
Address correspondence to: Ranida Quiggins, Ph.D., Department of Anatomy, Faculty of Medicine, Chiang Mai University, 
Chiang Mai 50200 Thailand.  E-mail:  ranida.quiggins@cmu.ac.th
Received: April 11, 2017,   Accepted: July 23, 2017.

Introduction
The striatum is the main structure found in 

the basal ganglion, and is associated with body 
movement planning and behavioral learning 
(1).  It consists of the putamen and a dorsal 
striatum called the caudate nucleus. The ven-
tral striatum contains the nucleus accumbens.  
The striatum receives glutamatergic excitatory 
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input from the cortex and dopaminergic inhibi-
tory input from the substantia nigra par com-
pacta (SNc).  There are two types of neurons 
within the striatum. The fi rst is called striatal 
projection neurons (96% of medium spiny 
neurons).  The others are referred to as inter-
neurons (4% of aspiny neurons). The medium 
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spiny projection neurons can be divided into 
type I (D1) and type II (D2) dopaminergic re-
ceptor expressing neurons.  Both D1 and D2 
receptors are associated primarily with the 
spines, dendrites and perikarya of the medium
spiny neurons in both the patch/striosome 
and matrix compartments of the striatum. The 
change in dopamine receptors was found to 
relate to symptoms found in Schizophrenia 
patients (2,3). Several studies have found that 
D1 and D2 receptors segregate to the dopami-
nergic pathway.  The D1 receptors are involved 
in direct pathway neurons, which are the sub-
stance P containing neurons or striato-GPi or 
striatonigral neurons. These neurons promote 
desired movements.  However, D2 receptors 
are involved in indirect pathway neurons that 
are enkephaline containing neurons or striato-
GPe neurons (4). These neurons suppress 
unwanted movements.  The D1 neurons are 
stimulated by the dopamine neurotransmitter 
that consequently increases striatal output, 
while D2 neurons, which are inhibited by the 
dopamine neurotransmitter, decrease striatal 
output. The striatal activities of these two path-
ways are normally in balance.  Therefore, D1 and
D2 receptors mediate the response of striatal 
neurons to the dopaminergic input from SNc.

The striatum is a heterogeneous structure 
containing patch/striosome and matrix regions 
(5), which differ according to their neuronal 
chemical contents, development, and neuronal
connections. The striosome and matrix were 
stained densely with substance P antibody and
parvalbumin, respectively (6,7).   Both the strio-
some and matrix contain D1 and D2 neurons. 
Substance P labeled terminals in the striatum 
were found to be in contact with D1 neurons 
that are projected to the substantia nigra par 
reticulate (SNr) in a direct pathway (8).  

Although the D1 and D2 receptors are found
mostly in various striatal neurons, their co-lo-
calization has been reported in several spe-
cies (9).  The localization of dopamine recep-
tors has led to a better understanding of the 
effects that dopamine has on regulating stria-
tal neurons and its role in direct and indirect 
dopaminergic pathways.  However, the locali-
zation of D1 and D2 neurons in the tree shrew 
striatum has not been studied.  Therefore, the 

aim of this study was to localize the D1 and D2 
neurons in the patch/striosome and matrix of 
the tree shrew striatum in order to understand 
the dopaminergic pathway better in humans.

Methods
Two male tree shrews, with an average weight of 

120 gm., were used in this study.  They were sacrifi ced 
by ether until they showed no evidence of refl ex.  Their 
thoraxes were opened for perfusion.  Phosphate buffer 
saline (PBS) was perfused through the left ventricle in 
order to fl ush the blood out of the body, and 500 mL3 of 
4% paraformaldehyde solution was administered. The 
brains were extracted from the skulls and sectioned in 
the coronal plane to a 50 μm thickness by vibratome 
(Leica  s1200 ). Every fi fth section was chosen and 
placed in one row.   

In order to reveal the distribution of substance P 
labeled terminals and D2 labeled receptors, two rows 
of brain sections were processed for single immunola-
beling, with primary antibodies used against substance 
P made in a rat (MediMABS) at a dilution of 1:1500, 
while those against D2 receptors  were made in a rab-
bit (Millipore) at a dilution of 1:1K.  These brain sec-
tions were then reacted with Alexa Fluor 488 anti-rat 
(invitrogen) for substance P labeling, and Alexa Fluor 
488 anti-rabbit (Invitrogen) for D2 receptor labeling as 
secondary antibodies.  The two rows of the tree shrew 
brain sections were then counter stained with 4’, 6-di-
amidino-2-phenylindole (DAPI) for DNA fl uorescent or 
nuclear staining, in order to identify the target neuronal 
nuclear of the substance P-labeled terminals and D2  
neuronal nuclear.  In order to examine whether or not 
the substance P-labeled terminals contact the D1 ex-
pressing cells, one row of the tree shrew brain sections 
was double immunolabeled with the anti-substance P 
made in a rat (MediMABS) at a dilution of 1:1500, and 
the anti-D1 antibodies were made in a rabbit (Millipore) 
at a dilution of 1:1K.  These were then reacted with the 
Alexa Fluor 488 anti-rat (invitrogen) and Alexa Fluor 
555 anti-rabbit (Invitrogen) for substance P and D1 
receptor labeling, respectively.  These sections were 
then counter stained with DAPI. It was assumed that 
the neurons contacted by substance P labeled termi-
nals were D1, as suggested in a previous study (8).  In 
order to localize the D1 or target neurons of the sub-
stance P labeled terminals and D2 neurons, one row 
of the brain sections was double immunolabeled with 
anti-substance P and anti-D2 antibodies, as described 
for double immunolabeling for substance P  terminals 
and D1 receptors.
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Data analysis
The striatal sections containing the DAPI labeled 

nuclei, double immunolabeling with D1 receptors and 
substance P labeled terminals were examined under 
a fl uorescent microscope.  The striatal neurons were 
characterized by a DAPI labeled nuclei with a D1 
labeled receptor or surrounding substance P labeled 
terminals.  The number of the D1 expressing neurons 
and that of surrounding substance P labeled terminals 
were counted.  The neurons expressing D1 receptors 
and those surrounded by substance P labeled termi-
nals also were examined and analyzed.

The sections containing the DAPI labeled nuclei 
and double immunolabeling with D2 receptor and sub-
stance P labeled terminals were examined.  The D2 
neurons characterized by DAPI labeled nuclei and 
surrounded by D2 labeled receptors were calculated. 
The DAPI labeled nuclei surrounded by substance P 
labeled terminals were identifi ed as possible D1 neu-
rons and counted.  Those expressing D2 receptors 
and those contacted by substance P labeled terminals 
were characterized as co-expressing D1–D2 receptor 
neurons and calculated as well. 

Results
D1 neurons contacted mostly by substance 
P labeled terminals

Figure 1 illustrates the substance P labeled 
terminals, D1 labeled receptors and DAPI la-
beled nuclei in the striosome/patch region of 
the tree shrew striatum.  The merged image 
illustrates that all neurons, which express the 
D1 receptors, were contacted by the substance 
P labeled terminals.  From a total of 68 D1 
expressing neurons, most of them were sur-
rounded by the substance P labeled terminals 
(62/68 or 91.87 % in Table 1).   Sequentially, the  
substance P labeled terminals in the strio-
some/patch specifi cally contact D1 expressing 
neurons.  These images suggest that the neu-
rons surrounded by substance P terminals are 
probably D1, as suggested in previous studies 
(8).  This study insists that the neurons con-
tacted by substance P labeled terminals are 
D1 expressing neurons.  Therefore, substance 
P was used as the marker for identifying D1 
neurons in this study.

Figure 1. The immunofl uorescence images of D1 expressing neurons and substance P terminals in the patch 
region of the tree shrew striatum. The substance P labeled terminals are in the upper left image, the D1 labeled 
receptors are recognizable in the upper right image, and the DAPI stained nuclei are seen in the lower left image. 
The merged image (the lower right one) shows that the DAPI labeled nuclei are surrounded by substance P termi-
nals and D1 receptors.  The neurons containing DAPI labeled nuclei are numbered and were observed.  The scale 
bar in the upper left image is equal to 50 μm, which applies to all of the images in this fi gure.  
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Possible D1 neurons and D2 expressing 
neurons found in the striosome/patch and 
matrix, respectively 

Figure 2A shows that most of the striatal 
neurons containing the DAPI stained nuclei 
have made contact with substance P labeled 
terminals.  The substance P labeled termi-
nals were found to surround the DAPI labeled 
nuclei in the patch region, and they probably 
make contact on the dendrites or dendritic 
spines of the medium spiny neurons of the 
striatum.  Figure 2B shows that the D2 labeled 
receptors are peripheral to and overlying the 
DAPI stained nuclei of the striatal neurons in 

the matrix region. These D2 labeled receptors 
are probably on the soma and proximal den-
drites of the striatal neurons.

Figure 3A illustrates the striosome/patch 
and matrix of the tree shrew striatum. The 
striosome/patch contains a dense collection 
of substance P labeled terminals, while the 
matrix contains mainly D2 labeled receptors.  
As described above, most D1 expressing neu-
rons are contacted by the substance P labeled 
terminal.  Thus, the striosome/patch that con-
tains substance P labeled terminals surround-
ing the DAPI labeled nuclei likely contains D1 
neurons.  Possible D1 neurons in the strio-

Table 1. The number of the D1 expressing neurons and that of neurons 
whichthat are contacted by the substance P labeled terminals in the strio-
some/patch

Image no. D1 expressing neurons The D1 neurons contacted by 
substance P terminals

01
04
05
06
07
08
09

total 

18
7
11
3
7
9

13
68 (100%)

18
6
11
3
5
7

12
62 (91.18 %)

Figure 2. The distribution of substance P labeled terminals and that of D2 labeled receptors on the striatal neu-
rons.  The substance P labeled terminals (green) are distributed densely in the patch region of the tree shrew 
striatum. These terminals are close to the DAPI stained nuclear (blue) containing neurons (A).  The D2 labeled 
receptors (red) are found mostly in the matrix region. The D2 receptors are on the DAPI stained nuclear (blue) 
containing neurons (B).  The scale used in A and B is 50 μm.
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some/patch are approximately 57.76% (93 of 
161 in Table 2), and neurons expressing only 
D2 receptors are 11.80% (19 of 161 in Table 
2).  The D2 expressing neurons in the matrix 
are approximate 68.89% (31 of 45 in Table 3), 
and those contacted only by substance P la-
beled terminals, or possible D1 neurons, are 
2.22 % (1 of 45 in Table 3).  

However, neurons were contacted by sub-
stance P labeled terminals, with expressed D2 
receptors found in the striosome/patch (Figure 
3C and 3D) and matrix (Figure 3B).  Presuma-
bly, co-expressing D1-D2 neurons are found in 
both the striosome/patch and matrix.   The co-
expressing D1- D2 neurons in the striosome/
patch were slightly higher (30.43%, 49 of 161 
in Table 2) than those in the matrix (28.83%, 
13 of 45 in Table 3).

Discussion
The reciprocal connections between the 

striosome/ patch and substantia nigra
This study found that the striosome/patch 

of the tree shrew striatum contains substance 
P labeled terminals, as reported in Day-Brown 
et al., 2010.  The substance P terminals form 
on the outlines of the neurons.  The substantia 
nigra in the brain sections is revealed as a rich 
substance P region (Figure 4).  Thus, the SP 
terminals in TS striatum might originate from 
the SN. The striatal neurons of the tree shrew 
are typically medium spiny neurons (MSN) 
(10). The D1 expressing neurons, which were 
contacted by the SP in this study, are possibly 
MSN.  A previous study in rats reported that 
substance P labeled terminals synapsed on 
the striatonigral spiny neurons that were in the 
direct pathway of the basal ganglia circuit (8).  
These striatonigral neurons project into the 
substantia nigra pars reticularis (SNr) (11) and/
or substantia nigra pars compacta (SNc) (12).  
The D1 expressing neurons in the patch of the 
tree shrew striatum are probably in the direct 
pathway of the basal ganglia, and send their 
axon to the substantia nigra. However, projec-
tion of the striatal neurons in the patch to the 
SN in tree shrews will need to be confi rmed by 
the anatomical tract tracing technique.  

Figure 3. The immunofl uorescence images of D2 expressing neurons and substance P terminals in the tree shrew 
striatum.  The matrix region has a high density of D2 neurons (A) and some of them also are in contact with sub-
stance P labeled terminals (arrows).  The patch region has a dense distribution of substance P labeled terminals 
(C and D), of which some of them also express D2 receptors (arrows in C and D). The scale is 100 μm in A and 
50 μm in B, C and D.
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Table 2. The number of possible D1, D2 expressing and co-expressing D1 and D2 neurons 
in the striosome/patch regions of the striatum

Image no. Possible D1 D2 expressing  co-expressing D1- D2  Striatal neurons

3
4
5
6
7
8
9

10
11
13
14
15
16

Total (%)

12
4

15
8
7
7
4
9
3
2
5
2

15
93 (57.76)

0
2
0
0
1
5
2
0
0
1
3
0
5

19 (11.80)

4
5
2
6
6
7

10
5
0
3
0
1
0

49 (30.43)

16
11
17
14
14
19
16
14
3
6
8
3

20
161 (100)

Table 3. The number of D1 (contacted by substance P labeled terminals), D2 and co-ex-
pressing D1 and D2 neurons in the matrix regions

Image no.  D1 Expressing D2  co-expressing D1-D2 Striatal neurons

1
2

12
 Total (%)

1
0
0

1 (2.22)

17
5
9

31 (68.89)

4
6
3

13 (28.89)

4
6
3

13 (28.89)

The D1 and D2 expressing neurons as 
postsynaptic targets of the dopaminergic 
terminals from the substatia nigra

The D2 and D1 receptors of the tree shrew 
striatum can be identifi ed by immunolabelling 
them against their antibodies.  The D1 and D2 
labeled receptors should be located on the 
membrane of the medium spiny neurons.  The 
D1 and D2 receptors are the targets of the do-

paminergic neurotransmitter that is produced 
by the dopaminergic neurons in substantia ni-
gra compacta (SNc).  The postsynaptic targets 
of the dopaminergic terminals are dendritic 
spines, dendritic shafts, and soma (10) and they
contain these dopaminergic receptors.  The D1 
and D2 receptors are expressed by neurons in 
the direct and indirect pathways, respectively 
(13). Further study will be needed to examine 

Figure 4. The dense staining of substance P in the substantia nigra (SN) of the tree shrew. The scale in A and B 
is 100 μm and 50 μm, respectively.
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whether the dopaminergic terminals prefer 
contacting either D1 or D2 expressing neurons. 

D1 and D2 neurons that receive excitatory 
input from the cortex and thalamus and in-
hibitory input from the substantia nigra 

The striatum is the major input region of the 
basal ganglion.  It receives the glutamatergic 
excitatory inputs from the cortex and thalamus.  
The tree shrew striatum receives thalamic in-
puts from the pulvinar nucleus (6). The pulvi-
nostriatal terminals make up the asymmetrical 
or excitatory synapses on the dendritic spines 
of the striatal neurons.  The D1 and D2 neu-
rons in the striatum receive the dopaminergic 
inhibitory inputs from the nigrostriatal neurons 
in the SNc.  The dopaminergic terminals of the 
nigrostriatal neurons make up the symmetrical 
or inhibitory synapse on the dendritic spines, 
dendritic shafts, and cell bodies (10). Normal-
ly, the excitatory synapses are found on the 
dendritic spines, while the inhibitory synapses 
are found on the soma. However, the D1 and 
D2 receptors on the postsynaptic target have 
a different effect on the responses of the MSN 
after glutamatergic input (14).  Further study 
will be needed to determine the locations of 
D1 and D2 receptors on the MSN of the tree 
shrew striatum. 

Double labeling for type 1 (D1) and type 2 
(D2) dopaminergic receptors

This study could not double label D1 and 
D2 receptors in the same brain section be-
cause the antibodies against them were made 
in the same host species. Substance P immu-
nolabelling terminals contacting the neuron 
were used as indirect detection of D1 neurons 
(8).  This study indicated that some of the D2 
expressing neurons also were contacted by 
the substance P labeled terminals in the tree 
shrew striatum. These neurons are presum-
ably co-expressing D1 and D2 neurons.  In 
order to examine co-localization of the D1 and 
D2 expressing neuron specifi cally, the host 
of D1 and D2 antibodies for immunolabeling 
should differ, which requires the use of NeuN 
staining for neuron staining rather than DAPI 
staining. 

Conclusion
The tree shrew striatum is a heterogenous 

structure composed of the patch/striosome and 
matrix regions.  Each region is histochemically 
different.  The patch/striosome contains a high 
percentage of substance P terminals, while 
the matrix contains mainly D2 receptors.  Ap-
proximately 57.76% of the total neurons in the 
patch are contacted by substance P terminals 
and thought to be D1 neurons, as suggested 
by Bolam and Izzo in 1988; and about 68.89% 
of the neurons in the matrix are D2 neurons.  
These D1 and D2 neurons are medium sized, 
spiny and projecting. The D1 neurons project 
into the substantia nigra pars reticularis (SNr) 
and golbus pallidus internus (GPi), while the 
D2 neurons project into the globus pallidus ex-
ternus (GPe).  However, the co-expressing D1 
and D2 neurons are found to make up 30.43% 
of total neurons in the patch/striosome, while 
being slightly less present in the matrix.  These 
co-expressing  neurons in both patch and ma-
trix regions of the tree shrew striatum probably 
send their terminals to the substantia nigra, 
and are involved in both direct and indirect 
pathways of the basal ganglia. 
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การแสดงออกรวมกันของเซลลประสาท D1 และ D2 ในสไตรเอตัมของกระแต 
(Tupaia glis)

รณิดา ควิกกิ้นส,1 เกวลี สีหราช,2 วิภาวดี ชัยสุขสันต,1 นพดล ผาสุขดี,1 ทิพวรรณ ยะสงา3 และ 
มารทา อี บิคฟอรด4

1ภาควิชากายวิภาคศาสตร คณะแพทยศาสตร มหาวิทยาลัยเชียงใหม, 2สาขาวิชากายภาพบําบัด  
คณะสหเวชศาสตร  มหาวิทยาลัยพะเยา จังหวัดพะเยา, 3ศูนยเคร่ืองมือวิจัยทางวิทยาศาสตรการแพทย, 
คณะแพทยศาสตร มหาวิทยาลัยเชียงใหม 4ภาควิชากายวิภาควิทยาศาสตรและประสาทชีววิทยา 
มหาวิทยาลัยหลุยสวิลล  รัฐเคนตักก้ี  สหรัฐอเมริกา

สไตรเอตัมมีเซลลประสาท 2 ชนิด ไดแก เซลลประสาท D1 และเซลลประสาท D2 อยูในบริเวณสไตรโอโซม
และแมททริกซ ตามลําดับ  วัตถุประสงคในศึกษาน้ีเพื่อแสดงการกระจายตัวของเซลลประสาทสไตรเอตัม D1 
และ D2 ในกระแตโดยวิธีฟลูออเรสเซนต อิมมูโนฮีสโตเคมมิสตรี โดยใชแอนติบอดีตอรีเซพเตอร D1, รีเซพเตอร 
D2 และซับสแตนท P แผนสมองถูกนํามาติดฉลากอิมมูโนดวยแอนติบอดีตอรีเซพเตอร D1 และซับสแตนท P  
จากนั้นนํามายอมสีทับเพื่อหานิวเคลียสดวย DAPI พบวารอยละ 91 ของเซลลประสาทติดฉลาก D1 ในสไตร-
เอตรัมถูกใกลชิดดวยปลายประสาทท่ีติดฉลากดวยซับสแตนท P  ดังนั้น ซับสแตนท P ถูกใชเปนตัวบงชี้สําหรับ
เซลลประสาท D1   แผนสมองถูกนํามาแชในแอนติบอดีตอซับสแตนท P และรีเซพเตอร D2 และจากนั้นยอม
สีทับสําหรับนิวเคลียสดวย DAPI  ผลการศึกษาพบวารอยละ 88 ของจาํนวนเซลลประสาททั้งหมดในบริเวณ
สไตรโอโซมถูกใกลชิดดวยปลายประสาทติดฉลากดวยซับสแตนท P และรอยละ 30 เปนเซลลประสาทติด
ฉลาก D2 ที่ถูกใกลชิดดวยปลายประสาทติดฉลากซับสแตนท P  สวนบริเวณแมทริกซมีรอยละ 98 เปนเซลล
ประสาทติดฉลากดวย D2 และรอยละ 29 เปนเซลลประสาทติดฉลากดวย D2 ที่ถูกใกลชิดดวยปลายประสาท
ติดฉลากดวยซับสแตนท P  สรุปไดวา ประมาณรอยละ 30 ของเซลลประสาทสไตรเอตัมทั้งบริเวณสไตโอโซม
และ/หรือแมทริกซแสดงออกท้ังรีเซพเตอร D1 และ D2  เซลลประสาทที่แสดงออกท้ังรีเซพเตอร D1 และ D2 
รวมกนัเหลานี้นาจะสงเอาทพุทแตกตางไปจากเอาทพุทของเซลลประสาท D1 หรือเซลลประสาท D2 เชียงใหม 
เวชสาร 2560;56(3):115-23.

คําสําคัญ: สไตรเอตัม เซลลประสาท D1 ซับสแตนท P  เซลลประสาท D2 กระแต


