S or in the motor cortices of the PD rats (Fig.  
2B, panels under CTL, CTL-S and PD).  Quantitative  
analyses also revealed a population of large and 
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Fig. 2. Analysis of c-Fos expression in the motor cortices of control and hemi-Parkinsonian rats before and after STN-HFS.  (A) 
Sites of operations in the brain of control (left) and hemi-Parkinsonian (right) rats. SE indicates the site of stimulation elec-
trodes.  (B) c-Fos expression in the motor cortex contralateral and ipsilateral to the injection site (the 6-OHDA-injection or 
lesioned side in PD and PD-S rats and sham-injection side in CTL and CTL-S rats) of control and hemi-Parkinsonian rats 
with and without subjecting to STN-HFS for 4 h, respectively labeled as CTL, CTL-S, PD and PD-S. Four giant FOS+-par-
ticles are indicated by arrows as examples.  Scale bar: 200 μm.  (C) The image of the area enclosed by the black rectangle 
in the right panel of PD-S in Fig. 2B at a higher magnification.  Two giant FOS+-particles are indicated by open arrows and 
two of the remaining c-Fos+-particles are indicated by black arrows as example.  Scale bar: 30 μm.  (D) Quantification of the 
density of c-Fos+-particles, i.e. the number of c-Fos+-particles per mm2, in different layers of the motor cortex in the intact (open 
bars) and lesioned (closed bars) side of the rats.  (E) The ratios of c-Fos+-particle density in the motor cortex in the injection 
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3 animals.  *P < 0.05 and **P < 0.01.
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dark particles with sizes >100 μm2 and mean gray 
values <65, as those found in the top right quad-
rants in the panels of Fig. 3A; these particles were 
designated as giant FOS+-particles.  In the motor 
cortex region in the lesioned side of each section 
pre pared from the PD-S rat, 29.0 ± 8.5 (mean ± S.D.,  
n = 3) giant FOS+-particles were found.  On the other  

hand, few giant FOS+-particles were found in the motor  
cortical region of each of the sections prepared from  
the intact side of PD-S or in those prepared from either  
side of the CTL and CTL-S rats (Fig. 3B).  It was 
further found that the majority of giant FOS+-parti-
cles found in the motor cortex, 92.2 ± 6.7% (n = 3), 
resided in layer Vb of this brain region (Fig. 3C).

300

200

100

0

P
ar

tic
le

 S
iz

e 
( µ

m
2 )

90 70 50 30

Mean Gray Value

Left Side

Right Side
300

200

100

0

P
ar

tic
le

 S
iz

e 
( µ

m
2 )

90 70 50 30

Mean Gray Value

Left Side

Right/HFS Side

300

200

100

0

P
ar

tic
le

 S
iz

e 
( µ

m
2 )

90 70 50 30

Mean Gray Value

Intact Side

Lesioned Side
300

200

100

0
P

ar
tic

le
 S

iz
e 

( µ
m

2 )
90 70 50 30

Mean Gray Value

Intact Side
Lesioned/HFS Side

CTL CTL-S

PD PD-S

40
35
30
25
20
15
10
5
0

N
um

be
r 

of
 G

ia
nt

 F
O

S
+
-P

ar
tic

le
s

P
er

 S
ec

tio
n

R
ig

ht
 S

id
e

Le
ft 

S
id

e

R
ig

ht
 S

id
e

Le
ft 

S
id

e

In
ta

ct
 S

id
e

Le
si

on
ed

 S
id

e

In
ta

ct
 S

id
e

Le
si

on
ed

 S
id

e

CTL CTL-S PD PD-S

***
***

120

100

80

60

40

20

0

G
ai

nt
 F

O
S

+
-P

ar
tic

le
s

D
is

tr
ib

ut
io

n 
P

er
ce

nt
ag

e 
(%

)

Intact Side

Lesioned Side

LI LII/III LVa LVb LVI

A

B C

Fig. 3. Quantitative analyses of the size and relative darkness of the c-Fos+-particles (A) Scatter plots of the size (area, μm2) versus 
the staining darkness (mean gray values) of c-Fos+-particles in the motor cortices of CTL, CTL-S, PD and PD-S rats.  For 
each condition, data from 6 slices prepared from 3 animals are included in analysis.  (B) Numbers of the giant FOS+-particles (size 
>100 μm2, and mean gray value <65) in the motor cortex of each section prepared from the rats.  (C) Distributions of giant 
FOS+-particles in LI, LII/III, LVa, LVb and LVI of motor cortices in the lesioned (dark bars) and intact (open bars) sides of 
PD-S rats.  Data shown in (B) and (C) are the means ± S.D. from 3 animals.  ***P < 0.001 versus all other groups or layers.
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Fig 4. Characterization of giant FOS+-particles in the motor cortex of hemi-Parkinsonian rats by Immunofluorescence staining.  (A) 
Sites of operations in the brain.  (B) A coronal section prepared from a hemi-Parkinsonian rat after receiving STN-HFS for 
4 h and double immunostaining with the antibodies to c-Fos (red, bottom and top) and NeuN (green, top) and labeling with 
DAPI (blue, top).  The motor cortex region is enclosed by white lines, and layers are separated by broken white lines.  Scale 
bars: 500 μm. top and bottom insets: the regions enclosed by the white rectangles in the motor cortices at a higher magnifi-
cation.  Scale bar: 20 μm.  (C) Scatter plot of the size (area, μm2) and immunostaining intensity (mean gray level) of c-Fos+-
particles in the motor cortex on the lesioned side.  (D) Coronal sections prepared from hemi-Parkinsonian rats after receiv-
ing STN-HFS for 4 h and immunofluorescence staining by the antibodies to c-Fos (red) and NeuN (Green) (left column 
images), by the antibodies to c-Fos (red) and GAD67 (green) (middle column images), and by the antibodies to c-Fos (red) 
and non-phosphorylated neurofilament heavy polypeptides (SMI32, green) (right column images).  Sections are also labeled 
with DAPI (blue).  Insets in the middle column images: a GABAergic neuron with GAD67-positive cytosol.  Scale bars in 
top row images, in the images of the bottom 4 rows and in the insets are 200, 20 and 20 μm, respectively.  (E) The fraction 
of giant FOS+-particles exhibiting NeuN- and SMI32-positive immunoreactivity, fraction of giant FOS+-particles surrounded 
by GAD67-positive punctas (labeled as perimetric), and fraction of giant FOS+-particles with GAD67-positive cytosol (labeled 
as cytosolic).  Images of (B) and (D) are from a representative experiment of a total of 3 independent experiments.  Data in (C) 
are from 3 animals. Data in (E) are means ± S.D. from 3 animals.
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Characterization of Giant FOS+-Particles in the Motor 
Cortex by Immunofluorescence Staining

Brain sections prepared from the PD-S rats (Fig. 
4A) were also subjected to immunofluorescence 
staining using an antibody to c-Fos (Fig. 4B, lower  
panel).  In the motor cortex region of each section,  
25.0 ± 3.3 (mean ± S.D., n = 3) giant FOS+-particles,  
as c-Fos+-particles with sizes >100 μm2 and mean  
gray values <65 (Fig. 4C) and residing primarily in  
layer Vb (Fig. 4B, bottom panel) were also detected.   
Double fluorescence immunostaining was then used 
to characterize the giant FOS+-particles.  The results 
indicated that all giant FOS+-particles exhibited the 
immunoreactivity of NeuN, a neuronal marker (Fig. 
4B, top panel and inset; Figs. 4D & 4E, left column 
images).  The giant FOS+-particles were thus called 
as “giant FOS+-neurons” henceforth.  It was further 
found that the cytosol of the majority of the giant 
FOS+-neurons, 87.8 ± 7.2% (n = 3), was positively 

stained by a SMI-32 antibody, which has been re-
ported to recognize subcortical projecting layer V 
pyramidal neurons in the rat cortex (64, 68) (Figs. 
4D & 4E, right column images).  On the other hand, 
only 2.1 ± 3.5% (n = 3) of the giant FOS+-neurons 
exhibited immunoreactivity of GAD67, a marker 
for GABAergic neurons, in the cytosol, and nearly 
all of them, 97.3 ± 2.1% (n = 3) were surrounded 
by GAD67-positive punctas (Figs. 4D & 4E, middle 
column images; a GAD67-positive puncta was indi-
cated by arrow).  This latter immunostaining pattern 
was different from that of the GABAergic neurons 
found in the same region, which exhibited GAD67  
immunoreactivity in the cytosol (Fig. 4D, insets of the  
middle column images).  Together, these results indicate  
that most giant FOS+-neurons in the motor cortex 
are excitatory extracortical projection neurons. 

Back-Labeling Giant FOS+-Neurons in the Motor 
Cortex by Fast Blue Applied to Ipsilateral STN
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Fig 5. Back-labeling giant FOS+-neurons in the motor cortex by Fast Blue applied to the STN.  (A) Sits of operations in the brain. 
FB indicates the Fast Blue injection site.  (B) Fast Blue (blue) in the STN (enclosed by white line).  (C) Cells back-labeled 
by Fast Blue (blue) (left top and bottom images) in a coronal section prepared from a STN-HFS-treated hemi-Parkinsonian 
rat.  Nearly all cells back-labeled with Fast Blue also exhibit NeuN immunoreactivity (right images).  Scale bars in the left 
and right images are 500 and 20 μm, respectively.  (D) Immunostaining the same section in (C) by anti-c-Fos antibody (red, 
left image) indicates that many giant FOS+-neurons are back-labeled by Fast Blue (right images).  The scale bars in the left 
and right images are 500 and 20 μm, respectively.  (E) Pie chart showing the fractions of giant FOS+-neurons which are or 
are not back-labeled by Fast Blue (red and green, respectively) of all the giant FOS+-neurons in the motor cortex.  A total 
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Earlier studies have indicated that PT neurons 
send small-to-medium-sized axon collaterals to the 
STN (39, 62).  To examine whether the giant FOS+-
neurons observed in this study might correspond to 
these PT neurons, we investigated if giant FOS+-
neurons could be back-labeled by Fast Blue applied 
to the STN in the lesioned side in the hemi-Parkin-

sonian rats (Fig. 5A).  Two weeks after Fast Blue  
injection, hemi-Parkinsonian rats were subjected to  
STN-HFS and then immediately sacrificed.  Fast Blue  
was detected in the STN of these animals (Fig. 5B).  
In the motor cortex of the brain sections prepared 
from these animals, many Fast Blue-back-labeled 
NeuN-positive cells were also observed (Fig. 5C), 
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and among these cells were the giant FOS+-neurons 
(Fig. 5D).  It was calculated that the majority of the 
giant FOS+-neurons, 84.5 ± 1.2% (n = 3), exhibited  
the fluorescence of Fast Blue (Fig. 5E).  In addition,  
it was calculated that the giant FOS+-neurons accounted  
for 8.7 ± 1.7% (n = 3) of all c-Fos+-cells found in the  
motor cortex (Fig. 5F).  The results indicate that most  
giant FOS+-neurons in the motor cortex send ef-
ferent projections to the STN.  Together with the 
immunocytochemical characteristics as described 
in Fig. 4, the results suggest that most giant FOS+-
neurons found in the motor cortex in the lesioned  
side of STN-HFS-treated hemi-Parkinsonian rats 
are likely to correspond to the PT neurons, which  
send axonal collaterals to the STN as described earlier  
(39, 62, 68).

Effects of Local Drug Applications on the Number of 
Giant FOS+-Neurons

To test if local synapses in the motor cortex 
contributed to the STN-HFS-induced intense c-Fos  
expression in the giant FOS+-neurons, PBS, CNQX or  
bicuculline was applied to the deep or upper layers 
of the motor cortex, and these animals were then 
subjected to STN-HFS (Fig. 6A).  CNQX and bicu-
culline are the antagonists of non-NMDA glutamate 
receptors and GABAA receptors, respectively, and 
the injection of these antagonists at 50 μM, or PBS, 
did not induce noticeable behavioral changes of the  
animals.  It was found that injection of PBS into the  
upper or deep layers of the motor cortex did not affect  
the number of giant FOS+-neurons found in the motor  
cortex (Figs. 6B & 6C, panels under “-” and “PBS”).   
Injection of CNQX or bicuculline to the upper layers,  
approximately in layers II/III, significantly reduced 
the number of giant FOS+-neurons (Figs. 6B & 6C).   
On the other hand, injection of CNQX or bicuculline  
into the deeper layers, primarily in layer V, did not  
affect the number of giant FOS+-neurons (Figs. 6B &  
6C).  These results indicate that non-NMDA glutamate  
receptors and GABAA receptors residing in the upper  
layers of the motor cortex are involved in inducing 
strong c-Fos expression in the giant FOS+-neurons.

Hemi-Parkinsonian rats were also subjected to  
STN-HFS shortly after applying a mixture containing  
SCH-23390 and haloperidol, antagonists of D1 and 
D2 types of dopamine receptors, to the motor cortex 
in the hemi-Parkinsonian rats.  The results indicated  
that the application of these antagonists to either the  
upper or deeper layers of the motor cortex reduced 
the number of giant FOS+-neurons (Figs. 6B & 6C).  
However, applying these antagonists in the upper  
layer appeared to produce more pronounced inhibitory  
effects on the giant FOS+-neurons than when the same  
antagonists were applied in the deeper layers (Figs. 

6B & 6C).  The results indicate that the activation of  
dopamine receptors in the motor cortex is also involved  
in the STN-HFS-induced strong c-Fos expression in the  
giant FOS+-neurons.

To study if the motor cortex neurons in the 
lesioned side of the hemi-Parkinsonian rats still 
received dopaminergic input, the coronal brain sec-
tions containing the motor cortex prepared from the 
hemi-Parkinsonian rats were immunofluorescence 
stained using the TH antibody (Fig. 6D).  In the 
motor cortex on the intact side, abundant fine TH-
immunoreactive (ir) processes exhibiting numerous 
varicosities, similar to the catecholaminergic axons 
in the cerebral cortex as reported earlier (3), were 
observed (Fig. 6D, arrowheads in the left panels).  
TH-ir processes with similar morphologic charac-
teristics were also observed in the motor cortex in 
the lesioned side (Fig. 6D, arrowheads in the right 
panels).  However, much less TH-ir processes were 
observed in the lesioned side than in the intact side.  
The results indicate that in the hemi-Parkinsonian 
rats, the neurons in the motor cortex in the lesioned 
side still receive the input from small numbers of 
catecholaminergic axons, possibly including those 
of dopaminergic origin.

Discussion

Here, c-Fos expression was employed as an 
indicator to study how STN-HFS affects neuronal 
activities in the motor cortex of hemi-Parkinsonian  
rats.  Our results indicated that STN-HFS rectified a  
bilateral imbalance between the motor cortices in the  
two hemispheres of the hemi-Parkinsonian rats with  
regard to the c-Fos+-cell density.  STN-HFS also induced  
strong c-Fos expression in a group of large cells, called  
the giant FOS+-neurons here, residing primarily in  
layer Vb of the motor cortex in the lesioned side.  By  
immunofluorescence staining, giant FOS+-neurons was  
found to exhibit the biochemical characteristics of 
excitatory extracortical projecting neurons.  Results  
from our back-labeling experiments further indicated  
that the majority of giant FOS+-neurons sent efferent  
projections to the STN.  These anatomical, biochemical  
and connectivity features are in accordance with that  
giant FOS+-neurons correspond to the PT neurons, 
which send axonal collaterals to the STN (39, 49).

It is generally believed that when a neuron re-
ceives strong and sustained glutamatergic excitatory  
inputs along with GABA inhibitory modulation, c-Fos  
expression is rapidly turned on (12, 14).  The intense  
c-Fos expression in the giant FOS+-neurons as found  
in this work indicates that these neurons are strongly  
activated during STN-HFS.  The STN-HFS stimulation  
could be conveyed from the STN to the motor cortex  
via the corticosubthalamic/corticospinal pathways 
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and other fibers running close to the STN in an an-
tidromic direction; the STN stimulation could also  
be conveyed to the motor cortex via various efferent  
projection targets of the STN in an orthodromic di-
rection (17, 27, 42, 43, 49).  We observed here that 
the number of giant FOS+-neurons was reduced by 
local application of CNQX and bicuculline in the 
motor cortex.  This observation suggests that local 
circuit in the motor cortex, consisting of both glu-
tamatergic and GABAergic synapses in the upper 
layers, may relay the STN-HFS stimulation via the 
abovementioned pathways to the giant FOS+-neu-
rons.  In consistence, earlier electrophysiological 
studies have indicated that local circuit in the motor 
cortex is activated by HFS applied on the STN (17, 
43).

We also observed that the number of giant 
FOS+-neurons was reduced by applying dopamine 
receptor antagonists locally in the motor cortex, in-
dicating that dopamine receptor activation plays an 
important role in the intense c-Fos expression in the 
giant FOS+-neurons.  Dopamine receptor activation 
may strengthen the synaptic inputs received by the  
giant FOS+-neurons during STN-HFS by mechanisms  
including increases of intracellular [Ca2+] and activation  
of various intracellular signaling pathways (1), thereby  
leading to enhanced c-Fos expression.  However, why  
dopamine receptors in the motor cortex are activated  
during STN-HFS remains unknown.  Dopamine plays  
important roles in modulating the neuronal activities  
and various functions of the motor cortex (31, 47, 67).   
Rat motor cortex receives dopaminergic input from 
two midbrain regions, the VTA and SNpc (32).  
Anatomical studies have indicated that STN sends 
projections to both SNpc and VTA (27).  It has been 
reported that via the connections between STN and 
SNpc, STN-DBS leads to dopamine release from 
SNpc fibers in the striatum (7, 41).  It has also been  
reported that electrically stimulating the VTA results  
in enhanced c-Fos expression of neurons in the motor  
cortex, possibly by elevation of extracellular dopamine  
(32).  A possibility exists that HFS applied on the STN  
may induce dopamine release in the motor cortex from  
the residual fibers originating from the SNpc/VTA 
dopaminergic neurons, which have survived the  
6-OHDA depletion operation (10, 66, and Fig. 6D in  
this study).  Although the resultant increases in  
extracellular dopamine are expected to be low, it is  
likely that they could still activate dopamine receptors  
in the motor cortex because in the cortex of normal  
rats the background dopamine level is kept very low,  
at a concentration of ~1/20-1/50 of that in the striatum  
(23).  By the same mechanism, the c-Fos expression  
in motor cortex neurons other than PT neurons may  
also be enhanced.  As a result, when a hemi-Parkinsonian  
rat is subjected to STN-HFS, the bilateral imbalance  

between the densities of c-Fos+-cells in the motor  
cortices in the two hemispheres is rectified.  This  
observation appears to be in agreement with the study  
of Oueslani et al. (58) showing that the decrease of  
cytochrome oxidase subunit 1 mRNA level, as a marker  
of neuronal metabolic activity, in layer V of the 
motor cortex of 6-OHDA-lesioned rats was rectified 
by STN-HFS.  Although both orthodromic and an-
tidromic pathways mediating STN-HFS stimulation  
to the motor cortex exist in the brains of control and  
hemi-Parkinsonian rats (17, 43 and unpublished results  
of CF Chuang and YC Chang), STN-HFS-induced 
giant FOS+-cells are detected in the PD, but seldom 
in the control animals.  This difference suggests that 
a midbrain dopamine depletion operation performed 
on rats would result in alterations in the pathways 
mediating STN-HFS stimulation to the motor cortex 
in the resultant hemi-Parkinsonian rats.

The results obtained in this study indicate that  
STN-HFS activates neurons, including the PT neu-
rons, in the motor cortex in the lesion side of hemi- 
Parkinsonian rats.  On the basis of the observation that  
local application of dopamine receptor antagonists 
reduces the number of giant FOS+-neurons, we 
speculate that STN-HFS may induce increases of 
extracellular dopamine in the motor cortex in hemi-
Parkinsonian rats.  In both human PD patients and 
hemi-Parkinsonian rats, reduced dopaminergic in-
nervations in the motor cortex (21, 26) has been  
proposed to underlie, at least partly, the impaired motor  
functions and skill learning (31, 55).  In patients with  
PD, dopamine has been found to modulate cortical  
functions (22, 38, 50), and STN-DBS could reduce 
and sometimes stop the patients’ need for dop-
aminergic medications (53).  STN-DBS induces 
dopamine release in the caudate and putamen of 
nonhuman primates and in the striatum of rodents (7, 
20, 40, 51, 52).  Whether STN-DBS also induces 
dopamine release in the motor cortex in human PD  
patients, and whether dopamine releases in the motor  
cortex contribute to the therapeutic effects of STN-DBS  
on alleviating the movement symptoms of PD need 
to be further investigated.
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