
857

NEURAL REGENERATION RESEARCH 
April 2014,Volume 9,Issue 8 www.nrronline.org

Similar effects of substance P on learning and 
memory function between hippocampus and striatal 
marginal division

1 MOE Key Laboratory of Laser Life Science, College of Biophotonics, South China Normal University, Guangzhou, Guangdong Province, China
2 Institute of Cognitive Neuroscience, South China Normal University, Guangzhou, Guangdong Province, China 
3 School of Life Science, South China Normal University, Guangzhou, Guangdong Province, China

Corresponding author: 
Changchun Zeng, Ph.D., MOE Key 
Laboratory of Laser Life Science, College 
of Biophotonics, South China Normal 
University, Guangzhou 510631, 
Guangdong Province, China, 
gzzysys@scnu.edu.cn.

doi:10.4103/1673-5374.131603    

http://www.nrronline.org/

Accepted: 2014-02-08

Yan Yu1, Changchun Zeng1, Siyun Shu2, Xuemei Liu1, Chuhua Li3

Introduction
Substance P is an endogenous neurokinin that is present in 
the central and peripheral nervous systems[1-2]. The neuro-
peptide substance P and its high-affinity receptor neurokinin 
1 receptor are known to play an important role in the central 
nervous system in inflammation, blood pressure, motor 
behavior and anxiety. There is also increasing evidence that 
substance P and neurokinin 1 are involved in learning and 
memory[2-3]. Many studies have so far identified that sub-
stance P has excitatory effects in the hippocampus and that 
it is able to facilitate long-term potentiation via activation 
of neurokinin 1 receptor in the hippocampus[4]. The recent 
discovery of the effectiveness of neurokinin 1 receptor an-
tagonists in animal models of anxiety and depression[5] has 
given a new dimension to studies on the functional roles of 
central neurokinin 1 receptors. Furthermore, neurokinin 
1 receptor is a G-protein-coupled receptor and functions 
via the IP3-signaling system[6]. Two signal responses of the 
IP3-signaling pathway are DG-PKC and IP3-Ca2+, both of 
which are associated with important phenomena in learning 

and memory, such as long-term potentiation and long-term 
depression[7].

The hippocampus is well known to be involved in many 
functional processes including regulation of emotions and 
learning and memory[8-9]. It is generally believed that the 
hippocampal structure is strongly associated with spatial 
cognition, and the learning abilities of normal rats in a shut-
tle box avoidance paradigm are correlated with hippocampal 
synaptic plasticity[10]. Furthermore, after damage to the hip-
pocampus, rats may produce physiochemical alternations to 
early senile dementia[11] and defects of learning and memory 
will be manifested in animals[12-13]. The hippocampus is 
innervated by substance P-containing axon terminals and 
has a high density of substance P-containing fibers, which 
derive from intrinsic and extrinsic origins[14]. Peptides of the 
tachykinin family can powerfully excite hippocampal inter-
neurons[15-16], an action which is mediated by neurokinin 1 
receptors. Neurokinin 1, neurokinin 2 and neurokinin 3 are 
localized in the hippocampus[17-18]. 

The marginal division, discovered at the caudal-most 
edge of the neostriatum in the brain of rats[19], intensely ex-
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presses a variety of neuropeptides and monoamines that are 
different from other parts of neostriatum. Chudler et al.[20] 
found that nociceptive neurons are exclusively localized in 
the marginal division of the rat striatum using methods of 
neurophysiology. The marginal division was shown to be 
involved in learning and memory by the Y-maze and Morris 
water-maze tests, patch clamping, long-term potentiation, 
and functional magnetic resonance image studies[21-23].

The neuropeptide substance P and its high affinity recep-
tor neurokinin 1 receptor in the central nervous system are 
known to be involved in learning and memory. The influence 
of substance P in the marginal division of the striatum in 
learning and memory is not yet known. In the present study, 
we determined the effects of injection of an neurokinin 1 
receptor mRNA antisense nucleotide in the hippocampus 
and the marginal division of striatum on performance in the 
Y-maze test, and the effects of gene blockade in the hippo-
campus was compared with that in the marginal division. 

Results
Quantitative analysis of experimental animals
A total of 40 rats were randomly and equally divided into 
five groups: unilateral marginal division injection group, 
bilateral marginal division injection group, unilateral hip-

pocampus injection group, bilateral hippocampus injection 
group, and normal control group. The first four groups re-
ceived unilateral (left) or bilateral injections of neurokinin 1 
receptor mRNA antisense strand in the striatal marginal di-
vision and hippocampus. The normal control group received 
saline in the bilateral marginal division and hippocampus. 
All rats were included in the final analysis.

Neurokinin 1 receptor expression in the hippocampus of 
normal rats
The expression of neurokinin 1 receptor in the hippocampus 
was detected by immunofluorescence microscopy. Neuro-
kinin 1 receptor-positive neurons in the hippocampus are 
multipolar that have round, oval, or triangular shapes and 
lightly stained compared with non-stained areas (Figure 1).

Neurokinin 1 receptor expression in the striatal marginal 
division of normal rats
Using immunofluorescence microscopy, we identified a stip-
pled pattern of neurokinin 1 receptor-positive neurons in 
the neostriatum. This expression was not only observed in 
the medial striatum, but also more caudally in the dorsolat-
eral part of the striatum (Figure 2A). Neurokinin 1 recep-
tor-positive fusiform neurons with their dendrites projected

Figure 1 Neurokinin 1 receptor-positive neurons in the hippocampus as shown by immunofluorescence staining.
(A) The structure of the hippocampus. (B, C) Neurokinin 1 receptor-positive immunofluorescence-labeled neurons expressed in the CA1 field of 
the hippocampus. The scale bar is 250 μm in A, and 50 μm in B and C. Fluorescent stain is Cy3; positive expression is shown red. Arrows identify 
neurons. Hip: Hippocampus.

Figure 2 Neurokinin 1 receptor-positive neurons in the neostriatum (CPU, GP, MrD) as shown by immunofluorescence staining.
(A) A stippled pattern of neurokinin 1 receptor-positive neurons in both the medial striatum and more caudally in the dorsolateral part of the stri-
atum. (B) Neurokinin 1 receptor-positive fibers were dense in the MrD. (C) The neurokinin 1 receptor-positive fusiform neurons in the MrD were 
moderate in size and had two spiny primary dendrites emerging dorsoventrally from the two poles of the cell bodies. The scale bar is 250 μm in 
A, and 50 μm in B and C. Fluorescent stain is Cy3; positive expression is shown red. Arrows identify neurokinin 1 receptor-positive neurons. CPU: 
Caudate putamen; GP: Globus pallidus; MrD: marginal division.
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dorsoventrally in the marginal division (Figure 2B). Neuro-
kinin 1 receptor-positive fusiform neurons in the marginal 
division were moderate in size and had two spiny primary 
dendrites emerging dorsoventrally from the two poles of cell 
bodies (Figure 2C).

Effects of substance P receptor expression on memory in 
rats
Before microinjection of the antisense oligonucleotide of 
neurokinin 1 receptor mRNA into the hippocampus and 
marginal division, there were no significant differences 
among the five groups (P > 0.05). Additionally, there was no 
significant difference between pre-injection and post-injec-
tion in the normal control group (P > 0.05). However, foot-
shock times in rats injected either unilaterally or bilaterally 
with the antisense oligonucleotide of neurokinin 1 receptor 
mRNA in the hippocampus and marginal division increased 
significantly compared with the corresponding group before 
the microinjection (P < 0.05 for unilateral and P < 0.01 for 
bilateral). Moreover, footshock times in the bilateral hip-
pocampus and marginal division injection group increased 
significantly after the microinjection compared with the uni-
lateral hippocampus and marginal division injection groups 
(P < 0.05). However, there was no significant difference be-
tween the hippocampus and marginal division groups after 
microinjection of antisense oligonucleotides of neurokinin 
1 receptor mRNA in either the bilateral injection or in the 
unilateral injection groups (Figure 3).

Discussion
Substance P (H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-
Leu-Met-NH2) is known to be involved in processes related 
to fear, anxiety, stress, and learning and memory[2]. As a 
member of the tachykinin peptide family, it can have neu-
rotrophic as well as memory-promoting effects upon direct 
application into the nucleus basalis magnocellularis[24]. Hus-

ton et al.[25] showed that substance P plays a part in learning 
and memory when injected into the medial septum, lateral 
hypothalamus, ventral pallidum, and after systemic admin-
istration in rats. Kertes et al.[26] demonstrated that substance 
P facilitates passive avoidance learning when injected either 
into the globus pallidus or into the amygdaloid body, and 
also showed that substance P and neurokinin 1 receptors 
play important roles in pallidal positive reinforcing mecha-
nisms[27]. Substance P receptor (neurokinin 1)-positive cells 
are distributed throughout the brain, including in the basal 
ganglia, hippocampus, hypothalamus, midbrain, and medulla 
oblongata[17-18]. Neurokinin 1 receptor, a G-protein-cou-
pled receptor, functions via the IP3-signaling system[6]. The 
IP3-signaling pathway has two signal responses, IP3-Ca2+ and 
DG-PKC, both of which are associated with mechanism reg-
ulating learning and memory, such as long-term potentiation 
and long-term depression[7]. It has recently been demonstrat-
ed that the endogenous ligands of the neurokinin 1 and neu-
rokinin 2 receptors, substance P and neurokinin A (H-His-
Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2), respectively, 
have both high affinity for neurokinin 1 receptor[28-32]. 
Neurokinin 1 receptor, the well-documented site of action 
for substance P, is an integral membrane protein belonging 
to the rhodopsin-type family of G-protein coupled recep-
tors[33-35]. Neurokinin 1 receptors may be important media-
tors of substance P evoked excitation in the ventral pallidum 
and affect the postsynaptic excitability of the cholinergic 
neurons in this brain region[36]. It has been suggested that 
substance P has excitatory effects in the hippocampus and is 
able to facilitate long-term potentiation via activation of the 
neurokinin 1 receptor[4].

The hippocampus is an important component of the 
cerebral marginal system. It contains two main regions, 
Ammon’s horn[37] and the dentate gyrus. There are two com-
peting ideas regarding hippocampal function: inhibition and 
memory. The behavioral inhibition theory was popular up 
to the 1960s[38]. Animals with hippocampal damage often 
have difficulty learning to inhibit responses that they have 
previously been taught, especially if the response requires 
remaining quiet as in a passive avoidance test. Gray et al.[39] 
developed the role of the hippocampus in anxiety. The sec-
ond idea regarding of hippocampal function is that it relates 
to memory. This idea derived its main impetus from a fa-
mous report by Scoville and Milner[40] describing the results 
of surgical destruction of the hippocampus in Squire[41]. 
The hippocampus clearly plays an important role in mem-
ory; however, the precise nature of this role remains widely 
debated[42]. Substance P-related projections to the hippo-
campus originate from several brain regions including the 
medial septum and supramammilary area[43-44]. In particular, 
these projections to the hippocampus are related to learning 
and memory, especially to spatial cognitive function. After 
hippocampal damage, rats may produce physiochemical al-
ternation to early senile dementia[11] and manifest defects in 
learning and memory[12-13].

The striatum, a major nucleus of the basal ganglia, is in-
volved in the orchestration of complex behaviors and exten-
sive evidence has shown that it also plays a role in learning 

Figure 3 Comparison of learning and memory in a Y-maze after 
blockade of neurokinin 1 receptor mRNA.
The data are expressed as mean ± SD, with eight rats in each group. 
The distribution of the values was checked for normality. The com-
parisons between the groups were conducted by one-way analysis of 
variance followed by Student’s t-test. aP < 0.01, bP < 0.05, vs. pre-op-
eration. Hipb: Bilateral hippocampus injection group; MrDb: bilateral 
MrD injection group; Hipi: unilateral hippocampus injection group; 
MrDi: unilateral MrD injection group; NSb: normal control group 
received 2 μL normal saline; MrD: marginal division.
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and memory. In particular, the striatum has been implicated 
in the acquisition of instrumental responses, habit forma-
tion, and various motor learning tasks[45]. In the marginal 
division, which is at the caudomedial edge of the caudate 
putamen and rostrolateral to the globus pallidus, the distri-
bution of neurokinin 1 receptor-positive neurons has been 
observed to be similar to that in the ‘‘patch’’ compartment. 
This observation raises the possibility that the marginal di-
vision is involved in learning and memory and is presumed 
to be a new component of the limbic system. The marginal 
division discovered by Shu et al.[46] in mammals, a part of the 
striatum, located between nucleus caudatus putamen and 
globus pallidus, is the band structure composed of spindle 
cells that are distributed dorsoventrally and has also been 
shown to be involved in learning and memory in the electric 
Y-maze test with a rather complicated conditional reflex 
behavior[19, 47]. The marginal division is involved in learning 
and memory, and has intense structural and functional con-
nections with other memory-related brain regions[48]. The 
marginal division plays an important role in the learning 
and memory circuit[49-50]. The marginal division contains a 
large amount of neurotransmitters relevant to learning and 
memory functions and has extensive fibrous connection 
with globus pallidus, black substance, thalamus, amygdaloid 
nucleus and the basal nucleus of Meynert[22, 51].

This study reports that (1) neurokinin 1 receptor-positive 
neurons in the hippocampus are multipolar, round, oval or 
triangular shapes and show light staining and (2) neuroki-
nin 1 receptor-positive neurons in the marginal division are 
spindles with two dendrites extending dorsoventrally over a 
long distance from two poles of neuronal cell bodies.

Different mazes are used to specifically examine different 
aspects of learning and memory. The Y-maze can determine 
memory rapidly and is sensitive to various parameters of be-
havior and effective spatial memory[52]. Therefore, the Y-maze 
has been applied extensively to verify differential learning, 
spatial alternative performance, and working and reference 
memory[53-54]. To study the role of substance P in the hippo-
campus and marginal division in learning and memory, we 
previously used a selective neurokinin 1 receptor antagonist 
to investigate whether blockade of neurokinin 1 receptors in 
these regions impairs learning and memory[36]. In the cur-
rent study using the Y-maze, footshock times in the unilat-
eral hippocampus or marginal division injection groups and 
in the bilateral hippocampus or marginal division injection 
groups increased significantly compared with the corre-
sponding group before microinjection of antisense oligonu-
cleotides against neurokinin 1 receptor mRNA. Moreover, 
footshock times in the bilateral injection groups increased 
significantly after the microinjection compared with the 
unilateral injection groups in the hippocampus and margin-
al division. These findings indicate that substance P in the 
hippocampus and marginal division is involved in learning 
and memory through the neurokinin 1 receptor. Further-
more, there were no significant differences in the bilateral or 
unilateral injection groups between the hippocampus and 
the marginal division, which demonstrates that learning 

and memory was inhibited while neurokinin 1 receptor was 
blocked in the hippocampus and marginal division.  

Our findings are consistent with those of previous studies. 
Damage of bilateral marginal division of the striatum can 
remarkably affect hippocampal long-term potentiation[55]. 
Langosch et al.[4] demonstrated that substance P has excit-
atory effects in the hippocampus and is able to facilitate 
long-term potentiation via activation of neurokinin 1 recep-
tor in the hippocampus. Huston et al.[25] found that when 
injected into the lateral hypothalamus, medial septum, ven-
tral pallidum and after systemic administration substance P 
facilitates learning and memory in rats. In a study by Kertes 
et al.[26], the results not only demonstrated that substance P 
plays important roles in passive avoidance learning when in-
jected either into the globus pallidus or into the amygdaloid 
body, but also showed that substance P and neurokinin 1 re-
ceptors facilitate pallidal-mediated positive reinforcement[27]. 
Substance P has neurotrophic and memory-promoting ef-
fects upon direct application into the nucleus basalis magno-
cellularis[24]. Thus, neurokinin 1 receptor may be a mediator 
of the effects of substance P in learning and memory.  

Results from this study confirmed that neurokinin 1 re-
ceptor-positive neurons are enriched both in the hippocam-
pus and marginal division, and hippocampus and marginal 
division of the striatum play important functions in learn-
ing and memory in the cerebrum. The hippocampus was 
the first region discovered related to learning and memory 
function of the brain and has been widely studied since this 
discovery, especially its role in spatial cognitive function in 
animals and humans[56]. However, it is not clear whether its 
learning and memory functions are different from those 
of the marginal division of the striatum. Some researchers 
have proposed that the marginal division of the striatum is 
probably a subcortical center and have hypothesized that it 
is a medial pivot associated with subcortical structures, like 
the cortex and hippocampus[51]. The findings of the present 
study further support this hypothesis. Whether the marginal 
division of the striatum is able to control the learning and 
memory functions of the hippocampus or there is a rela-
tionship between the hippocampus and marginal division 
remain poorly understood. Thus, there is a need for more 
studies to compare the functions of the hippocampus and 
marginal division of the striatum to further confirm the 
differences and functional importance of both in controlling 
learning and memory in the cerebrum. Additional behav-
ioral assays of learning and memory, such as the Morris 
water maze[57], can be used to compare the functions of the 
hippocampus and marginal division and help elucidate the 
functions of various neural circuits associated with learning 
and memory. 

In conclusion, our experiments on the expression of 
neurokinin 1 receptor in the hippocampus and marginal 
division of the striatum and the influence of blockade of the 
neurokinin 1 receptor using oligonucleotides against neuro-
kinin 1 receptor mRNA indicate that neurokinin 1 receptor 
mediates the role of substance P in learning and memory 
in the hippocampus and marginal division. There was no 
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significant difference in neurokinin 1 receptor-dependent 
effects between the hippocampus and marginal division 
on learning and memory function in rats after blockade of 
neurokinin 1 receptor mRNA. That is, the marginal division 
plays a similar function in learning and memory to the hip-
pocampus, establishing a role of the marginal division in 
learning and memory.

Materials and Methods
Design
A randomized controlled animal study. 

Time and setting 
Experiments were performed in the MOE Key Laboratory 
of Laser Life Science, College of Biophotonics, South China 
Normal University, China from May 2011 to March 2012. 

Materials
A total of 50 young male Sprague-Dawley rats, weighing 
200–250 g and aged 2–3 months, were purchased from 
Guangdong Provincial Medicine Laboratory Animal Center 
(License No. SCXK (Yue) 2008-0002). All rats were housed 
under controlled conditions at 22 ± 2°C in a 12-hour light/
dark cycle. The animals had free access to food and water. 
All protocols were conducted in accordance with the Guid-
ance Suggestions for the Care and Use of Laboratory Animals, 
formulated by the Ministry of Science and Technology of 
China[58] and the study was approved by the Animals Ethics 
Committee, South China Normal University in China.

Methods 
Stereotaxic coordinates of brain microinjections
The rats were anesthetized with 10% chloral hydrate and set on 
a stereotaxic apparatus (RWD Life Science Co., Ltd., Shenzhen, 
Guangdong Province, China). A hole was drilled on the cra-
niums of the rats with an electric drill. All injections were ad-
ministered through a micro-glass-tube (20 μm in a diameter) 
at 1 μL/10 minutes. The coordinates for the marginal division 
and hippocampus were[59] the marginal division: anteropos-
terior = bregma −1.5 mm, mediolateral = ± 4.1 mm, height = 
5.5 mm; hippocampus: anteroposterior = bregma −2.0 mm, 
mediolateral = ± 2.2 mm, height = 3.5 mm. The bilateral 
marginal division or hippocampus injection groups received 
2 μL neurokinin 1 receptor antisense nucleotide (1 mg/mL, 
Chemicon, Temecula, CA, USA) injections. The normal 
control group received 2 μL normal saline as a placebo both 
in the marginal division and hippocampus. The unilateral 
marginal division or hippocampus injection group received 
injections in the left hemisphere. The two oligonucleotides 
fragment sequences of rat neurokinin 1 receptor gene (Ac-
ademia Sinica Shanghai Biochemistry Institute, Shanghai, 
China), nucleotides 559–606 and 1,075–1,140, were 5′-GCA 
TCC CAA CAG GAC TTA TGA GAA AAG CGT ACC-3′ and 
5′-CCA CTG TGG TGG GAG CCC ATG AGA AGC-3′. The 
ratio of the two kinds of nucleotide chains was 1:1. Five days 
after the brain microinjections, Y-maze tests were carried out 
again to check the memory ability of the rats. The data were 
recorded by criterion 9/10. Representation of criterion 9/10 

was the total footshock times, which the rats needed to run 
correctly 9 times among the 10 tests[60].

Y-maze performance following gene blockade using neurokinin 1 
receptor mRNA 
The Y-maze was a three-armed maze with equal angles between 
all arms, which are 50 cm long and 16 cm wide with walls 
14 cm high, enclosed with Plexiglas. There was a signal lamp 
at the end of each of three arms and on the bottoms of the 
maze was a copper shock grid (0.2 cm in diameter and 14 cm 
long with 1.0 cm space). When the rats were tested, only one 
arm had a light on (bright arm), indicating a safe area without 
footshock, whereas the other two had the light off (dark arm), 
indicating unsafe areas with footshock (1.5 mA, with 125 ms 
stimulus duration). The safe arm and the unsafe arms were 
set randomly. It is considered to be the correct response 
when the rats directly ran to the bright arm in 10 seconds af-
ter changing the safe and unsafe arms in the Y-maze. In our 
experiments, the rats were pretested 30 times with the Y-maze 
at 1 and 3 days. Only the rats running correctly more than 
15 times among the 30 tests were chosen for further exper-
iments. All tests were carried out in a dark and quiet small 
room[61]. 

Preparation of rat brain tissue section 
After the behavioral test, rats were anesthetized with 10% chlo-
ral hydrate (0.4 mL/kg) and then perfused through the heart/
ascending aorta with 150 mL 0.9% normal saline, followed by 
500 mL 4% paraformaldehyde dissolved in 0.01 mol/L PBS 
with pH 7.2–7.4 for 2 hours. The brains of the rats were re-
moved quickly and stored in 4% paraformaldehyde at 4°C 
overnight to postfix, and then equilibrated in 0.01 mol/L PBS 
(pH 7.4) containing 10%, 20%, 30% sucrose at 4°C, until the 
brains sank to the bottom of the container. The brains were 
sectioned into 30 μm-thick slices using a cryostat microtome 
(Lecia CM1950, Jena, Germany). Sections were collected in 
0.01 mol/L PBS (pH 7.4) and processed free-floating for im-
munofluorescence.

Immunofluorescence methods for the location and 
cytoarchitectural characteristics of the hippocampus and 
marginal division
Sections in the hippocampus and marginal division collected 
by the process described above were rinsed with 0.01 mol/L 
PBS (pH 7.4) on a rocking bed (60 r/min, 10 minutes × 3 
times), and then non-specific binding was blocked with 0.3% 
Triton X-100 and 3% normal goat serum in 0.01 mol/L PBS 
(pH 7.4) for 0.5 hour at 37°C. The sections were then incu-
bated in guinea pig anti-neurokinin 1 receptor polyclonal 
antibodies (1:1,000; Chemicon) diluted in 0.01 mol/L PBS 
(pH 7.4) with 1% bovine serum albumin, 0.3% TritonX-100 
and 0.05% sodium azide (NaN3) for 36–48 hours at 4°C. 
On the following day, after being thoroughly washed with 
0.01 mol/L PBS (pH 7.4), the sections were incubated in a 
Cy3-goat anti-guinea pig IgG (1:300; Chemicon) at room 
temperature for 3 hours. After being washed three times 
with PBS, sections were then mounted onto gelatine-coated 
slides and coverslipped with liquid paraffin and then pho-
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tographed using a fluorescence microscope (Lecia). Images 
were recorded through a CoolSNAP CF2 Color camera 
(Roper, Photometrics, San Francisco, CA, USA), analyzed 
and displayed in CoolSNAP software. Contrast and bright-
ness were adjusted in Image-Pro Plus 6.0 software (Media 
Cybernetics, San Diego, CA, USA). For the negative control 
tests, 0.01 mol/L PBS (pH 7.4) was used to replace the pri-
mary antibody and the corresponding secondary antibody 
in single immunolabeling. 

Statistical analysis 
All data were expressed as mean ± SD. The statistical anal-
yses were performed using SPSS 13.0 statistical software 
(SPSS, Chicago, IL, USA). The distribution of the values was 
checked for normality, and the comparisons between the 
groups were conducted by one-way analysis of variance fol-
lowed by Student’s t-test. A value of P < 0.05 was considered 
statistically significant.
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