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Cognitive Rehabilitation Improves Ischemic Stroke-Induced
Cognitive Impairment: Role of Growth Factors
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Cognitive dysfunction is the most common nonphysical impairment in the stroke
survivors. This impairment has a negative impact on patients’ quality of life affects
their daily living activities. Both pharmacological and nonpharmacological inter-
ventions are employed to improve cognitive impairment. Recently, nonpharmaco-
logical interventions have attracted great attention. Cognitive rehabilitation is
considered as a therapeutic strategy to improve and maintain cognitive skills in
patients with stroke. Enriched environment (EE), as a cognitive rehabilitation strat-
egy, has been shown to facilitate physical, cognitive, as well as social abilities. More-
over, EE has been shown to increase endogenous growth factors. Growth factors
have pivotal role in neurogenesis, synaptogenesis, as well as brain remodeling
through neuron development, differentiation, and survival. In addition, administra-
tion of exogenous growth factors prevents cognitive dysfunction. Here, we review
preclinical and clinical evidence of cognitive rehabilitation and role of growth fac-
tors in treating poststroke cognitive impairment.
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Introduction

Stroke is the second leading cause of death and long-
term disability in older people that each year influences
over 15 million people worldwide.1 In addition to physical
disability, stroke is responsible for the significant cognitive
decline in one-third of patients.2,3 The risk of proceeding
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cognitive impairment after stroke increases at least 5-
8 times.4 Although the exact mechanism of poststroke cog-
nitive impairment (PSCI) are not fully understood, lesions
in important areas such as hippocampus, white matter,
and cerebral cortex contribute to its pathogenesis.1 The
prevalence of PSCI varies from 20% to 80% depending on
the countries, the races, and the diagnostic criteria.1 PSCI
can affect patients’ ability to live independently even after
recovery from physical disability. PSCI also leads to an
enhanced risk of recurrent strokes, further cognitive defi-
ciency, and higher mortality.5 Therefore, it is necessary to
find effective treatments for cognitive deficits in people
who have had a stroke.
A number of pharmacological and nonpharmacological

methods are available to help people with cognitive
impairment.6,7 Nonpharmacological treatments are effec-
tive for persons with cognitive impairment ranging from
mild cognitive impairment (MCI) to moderate dementia
and are cheap and readily available in developing coun-
tries.7,8 Cognitive rehabilitation is considered as one of
the nonpharmacological treatments, which improves
), 2019: 104299 1
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cognitive impairments via different routes such as
increase in growth factors.9-11

In addition, administration of growth factors such as
brain-derived neurotrophic factor (BDNF), vascular endo-
thelial growth factor (VEGF), nerve growth factor (NGF),
insulin-like growth factor (IGF-1), fibroblast growth factor
(FGF), and erythropoietin (EPO) has been shown to
improve cognitive function in both physiological and
pathological conditions.12-17 Here, we review preclinical
and clinical evidence of nonpharmacological and growth
factor therapies in treatment of PSCI.

Stroke and Cognitive Impairment

Brain is a highly organized structure made up of com-
plex networks, which are correlated to sensory, motor,
and cognitive performances. Therefore, the loss of neuro-
nal circuits and connections could lead to impairment in
these domains.18

Cognition refers to the mechanisms in which animal
obtain, process, store, and operate on information from
the environment.19 Cognition is considered of several
domains including memory, attention, visuospatial func-
tioning, executive function, and language.20 Cognitive
impairments are usually the significant outcome of neuro-
degenerative diseases such as Alzheimer's disease (AD)
and vascular dementia.21

Cognitive impairment is defined as a range of mental
decrease with mild to severe cognitive functional
decline.22 The terms MCI and dementia have been used to
express cognitive impairment.23,24 MCI is a transitional
phase between normal aging and dementia that includes
impairments in memory domains but other cognitive
domains typically stay intact and individuals have the
ability to perform activities of daily living. In contrast to
MCI, dementia causes impairment in all cognitive
domains.23-25 Cognitive impairments can reduce the abil-
ity of a person to realize task guidelines, to plan, and initi-
ate selfdirected activities, and to solve problems.20

PSCI occurs commonly among stroke survivors and is
strongly associated with the poor functional outcome.1,26

Patients with a stroke have higher rates of cognitive
impairment than people who have not had a stroke.27 Mem-
ory problems, the deficit of attention, and impaired execu-
tive function are the most common cognitive impairments
observed in patients with stroke.28 The incidence of the cog-
nitive decline after stroke increases with age and many of
stroke survivors experience the cognitive impairment within
3 months after stroke.1,29 Some cognitive impairment after
stroke may get better over time, although the recovery rates
differ due to different basal features of the people.30

Cognitive Rehabilitation

Cognitive rehabilitation is a treatment method to improve
and increase function for specific mental processes.31 The
cognitive rehabilitation goal is to improve individual's
ability to perceive, explain, and answer properly to informa-
tion.32 It has been indicated that memory deficits related
with aged rat model can be attenuated by cognitive activ-
ity.33 The decline in cognitive impairment has also been
seen with cognitive training in AD and traumatic brain
injury models.34,35 Findings of animal studies have shown
that repeated cognitive training increases cognitive function
at later age. Repeated cognitive activity produces protective
effects, which can delay the cognitive decline in transgenic
AD mice.33,36 Cognitive rehabilitation in laboratory animals
can be intervened by manipulation of the animal's environ-
ment by methods such as housing them in enriched envi-
ronment (EE).37,38 In addition, it has been shown that
cognition in laboratory animals improves by training them
on different kinds of mazes such as Hebb-Williams maze or
Morris water maze.34,39

EE has been defined as the use of housing conditions that
causes increased sensory, motor, and cognitive stimulation
of the brain in comparison with standard caging.40 EE has
been shown to have positive effects on cognitive perfor-
mance both in normal and pathological conditions.41,42 Ani-
mals, which kept in EE, had increased cerebral cortex
volume, thickness, and wet weight, number of the synapse,
and glial cells.43 EE or training on particular skills after
stroke in injured animals was very efficient to stimulate
functional recovery.44 EE intervention in mice with cogni-
tive impairment improved water maze performance,
induced hippocampal long-term potentiation (LTP), and
enhanced function of the basal forebrain-hippocampus cho-
linergic circuits of contralateral side of stroke compared to
PSCI mice kept in standard environment.45

HWM has been used for evaluating the memory of
rodents and it has been shown that it is sensitive to hippo-
campal dysfunction.46,47 A study used HWM as a cogni-
tive rehabilitation and showed that it improved working
memory in the radial arm maze in rats.39
Cognitive Rehabilitation and Neural
Plasticity

The common element of the rehabilitation approaches is
neural plasticity.48 Neural plasticity is considered as the
brain’s ability to adjust its response to alterations in the
environment or lesions.49 Brain is able to reorganize and
relearn those functions that were lost after a lesion, by pro-
moting the correction of maladaptive plasticity, and lead-
ing to more functional neural growth state.48 Neuronal
plasticity is increased during sensitive periods of postnatal
development but is limited after the closure of critical peri-
ods.50 Neuronal plasticity includes atrophic processes such
as the deletion of inactive neurons and neuronal contacts
and trophic processes such as neurogenesis and synapto-
genesis.50 Indeed, brain is remodeled by behavioral experi-
ence through wide variety of events and stimuli.51

Structural mechanisms underlying experience-dependent
plasticity in the adult cortex include axonal remodeling,
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the growth of new dendritic spines, and synapse turn-
over.52 Physiological changes involve a dynamic modifica-
tion of facilitation and inhibition at selected synapses,
modulating conductance, or resistance to impulse trans-
mission without causing overt tissue alterations.53

Neural plasticity has been postulated as a mechanism
for recovery of function after injury.54 Brain injury makes
a significant change of the neural network in the affected
region.55 Animal studies have revealed that brain damage
can trigger neural plasticity.56

Regarding the positive effects of cognitive training,
researchers have concentrated on identifying the basic
mechanisms underlying the effects of cognitive activities in
animal models. The training positively changes the brain's
intrinsic activity at rest and its structural connectivity.57

Neuroplasticity alterations such as increased synaptic den-
sity, enhanced cerebral gray matter, and increased volume
of the hippocampus have been found by new learning in
animal models.58 Cognitive training also enhanced the total
cellular activity and metabolic rate in specific brain areas.57

Functional imaging and electroencephalography studies
also indicate neuroplastic changes and neuroplasticity fol-
lowing cognitive training in humans.59 Understanding of
the molecular mechanism and the critical period windows
of plasticity in adult-born neurons will play an important
role in successful rehabilitation from ischemic stroke.
Endogenous response mechanisms following exposure to
hypoxia-ischemia include increased neuronal transcription
factors hypoxia-inducible factors 1 and 2 expression corre-
lated with increased expression of a number of cytokines
and growth factors.60,61
Impact of Growth Factors on Neural Plasticity

Growth factors are driving agents in plasticity events.62

Growth factors play important roles in the normal central
nervous system (CNS) development and function.63

Increased growth factors expression after ischemia or
injury activates a series of signaling pathways that regu-
lates various cellular processes including apoptosis,
inflammation, angiogenesis, cell differentiation, and pro-
liferation.61,64,65 In addition, growth factors such as
BDNF, VEGF, NGF, IGF-1, FGFs, and EPO promote neu-
ronal plasticity and functional recovery following
stroke.13,66-71 Moreover, Cerebrolysin which is a mixture
of different neurotrophic factors has been shown to have
recovery-promoting effects after brain damage.72

It has been shown that the benefits of cognitive activity
is mediated by increased growth factor signaling.73 Cog-
nitive activity results in the activation of neurons, release
of glutamate from presynaptic terminals, and production
of growth factors.74 For instance, cognitive rehabilitation
has demonstrated beneficial effects on cognitive deficits of
Parkinson’s patients in association with an increase in
BDNF levels.75 In a study on stroke patients, increased
IGF-1 level after cognitive rehabilitation was observed.76
It has also been demonstrated that combination of growth
factor and rehabilitation after injury could have positive
effects on the functional outcome, for instance Cerebroly-
sin has been shown positive effects on motor function
when was applied with motor rehabilitation.77

Growth factors are classified into different families that
act through specific receptors78 (Table 1). Here we explain
shortly the most important ones:
Brain Derived Neurotrophic Factor

BDNF, as a member of the neurotrophin family,
belongs to the group of structurally related polypeptide
growth factors.79 In multiple brain regions, BDNF levels
increase during the first month of postnatal development,
which is possibly followed by a slight decline into adult-
hood.80 BDNF is the major growth factor known to have
some effects on cognitive activity in the brain.81 BDNF
involves in the formation of LTP process.79 Moreover,
BDNF serves an essential function in the neuronal sur-
vival and growth, modulates neurotransmitter release,
and contributes in neuronal plasticity.82,83

Evidence obtained from animal studies indicates that
exogenous BDNF has protective effects against cerebral
ischemia. Intravenous administration of BDNF reduced the
infarct size following brain ischemia in rats.84 In addition,
in a middle cerebral artery occlusion model study in adult
rats, BDNF treatment reduced infarct volume; improved
neurological outcome, up-regulated B-cell lymphoma 2
(Bcl2) protein, and decreased expression of the BCL2-associ-
ated X protein (Bax) protein.85 Moreover, BDNF treatment
promoted remyelination, oligodendrocyte proliferation;
and improve functional postischemic recovery in the rat.67

Another study showed that BDNF treatment caused an
increase in the number of both activated and phagocytotic
microglia, up-regulated IL-10 and its mRNA expression,
down-regulated tumor necrosis factor a and its mRNA
expression, and enhanced DNA-binding activity of nuclear
factor-kappa B in middle cerebral artery occlusion model of
stroke (Table 2).86 It has also been shown that blocking of
endogenous BDNF by antisense oligonucleotide negates
improving effects of a rehabilitation program after focal
ischemia in rats, suggesting a critical role for BDNF in reha-
bilitation-induced recovery.81

In addition, a number of neurodevelopmental, neu-
rodegenerative, and neuropsychiatric disorders, which
are characterized by abnormalities in synaptic plastic-
ity, have been associated with deficits in BDNF func-
tion.87 Lower serum BDNF level has been established
to be related to a higher risk of incident stroke/tran-
sient ischemic attack.88 Acute low concentrations of
BDNF are associated with poor long-term functional
outcome after ischemic stroke.89 Clinical studies have
shown that serum BDNF levels and hippocampal vol-
ume reductions in elderly individuals are closely corre-
lated with memory loss.90



Table 1. Classification of the known growth factors playing role in neuroplasticity

Growth factors Growth factor members Growth factor receptors

Neurotrophins Nerve growth factor (NGF) TrkA

Brain-derived NTF (BDNF) TrkB

Neurotrophin 3 (NT3) TrkC

Neurotrophin 4/5 (NT4/5) TrkB

Glial cell line-derived NTF (GDNF) family

ligands (GFLs)

Glial cell line-derived neurotrophic factor

(GDNF)

GFRa1

Neurturin (NRTN) GFRa2
Artemin (ARTN) GFRa3
Persephin (PSPN) GFRa4

Bone morphogenetic proteins (BMPs) BMP1-10, BMP15 BMPRI(A, B), BMPRII

Transforming growth factors-b (TGF-b) TGFb1-3 TbR1-3
Insulin-like growth factors (IGFs) IGF-I, IGF-II IGF1R, IGF2R

Fibroblast growth factors (FGFs) Acidic FGF, Basic FGF FGFR1-4

Epidermal growth factors (EGFs) EGF, TGF-a, Neuregulins, Amphiregulin,

Betacellulin

EGFR/ErbB

Interleukins IL1-37 ILR

Platelet-derived growth factors (PDGFs) PDGF-AA, PDGF-BB, PDGF-CC, PDGF-

DD, PDGF-AB

PDGFRa, PDGFRb

Vascular endothelial growth factors

(VEGF)

VEGF-A VEGFR-1,VEGFR-2

VEGF-B VEGFR-1

VEGF-C VEGFR-3

VEGF-D VEGFR-3

VEGF-E VEGFR-2

PLGF VEGFR-1

Other growth factors Erythropoietin (EPO) Epo-R

Leptin OB-Rb

Leukemia inhibitory factor (LIF) LIF-R

Ciliaryneurotrophic factor (CNTF)
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VEGF

VEGF, which is primarily expressed by astrocytes and
microglia, has some pleiotropic effects in the CNS.91 VEGF
is highly expressed in the ventricular neuroectoderm of
embryonic and postnatal periods and its expression
decreases in the adulthood.92 VEGF demonstrates diverse
biological functions including modulation of angiogenesis,
vasculogenesis, vascular permeability, vascular remodel-
ing, vascular survival, arterial differentiation, hematopoie-
sis, inflammatory responses, and neurotrophic activity.93

VEGF has been identified as a neurotrophic factor in the
peripheral nervous system, which increases cell survival
and promotes the proliferation of Schwann cell and axonal
outgrowth in cultured adult mice superior cervical ganglia
and dorsal root ganglia.94-96 VEGF induces neurogenesis
not only in the subependymal zone but also in the hippo-
campus, thus enhances learning and memory apart from
increasing angiogenesis in the hippocampus.97 Moreover,
it has been shown that LTP is significantly enhanced in the
dentate gyrus by VEGF expression, and VEGF blockade
abolished LTP, indicating that VEGF is required to main-
tain plasticity.98

VEGF has been shown to contribute in angiogenesis, arte-
riogenesis, cerebral edema, postischemic brain, and vessel
repair, neuroprotection, neurogenesis, and survival of trans-
planted stem cells in experimental stroke.99 Expression of
VEGF and its receptors rapidly occurs in neurons and glial
cells after hypoxia and ischemia.100 Exogenous VEGF has
been recognized as a possible treatment for improving cogni-
tive function impaired by acute or chronic local cerebral
ischemia.101 VEGF treatment after ischemic stroke reduces
infarct volume, induces angiogenesis in ischemic area, and
improves neurogenesis and behavioral recovery.102,103 In a
focal stroke model, injection of VEGF after infarction reduced
apoptosis.104 Intranasal administration of recombinant
human VEGF 3 days after 2-vessel occlusion (2-VO) surgery
improved damaged hippocampal neurons and synaptic plas-
ticity, retained the membrane potential, neuronal excitability,
and spontaneous excitatory postsynaptic currents; and cogni-
tive function in the early stage of ischemia (Fig. 1, Table 2).13

NGF

NGF had originally been known as a key player in the
regulation of peripheral innervations. During development,
NGF is present at very high levels in the septo- hippocam-
pal system.105 In the adult brain, the highest amount of
NGF has been discovered in hippocampus, cortex, and
olfactory regions.106,107 Moreover, NGF availability can



Figure 1. Effects of stroke, cognitive rehabilitation, and growth factors on cognitive function. (Color version of figure is available online.)
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affect hippocampal physiology and behavior in the intact
adult rat brain.108 NGF facilitates the hippocampal-depen-
dent memory and increases the synaptic plasticity in the
hippocampus. Enhanced synaptic plasticity is possibly due
to the augmentation of synaptogenesis since NGF treatment
has been shown to elevate the density of dendritic spines in
the CA3 area.109 The blockage of endogenous NGF by anti-
NGF infusion decreased the hippocampal LTP and dis-
turbed the memory retention.108,110 In addition, recognition
Table 2. Growth factors used f

Growth factors Model Effects

BDNF MCAO, rat Reduced infarct size8

Endothelin-1, rat Increased oligodendr

functional67

MCAO, rat Reduced infarct volu

cortical neurons in

protein Bcl-285

MCAO, rat Increased the number

interleukin10 and it

and its mRNA expr

kappa B86

VEGF MCAO, rat Reduced infarct volu

ioral recovery; Enh

MCAO, rat Reduced apoptosis104

2-VO, rat Improved the cogniti

neurons; Retained t

ous excitatory posts

NGF MCAO, mice Reduced apoptotic ce

MCAO, rat Improved neurologic

proliferation of pro

IGF-1 MCAO, rat Increased focal ische

MCAO, rat Reduced infarct size1

Hypoxia�ischemia, rat Decreased hypoxia�
and cognitive perfo

bFGF MCAO, rat Enhanced the prolifer

rons, astrocytes, an

MCAO, rat Increased blood flow

2-VO, rat Suppressed excessive

EPO Embolic, rat Improved functional

Endothelin-1, rat Increased motor and

2-VO, rat Increased recovery of

BDNF, Brain-derived neurotrophic factor; MCAO, -Middle cerebral ar

2-VO, Two vessel occlusion; NGF, Nerve growth factor; IGF-1, Insu

Erythropoietin.
memory deficits could be rescued by intranasal delivery of
NGF.68 Numerous cell signaling pathways, which are cru-
cial for neuronal development, axonal growth, synaptogen-
esis, and neurotransmission, are activated by NGF.111-113

NGF is critical to the survival andmaintenance of neurons
after cerebral hypoxia-ischemia.114 NGF mRNA increases in
the hippocampal neurons after cerebral ischemia.115 More-
over, intracerebroventricular administration of NGF before
focal cerebral ischemia in mice reduces apoptotic cell death
or the treatment of stroke

4

ocyte differentiation and myelin formation; Improved

me; Reduced expression of the proapoptotic Bax protein in

the penumbra; Increased up-regulation of the antiapoptotic

of both activated and phagocytotic microglia; Up-regulated

s mRNA expression; Down-regulated tumor necrosis factor a
ession; Increased DNA-binding activity of nuclear factor-

me; Induced angiogenesis in ischemic area; Improved behav-

anced neurogenesis102

ve function, synaptic plasticity, and damaged hippocampal

he membrane potential, neuronal excitability, and spontane-

ynaptic currents13

ll death following stroke116

al function; Reduced infarct volume; Increased survival and

genitor cells117

mia-induced progenitor cell proliferation in the DG123

24

ischemia-induced brain damage; Improved long-term memory

rmance15

ation of neural stem cells and their differentiation into neu-

d oligodendrocyte70

; Reduced infarct size; Improved behavioral function130-132

autophagy; Inhibited apoptosis133

outcome; Increased oligodendrogenesis and neurogenesis142

cognitive performance17

lost memory performance143

tery occlusion; VEGF, Vascular endothelial growth factor;

lin-like growth factor; bFGF, Basic fibroblast growth factor; EPO,
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following stroke.116 NGF treatment reduces infarct volume,
increases survival and proliferation of progenitor cells, and
improves neurological function (Table 2).117

IGF-1

IGF-1, a member of the family of Insulin-Like Peptides,
is a potent growth factor in the CNS with pleiotropic func-
tions on all major cell types.118 The early post-natal IGF-1
expression is recognized in brain areas where neurogene-
sis is continued after birth, including the cerebellum,
olfactory bulb, and hippocampus. It has been shown that
IGF-1 level falls after this period of neuronal prolifera-
tion.119,120 IGF1 expression persists in these areas in adult
brains but at much lower levels than that of early neonatal
period.121 Experimental studies have indicated a relation
between IGF-I and cognition.122 IGF1 has been implicated
in the control of hippocampal LTP and learning, and syn-
aptic plasticity through its trophic effects on central gluta-
matergic synapses.69

IGF-1 injection following stroke elevated progenitor cell
proliferation in the dentate gyrus region.123 Furthermore,
infarct size reduced in IGF-1 treated animals compared to
vehicle treated controls.124 It has also been indicated that
IGF-I administration improves cognition in aging ani-
mals.125 In addition, IGF-1 significantly decreases hypoxia-
�ischemia-induced brain damage and improves long-term
memory and cognitive performance in rats (Table 2).15

FGF

FGF makes up a large family of cytokines, which are
expressed by and target neurons and glial cells.126 FGF-2
is considered as the most abundant members of the FGF
family in the CNS.127 FGF2 has angiogenic effects in vari-
ous tissues and organs and play a key role in the differen-
tiation and function of the nervous system.128 It signals
through receptor tyrosine kinases encoding FGFR1-4.128

In early brain development, FGF2 is expressed by the neu-
ral tube and later is expressed in the ventricular region of
the developing cortex and the cortical plate. In the adult
brain, the highest FGF2 expression has been shown in the
cortical regions and hippocampus.129

FGF2 is effective in preventing the ischemic stroke pos-
sibly through increasing the proliferation of neural stem
cells and their differentiation into neurons, astrocytes,
and oligodendrocytes.70 Exogenous FGF2 increases blood
flow, reduces infarct size, and improves behavioral func-
tion.130-132 It has also been reported that FGF2 exerts neu-
roprotective effects in the hippocampal CA1 region by
suppressing extreme autophagy and inhibiting apoptosis
after cerebral ischemia in rats (Table 2).133

EPO

EPO is a hemopoietic hormone, which is synthesized in
the fetal liver and the adult kidney.134,135 The pleiotropic
functions of this glycoprotein consist of erythropoietic effects,
modulation of the inflammatory and immune process, anti-
apoptotic activity, and vasoactive action.136-138 The multi-
functional role of EPO is presented through EPO receptor
(EPOR).139,140 Expression of both EPO and EPOR is reported
in cortical and hippocampal neurons, which is associated
with high synaptic plasticity and cognitive function.139-141

Treatment with EPO increased angiogenesis and neuro-
genesis, and improved neurological outcome in a rat
model of embolic stroke.142 Single EPO administration
has increased both motor and cognitive performance fol-
lowing focal cerebral ischemia in rats.17 It has also been
shown that intravenous administration of EPO increases
recovery of lost memory performance in 2-VO model of
stroke .143

Conclusion

The prevalence of PSCI in stroke survivors is high.
Rehabilitation strategies hold promise for improving
functional outcomes poststroke. Cognitive rehabilitation
of stroke patients can lead to improved function and abili-
ties, possibly through increasing endogenous growth fac-
tors. Exogenous administration of growth factors has also
shown a promising avenue for improving cognitive per-
formance. A combination of cognitive rehabilitation and
growth factor therapy can presumably be more effective
in PSCI treatment.
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16. Çelik Y, At{c{ A, Beyda�g{ H, et al. The effects of fibro-
blast growth factor-2 and pluripotent astrocytic stem
cells on cognitive function in a rat model of neonatal
hypoxic-ischemic brain injury. J Matern-Fetal Neonatal
Med 2016;29:2199-2204.

17. Hralov�a M, Plananska E, Angerov�a Y, et al. Effects of a
single dose of erythropoietin on motor function and cog-
nition after focal brain ischemia in adult rats. Prague
Med Rep 2014;115:5-15.

18. Renton T, Tibbles A, Topolovec-Vranic J. Neurofeed-
back as a form of cognitive rehabilitation therapy fol-
lowing stroke: a systematic review. PLoS One 2017;12:
e0177290.

19. Shettleworth SJ. Cognition, Evolution, and Behavior.
Oxford University Press; 2010.

20. Cumming TB, Marshall RS, Lazar RM. Stroke, cognitive
deficits, and rehabilitation: still an incomplete picture.
Int J Stroke 2013;8:38-45.

21. Langdon KD, Granter-Button S, Harley CW, et al. Cog-
nitive rehabilitation reduces cognitive impairment and
normalizes hippocampal CA1 architecture in a rat
model of vascular dementia. J Cerebr Blood Flow Metab
2013;33:872-879.

22. Tatemichi T, Desmond D, Stern Y, et al. Cognitive
impairment after stroke: frequency, patterns, and rela-
tionship to functional abilities. J Neurol, Neurosurg Psy-
chiatr 1994;57:202-207.
23. Busse A, Angermeyer MC, Riedel-Heller SG. Progression
of mild cognitive impairment to dementia: a challenge to
current thinking. Br J Psychiatry 2006;189:399-404.

24. Chertkow H, Massoud F, Nasreddine Z, et al. Diagnosis
and treatment of dementia: 3. Mild cognitive impairment
and cognitive impairment without dementia. Can Med
Assoc J 2008;178:1273-1285.

25. Huckans M, Hutson L, Twamley E, et al. Efficacy of cog-
nitive rehabilitation therapies for mild cognitive
impairment (MCI) in older adults: working toward a
theoretical model and evidence-based interventions.
Neuropsychol Rev 2013;23:63-80.

26. Jokinen H, Melkas S, Ylikoski R, et al. Post�stroke cog-
nitive impairment is common even after successful clini-
cal recovery. Eur J Neurol 2015;22:1288-1294.

27. Douiri A, Rudd AG, Wolfe CD. Prevalence of poststroke
cognitive impairment: South London stroke register
1995�2010. Stroke 2013;44:138-145.

28. Park J, Lee G, Lee S-U, et al. The impact of acute phase
domain-specific cognitive function on post-stroke func-
tional recovery. Ann rehabil Med 2016;40:214-222.

29. Nys G, Van Zandvoort M, De Kort P, et al. Restrictions
of the mini-mental state examination in acute stroke.
Arch Clin Neuropsychol 2005;20:623-629.

30. del Ser T, Barba R, Morin MM, et al. Evolution of cogni-
tive impairment after stroke and risk factors for delayed
progression. Stroke 2005;36:2670-2675.

31. Viola LF, Nunes PV, Yassuda MS, et al. Effects of a mul-
tidisciplinar cognitive rehabilitation program for
patients with mild Alzheimer’s disease. Clinics
2011;66:1395-1400.

32. Cattelani R, Zettin M, Zoccolotti P. Rehabilitation treat-
ments for adults with behavioral and psychosocial dis-
orders following acquired brain injury: a systematic
review. Neuropsychol Rev 2010;20:52-85.

33. Talboom JS, West SG, Engler-Chiurazzi EB, et al. Learn-
ing to remember: cognitive training-induced attenuation
of age-related memory decline depends on sex and cog-
nitive demand, and can transfer to untrained cognitive
domains. Neurobiol Aging 2014;35:2791-2802.

34. Jiang X, Chai G-S, Wang Z-H, et al. CaMKII-dependent
dendrite ramification and spine generation promote
spatial training-induced memory improvement in a rat
model of sporadic Alzheimer’s disease. Neurobiol
Aging 2015;36:867-876.

35. Sebastian V, Diallo A, Ling DS, et al. Robust training
attenuates TBI-induced deficits in reference and work-
ing memory on the radial 8-arm maze. Front Behavior
Neurosci 2013;7:38.

36. Yeung ST, Martinez-Coria H, Ager RR, et al. Repeated
cognitive stimulation alleviates memory impairments in
an Alzheimer’s disease mouse model. Brain Res Bull
2015;117:10-15.

37. He C, Tsipis CP, LaManna JC, et al. Environmental
enrichment induces increased cerebral capillary density
and improved cognitive function in mice. Oxygen
Transport to Tissue XXXIX. Springer; 2017. p. 175-181.

38. Yu K, Wu Y, Zhang Q, et al. Enriched environment indu-
ces angiogenesis and improves neural function outcomes
in rat stroke model. J Neurol Sci 2014;347:275-280.

39. Langdon KD, Corbett D. Improved working memory
following novel combinations of physical and cognitive
activity. Neurorehabil Neural Repair 2012;26:523-532.

40. Toth LA, Kregel K, Leon L, et al. Environmental enrich-
ment of laboratory rodents: the answer depends on the
question. Comp Med 2011;61:314-321.

http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0006
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0006
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0007
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0007
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0007
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0007
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0007
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0007
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0008
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0008
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0008
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0008
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0009
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0009
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0009
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0010
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0010
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0010
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0010
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0011
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0011
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0011
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0011
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0011
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0012
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0012
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0012
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0012
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0012
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0013
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0013
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0013
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0013
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0014
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0014
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0014
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0014
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0014
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0015
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0015
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0015
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0015
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0015
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0016
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0016
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0016
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0016
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0016
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0016
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0016
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0016
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0017
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0017
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0017
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0017
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0017
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0017
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0018
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0018
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0018
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0018
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0019
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0019
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0020
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0020
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0020
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0021
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0021
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0021
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0021
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0021
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0022
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0022
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0022
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0022
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0023
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0023
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0023
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0024
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0024
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0024
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0024
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0025
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0025
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0025
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0025
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0025
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0026
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0026
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0026
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0026
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0027
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0027
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0027
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0027
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0028
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0028
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0028
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0029
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0029
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0029
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0030
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0030
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0030
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0031
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0031
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0031
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0031
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0032
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0032
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0032
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0032
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0033
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0033
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0033
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0033
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0033
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0034
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0034
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0034
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0034
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0034
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0035
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0035
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0035
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0035
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0036
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0036
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0036
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0036
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0037
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0037
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0037
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0037
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0038
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0038
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0038
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0039
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0039
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0039
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0040
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0040
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0040


8 F. FAROKHI-SISAKHT ET AL.
41. Doulames V, Lee S, Shea TB. Environmental enrichment
and social interaction improve cognitive function and
decrease reactive oxidative species in normal adult
mice. Int J Neurosci 2014;124:369-376.

42. Seo JH, Yu JH, Suh H, et al. Fibroblast growth factor-2
induced by enriched environment enhances angiogene-
sis and motor function in chronic hypoxic-ischemic
brain injury. PLoS One 2013;8:e74405.

43. Li B-Y, Wang Y, Tang H, et al. The role of cognitive
activity in cognition protection: from Bedside to Bench.
Trans Neurodegeneration 2017;6:7.

44. Biernaskie J, Chernenko G, Corbett D. Efficacy of reha-
bilitative experience declines with time after focal ische-
mic brain injury. J Neurosci 2004;24:1245-1254.

45. Wang X, Chen A, Wu H, et al. Enriched environment
improves post-stroke cognitive impairment in mice by
potential regulation of acetylation homeostasis in cho-
linergic circuits. Brain Res 2016;1650:232-242.

46. Pritchett K, Mulder GB. Hebb-williams mazes. J Am
Assoc Lab Anim Sci 2004;43:44-45.

47. Jerman T, Kesner RP, Hunsaker MR. Disconnection
analysis of CA3 and DG in mediating encoding but not
retrieval in a spatial maze learning task. Learn Mem
2006;13:458-464.

48. Galetto V, Sacco K. Neuroplastic changes induced by
cognitive rehabilitation in traumatic brain injury: a
review. Neurorehabil Neural Repair 2017;31:800-813.

49. Sharma N, Classen J, Cohen LG. Neural plasticity and
its contribution to functional recovery. In:Handbook of
Clinical Neurology, Vol 110. Elsevier; 2013. p. 3-12.

50. Castr�en E, Antila H. Neuronal plasticity and neurotro-
phic factors in drug responses. Mol Psychiatry 2017;22:
1085.

51. Kou Z, Iraji A. Imaging brain plasticity after trauma.
Neural Regen Res 2014;9:693.

52. Barnes SJ, Finnerty GT. Sensory experience and cortical
rewiring. Neuroscientist 2010;16:186-198.

53. Berlucchi G. Brain plasticity and cognitive neurorehabi-
litation. Neuropsychologic Rehabil 2011;21:560-578.

54. Carmichael ST, Wei L, Rovainen CM, et al. New pat-
terns of intracortical projections after focal cortical
stroke. Neurobiol Dis 2001;8:910-922.

55. Alia C, Spalletti C, Lai S, et al. Neuroplastic changes fol-
lowing brain ischemia and their contribution to stroke
recovery: novel approaches in neurorehabilitation. Front
Cell Neurosci 2017;11:76.

56. Granziera C, D’Arceuil H, Zai L, et al. Long-term moni-
toring of post-stroke plasticity after transient cerebral
ischemia in mice using in vivo and ex vivo diffusion ten-
sor MRI. Open Neuroimaging J 2007;1:10.

57. Chapman SB, Aslan S, Spence JS, et al. Neural mecha-
nisms of brain plasticity with complex cognitive training
in healthy seniors. Cereb Cortex 2013;25:396-405.

58. Nithianantharajah J, Hannan AJ. Enriched environ-
ments, experience-dependent plasticity and disorders of
the nervous system. Nat Rev Neurosci 2006;7:697.

59. Valenzuela MJ, Jones M, Rae WWC, et al. Memory train-
ing alters hippocampal neurochemistry in healthy
elderly. Neuroreport 2003;14:1333-1337.

60. Shi H. Hypoxia inducible factor 1 as a therapeutic target
in ischemic stroke. Curr Med Chem 2009;16:4593-4600.

61. Larpthaveesarp A, Ferriero D, Gonzalez F. Growth fac-
tors for the treatment of ischemic brain injury (growth
factor treatment). Brain Sci 2015;5:165-177.

62. Unsicker K, Engels S, Hamm C, et al. Molecular control
of neural plasticity by the multifunctional growth factor
families of the FGFs and TGF-bs. Ann Anat-Anato-
mischer Anzeiger 1992;174:405-407.

63. Deverman BE, Patterson PH. Cytokines and CNS devel-
opment. Neuron 2009;64:61-78.

64. Rhim T, Lee M. Targeted delivery of growth factors in
ischemic stroke animal models. Expert Opin Drug Deliv
2016;13:709-723.

65. Lanfranconi S, Locatelli F, Corti S, et al. Growth factors
in ischemic stroke. J Cell Mol Med 2011;15:1645-1687.

66. Pekna M, Pekny M, Nilsson M. Modulation of neural
plasticity as a basis for stroke rehabilitation. Stroke
2012;43:2819-2828.

67. Ramos-Cejudo J, Guti�errez-Fern�andez M, Otero-Ortega
L, et al. Brain-derived neurotrophic factor administra-
tion mediated oligodendrocyte differentiation and mye-
lin formation in subcortical ischemic stroke. Stroke
2014:221-228. STROKEAHA-114.

68. De Rosa R, Garcia AA, Braschi C, et al. Intranasal
administration of nerve growth factor (NGF) rescues
recognition memory deficits in AD11 anti-NGF trans-
genic mice. Proc Natl Acad Sci 2005;102:3811-3816.

69. Trejo J, Piriz J, Llorens-Martin M, et al. Central actions
of liver-derived insulin-like growth factor I underly-
ing its pro-cognitive effects. Mol Psychiatry 2007;12:
1118.

70. Jin-qiao S, Bin S, Wen-hao Z, et al. Basic fibroblast
growth factor stimulates the proliferation and differenti-
ation of neural stem cells in neonatal rats after ischemic
brain injury. Brain Dev 2009;31:331-340.

71. Gonzalez FF, Larpthaveesarp A, McQuillen P, et al.
Erythropoietin increases neurogenesis and oligodendro-
gliosis of subventricular zone precursor cells after neo-
natal stroke. Stroke 2013;44:753-758.

72. Brainin M. Cerebrolysin: a multi-target drug for recov-
ery after stroke. Expert Rev Neurotherapeutics 2018;18:
681-687.

73. Korol DL, Gold PE, Scavuzzo CJ. Use it and boost it with
physical and mental activity. Hippocampus 2013;23:
1125-1135.

74. Damirchi A, Hosseini F, Babaei P. Mental training
enhances cognitive function and BDNF more than either
physical or combined training in elderly women with
MCI: a small-scale study. Am J of Alzheimer’s Dis Other
Dementias 2018;33:20-29.

75. Angelucci F, Caltagirone C, Costa A. Cognitive training
in neurodegenerative diseases: a way to boost neuropro-
tective molecules. Neural Regen Res 2015;10:1754.

76. Ploughman M, Eskes GA, Kelly LP, et al. Synergistic
benefits of combined aerobic and cognitive training on
fluid intelligence and the role of IGF-1 in chronic stroke.
Neurorehabil Neural Repair 2019:199-212.

77. Muresanu DF, Heiss W-D, Hoemberg V, et al. Cerebro-
lysin and Recovery After Stroke (CARS) A randomized,
placebo-controlled, double-blind, multicenter trial.
Stroke 2016;47:151-159.

78. Sizonenko SV, Bednarek N, Gressens P. Growth factors
and plasticity. Semin Fetal Neonatal Med 2007;12:241-
249. Elsevier.

79. Murray PS, Holmes PV. An overview of brain-derived
neurotrophic factor and implications for excitotoxic vul-
nerability in the hippocampus. Int J Pept 2011;2011.

80. Dincheva I, Lynch NB, Lee FS. The role of BDNF in the
development of fear learning. Depress Anxiety 2016;33:
907-916.

81. Ploughman M, Windle V, MacLellan CL, et al. Brain-
derived neurotrophic factor contributes to recovery of

http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0041
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0041
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0041
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0041
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0042
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0042
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0042
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0042
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0043
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0043
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0043
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0044
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0044
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0044
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0045
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0045
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0045
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0045
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0046
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0046
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0047
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0047
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0047
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0047
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0048
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0048
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0048
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0049
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0049
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0049
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0050
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0050
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0050
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0050
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0051
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0051
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0052
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0052
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0053
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0053
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0054
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0054
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0054
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0055
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0055
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0055
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0055
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0056
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0056
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0056
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0056
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0057
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0057
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0057
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0058
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0058
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0058
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0059
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0059
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0059
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0060
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0060
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0061
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0061
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0061
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0062
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0062
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0062
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0062
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0062
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0063
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0063
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0064
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0064
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0064
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0065
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0065
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0066
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0066
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0066
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0067
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0067
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0067
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0067
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0067
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0067
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0067
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0068
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0068
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0068
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0068
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0069
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0069
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0069
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0069
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0070
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0070
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0070
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0070
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0071
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0071
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0071
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0071
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0072
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0072
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0072
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0073
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0073
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0073
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0074
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0074
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0074
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0074
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0074
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0075
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0075
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0075
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0076
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0076
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0076
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0076
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0077
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0077
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0077
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0077
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0078
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0078
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0078
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0079
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0079
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0079
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0080
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0080
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0080
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0081
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0081


COGNITIVE REHABILITATION IN STROKE 9
skilled reaching after focal ischemia in rats. Stroke
2009;40:1490-1495.

82. Bathina S, Das UN. Brain-derived neurotrophic factor
and its clinical implications. Arch Med Sci 2015;11:1164.

83. Gomez-Pinilla F, So V, Kesslak J. Spatial learning indu-
ces neurotrophin receptor and synapsin I in the hippo-
campus. Brain Res 2001;904:13-19.

84. Sch€abitz W-R, Schwab S, Spranger M, et al. Intraventric-
ular brain-derived neurotrophic factor reduces infarct
size after focal cerebral ischemia in rats. J Cerebr Blood
Flow Metab 1997;17:500-506.

85. Sch€abitz W-R, Sommer C, Zoder W, et al. Intravenous
brain-derived neurotrophic factor reduces infarct size
and counterregulates Bax and Bcl-2 expression after
temporary focal cerebral ischemia. Stroke 2000;31:2212-
2217.

86. Jiang Y, Wei N, Zhu J, et al. Effects of brain-derived neu-
rotrophic factor on local inflammation in experimental
stroke of rat. Mediators Inflamm 2010;2010.

87. Cohen�Cory S, Kidane AH, Shirkey NJ, et al.
Brain�derived neurotrophic factor and the develop-
ment of structural neuronal connectivity. Dev Neurobiol
2010;70:271-288.

88. Pikula A, Beiser AS, Chen TC, et al. Serum
brain�derived neurotrophic factor and vascular endo-
thelial growth factor levels are associated with risk of
stroke and vascular brain injury: Framingham Study.
Stroke 2013;44:2768-2775.

89. Stanne TM, A
�
berg ND, Nilsson S, et al. Low circulating

acute brain-derived neurotrophic factor levels are asso-
ciated with poor long-term functional outcome after
ischemic stroke. Stroke 2016;47:1943-1945.

90. Zhang Z-H, Wu L-N, Song J-G, et al. Correlations
between cognitive impairment and brain-derived neuro-
trophic factor expression in the hippocampus of post-
stroke depression rats. Mol Med Rep 2012;6:889-893.

91. Herz J, Reitmeir R, Hagen SI, et al. Intracerebroventricu-
larly delivered VEGF promotes contralesional corticoru-
bral plasticity after focal cerebral ischemia via
mechanisms involving anti-inflammatory actions. Neu-
robiol Dis 2012;45:1077-1085.

92. Breier G, Albrecht U, Sterrer S, et al. Expression of vas-
cular endothelial growth factor during embryonic
angiogenesis and endothelial cell differentiation. Devel-
opment 1992;114:521-532.

93. Religa P, Cao R, Religa D, et al. VEGF significantly
restores impaired memory behavior in Alzheimer’s
mice by improvement of vascular survival. Sci Rep
2013;3:2053.

94. Sondell M, Lundborg G, Kanje M. Vascular endothelial
growth factor stimulates Schwann cell invasion and neo-
vascularization of acellular nerve grafts. Brain Res
1999;846:219-228.

95. Sondell M, Lundborg G, Kanje M. Vascular endothelial
growth factor has neurotrophic activity and stimulates
axonal outgrowth, enhancing cell survival and Schwann
cell proliferation in the peripheral nervous system. J
Neurosci 1999;19:5731-5740.

96. Sondell M, Sundler F, Kanje M. Vascular endothelial
growth factor is a neurotrophic factor which stimulates
axonal outgrowth through the flk-1 receptor. Eur J Neu-
rosci 2000;12:4243-4254.

97. Zhang N, Xing M, Wang Y, et al. Hydroxysafflor yellow
A improves learning and memory in a rat model of
vascular dementia by increasing VEGF and NR1 in the
hippocampus. Neurosci Bull 2014;30:417-424.
98. Licht T, Goshen I, Avital A, et al. Reversible modula-
tions of neuronal plasticity by VEGF. Proc Natl Acad Sci
2011:5081-5086.

99. Greenberg DA, Jin K. Vascular endothelial growth fac-
tors (VEGFs) and stroke. Cell Mol Life Sci 2013;70:1753-
1761.

100. Hermann DM, Zechariah A. Implications of vascular
endothelial growth factor for postischemic neurovascu-
lar remodeling. J Cerebr Blood Flow Metab 2009;29:
1620-1643.

101. Wang L, Wang J, Wang F, et al. VEGF-mediated cogni-
tive and synaptic improvement in chronic cerebral
hypoperfusion rats involves autophagy process. Neuro-
Mol Med 2017;19:423-435.

102. Sun Y, Jin K, Xie L, et al. VEGF-induced neuroprotec-
tion, neurogenesis, and angiogenesis after focal cerebral
ischemia. J Clin Invest 2003;111:1843-1851.

103. Yang J-P, Liu H-J, Wang Z-L, et al. The dose-effective-
ness of intranasal VEGF in treatment of experimental
stroke. Neurosci Lett 2009;461:212-216.

104. Zhang A, Liang L, Niu H, et al. Protective effects of
VEGF treatment on focal cerebral ischemia in rats. Mol
Med Rep 2012;6:1315-1318.

105. Cirulli F. Role of environmental factors on brain devel-
opment and nerve growth factor expression. Physiol
Behav 2001;73:321-330.

106. Korsching S, Auburger G, Heumann R, et al. Levels of
nerve growth factor and its mRNA in the central ner-
vous system of the rat correlate with cholinergic inner-
vation. EMBO J 1985;4:1389-1393.

107. Large TH, Bodary SC, Clegg DO, et al. Nerve growth
factor gene expression in the developing rat brain. Sci-
ence 1986;234:352-355.

108. Conner JM, Franks KM, Titterness AK, et al. NGF is
essential for hippocampal plasticity and learning. J Neu-
rosci 2009;29:10883-10889.

109. Wang S-H, Liao X-M, Liu D, et al. NGF promotes long-
term memory formation by activating poly (ADP-
ribose) polymerase-1. Neuropharmacology 2012;63:
1085-1092.

110. Zou L, Yuan X, Long Y, et al. Improvement of spatial
learning and memory after adenovirus-mediated trans-
fer of the nerve growth factor gene to aged rat brain.
Hum Gene Ther 2002;13:2173-2184.

111. Berry A, Bindocci E, Alleva E. NGF, brain and behav-
ioral plasticity. Neural Plast 2012. Article ID 784040.

112. Kaplan DR, Miller FD. Neurotrophin signal transduc-
tion in the nervous system. Curr Opin Neurobiol
2000;10:381-391.

113. Patapoutian A, Reichardt LF. Trk receptors: mediators
of neurotrophin action. Curr Opin Neurobiol
2001;11:272-280.

114. Holtzman DM, Sheldon RA, Jaffe W, et al. Nerve
growth factor protects the neonatal brain against hypo-
xic�ischemic injury. Ann Neurol 1996;39:114-122.

115. Lee T-H, Kato H, Chen S-T, et al. Expression of nerve
growth factor and trkA after transient focal cerebral
ischemia in rats. Stroke 1998;29:1687-1697.

116. Saito A, Narasimhan P, Hayashi T, et al. Neuroprotec-
tive role of a proline-rich Akt substrate in apoptotic neu-
ronal cell death after stroke: relationships with nerve
growth factor. J Neurosci 2004;24:1584-1593.

117. Cheng S, Ma M, Ma Y, et al. Combination therapy with
intranasal NGF and electroacupuncture enhanced cell
proliferation and survival in rats after stroke. Neurol
Res 2009;31:753-758.

http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0081
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0081
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0082
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0082
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0083
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0083
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0083
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0084
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0084
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0084
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0084
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0084
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0085
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0085
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0085
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0085
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0085
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0085
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0086
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0086
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0086
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0087
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0087
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0087
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0087
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0087
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0087
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0088
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0088
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0088
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0088
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0088
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0088
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0089
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0089
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0089
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0089
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0089
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0090
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0090
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0090
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0090
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0091
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0091
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0091
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0091
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0091
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0092
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0092
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0092
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0092
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0093
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0093
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0093
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0093
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0094
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0094
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0094
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0094
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0095
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0095
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0095
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0095
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0095
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0096
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0096
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0096
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0096
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0097
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0097
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0097
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0097
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0098
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0098
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0098
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0099
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0099
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0099
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0100
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0100
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0100
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0100
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0101
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0101
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0101
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0101
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0102
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0102
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0102
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0103
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0103
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0103
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0104
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0104
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0104
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0105
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0105
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0105
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0106
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0106
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0106
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0106
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0107
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0107
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0107
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0108
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0108
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0108
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0109
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0109
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0109
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0109
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0110
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0110
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0110
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0110
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0111
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0111
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0112
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0112
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0112
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0113
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0113
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0113
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0114
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0114
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0114
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0114
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0115
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0115
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0115
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0116
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0116
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0116
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0116
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0117
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0117
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0117
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0117


10 F. FAROKHI-SISAKHT ET AL.
118. O’Kusky J, Ye P. Neurodevelopmental effects of insulin-
like growth factor signaling. Front Neuroendocrinol
2012;33:230-251.

119. Bartlett W, Li X-S, Williams M, et al. Localization of
insulin-like growth factor-1 mRNA in murine central
nervous system during postnatal development. Dev
Biol 1991;147:239-250.

120. Bach MA, Shen-Orr Z, Lowe Jr WL, et al. Insulin-like
growth factor I mRNA levels are developmentally regu-
lated in specific regions of the rat brain. Mol Brain Res
1991;10:43-48.

121. García-Segura LM, P�erez J, Pons S, et al. Localization of
insulin-like growth factor I (IGF-I)-like immunoreactiv-
ity in the developing and adult rat brain. Brain Res
1991;560:167-174.

122. Markowska A, Mooney M, Sonntag W. Insulin-like
growth factor-1 ameliorates age-related behavioral defi-
cits. Neuroscience 1998;87:559-569.

123. Dempsey RJ, Sailor KA, Bowen KK, et al. Stroke�in-
duced progenitor cell proliferation in adult spontane-
ously hypertensive rat brain: effect of exogenous IGF�1
and GDNF. J Neurochem 2003;87:586-597.

124. Bake S, Selvamani A, Cherry J, et al. Blood brain barrier
and neuroinflammation are critical targets of IGF-1-
mediated neuroprotection in stroke for middle-aged
female rats. PLoS One 2014;9:e91427.

125. Trejo JL, Carro E, Lopez-Lopez C, et al. Role of serum
insulin-like growth factor I in mammalian brain aging.
Growth Horm IGF Res 2004;14:39-43.

126. Zechel S, Werner S, Unsicker K, et al. Expression and
functions of fibroblast growth factor 2 (FGF-2) in hippo-
campal formation. Neuroscientist 2010;16:357-373.

127. Zechel S, Unsicker K, Von Bohlen und Halbach O. Fibro-
blast growth factor�2 deficiency affects hippocampal
spine morphology, but not hippocampal catecholaminer-
gic or cholinergic innervation. Dev Dyn 2009;238:343-350.

128. Woodbury ME, Ikezu T. Fibroblast growth factor-2 sig-
naling in neurogenesis and neurodegeneration. J Neuro-
immune Pharmacol 2014;9:92-101.

129. Turner CA, Watson SJ, Akil H. The fibroblast growth
factor family: neuromodulation of affective behavior.
Neuron 2012;76:160-174.

130. Tatlisumak T, Takano K, Carano RA, et al. Effect of basic
fibroblast growth factor on experimental focal ischemia
studied by diffusion-weighted and perfusion imaging.
Stroke 1996;27:2292-2298.
131. Kawamata T, Alexis NE, Dietrich WD, et al. Intracister-
nal basic fibroblast growth factor (bFGF) enhances
behavioral recovery following focal cerebral infarction
in the rat. J Cerebr Blood Flow Metab 1996;16:542-547.

132. Tanaka R, Miyasaka Y, Yada K, et al. Basic fibroblast
growth factor increases regional cerebral blood flow
and reduces infarct size after experimental ischemia in a
rat model. Stroke 1995;26:2154-2159.

133. Sun D, Wang W, Wang X, et al. bFGF plays a neuropro-
tective role by suppressing excessive autophagy and
apoptosis after transient global cerebral ischemia in rats.
Cell Death Dis 2018;9:172.

134. Lombardero M, Kovacs K, Scheithauer BW. Erythropoi-
etin: a hormone with multiple functions. Pathobiology
2011;78:41-53.

135. Kumral A, T€uz€un F, Oner MG, et al. Erythropoietin in
neonatal brain protection: the past, the present and the
future. Brain Dev 2011;33:632-643.

136. Gonzalez FF, Abel R, Almli CR, et al. Erythropoietin
sustains cognitive function and brain volume after neo-
natal stroke. Dev Neurosci 2009;31:403-411.

137. Buemi M, Cavallaro E, Floccari F, et al. The pleiotropic
effects of erythropoietin in the central nervous system. J
Neuropathol Experiment Neurol 2003;62:228-236.

138. Nairz M, Sonnweber T, Schroll A, et al. The pleiotropic
effects of erythropoietin in infection and inflammation.
Microbes Infect 2012;14:238-246.

139. Morishita E, Masuda S, Nagao M, et al. Erythropoietin
receptor is expressed in rat hippocampal and cerebral
cortical neurons, and erythropoietin prevents in vitro glu-
tamate-induced neuronal death. Neuroscience 1996;76:
105-116.

140. Weidemann A, Johnson RS. Nonrenal regulation of EPO
synthesis. Kidney Int 2009;75:682-688.

141. Sargin D, El-Kordi A, Agarwal A, et al. Expression of
constitutively active erythropoietin receptor in pyrami-
dal neurons of cortex and hippocampus boosts higher
cognitive functions in mice. BMC Biol 2011;9:27.

142. Wang L, Zhang Z, Wang Y, et al. Treatment of stroke
with erythropoietin enhances neurogenesis and angio-
genesis and improves neurological function in rats.
Stroke 2004;35:1732-1737.

143. Und�en J, Sj€olund C, L€ansberg J-K, et al. Post-ischemic
continuous infusion of erythropoeitin enhances recovery
of lost memory function after global cerebral ischemia in
the rat. BMC Neurosci 2013;14:27.

http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0118
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0118
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0118
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0119
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0119
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0119
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0119
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0120
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0120
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0120
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0120
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0121
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0121
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0121
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0121
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0121
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0122
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0122
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0122
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0123
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0123
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0123
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0123
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0123
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0123
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0124
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0124
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0124
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0124
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0125
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0125
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0125
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0126
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0126
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0126
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0127
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0127
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0127
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0127
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0127
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0128
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0128
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0128
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0129
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0129
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0129
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0130
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0130
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0130
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0130
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0131
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0131
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0131
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0131
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0132
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0132
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0132
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0132
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0133
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0133
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0133
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0133
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0134
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0134
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0134
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0135
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0135
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0135
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0135
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0135
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0136
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0136
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0136
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0137
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0137
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0137
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0138
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0138
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0138
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0139
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0139
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0139
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0139
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0139
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0140
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0140
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0141
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0141
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0141
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0141
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0142
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0142
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0142
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0142
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0143
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0143
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0143
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0143
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0143
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0143
http://refhub.elsevier.com/S1052-3057(19)30340-4/sbref0143

	Cognitive Rehabilitation Improves Ischemic Stroke-Induced Cognitive Impairment: Role of Growth Factors
	Introduction
	Stroke and Cognitive Impairment
	Cognitive Rehabilitation
	Cognitive Rehabilitation and Neural Plasticity
	Impact of Growth Factors on Neural Plasticity
	Brain Derived Neurotrophic Factor
	VEGF
	NGF
	IGF-1
	FGF
	EPO

	Conclusion
	Acknowledgment
	Conflict of Interest

	References


