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Abstract  
Copolymer-1 (Cop-1) is a peptide with immunomodulatory properties, approved by the Food and Drug 
Administration of United States in the treatment of multiple sclerosis. Cop-1 has been shown to exert 
neuroprotective effects and induce neurogenesis in cerebral ischemia models. Nevertheless, the mecha-
nism involved in the neurogenic action of this compound remains unknown. The choroid plexus (CP) is 
a network of cells that constitute the interphase between the immune and central nervous systems, with 
the ability to mediate neurogenesis through the release of cytokines and growth factors. Therefore, the CP 
could play a role in Cop-1-induced neurogenesis. In order to determine the participation of the CP in the 
induction of neurogenesis after Cop-1 immunization, we evaluated the gene expression of various growth 
factors (brain-derived neurotrophic factor, insulin-like growth factor 1, neurotrophin-3) and cytokines 
(tumor necrosis factor alpha, interferon-gamma, interleukin-4 (IL-4), IL-10 and IL-17), in the CP at 14 
days after ischemia. Furthermore, we analyzed the correlation between the expression of these genes and 
neurogenesis. Our results showed that Cop-1 was capable of stimulating an upregulation in the expression 
of the genes encoding for brain-derived neurotrophic factor, insulin-like growth factor 1, neurotrophin-3 
and IL-10 in the CP, which correlated with an increase in neurogenesis in the subventricular and subgran-
ular zone. As well, we observed a downregulation of IL-17 gene expression. This study demonstrates the 
effect of Cop-1 on the expression of growth factors and IL-10 in the CP, in the same way, presents a possi-
ble mechanism involved in the neurogenic effect of Cop-1. 

Key Words: choroid plexus; growth factors; immunomodulation; protective autoimmunity; Cop-1; Copaxone; 
stroke; glatiramer acetate; tMCAo; focal cerebral ischemia

Introduction 
Inflammation has traditionally been associated with an in-
crease in brain tissue damage after ischemic stroke (Herz et 
al., 2015). The release of pro-inflammatory cytokines, such 
as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), 
and interferon-γ (INF-γ), affects the proliferation, differen-
tiation, and survival of newly-formed neurons (Musaelyan 
et al., 2014; Marlier et al., 2015). Consequently, these cyto-
kines modify restorative mechanisms present after stroke, 
especially neurogenesis (Tobin et al., 2014). 

On the other hand, inflammation arising from injury can 
also evoke a positive immune response through the action 
of autoreactive T lymphocytes, which possess the ability to 
reduce neural tissue damage and promote its restoration 
(Ziv and Schwartz, 2008). Nonetheless, the physiological 
response of this “protective autoimmunity” (PA) –as it has 
been called- alone is not enough to convey efficient protec-
tion (Yoles et al., 2001). In order to increase its efficiency, 
this response can be boosted by immunizing with neural-de-

rived peptides (Martiñón et al., 2012). 
Copolymer-1 (Cop-1) is a peptide consisting of 40 to 100 

amino acid residues randomly constituted by L-alanine, 
L-lysine, L-glutamic acid, and L-tyrosine in a molar rela-
tion of 6.0:1.9:4.7:1.0. Cop-1 is approved by the FDA for the 
treatment of multiple sclerosis (MS) (Tselis et al., 2007), and 
has been shown to induce neuroprotection and neurogen-
esis in experimental models of cerebral ischemia through 
the stimulation of PA (Ibarra et al., 2007; Cruz et al., 2015). 
Immunization with Cop-1 alters the pro-inflammatory cy-
tokine profile observed after cerebral ischemia, leading to 
the aforementioned positive results. Studies have shown that 
Cop-1 reduces TNF-α and IL-12 production and increases 
anti-inflammatory cytokines like IL-10 (Aharoni et al., 2003). 
Likewise, Cop-1 increases the production of different growth 
factors, such as transforming growth factor-beta (TGF-β), 
brain-derived neurotrophic factor (BDNF), insulin-like 
growth factor type 1 (IGF-1), and neurotrophin-3 (NT-3) 
(Ibarra et al., 2007; Cruz et al., 2015; Spadaro et al., 2017). 
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These modifications thus induce a microenvironment that 
favors neuroprotection and neurogenesis (Aharoni, 2014). 
However, the changes that Cop-1 induces on immunological 
niches, important sites for immune modulation, are current-
ly unknown. In addition, there is no information regarding 
whether changes in these sites actually have a direct influence 
on the effects of Cop-1, and specifically on neurogenesis. 

One of the main immunological niches in the brain is 
the choroid plexus (CP), a network of cells that have been 
involved in the response to ischemic lesions through the 
release of growth factors, cytokines, exosomes, or the induc-
tion of leukocyte infiltration (Xiang et al., 2017). Therefore, 
the CP represents the intersection between the peripheral 
immune system and the central nervous system (CNS), 
where chemotactic signals from either the brain parenchyma 
or the periphery are exhibited after any homeostatic alter-
ation (Baruch and Schwartz, 2013).

Cellular and microenvironment modifications at the CP 
are involved in various mechanisms, such as neural plasticity, 
neurogenesis, and even the synaptic process in the brain pa-
renchyma; therefore, the CP could possibly be implicated as an 
important player in the beneficial effects induced by Cop-1-im-
munization (Raposo et al., 2014; Schwartz and Baruch, 2014).

The purpose of this study was to elucidate whether Cop-1 
immunization would modify the expression of genes encod-
ing pro- and anti-inflammatory cytokines or growth factors 
at the CP, and if so, whether these modifications directly 
correlate with neurogenesis.
  
Materials and Methods
Ethical considerations
Experimental use of the animals was performed in adher-
ence to the guidelines for the care and use of laboratory 
animals provided by the National Institute of Health (NIH) 
(Council, 2011), as well as the Official Mexican Norm 
NOM-062-ZOO-1999 (Ochoa Muñóz, 2001) which estab-
lishes technical specifications for production care and use of 
laboratory animals. This work was approved by the Anahuac 
University Institutional Care and Use of Laboratory Ani-
mals Committee under the registration No. 201425.

Experimental design
Our study used 55 Sprague-Dawley (SD) male rats weighing 
330–350 g. The animals were obtained from Anahuac Uni-
versity’s Animal Breeding Center and CAMINA Research 
Project. Rats were housed under controlled conditions re-
garding temperature and humidity using automated control 
racks, and were allowed to eat and drink water ad libitum 
before and after the procedure.

Randomized allocation of animals was performed using 
GraphPad QuickCalcs (http://www.graphpad.com/quick-
calcs/). The experimental procedures and animal allocation 
were performed in a double-blind setting to avoid bias.

Fifty-five rats were subjected to transient middle cerebral 
artery occlusion (tMCAo). Of these, three died before the 
12-hour post-ischemia mark due to subarachnoid hemor-
rhage. The rest of the rats did not present any significant 

variability in lesion displaying signs of ischemia with a mini-
mum score value of three points on the Zea Longa scale (Lon-
ga et al., 1989). These animals were randomly allocated into 
4 groups: 1) Control (no treatment), 2) Saline Solution plus 
Complete Freund’s adjuvant (CFA), 3) Saline Solution plus 
Cop-1 (SS + Cop-1), and 4) CFA plus Cop-1 (CFA + Cop-
1). All rats were neurologically evaluated by a double-blinded 
individual at 1, 2, 3, 7 and 14 days after tMCAo. In order to 
evaluate gene expression of cytokines (IL-4, IL-10, 1L-1β, IL-
17, TNF-α and INF-γ) and growth factors (BDNF, IGF-1 and 
NT-3) in the CP, 32 randomly selected rats were euthanized 
at 14 days (32 rats, 8 per group) after ischemia. An additional 
group of twenty rats (n = five per group) were used to evalu-
ate neurogenesis 14 days after ischemia. 

Cerebral ischemia model 
Animals were subjected to tMCAo as previously described 
by Zea Longa in 1989 (Longa et al., 1989). For this proce-
dure, rats were anesthetized by inhalation with 4% isoflurane 
(Lisorane, Baxter. Guayama, Puerto Rico) until reaching a 
deep anesthetic state, after which isoflurane was modified to 
1.5% for the remainder of the surgery. The left common ca-
rotid (CCA), internal carotid (ICA), and external carotid ar-
tery (ECA) were identified, while the pterygoid and occipital 
arteries were cauterized. A 3-0 nylon monofilament with a 
flame-rounded head was inserted through the ECA towards 
the ICA, advancing 18 mm until reaching the middle cere-
bral artery (MCA). This occlusion lasted 90 minutes, after 
which the filament was withdrawn, allowing reperfusion. 

Animals received acetaminophen (200 mg/kg, twice a day, 
p.o., Tempra, Bristol, Ciudad de México, México) and enro-
floxacin (10 mg/kg, once a day, s.c., Baytril, Bayer, Kansas, 
and USA) for 3 days after surgery.

Immunization
Immunization was performed via subcutaneous injection 
in the interscapular region 5 minutes after reperfusion. Two 
hundred micrograms of Cop-1 (Sigma, St. Louis, MO, USA) 
were diluted in saline solution (SS) or complete Freund’s 
adjuvant (CFA), containing 5 mg/mL of Mycobacterium 
tuberculosis H37RA (Sigma). A total volume of 150 μL was 
administered to each rat  in  a single injection.

Neurological deficit evaluation
Neurological deficit was evaluated using Longa Scale (Longa 
et al., 1989) at 1, 2, 3, 7 and 14 days post tMCAo. This scale 
consists of 5 points: 0, No neurological deficit; 1, failure to 
fully extend right forepaw; 2, circling to the left; 3, falling to 
the right; 4, failure to walk spontaneously and diminished 
level of consciousness.

Immunofluorescence 
Starting on day 12 post-ischemia, the rats received one in-
jection of 5-bromo-2-bromodeoxyuridine (BrdU) intraper-
itoneally every 12 h for five doses. Each dose consisted of 50 
mg/kg of BrdU dissolved in 2 ml of PBS. BrdU is a synthetic 
nucleotide analogue of thymidine incorporated during the S 
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phase of the cell cycle.
On day 14 post-surgery, the animals were euthanized us-

ing sodium pentobarbital at a lethal dose (80 mg/kg) and 
then perfused intracardially with phosphate buffer at a pH 
of 7.2, followed by paraformaldehyde at 4%. The brains were 
removed and placed in paraformaldehyde for 24 hours, and 
later in 30% sucrose for three days. Serials of 40 μm-thick 
coronal cuts were retrieved at 200 μm from coordinates 10.44 
through 1.44 mm according to Bregma and from 6.0 to –3.0 
mm from Bregma using a cryostat according to the Paxinos 
Watson atlas (Paxinos and Watson, 2009), where the subven-
tricular zone (SVZ) and the subgranular zone (SGZ) lie. Nine 
sections were used for each immunofluorescence test.

The sections were washed twice for ten minutes in phos-
phate buffer with Triton (PBT) and incubated for 30 min-
utes in an InmunoRetriever (Bio SB, Santa Bárbara, CA, 
USA) at 65°C. Sections were then washed twice in a saline 
phosphate buffer (PBS) and incubated with HCl 1 N at 37°C 
and subsequently with sodium borate at 0.1 M for 10 min-
utes. They were later washed again with PBT for ten minutes 
on three times.  The sections were incubated with blocking 
solution for 30 min at 37°C, and then incubated overnight 
at room temperature with the primary antibodies anti-BrdU 
mouse (1:250, Roche, Penzberg, Alemania) and anti-dou-
blecortin (DCX) goat (1:20, Santa Cruz Biotecnology, Santa 
Cruz, CA, USA). The next day, the sections were washed 
with PBT three times and incubated for two hours at room 
temperature with the secondary antibodies donkey IgG an-
ti-mouse (1:500; Invitrogen, Eugene, OR, USA) and rabbit 
IgG anti-goat (1:500, Invitrogen). Following incubation, 
they were washed with PB and counter-stained with DAPI. 
Two more washes were performed for 5 minutes with PBS, 
after which the sections were then mounted on slides using 
Vectashield (Vector, Burlingame, CA, USA).

The slides were observed under the confocal microscope 
(Olympus Fluo View-1000, Olympus, Tokyo, Japan) at a 20× 
magnification. For each section, images of the lateral ventricles 
and hippocampus were captured. Neuroblasts were identified 
by the presence of BrdU+/DCX+ at 60× magnification. The im-
ages were merged using the FW10-ASW 1.7 Viewer (Olympus) 
image processor. The BrdU+/DCX+ cells were quantified for the 
SVZ and SGZ using the image processing software Image Pro 
Plus (Media Cybernetics, Inc., Rockville, MD, USA), and the 
mean for the nine sections of each region was obtained.

Quantitative polymerase chain reaction
The choroid plexus of the lateral ventricles was obtained from 
eight rats in each group in order to determine the expression 
of some genes encoding for growth factors (BDNF, IGF-1 
and NT-3) and cytokines (IL-4, IL-10, 1L-1β, IL-17, TNF-α 
and INF-γ). Total RNA was isolated using the phenol-chlo-
roform extraction method with Trizol (Rio et al., 2010) (Life 
Technologies, Carlsbad, CA, USA). RNA concentration and 
purity were evaluated by ultra-violet (UV) spectrophotometry, 
integrity by electrophoresis, and complementary DNA (cDNA) 
was obtained by reverse transcription. The cDNA synthesis 
was performed with oligo (dT) at 55°C for 50 minutes in a 

final volume of 20 μL from 2 μg of total RNA, following the 
manufacturer’s instructions for superscript reverse transcrip-
tase-RNase H (Invitrogen, Carlsbad, CA, USA). Real-time 
RT-PCR was performed using a Light Cycler 2.0 instrument 
(Roche, Mexico City, Mexico). Three independent exper-
iments for each set of RT-PCR analyses were performed. 
The expression of cDNA was evaluated by quantitative PCR 
using the selected gene-specific primers pairs listed in Ta-
ble 1, using 1 μL of each cDNA. For the initial denaturation 
step, samples were heated up to 95°C for 10 minutes, followed 
by the first cycle consisting of a denaturation step (95°C, 10 
seconds), a primer annealing step (60°C, 10 seconds), an 
extension step (72°C, 10 seconds), a melting curve (65°C, 1 
minute), and a cooling step (40°C, 30 seconds). The reaction 
was carried out in 40 cycles. All experiments were performed 
in triplicate. Each reaction was subjected to melting curve and 
melting temperatures to confirm single amplified products 
using the Light-Cycler software (build 4.1.1.21). We used two 
internal controls: ∆1, which was obtained from the constitu-
tive gene hypoxanthine guanine phosphoribosyl transferase 
(HPRT), and ∆2, which was obtained from healthy, untreated 
control rats. Using the 2-ΔΔCt method, the data are presented as 
the fold change (arbitrary units) in gene expression normal-
ized to HPRT and relative to the untreated control (Livak and 
Schmittgen, 2001).

Statistical methods
The data were analyzed using Graph Prism 5.0 (GraphPad 
Software, Inc. La Jolla, CA, USA). Neurological deficit, neu-
rogenesis, and gene expression data are expressed as  mean 
± standard deviation (SD) or standard error of the mean 
(SEM; this is indicated in the legend that correspond to each 
figure),  with a significance level of P < 0.05 considered as 
statistically significant. Normality was assessed through the 

Table 1 Real-time PCR primers

Gene GenBank ID Sequence (5′–3′) Amplicon (bp)

IL-4 MN_201270  F: GAA AAA GGG ACT CCA TGC AC
 R: TCT TCA AGC ACG GAG GTA CA

145 

IL-10 MN_012854  F: AAG GAC CAG CTG GAC AAC AT
 R: TCT CCC AGG GAA TTC AAA TG

170 

1L-1β MN_031512  F: AGG ACC CAA GCA CCT TCT TT
 R: AGA CAG CAC GAG GCA TTT TT

152 

TNF-α MN_012675  F: TGA CCC CCA TTA CTC TGA CC
 R: TTC AGC GTC TCG TGT GTT TC

152 

INF-γ MN_138880  F: AGC ATG GAT GCT ATG GAA GG
 R: CTG ATG GCC TGG TTG TCT TT

146 

IL-17 MN_001106897  F: ACT TTC CGG GTG GAG AAG AT
 R: CTT AGG GGC TAG CCT CAG GT  

104 

BDNF MN_001270630  F: TGG CCT AAC AAT GTT TGC AG
 R: CAG CTC CAC TTA GCC TCC AC

114 

IGF-1 MN_001082477  F: TGC AAA GGA GAA GGA AAG GA  
 R: GTT CCG ATG TTT TGC AGG TT

158 

NT-3 MN_ 031073   
MN_001270868  
MN_001270870 

 F: GGG GGA TTG ATG ACA AAC AC
 R: ACA AGG CAC ACA CAC AGG AA

135 

IL: Interleukin; TNF-α: tumor necrosis factor alpha; INF: interferon; 
BDNF: brain-derived neurotrophic factor; IGF-1: insulin-like growth 
factor type 1; NT-3: neurotrophin-3; F: forward; R: reverse. 
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D’Agostino and Pearson Omnibus test on every data set. 
Due to the non-parametric distribution present in all cases, 
we used the Kruskal Wallis test for statistical analysis, cor-
roborating the difference between groups with Dunn’s mul-
tiple comparison post hoc test. Additionally, Spearman’s test 
was used to evaluate correlation. 

Results
Cop-1 promotes neurological recovery after tMCAo 
All the rats presented a score of three points at this time. 
During the next 3 days of evaluation, there was no  significant 
difference among the groups. Seven days after tMCAo, eval-
uations showed a significant reduction in neurological deficit 
in the CFA + Cop-1 treated group compared with the control 
and CFA groups (P < 0.05; Figure 1A). Furthermore, animals 
treated with CFA + Cop-1 presented a significant reduction 

of neurological deficit 14 days after tMCAo compared with 
control (P < 0.05) and CFA groups (P < 0.001; Figure 1A). 

Cop-1 immunization increases neurogenesis in SVZ and 
SGZ
In the adult brain, there are two areas considered neurogen-
ic sites: the lateral ventricle walls, known as the subventricu-
lar zone (SVZ) (Lim and Alvarez-Buylla, 2014) and the sub-
granular hippocampal zone (SVG) (Seri and Alvarez-Buylla, 
2002). Neural stem cells have been identified at these areas, 
and are known to generate new neurons even in injured tis-
sues (Zheng et al., 2013).  

To evaluate the effect of Cop-1 on neurogenesis of these 
sites, a double-labeling immunofluorescence (IF) technique 
was performed. Subsequently, BrdU+/DCX+ cells were 
counted in the SVZ and SGZ at day 14 post-tMCAo. This 

Figure 2 Correlation between 
neurogenesis and neurological deficit.
(A, B) Correlation between neurogenesis 
(number of BrdU+/DCX+ cells) at the SVZ 
and neurological deficit (scores) in rats in 
the CFA + Cop-1 group (Spearman cor-
relation coefficient r = –0.86, P < 0.05; A) 
and Cop-1 + SS group (r = –0.70, P < 0.05; 
B). (C, D) Correlation between neurogen-
esis (number of BrdU+/DCX+ cells) in the 
SGZ and neurological deficit (scores) in 
the Cop-1 + CFA group (r = –0.57, P = 0.17; 
C) and SS + Cop-1 group (r = –0.35, P = 
0.25; D). CFA: Complete Freund’s adju-
vant; SS: saline solution; SVZ: subventric-
ular zone; SGZ: subgranular zone; BrdU+/
DCX+: neuroblasts.

d

d d

dd

Figure 1 Effect of Cop-1 on neurological deficit and neurogenesis in tMCAo rats. 
(A) Neurological deficit of rats subjected to tMCAo (*P < 0.05 for Control or CFA vs. SS + Cop-1; **P = 0.01 for Control or CFA vs. CFA + Cop-1 
on day 7; *P < 0.05 for Control or CFA vs. SS + Cop-1; **P < 0.01 for Control or CFA vs. CFA + Cop-1 on day 14 post ischemia. (B, C) Neurogen-
esis in the SVZ (B) and SGZ (C) at 14 days after ischemia. Quantification of BrdU+/DCX+ cells. (A–C) Each bar represents mean ± SEM of 5 rats. 
*P < 0.05, **P < 0.01, ***P < 0.0001. Kruskal Wallis followed by Dunn’s multiple comparison test was used. Each test was performed in triplicate. 
tMCAo: Transient middle cerebral artery occlusion; CFA: complete Freund’s adjuvant; SS: saline solution; SVZ: subventricular zone; SGZ: sub-
granular zone; BrdU+/DCX+: neuroblasts.
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point in time was chosen for neurogenesis evaluation due to 
previous evidence of maximum cell proliferation in the SVZ 
occurring at 1 to 2 weeks after tMCAo (Arvidsson et al., 
2002). Additionally, reported data suggests that studies with 
follow-up periods of a week (7 days) or shorter are unable 
to observe the increase in neurogenesis and the resultant 
functional improvement due to immunization with Cop-1 
(Poittevin et al., 2013; Kraft et al., 2014). 

Groups treated with Cop-1 showed a significant increase in 
neuroblast counts in the SVZ (Figure 1B) compared with the 

control and CFA groups (P < 0.0001). Rats treated with CFA + 
Cop-1 also exhibited a significant increase in neuroblasts that 
was statistically different from the one observed in the group 
treated with SS + Cop-1 (P < 0.05). In the case of the SGZ, 
the number of neuroblasts was also significantly higher in 
the groups treated with Cop-1 (Figure 1C) than those in the 
control and CFA groups (P < 0.01). Likewise, a significantly 
higher number of neuroblasts were observed in animals im-
munized with CFA + Cop-1 relative to the SS + Cop-1 group.

Neurogenesis at the SVZ exhibited a negative correlation (r 

Figure 4 Effect of Cop-1 on gene 
expression of pro-inflammatory 
cytokines in the CP (quantitative PCR). 
Relative expression of the genes encoding 
for INF-γ (A), TNF-α (B), IL-1β (C), and 
IL-17 (D) at 14 days after tMCAo. Bars 
represents the mean ± SEM of 5 rats from 
each group. *P < 0.05, vs. control. Kruskal 
Wallis followed by Dunn’s multiple com-
parison test was used. This experiment 
was performed in triplicate. Cop-1: Copo-
lymer-1; TNF-α: tumor necrosis factor-α; 
IL-1β: interleukin-1β; INF-γ: interferon-γ; 
CFA: complete Freund’s adjuvant; SS: 
saline solution; CP: choroid plexus; A.U.: 
arbitary unit; PCR: polymerase chain re-
action.

(A
.U

.)

(A
.U

.)

(A
.U

.)

(A
.U

.)

INF-γ
IL-1β

TNF-α IL-17

Figure 3 Representative microphotographs 
of the immunolocalization of BrdU+/DCX+ 
cells in the SVZ and SGZ. 
(A) BrdU+/DCX+ in the SVZ. In the upper 
part, BrdU+ cells (green) are distinguished on 
the left and DCX+ cells (red) on the right side. 
Double-label (BrdU+/DCX+) is presented on 
the lower part in yellow. The arrows indicate 
the position of some neuroblasts. On the 
right side, a representative microphotograph 
of BrdU+/DCX+ cells from each group is ob-
served. A higher number of double-labeled 
cells are appreciated for the groups treated 
with Cop-1. (B) BrdU+/DCX+ in the SGZ. 
BrdU+ cells in the SGZ are presented in the 
upper left side, DCX+ cells in the right side 
and double labeling of BrdU+/DCX+ in the 
lower part. Arrows indicate some neuro-
blasts. On the right side, the images indicate 
BrdU+/DCX+ cells in all groups, a higher 
number of neuroblasts is observed in the 
groups treated with Cop-1. Cop-1: Copoly-
mer-1; CFA: complete Freund’s adjuvant. SS: 
Saline solution. SVZ: subventricular zone; 
SGZ: subgranular zone;  BrdU+: positive cells 
for 5-bromo-2-bromodeoxyuridine; DCX+: 
positive cells for doublecortin; BrdU+/DCX+: 
neuroblasts.
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Figure 5 Effect of Cop-1 on gene 
expression of anti-inflammatory 
cytokines in the CP (quantitative 
PCR).
Relative expression of interleukin-4 
(IL-4) (A) and IL-10 genes (B) 14 
days after tMCAo. Bars represent 
the mean ± SEM of 5 rats from each 
group. *P < 0.05, vs. CFA and con-
trol groups. Kruskal Wallis followed 
by Dunn’s multiple comparison 
test was used. This experiment was 
performed in triplicate. Cop-1: Co-
polymer-1; CFA: complete Freund’s 
adjuvant; SS: saline solution; CP: 
choroid plexus; A.U.: arbitary unit; 
PCR: polymerase chain reaction.

Figure 6 Effect of Cop-1 on the expression of genes encoding for growth factors in the CP (quantitative PCR).
Relative gene expression of BDNF (A), NT-3 (B), and IGF-1 (C) at 14 days after tMCAo. Bars represent mean ± SEM of 5 rats from each group. *P 
< 0.05, **P < 0.001, ***P < 0.0001. Kruskal Wallis followed by Dunn’s multiple comparison test was used. This experiment was performed in trip-
licate. Cop-1: Copolymer-1; CFA: complete Freund’s adjuvant; SS: saline solution; CP: choroid plexus; BDNF: brain-derived neurotrophic factor; 
IGF-1: insulin-like growth factor type 1; NT-3: neurotrophin-3; PCR: polymerase chain reaction; A.U.: arbitary unit.

Figure 7 Correlation of IL-10 or 
growth factors with neurogenesis 
in the SVZ of CFA plus Cop-1-
treated rats.
(A) IL-10 (spearman correlation 
coefficient r = 0.9, P < 0.01). (B) 
IGF-1 (r = 0.78, P < 0.01). (C) 
BDNF (r = 0.9, P = 0.04). (D) NT-3 
(r = 0.9; P = 0.04). CFA: Complete 
Freund’s adjuvant; SS: saline solu-
tion; SVZ: subventricular zone; 
BrdU+/DCX+: neuroblasts; Cop-
1: copolymer-1; IL: interleukin; 
BDNF: brain-derived neurotrophic 
factor; IGF-1: insulin-like growth 
factor type 1; NT-3: neurotroph-
in-3; A.U.: arbitary unit; A.U.: arbi-
tary unit.
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= –0.86, P < 0.05) with neurological deficit in both rats treated 
with CFA + Cop-1 (Figure 2A) and those with SS + Cop-1 (r 
= –0.70, P < 0.05; Figure 2B). This was also observed in rats 
immunized with CFA + Cop-1 (Figure 2C), although to a less-
er degree (r = –0.57, P = 0.17), and was even lower in animals 
treated with SS + Cop-1 (r = –0.35, P = 0.25; Figure 2D).  

Figure 3 shows a representative microphotograph of the 
labeling for BrdU+/DCX+ cells at SVZ (Figure 3A) or SGZ 
(Figure 3B). As can be observed, CFA + Cop-1 and SS + 
Cop-1 groups presented a higher number of cells labeled 
BrdU+/DCX+ (neuroblasts) in both the SVZ and SGZ.  

Cop-1 immunization increases IL-10 and reduces IL-17 
gene expression at the choroid plexus
Previous studies have demonstrated the importance of the 
CP microenvironment in regulating regenerative process-
es, such as neurogenesis (Lehtinen et al., 2013). In order 
to evaluate the impact of Cop-1 immunization on the CP 
microenvironment, the expression of genes encoding for 
inflammation-related cytokines was analyzed. Genes stud-
ied after tMCAo and Cop-1 immunization include: INF-γ, 
TNF-α, IL-1β, IL-17, IL-4, and IL-10. 

Cop-1 immunization showed no effect on INF-γ, TNF-α, 
IL-1β (Figure 4A–C), and IL-4 (Figure 5A) gene expression. 
Nevertheless, a marked expression of the gene encoding for 
IL-10 was observed (P < 0.05; Figure 5B). Similarly, the gene 
encoding for IL-17 in Cop-1 treated groups was significantly 
reduced when compared to the control (P < 0.05; Figure 4D).

BDNF, NT-3, and IGF-1 gene expression is increased by 
Cop-1 immunization after tMCAo
The CP is also considered a key site for neuroimmune com-
munication, due to the production of growth factors directly 
involved in neurogenesis processes in this area (Baruch and 
Schwartz, 2013). Therefore, the effect of Cop-1 immuni-

zation on the expression of certain growth factors, as well 
as their correlation with stimulation of neurogenesis, were 
assessed. For this purpose, levels of BDNF, NT-3, and IGF-1 
were evaluated 14 days after tMCAo. 

Relative expression of BDNF presented a significant in-
crease in Cop-1-treated groups compared to control and 
CFA ones (P < 0.05; Figure 6A). Figure 6B shows that Cop-
1 treated groups presented a significant increase of the gene 
encoding for NT-3 in comparison to control and CFA groups 
(P < 0.05). There was also a significant difference between 
CFA+Cop-1 and SS + Cop-1 groups (P < 0.05). Regarding 
IGF-1 gene expression, a significant increase was found in 
the CFA + Cop-1 and SS + Cop-1 groups compared with the 
control and CFA groups (P < 0.05; Figure 6C). 

IL-10, BDNF, NT-3 and IGF-1 gene expression correlated 
with neurogenesis
After observing the significant increase in the expression of 
the genes encoding for IL-10 and growth factors (BDNF, IGF-
1 and NT-3), we decided to evaluate whether a direct correla-
tion of these genes with neurogenesis was present. Since the 
group of CFA + Cop-1 presented the highest neurogenesis 
and gene expression, we decided to make the correlation 
analysis only with this group of rats. As shown in Figure 7, a 
strong correlation between SVZ neurogenesis and the relative 
expression of genes in CFA+Cop-1 group was observed (IL-
10, r = 0.83; BDNF, r = 0.9; NT-3, r =0.9 and IGF-1, r = 0.78). 
Results for neurogenesis in the SGZ showed very similar val-
ues (Figure 8), with the exception of IGF-1 expression, which 
indicated a moderate correlation (r = 0.70). 

Discussion
Copolymer-1 has been proposed as a therapeutic alternative 
for ischemic stroke. The present results support previous 
observations regarding the beneficial effects of Cop-1 immu-
nization on neurological recovery and neurogenesis (Cruz 

Figure 8 Correlation of IL-10 or 
growth factors with neurogenesis 
in the SGZ of CFA plus Cop-1-
treated rats.
(A) IL-10 (Spearman correlation 
coefficient r = 0.9, P =0.008). (B) 
IGF-1 (r = 0.7, P < 0.05). (C) BDNF 
(r = 0.9, P = 0.04). (D) NT-3 (r = 0.9, 
P = 0.04). CFA: Complete Freund’s 
adjuvant; SS: saline solution; SGZ: 
subgranular zone; BrdU+/DCX+: 
neuroblasts; Cop-1: copolymer-1; 
IL: interleukin; BDNF: brain-de-
rived neurotrophic factor; IGF-1: 
insulin-like growth factor type 1; 
NT-3: neurotrophin-3; A.U.: arbi-
tary unit.
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et al., 2015). Moreover, the present study offers new insights 
on the possible mechanisms participating in the induction 
of these beneficial effects. Our results show that neurological 
recovery induced by Cop-1 immunization correlated with 
neurogenesis. Furthermore, our findings suggest that the CP 
plays an important role in the changes induced by Cop-1, 
due to the increase in the expression of genes encoding for 
growth factors and IL-10, and their correlation with neuro-
genesis in Cop-1-treated rats. 

The results from our study are in accordance with the es-
tablished literature, which has long considered the CP to be 
a site endowed with neuroimmune and neuroregenerative 
functions, triggered by lymphoid cells activated by signals 
from the CNS parenchyma and the peripheral immune sys-
tem (Borlongan et al., 2006). These cells participate with the 
CP in the coordination of a molecular language that mod-
ulates mechanisms such as neurogenesis in the healthy and 
damaged brain. In addition, several studies have reported 
that the CP secrete a vast array of growth factors like BDNF, 
NT-3, and IGF which regulate neurogenesis (Borlongan et 
al., 2004; Yan et al., 2006; Schäbitz et al., 2007; Sathyanesan 
et al., 2012; Delgado et al., 2014). Therefore, the significant 
increase in the expression of genes encoding for these mol-
ecules in the CP of Cop-1-treated groups, might explain, at 
least in part, the neurogenesis observed at the SVZ and SGZ. 

Our results are in line with those observed in models of 
experimental autoimmune encephalitis (EAE) (Aharoni et 
al., 2005) and Alzheimer’s disease (Butovsky et al., 2006), 
where a significant increase of growth factors strongly cor-
related with neurogenesis. 

The growth factors evaluated in the present study have 
been widely reported as important inductors of neurogen-
esis. For instance, NT-3 is required for the quiescence and 
long-term maintenance of stem cells at neurogenic niches 
(Delgado et al., 2014). This growth factor has also been 
proven to facilitate plasticity, learning, and memory (Shi-
mazu et al., 2006). Another growth factor studied, IGF-1, 
promotes stem cell differentiation through the PI3K/AKT or 
MAP kinases pathways (Yuan et al., 2015), and participates 
in neuroblast migration (Hurtado-Chong et al., 2009). Like-
wise, BDNF promotes neuroblast migration and neuronal 
survival in adult animals (Snapyan et al., 2009).

Regarding BDNF, previous studies failed to demonstrate 
any positive effect of Cop-1 on BDNF concentrations in the 
penumbral area seven days after ischemia (Cruz et al., 2015). 
However, the present study demonstrates that the gene en-
coding for BDNF increases on day 14 in the CP, providing 
evidence regarding the selective effect that Cop-1 could 
exert on specific areas of the brain. Moreover, this finding 
provides evidence that Cop-1 is capable of inducing import-
ant changes in the CP. With this respect, previous studies 
have also reported the production of BDNF in the CP after 
Cop-1 therapy in mice with EAE (Aharoni et al., 2003), and 
an increase of BDNF in the CSF of MS patients treated with 
Cop-1 (Azoulay et al., 2005). Therefore, the CP could be a 
key element in the release of BDNF and other neurotrophic 
factors after Cop-1 immunization, and possibly the corner-

stone of the beneficial effects induced by this therapy.  
With the aim of evaluating in more detail the effect of 

Cop-1 on the microenvironment prevalent in the CP, we 
also analyzed the expression of the genes encoding for some 
anti- and pro-inflammatory cytokines. In this case, our re-
sults indicated that Cop-1 does not present any inhibitory 
effect on the expression of genes encoding for pro-inflam-
matory cytokines, like INF-γ, TNF-α, and IL-1β, although 
it resulted on the inhibition of the IL-17 gene. This observa-
tion is consistent with previous studies, in which Cop-1 has 
shown the ability to reduce IL-17 expression through the 
increase of regulatory T (Treg) cells (Aharoni et al., 2010; 
Aharoni, 2014) and the inhibition of Th-17 and Th-1 lym-
phocytes (Begum-Haque et al., 2008). This inhibition could 
be of important relevance in the protection from tissue 
damage; after cerebral ischemia, there is a significant deple-
tion of IL-10 –an important inhibitor of IL-17 which leads 
to an increase of IL-17 and thus an increment in damage (Li 
et al., 2001; Gelderblom et al., 2012; Liesz et al., 2013). Con-
sequently, the protective effect triggered by Cop-1 immuni-
zation may contribute to its restorative effects. 

IL-10 was found significantly increased in the CP of rats 
immunized with Cop-1. This finding also explains the reduc-
tion of IL-17, due to the nature of IL-10 as a strong inhibitor 
of this cytokine (Gu et al., 2008). Furthermore, this finding 
provides additional insight about the origin of neurogenesis 
after Cop-1 immunization. In the present work, we found 
a significant correlation between IL-10 levels and neuro-
genesis, which suggests the participation of this cytokine in 
neurogenic mechanisms observed with Cop-1 therapy. This 
observation is supported by recent studies, which describe 
the involvement of IL-10 in neurogenesis and hippocampal 
synaptic plasticity (Tyrtyshnaia et al., 2017). In the SVZ, IL-
10 acts as a growth factor on progenitor cells, stimulating 
neurogenesis (Perez-Asensio et al., 2013; Pereira et al., 2015). 
Cop-1 has proven capable of inducing a significant increase 
of Treg lymphocytes, which in turn produce high amounts of 
IL-10 (Putheti et al., 2003; Haas et al., 2009; Liesz et al., 2013) 
and have been implicated in the regulation of neural stem 
cell proliferation in the SVZ (Wang et al., 2015). Therefore, 
the increase in IL-10 expression, likely produced by Treg 
lymphocytes and induced by Cop-1 therapy, provides an ad-
ditional mechanism for the observed neurogenesis induction.

Neurogenesis is a process highly regulated by intrinsic and 
extrinsic signals that stimulate stem cells located at neuro-
genic niches (SVZ and SGZ) (Faigle and Song, 2013). Most 
of these signals are produced at the CP and travel through 
apical processes that project into the ventricular space (Le-
htinen et al., 2013).

The effect of Cop-1 on neurogenesis has already been stud-
ied in other CNS models such as Alzheimer’s disease (Bu-
tovsky et al., 2006), EAE (Aharoni et al., 2005), and   tMCAo 
(Cruz et al., 2015). This therapy has also shown significant re-
sults in situations where memory and cognitive function are 
affected, as in the case of liposaccharide-infection (Moham-
madi et al., 2016), in rats undergoing cranial irradiation (He 
et al., 2014), and in the deterioration of cognitive function 
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associated with the aging process (Nieto-Vera et al., 2018).
In this work, we also observed a strong negative correlation 

between neurogenesis at the SVZ and the neurological deficit 
presented by Cop-1-immunized rats. This finding supports 
the idea of a possible migration of neuroblasts from the SVZ 
to the site of ischemia. Previous studies have reported the 
ability of SVZ-originated neuroblasts to migrate towards in-
jured areas, allowing them to participate in the replacement 
of neurons. Thus, they are able to shape new circuits, contrib-
uting to the improvement of motor recovery (Zepeda et al., 
2009; Xiong et al., 2010; Cruz et al., 2015). These findings are 
supported by the presence of a significant number of neuro-
blasts around the infarct zone (Cruz et al., 2015).  

Regarding the low correlation observed between neuro-
genesis at the SGZ and the neurological deficit in Cop-1 
immunized rats, it is well known that neuroblasts originated 
in the SGZ migrate to the dentate gyrus of the hippocampus, 
where they primarily promote cognitive recovery (Tian et 
al., 2014). Therefore, neurogenesis originated at this site is 
not expected to improve neurological function as it is evalu-
ated by the motor performance of animals. 

Finally, the neurological recovery observed in this study 
could also be due to the ability of Cop-1 to modify the in-
farcted brain parenchyma. Results from a previous study 
demonstrated that Cop-1 favors an anti-inflammatory mi-
lieu, which induces a reduction of free radicals and an in-
crease in growth factor secretion (Ibarra et al., 2007). These 
mechanisms contribute towards neuroprotection and thus, 
neurological recovery. 

The results of the present study provide evidence on the 
possible mechanisms induced by Cop-1 for promoting neu-
rogenesis. IL-10 and neurotrophic factors, such as BDNF, 
IGF-1, and NT-3, released in the CP are some of the ele-
ments likely participating in the neurogenic effect of Cop-1. 
These findings show that Cop-1 is capable of modulating the 
microenvironment of the CP, a site of neuroimmune com-
munication that warrants further exploration. 

Finally, it should be noted that despite these encouraging 
results, further studies focused on protein expression of the 
genes analyzed in the present work are necessary in order to 
clearly evidence the induction of neurogenesis by Cop-1.

Acknowledgments: The authors would like to greatly thank the National 
Institute of Pediatrics, graduate area at science of UAMI and IMSS for their 
technical support, which was fundamental to the realization of this work. 
Author contributions: Planning, experimental design, definition of 
intellectual content and literature search: YC, HBJ, JRC and AI. Exper-
imental studies and data acquisition: YC, EEG, JVG, SVAS, and RSG. 
Data analysis and statistical analysis: YC, HBJ, JRC and AI.  Manuscript 
preparation and Manuscript editing: YC and AI. Manuscript review: 
YC, HGC and AI. Guarantors: YC and AI.
Conflicts of interest: The authors did not report any conflict of interest.
Financial support: This study was supported by a grant from Universi-
dad Anahuac México Norte (No. 201425). The funding body played no 
role in the study conception design, in the collection, analysis and inter-
pretation of data, in the preparation and writing of paper, and in the 
decision to submit the paper for publication.
Copyright license agreement: The Copyright License Agreement has 
been signed by all authors before publication.
Data sharing statement: Datasets analyzed during the current study 
are available from the corresponding author on reasonable request.

Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.
Open access statement: This is an open access journal, and articles are 
distributed under the terms of the Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 License, which allows others to remix, tweak, 
and build upon the work non-commercially, as long as appropriate credit 
is given and the new creations are licensed under the identical terms.
Open peer reviewer: Jukka Jolkkonen, University of Eastern Finland, 
Finland.
Additional file: Open peer review report 1.

References
Aharoni R (2014) Immunomodulation neuroprotection and remyelin-

ation - the fundamental therapeutic effects of glatiramer acetate: a 
critical review. J Autoimmun 54:81-92.

Aharoni R, Arnon R, Eilam R (2005) Neurogenesis and neuroprotection 
induced by peripheral immunomodulatory treatment of experimental 
autoimmune encephalomyelitis. J Neurosci 25:8217-8228.

Aharoni R, Kayhan B, Eilam R, Sela M, Arnon R (2003) Glatiramer ac-
etate-specific T cells in the brain express T helper 2/3 cytokines and 
brain-derived neurotrophic factor in situ. Proc Natl Acad Sci U S A 
100:14157-14162.

Aharoni R, Eilam R, Stock A, Vainshtein A, Shezen E, Gal H, Friedman N, 
Arnon R (2010) Glatiramer acetate reduces Th-17 inflammation and 
induces regulatory T-cells in the CNS of mice with relapsing-remitting 
or chronic EAE. J Neuroimmunol 225:100-111.

Arvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O (2002) Neuronal 
replacement from endogenous precursors in the adult brain after 
stroke. Nat Med 8:963-970.

Azoulay D, Vachapova V, Shihman B, Miler A, Karni A (2005) Lower 
brain-derived neurotrophic factor in serum of relapsing remitting MS: 
reversal by glatiramer acetate. J Neuroimmunol 167:215-218.

Baruch K, Schwartz M (2013) CNS-specific T cells shape brain function 
via the choroid plexus. Brain Behav Immun 34:11-16.

Begum-Haque S, Sharma A, Kasper IR, Foureau DM, Mielcarz DW, 
Haque A, Kasper LH (2008) Downregulation of IL-17 and IL-6 in the 
central nervous system by glatiramer acetate in experimental autoim-
mune encephalomyelitis. J Neuroimmunol 204:58-65.

Borlongan CV, Skinner SJM, Vasconcellos A, Elliott RB, Emerich DF 
(2006) The Choroid Plexus. In: Cell Therapy, Stem Cells, and Brain 
Repair (Sanberg CD, Sanberg PR, eds), pp 261-285: Humana Press.

Borlongan CV, Skinner SJ, Geaney M, Vasconcellos AV, Elliott RB, 
Emerich DF (2004) Intracerebral transplantation of porcine choroid 
plexus provides structural and functional neuroprotection in a rodent 
model of stroke. Stroke 35:2206-2210.

Butovsky O, Koronyo-Hamaoui M, Kunis G, Ophir E, Landa G, Cohen 
H, Schwartz M (2006) Glatiramer acetate fights against Alzheimer’s 
disease by inducing dendritic-like microglia expressing insulin-like 
growth factor 1. Proc Natl Acad Sci U S A 103:11784-11789.

Council NR (2011) Guide for the Care and Use of Laboratory Animals: 
Eighth Edition . Washington, DC.: The National Academies Press.

Cruz Y, Lorea J, Mestre H, Kim-Lee JH, Herrera J, Mellado R, Gálvez V, 
Cuellar L, Musri C, Ibarra A (2015) Copolymer-1 promotes neurogen-
esis and improves functional recovery after acute ischemic stroke in 
rats. PLoS One 10:e0121854.

Delgado AC, Ferrón SR, Vicente D, Porlan E, Perez-Villalba A, Trujillo 
CM, D’Ocón P, Fariñas I (2014) Endothelial NT-3 delivered by vas-
culature and CSF promotes quiescence of subependymal neural stem 
cells through nitric oxide induction. Neuron 83:572-585.

Faigle R, Song H (2013) Signaling mechanisms regulating adult neural 
stem cells and neurogenesis. Biochim Biophys Acta 1830:2435-2448.

Gelderblom M, Weymar A, Bernreuther C, Velden J, Arunachalam P, 
Steinbach K, Orthey E, Arumugam TV, Leypoldt F, Simova O, Thom 
V, Friese MA, Prinz I, Hölscher C, Glatzel M, Korn T, Gerloff C, 
Tolosa E, Magnus T (2012) Neutralization of the IL-17 axis dimin-
ishes neutrophil invasion and protects from ischemic stroke. Blood 
120:3793-3802.

Gu Y, Yang J, Ouyang X, Liu W, Li H, Bromberg J, Chen SH, Mayer L, 
Unkeless JC, Xiong H (2008) Interleukin 10 suppresses Th17 cytokines 
secreted by macrophages and T cells. Eur J Immunol 38:1807-1813.

Haas J, Korporal M, Balint B, Fritzsching B, Schwarz A, Wildemann 
B (2009) Glatiramer acetate improves regulatory T-cell function by 
expansion of naive CD4(+)CD25(+)FOXP3(+)CD31(+) T-cells in pa-
tients with multiple sclerosis. J Neuroimmunol 216:113-117.



1752

Cruz Y, García EE, Gálvez JV, Arias-Santiago SV, Carvajal HG, Silva-García R, Bonilla-Jaime H, Rojas-Castañeda J, Ibarra A (2018) Release of interleukin-10 and neurotrophic factors 
in the choroid plexus: possible inductors of neurogenesis following copolymer-1 immunization after cerebral ischemia. Neural Regen Res 13(10):1743-1752. doi:10.4103/1673-5374.238615

He F, Zou JT, Zhou QF, Niu DL, Jia WH (2014) Glatiramer acetate re-
verses cognitive deficits from cranial-irradiated rat by inducing hippo-
campal neurogenesis. J Neuroimmunol 271:1-7.

Herz J, Sabellek P, Lane TE, Gunzer M, Hermann DM, Doeppner TR 
(2015) Role of Neutrophils in Exacerbation of Brain Injury After Focal 
Cerebral Ischemia in Hyperlipidemic Mice. Stroke 46:2916-2925.

Hurtado-Chong A, Yusta-Boyo MJ, Vergaño-Vera E, Bulfone A, de 
Pablo F, Vicario-Abejón C (2009) IGF-I promotes neuronal migration 
and positioning in the olfactory bulb and the exit of neuroblasts from 
the subventricular zone. Eur J Neurosci 30:742-755.

Ibarra A, Avendaño H, Cruz Y (2007) Copolymer-1 (Cop-1) improves 
neurological recovery after middle cerebral artery occlusion in rats. 
Neurosci Lett 425:110-113.

Kraft P, Göbel K, Meuth SG, Kleinschnitz C (2014) Glatiramer acetate 
does not protect from acute ischemic stroke in mice. Exp Transl Stroke 
Med 6:4.

Lehtinen MK, Bjornsson CS, Dymecki SM, Gilbertson RJ, Holtzman 
DM, Monuki ES (2013) The choroid plexus and cerebrospinal flu-
id: emerging roles in development, disease, and therapy. J Neurosci 
33:17553-17559.

Li HL, Kostulas N, Huang YM, Xiao BG, van der Meide P, Kostulas V, 
Giedraitas V, Link H (2001) IL-17 and IFN-gamma mRNA expression 
is increased in the brain and systemically after permanent middle ce-
rebral artery occlusion in the rat. J Neuroimmunol 116:5-14.

Liesz A, Zhou W, Na SY, Hämmerling GJ, Garbi N, Karcher S, Mracsko 
E, Backs J, Rivest S, Veltkamp R (2013) Boosting regulatory T cells 
limits neuroinflammation in permanent cortical stroke. J Neurosci 
33:17350-17362.

Lim DA, Alvarez-Buylla A (2014) Adult neural stem cells stake their 
ground. Trends Neurosci 37:563-571.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data 
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Meth-
od. Methods 25:402-408.

Longa EZ, Weinstein PR, Carlson S, Cummins R (1989) Reversible 
middle cerebral artery occlusion without craniectomy in rats. Stroke 
20:84-91.

Marlier Q, Verteneuil S, Vandenbosch R, Malgrange B (2015) Mecha-
nisms and Functional Significance of Stroke-Induced Neurogenesis. 
Front Neurosci 9:458.

Martiñón S, García E, Gutierrez-Ospina G, Mestre H, Ibarra A (2012) 
Development of protective autoimmunity by immunization with a 
neural-derived peptide is ineffective in severe spinal cord injury. PLoS 
One 7:e32027.

Mohammadi F, Rahimian R, Fakhraei N, Rezayat SM, Javadi-Paydar M, 
Dehpour AR, Afshari K, Ejtemaei Mehr S (2016) Effect of glatiramer 
acetate on short-term memory impairment induced by lipopolysac-
charide in male mice. Fundam Clin Pharmacol 30:347-356.

Musaelyan K, Egeland M, Fernandes C, Pariante CM, Zunszain PA, 
Thuret S (2014) Modulation of adult hippocampal neurogenesis by 
early-life environmental challenges triggering immune activation. 
Neural Plast 2014:194396.

Nieto-Vera R, Kahuam-López N, Meneses A, Cruz-Martínez Y, An-
aya-Jiménez RM, Liy-Salmerón G, Carvajal HG, Ponce-López MT, 
Ibarra A (2018) Copolymer-1 enhances cognitive performance in 
young adult rats. PLoS One 13:e0192885.

NOM-062-ZOO-1999. Diario oficial de la Federación de México, Ciudad 
de México, México, 18 de Junio del 2001.

Paxinos G, Watson C (2009) The rat brain in stereotaxic coordinates, 
Compact 6th Edition. Amsterdam ; Boston ; London: Elsevier/Aca-
demic.

Pereira L, Font-Nieves M, Van den Haute C, Baekelandt V, Planas AM, 
Pozas E (2015) IL-10 regulates adult neurogenesis by modulating ERK 
and STAT3 activity. Front Cell Neurosci 9:57.

Perez-Asensio FJ, Perpiñá U, Planas AM, Pozas E (2013) Interleukin-10 
regulates progenitor differentiation and modulates neurogenesis in 
adult brain. J Cell Sci 126:4208-4219.

Poittevin M, Deroide N, Azibani F, Delcayre C, Giannesini C, Levy BI, 
Pocard M, Kubis N (2013) Glatiramer Acetate administration does 
not reduce damage after cerebral ischemia in mice. J Neuroimmunol 
254:55-62.

Putheti P, Soderstrom M, Link H, Huang YM (2003) Effect of glatiramer 
acetate (Copaxone) on CD4+CD25high T regulatory cells and their 
IL-10 production in multiple sclerosis. J Neuroimmunol 144:125-131.

Raposo C, Graubardt N, Cohen M, Eitan C, London A, Berkutzki T, 
Schwartz M (2014) CNS repair requires both effector and regulatory T 
cells with distinct temporal and spatial profiles. J Neurosci 34:10141-
10155.

Rio DC, Ares M Jr, Hannon GJ, Nilsen TW (2010) Purification of RNA 
using TRIzol (TRI reagent). Cold Spring Harb Protoc 2010(6):pdb.
prot5439.

Sathyanesan M, Girgenti MJ, Banasr M, Stone K, Bruce C, Guilchicek E, 
Wilczak-Havill K, Nairn A, Williams K, Sass S, Duman JG, Newton 
SS (2012) A molecular characterization of the choroid plexus and 
stress-induced gene regulation. Transl Psychiatry 2:e139.

Schäbitz WR, Steigleder T, Cooper-Kuhn CM, Schwab S, Sommer C, 
Schneider A, Kuhn HG (2007) Intravenous brain-derived neurotroph-
ic factor enhances poststroke sensorimotor recovery and stimulates 
neurogenesis. Stroke 38:2165-2172.

Schwartz M, Baruch K (2014) The resolution of neuroinflammation in 
neurodegeneration: leukocyte recruitment via the choroid plexus. 
EMBO J 33:7-22.

Seri B, Alvarez-Buylla A (2002) Neural stem cells and the regulation of 
neurogenesis in the adult hippocampus. Clin Neurosci Res 2:11-16.

Shimazu K, Zhao M, Sakata K, Akbarian S, Bates B, Jaenisch R, Lu B 
(2006) NT-3 facilitates hippocampal plasticity and learning and mem-
ory by regulating neurogenesis. Learn Mem 13:307-315.

Snapyan M, Lemasson M, Brill MS, Blais M, Massouh M, Ninkovic J, 
Gravel C, Berthod F, Götz M, Barker PA, Parent A, Saghatelyan A 
(2009) Vasculature guides migrating neuronal precursors in the adult 
mammalian forebrain via brain-derived neurotrophic factor signaling. 
J Neurosci 29:4172-4188.

Spadaro M, Montarolo F, Perga S, Martire S, Brescia F, Malucchi S, 
Bertolotto A (2017) Biological activity of glatiramer acetate on Treg 
and anti-inflammatory monocytes persists for more than 10years in 
responder multiple sclerosis patients. Clin Immunol 181:83-88.

Tian L, Nie H, Zhang Y, Chen Y, Peng Z, Cai M, Wei H, Qin P, Dong H, 
Xiong L (2014) Recombinant human thioredoxin-1 promotes neuro-
genesis and facilitates cognitive recovery following cerebral ischemia 
in mice. Neuropharmacology 77:453-464.

Tobin MK, Bonds JA, Minshall RD, Pelligrino DA, Testai FD, Lazarov 
O (2014) Neurogenesis and inflammation after ischemic stroke: what 
is known and where we go from here. J Cereb Blood Flow Metab 
34:1573-1584.

Tselis A, Khan O, Lisak RP (2007) Glatiramer acetate in the treatment of 
multiple sclerosis. Neuropsychiatr Dis Treat 3:259-267.

Tyrtyshnaia AA, Manzhulo IV, Sultanov RM, Ermolenko EV (2017) 
Adult hippocampal neurogenesis in neuropathic pain and alkyl glyc-
erol ethers treatment. Acta Histochem 119:812-821.

Wang J, Xie L, Yang C, Ren C, Zhou K, Wang B, Zhang Z, Wang Y, Jin 
K, Yang GY (2015) Activated regulatory T cell regulates neural stem 
cell proliferation in the subventricular zone of normal and ischemic 
mouse brain through interleukin 10. Front Cell Neurosci 9:361.

Xiang J, Routhe LJ, Wilkinson DA, Hua Y, Moos T, Xi G, Keep RF (2017) 
The choroid plexus as a site of damage in hemorrhagic and ischemic 
stroke and its role in responding to injury. Fluids Barriers CNS 14:8.

Xiong Y, Mahmood A, Chopp M (2010) Angiogenesis, neurogenesis and 
brain recovery of function following injury. Curr Opin Investig Drugs 
11:298-308.

Yan YP, Sailor KA, Vemuganti R, Dempsey RJ (2006) Insulin-like 
growth factor-1 is an endogenous mediator of focal ischemia-induced 
neural progenitor proliferation. Eur J Neurosci 24:45-54.

Yoles E, Hauben E, Palgi O, Agranov E, Gothilf A, Cohen A, Kuchroo V, 
Cohen IR, Weiner H, Schwartz M (2001) Protective autoimmunity is 
a physiological response to CNS trauma. J Neurosci 21:3740-3748.

Yuan H, Chen R, Wu L, Chen Q, Hu A, Zhang T, Wang Z, Zhu X (2015) 
The regulatory mechanism of neurogenesis by IGF-1 in adult mice. 
Mol Neurobiol 51:512-522.

Zepeda A, Michel G, Aguilar-Arredondo A, Arias C (2009) Neurogene-
sis after brain stroke: Is there a relationship with functional recovery? 
Current Trends in Neurology 3:33-44.

Zheng W, ZhuGe Q, Zhong M, Chen G, Shao B, Wang H, Mao X, Xie L, 
Jin K (2013) Neurogenesis in adult human brain after traumatic brain 
injury. J Neurotrauma 30:1872-1880.

Ziv Y, Schwartz M (2008) Orchestrating brain-cell renewal: the role of 
immune cells in adult neurogenesis in health and disease. Trends Mol 
Med 14:471-478.


