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ABSTRACT: The role of adult hippocampal neurogenesis in learning and memory is still incompletely 

understood. Ablation of neurogenesis with different methods produced equivocal results with respect to working 

memory in Morris water maze and radial arm maze experiments. Therefore, it is remarkable that in the past few 

years several investigators have found a positive impact on working memory after adding stem or progenitor 

cells to the hippocampus in various disease models. The literature on stem cell transplantation for adult 

neurocognitive disorders is reviewed in this article and attempted to be reconciled with current research on adult 

hippocampal neurogenesis. 
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The exact mechanism by which adult hippocampal 

neurogenesis contributes to learning and memory is 

still unknown [1]. However, there is mounting 

evidence that addition of new stem or progenitor cells 

into the hippocampus is effective in enhancing 

learning and memory in various disease models. This 

article discusses the possible mechanism by which 

stem/progenitor cell transplantation may benefit 

learning and memory after reviewing the most recent 

data on adult neurogenesis and hippocampal stem cell 

transplantation. 

 

Learning and memory  

 

Patients with bilateral hippocampal damage suffer 

from severe memory impairment [2]. Memory can be 

divided into declarative memory and non-declarative 

memory. Declarative memory involves the recall of 

facts and events [3] and may be the functional basis of 

language [4]. Non-declarative memory includes skills 

and habits, simple conditioning and priming. The 

hippocampus is required for declarative memory, 

whereas non-declarative memories do not require the 

hippocampus [5]. The hippocampus can encode 

associative memory. Temporal associative memory is 

characterized by events that are associated with each 

other in time, but do not overlap [6], some forms of 

classical conditioning for example [7]. Specific 

neuronal unit clusters in CA1 and CA3 may increase 

their firing rate during classical conditioning even 

before a learned behavior is observed in the animal 

[8,9]. The increased frequency of firing results in 

monosynaptic augmentation of transmission, a process 

called long-term potentiation (LTP) [10]. Spatial 

associative memory is based on stable visual cues 

distributed in the surrounding environment which lead 

to the formation of a cognitive map [11]. 

Hippocampal single units, or place cells, fire when an 

animal is in a particular place [12].  

 

Neurocognitive tests of learning and memory in 

animal models 

 

Hippocampal-dependent learning and memory can be 

tested in various experiments such as water maze [13], 

radial arm maze [14], conditional learning tasks [6], 

trace classical conditioning tasks [15,16] or contextual 

conditioning tasks [17, 18]. A short overview is given 

over the tests that are currently most commonly used 
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to evaluate hippocampal function in learning and 

memory after stem/progenitor cell transplantation. 

Spatial associative memory is tested by mazes which 

come in all shapes and sizes [19]. They range from 

featureless arenas like the water maze to 

predetermined pathways such as the radial-arm maze. 

The most frequently used test  is the Morris water 

maze [13]. Rats in the water maze use extra-maze 

cues find a hidden platform [20]. The navigational 

behavior is guided by learning the spatial relationships 

among a constellation of stimuli in an environment 

rather than by remembering one specific cue [21]. 

Rats need to be released from different locations in 

each trial in order to test for hippocampal-dependent 

learning [22]. The water maze environment may 

induce stress in tested animals which interferes with 

their learning and memory [23]. 

The radial arm maze (RAM) can be used to test 

short-term and long-term memory. In Jarrad’s 

procedure, a subset of arms (4/8) is rewarded. Re-

entry of the animal into arms that are never rewarded 

serves as a measure of long-term memory, whereas  

arms revisited in the same test indicate a deficit in 

short-term or working memory [24].  

Different mazes may measure different subsets of 

hippocampal-dependent learning. For example, rats 

with hippocampal CA1 loss following global ischemia 

may show marked impairment in the water maze, but 

not in the radial arm maze [25, 26]. Furthermore, 

animals with hippocampal damage that have deficits 

in spatial memory tasks may have intact storage of 

non-spatial information [27-29]. 

The novel place recognition task (NPR) has also 

been shown to test the function of the hippocampus 

[30,31]. The NPR task uses the innate tendency of rats 

to explore novelty. First, rats are exposed to two 

identical objects in specific spatial locations within a 

test arena. Following a retention interval, one of the 

objects is moved to a new spatial location and rats are 

placed in the test arena again. Rats that remember the 

previous spatial arrangement of the objects will spend 

more time exploring the object that has been moved to 

the novel spatial location [32]. 

In contextual fear conditioning, a form of classical 

conditioning, there is an associative learning between 

a chamber and electrical footshocks that take place in 

that chamber.  Temporal associative memory is tested 

in this task which is hippocampal-dependent. Memory 

is measured by assessing whether the animal shows 

freezing behavior. The type of learning that is measure 

by this test is thought to be based on a trisynaptic 

pathway between entorhinal cortex, dentate gyrus, 

CA3 and CA1 [17, 18, 33]. 

 

How does neurogenesis in the hippocampus affect 

learning and memory? 

 

Learning and memory has been linked to neurogenesis 

in the hippocampus, but the exact mechanism by 

which hippocampal neurogenesis contributes to 

learning and memory is still unknown [1]. Testing has 

produced equivocal results concerning the impact of 

hippocampal neurogenesis on spatial learning. Some 

studies did not show a short-term effect of adult 

neurogenesis on the latency in Morris water maze 

experiments [34-39], others point towards a long-term 

effect [36, 39, 40] while one study showed enhanced 

spatial working memory in a radial-arm maze with 

suppression of neurogenesis [41]. The Morris water 

maze may not be the ideal test to examine the 

cognitive effects of adult hippocampal neurogenesis 

since the dentate gyrus may be bypassed in an 

entorhinal cortex to CA1 pathway [33, 42]. Rather 

than affecting the latency in water maze experiments, 

animals do not seem to be able to implement spatially 

precise search strategies after ablation of 

neurogenesis, especially when the location of the 

platform is changed [43]. Contextual fear conditioning 

has also failed to provide researchers with a straight-

forward answer concerning the role of neurogenesis in 

learning and memory. Several investigators did find a 

role of neurogenesis in the successful completion of 

this task [34, 44, 45], while others did not [35, 36, 46, 

47]. Instead of directly storing information, 

hippocampal neurogenesis may be necessary for 

reorganization of memory and the transfer of 

information to non-hippocampal regions [48]. 

 

Neurocognitive disorders with a predominant 

effect on learning and memory 

 

Besides normal aging, many diseases can lead to a 

decline in learning and memory such as Alzheimer’s 

disease, stroke, epilepsy or closed head injury. Many 

adult neurocognitive diseases have been studied with 

progenitor cell transplantation in recent years, a 

summary of which is given in the following. 

 

Transplantation of stem cells for Alzheimer’s 

disease 

Neural progenitor cells in the granule cell layer 

may be inhibited in their differentiation in 
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Alzheimer’s disease [49]. Recently, 

transplantation of neural stem cells for the treatment 

of Alzheimer’s disease has been the focus of several 

investigators (Table 1). A landmark study that showed 

functional improvement after grafting of neural stem 

cells was published by LaFerla et al. in 2007 [50]. In 

an elegant mouse model of inducible neuronal loss, 

LaFerla et al. showed that transplantation of neural 

stem cells into the hippocampus lead to an 

improvement in hippocampal-dependent place 

recognition, but not cortical-dependent object 

recognition. The group harvested neural stem cells 

from postnatal day 14-17 mice and injected 100,000 

cells into each hippocampus. A significant effect on 

memory was only observed 3 months and not 1 month 

after transplantation. The authors suggested functional 

engraftment of transplanted stem cells since their 

differentiation and integration into the host neuronal 

circuitry is known to take more than a month [51,52], 

however, electrophysiological studies were not 

performed. The low power of the study (8-13 animals 

tested in each behavioral group) in combination with a 

p-value approaching 5 percent (p=0.0429), warranted 

confirmation of findings with a larger group of 

subjects. 

Table 1: Studies investigating transplantation of stem/progenitor cells for neurocognitive 

enhancement in Alzheimer’s disease 
 

Investigator Animal 

model 

Impaired 

animals  

transplanted 

with cells  

Injected 

site 

Graft Cells injected 

per site 

Behavioral 

test used 

Time after 

injection 

Result 

Li et al. 

[60] 
bilateral A 

injection 

into Hp 

7 Hp BMSC, 

BMSC-NGF, 
normal saline 

200,000-

300,000, 2 
sites 

MWM 8 days improvement with 

BMSC and 
BMSC-NGF 

Lee et al. 

[70] 

 

APP/PS1 

double 

heterozygous 
mutant mice 

15 Hp BM-MSCs, 

NIH 3T3 as 

control 

10,000, 2 

sites, biweekly 

MWM Approx. 1 

month after 

first 
transplantation 

BM-MSCs 

transplanted 

animals perform 
better than control 

transplanted rats 

Tang et al. 
[54] 

bilateral A 
injection 

into Hp 

6 Hp NPCs 
differentiated 

from mouse 

ES cells 

1,000,000, 2 
sites 

MWM 4 weeks and 
16 weeks 

Rats grafted with 
NPCs had 

improved spatial 

learning 

Moghadam 
et al. 

[57] 

Ibotenic 
acid lesion 

of NBM 

6 NBM NPCs, 
PNPCs, 

ESCs, 
vehicle 

200,000, 1 site MWM 4 weeks NPCs and PNPCs 
enhanced learning, 

ESCs impaired 
learning and 

formed tumors 

Wang et al. 
[59] 

Ibotenic 
acid lesion 

of NBM 

10 (NPCs), 
6 (ESCs) 

frontal 
association 

cortex and 

barrel field 
of S1 

NPCs, ESCs 4,000-20,000, 
4 sites 

8-arm radial 
maze 

8 weeks NPCs enhanced 
learning, ESCs 

impaired learning 

and formed tumors 

Yamasaki 

et al. 
[50] 

Transgenic 

model of 
neuronal 

injury 

8 to 13 Hp NSCs, 

vehicle 

100,000, 2 

sites 

object 

recognition, 
place 

recognition 

1 month and 

3 months 

NPCs significantly 

enhanced memory 
after 3 months, but 

not after 1 month 

Xuan et al. 

[55] 

Fimbria-

fornix 
lesion 

8 ventricle NSCs, NSCs 

with BDNF 

50,000, 1 site, 

biweekly 

Y maze 4 weeks NSCs and BDNF 

injections 
enhanced learning 

and memory 

Xuan et al. 

[56] 

Fimbria-

fornix 

lesion 

8 basal 

forebrain 

NSCs, glia 50,000, 1 site  Y maze 4 weeks NSCs enhance 

learning and 

memory more than 

glia 

Blurton-

Jones et al. 

[53] 

3xTg-AD 

mice 

18 Hp NSCs, 

vehicle 

100,000, 2 

sites 

MWM , 

context-

dependent 
novel object 

recognition 

1 month BDNF is essential 

for NSC-induced 

cognitive rescue 

 

BMSC: Bone marrow stromal cell, NGF: nerve growth factor, NSC: neural stem cell, AD: Alzheimer’s disease, ESC: embryonic stem 

cell, BDNF: brain derived neurotrophic factor, BM-MSCs: Bone marrow – mesenchymal stem cells, NBM:  Nucleus basalis Meynert, 

NPC: neural precursor cell, PNPC: primed neural precursor cell, Hp: hippocampus,  MWM: Morris water maze 
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LaFerla et al. were able to reproduce their 

findings of cognitive improvement after stem cell 

transplantation 2 years later in a mouse model of 

Alzheimer’s disease [53]. 3xTg-AD (n=18) and age-

matched non-Tg mice (n=10) were injected with 

100,000 murine neural stem cells into both 

hippocampi, controls were injected with vehicle. 

Behavioral testing was performed this time only one 

month after transplantation with water maze and a 

context-dependent recognition task. Injection of 

neural stem cells into 3xTg-AD mice rescued the 

learning and memory impairments in both behavioral 

experiments. The neurocognitive effects did not seem 

to be mediated by improvements in Aβ or tau 

pathologies which the authors showed in quantitative 

analyses. Instead, the expression of brain-derived 

neurotrophic factor (BDNF) was found to be 

significantly elevated in the transplanted hosts. This 

elevation was thought to be mediated by the 

transplanted stem cells which were shown to still 

express BDNF five weeks after transplantation. 

Taking the experiments one step further, the authors 

injected only BDNF into the hippocampi of 3xTg-AD 

mice and controls and found a significant impact on 

memory, but not learning, in their water maze 

experiments.  Furthermore, BDNF-knockout neural 

stem cells did not lead to an improvement in learning 

and memory. Thus, the authors showed that BDNF is 

crucial for a functional effect of neural stem cells 

grafts on learning and memory after transplantation 

into the hippocampus. 

Tang et al. confirmed findings of improved spatial 

learning after hippocampal injection of neural 

precursor cells (NPCs) derived from mouse 

embryonic stem cells (ESCs) in an Aβ-injection model 

of AD [54]. Lesioned rats that were treated with NPCs 

performed significantly better than sham surgery rats 

in the Morris water maze after 4 and 16 weeks of 

treatment. 

  Xuan et al. transplanted rat neonatal hippocampal 

stem cells with or without BDNF into the lateral 

ventricle of rats that had undergone unilateral 

lesioning of the fimbria-fornix pathway, a model of 

Alzheimer’s disease [55].  Learning and memory was 

assessed with the Y-maze test. Lesion-only animals 

and animals treated with stem cells alone showed a 

significantly worse learning and memory performance 

than control animals. However, rats that received stem 

cells and BDNF into the lateral ventricle after the 

lesion preserved learning and memory compared to 

control animals. The clinical performance was linked 

to the number of nerve growth factor receptor 

(NGFR)-positive neurons identified on the side of the 

lesion. In a second series of similar experiments, Xuan 

et al. compared the effects of transplantation of glial 

cells versus neural stem cells [56]. A significant 

increase in NGFR-positive neurons was only found 

after transplantation of neural stem cells and not glial 

cells. Since Xuan et al. showed that survival of nerve 

growth factor responsive neurons is linked to 

functional preservation of learning and memory; it is 

likely that the observed effects were caused by the 

secretion of neurotrophic factors by the grafts and 

BDNF and not by functional integration of the 

transplanted neural stem cells. 

Moghadam et al. lesioned the nucleus basalis of 

Meynert in mice to create an Alzheimer Model  for 

transplantation of neural stem cells derived from 

embryonic stem cells [57]. NPCs were induced by 

growing undifferentiated embryonic stem cells in 

Dulbecco’s modified Eagle Medium (DMEM) and 

F12 supplemented with insulin, sodium selenite, 

transferrin, glutamine, non-essential amino acids and 

fibronectin [58]. A subgroup of the neural progenitor 

cells (primed neural progenitor cells or PNPCs) was 

primed in vitro towards a neuronal cholinergic fate 

with retinoic acid, Interleukin-6, leukemia inhibitory 

factor and nerve growth factor (NGF). Rats were 

tested with Morris Water maze four weeks after 

transplantation of cells into the nucleus basalis of 

Meynert. As expected, lesioned rats required more 

time to find the hidden platform compared to sham-

lesioned and normal control groups. Performances of 

rats treated with primed neural progenitor cells and 

unprimed neural progenitor cells were similar. PNPC- 

and NPC-transplanted rats performed significantly 

better than vehicle-transplanted rats on the third and 

fourth day of water maze without however reaching 

the performance level of unimpaired rats. Rats 

transplanted with ESCs showed the worst 

performance of all groups and were found to have 

developed tumors on histological examination. 

Further staining showed that a large proportion of 

NPCs and PNPCs had differentiated into cholinergic 

neurons; however, priming of neural progenitor cells 

did not lead to a significant increase in cholinergic 

differentiation in vivo. 

Wang et al. also lesioned the nucleus basalis of 

Meynert (NBM) to create a mouse dementia model 

and studied the neurocognitive effects of transplanting 

neural progenitor cells [59]. Mouse embryonic stem 

cell derived neurospheres were transplanted into the 
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frontal association cortex and barrel field of S1 cortex 

in C57BL/6 mice 4 weeks after lesioning the NBM 

with ibotenic acid. Jarrad’s radial maze task was used 

to evaluate the mice 8 weeks after transplantation. The 

mean number of errors over 18 trials was taken as a 

performance measure for working memory. Mice that 

received only ibotenic acid performed significantly 

worse than controls. NPC transplantation rescued the 

working memory of the mice whereas embryonic stem 

cell transplanted rats fared much worse than all the 

other groups. Overall, Wang et al. results were 

consistent with Moghadam et al. Both investigators 

found that NPC transplantation improved learning and 

memory in a NBM model of dementia, whereas 

transplantation of ESCs worsened it. 

Li et al. studied the effects of the transplantation 

of NGF-gene-modified bone marrow stromal cells on 

neurocognitive performance in a rat model of 

Alzheimer disease [60]. The disease model was 

created by injecting beta-amyloid protein bilaterally 

into the hippocampus. Bone marrow stem cells 

(BMSCs) were genetically engineered to secrete nerve 

growth factor since infusion of NGF has been shown 

to enhance functional recovery in animal models [61-

66] and is tested in clinical trials in human 

Alzheimer's disease patients [67]. Lesioned animals 

that were transplanted with BMSCs performed 

significantly better than control Alzheimer’s disease 

animals during 5 days of training in Morris water 

maze. Rats transplanted with NGF-secreting BMSCs 

showed the best performance. Histological analysis of 

transplanted animals indicated that neuronal numbers 

in hippocampal subfields were similar to normal 

control rats. This finding is consistent with a possible 

neuroprotective effect of NGF against Aβ. 

Inhibition of neuroinflammatory activity may be 

another mechanism which leads to neurocognitive 

improvement in animal models of Alzheimer’s 

disease. BMSCs and neural progenitor cells have been 

shown to reduce A deposition, accelerate microglial 

activation [68] and attenuate inflammatory reactivity 

[69]. Therefore, Lee et al. examined Aβ deposition 

after transplanting 15 APP/PS1 rats with bone marrow 

mesenchymal stem cells (BM-MSCs) into the 

hippocampus [70]. BM-MSCs-treated rats had 

significantly less Aβ-40 and -42 in the hippocampus 

compared to controls. Moreover, the number of 

microglia significantly increased after the injection of 

BM-MSCs, and some microglia were found to contain 

Aβ. Proinflammatory cytokines like TNFα were also 

found to be reduced after transplantation of BM-

MSCs. Instead, microglia were found to become 

activated over an alternative pathway via IL-4. Mice 

transplanted with BM-MSCs showed significantly 

better performance in water maze experiments than 

sham-surgery APP/PS1 rats. 

Other successful transplantation strategies in 

models of Alzheimer’s disease have focused on the 

grafting of mature cells which are genetically 

engineered to secrete neurotrophic factors [71,72]. 

 

Transplantation of stem cells for aging 

 

Several early studies have shown that transplantation 

of fetal grafts to the hippocampus or other targets may 

increase learning and memory in aged rats [73-77]. 

Fetal grafts which are transplanted with fibroblast 

growth factor 2 (FGF-2) show an increased survival 

presumably by the neurotrophic effect FGF-2 on 

neural progenitor cells [78]. Other studies have shown 

an improvement of cognitive function after viral-

mediated NGF gene transfection [66,79,80] or after 

transplantation of mature cells engineered to express 

neurotrophic factors [72,81]. Only few studies have 

been published that examine the effect of 

intraparenchymal stem or progenitor cell 

transplantation on cognition in aged animals (Table 

2). 

Martinez-Serrano et al. transplanted conditionally 

immortalized neural progenitor cells (CINPs) into the 

nucleus basalis magnocellularis and septum of aged 

rats [82]. Rats that were functionally impaired before 

grafting significantly improved their performance in 

the Morris water maze after the transplantation of 

CINPs that were genetically engineered to secrete 

NGF, but not after transplantation with CINPs alone. 

Cells survived during the study period of 10 weeks 

and stably expressed NGF. Transplantation of 

conditionally immortalized neural progenitors that 

secreted NGF significantly increased the neuronal 

volume at the site of transplantation reflecting the 

neurotrophic effect of NGF. 

Hodges et al. matched two groups of equally 

impaired aged rats and transplanted one group with 

the conditionally immortal Maudsley hippocampal 

stem cell line 36 (MHP36) [83]. MHP36 cells are 

conditionally immortalized by a temperature-sensitive 

oncogene which causes them to stop dividing when 

grafted [84]. Grafted and control rats were injected 

with Cyclosporin A for immunosuppression. Water 

maze testing showed that MHP36-transplanted rats 

were substantially superior to their matched impaired  
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aged controls, and learned to find the platform as 

rapidly as unimpaired aged rats, although they were 

not as efficient as young controls. Qu et al. 

transplanted human neural progenitor cells into the 

lateral ventricle of 24-months-old rats and observed 

improvement of cognitive scores in the Morris water 

maze [85]. Finally, Fernandez et al. used bone marrow 

stem cells as a graft in the hippocampus of rats that 

were 22-24 months in age [86]. Aged rats showed a 

significant improvement in the Morris Water maze 

after transplantation of the bone marrow stem cells 

into the hippocampus, but not after transplantation 

into the striatum.  

 

Transplantation of neural stem cells into the 

hippocampus for other neurodegenerative diseases 

 

Radiation inhibits endogenous neurogenesis [87-89]. 

Transplants of neural precursor cells were shown in 

the past to fail to differentiate into neurons in the 

irradiated hippocampus [89]. Acharya et al., 

nonetheless, were able to show that transplantation of 

human embryonic stem cells (hESCs) rescued 

cognitive impairment caused by irradiation [32]. 

Irradiated animals that received hESCs did not differ 

from normal controls in the novel place recognition 

task while animals that had only received irradiation 

were impaired. However, comparison of cognitive 

performance between irradiated animals that were 

transplanted with hESCs and irradiation-only animals 

did not show a significant difference. Transplanted 

hESCs did differentiate into neurons and glia and 

could still be seen 4 months after surgery. No 

formation of tumors was reported in their study. 

Several investigators have focused on 

transplantation of neural stem cells into the ischemia-

lesioned hippocampus (Table 3). Mochizuki et al. 

tested the effect of neural stem cell transplantation on 

spatial learning in the Morris water maze after the 

induction of hemispheric strokes in rats [90]. Strokes 

were generated by microsphere embolization, a 

method known to cause severe spatial learning deficits  

Table 2: Publications examining transplantation of stem/progenitor cells for enhancement of 

learning and memory in aging 
 

Investigator 

 

Species 

and age 

 

Aged animals  

transplanted 

with 

therapeutic 

graft   

Injected 

site  

 

Graft Cells 

injected 

per site 

Behavioral 

test used 

Time 

after 

injection 

Result 

Martinez-

Serrano et 

al. [82] 

 

Rats, 22 

to 23 

months 

 

7 or 8 

 

NBM, 

septum 

 

CINP 

cells 

100,000 to 

2,000,000 

MWM 1 week 

and 1 

month 

NGF-CINP 

grafted animals, 

but not sham and 

control grafted 

animals showed 

reduced escape 

latencies 

Fernandez et 

al. [86] 

 

Rats, 20 

to 22 

months 

 

10 

 

Hp, 

striatum 

 

rat femur 

bone 

marrow 

stem 

cells 

300 MWM 5 weeks rats improved 

after 

transplantation 

into Hp but not 

striatum 

Hodges et al. 

[83] 

 

Rats, 22 

months 

old 

 

9 

 

frontal 

cortex, Hp, 

striatum 

 

MHP36 7,500 MWM 6 to 8 

weeks 

Impaired aged 

rats were divided 

into 2 groups of 

equivalent 

performance, the 

transplanted 

group performed 

significantly 

better 

Qu et al. 

[85] 

Rats, 24 

months old 

6 

 

lateral 

ventricle 

HNSCs 100,000 MWM 4 weeks improvement of 

cognitive scores 

 

HNSC: human neural stem cell, MWM: Morris water maze, MHP36: Maudsley hippocampal stem cell line 36, CINP: 

conditionally immortalized neural progenitor cells, NBM: Nucleus basalis Meynert, NGF: nerve growth factor, Hp: 

hippocampus. 
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Table 3: Studies investigating transplantation of stem/progenitor cells for enhancement of learning 

and memory in other neurocognitive diseases besides Alzheimer’s disease 

 
Disease Investigator Model Number of 

impaired 

animals 

received 

therapeutic 

graft 

Graft Cells 

injected 

per site 

Behavioral 

test used 

Time after 

transplantation 

Interpretation 

Stroke Mochizuki et 

al. [90] 

Microsphere-

induced 
cerebral 

embolism 

9 NPCs from 

fetal rats 

100,000 MWM 12 days after 

surgery 

transplanted rats 

showed 
significantly better 

performance when 

testing at 14, 21 
and 28 days after 

surgery  

Stroke Sinden et al. 
[93] 

Transient 4-
vessel 

occlusion 

8 (12 
weeks) 

and 12 

(20 wks) 

MHP36, 
NPCs from 

mice 

50,000, 2 
sites 

bilaterally 

MWM 12 weeks and 
20 weeks 

Transplanted rats 
showed 

significantly better 

performance 
compared to the 

group with 
ischemia and sham 

grafts   

Stroke Toda et al. 

[94] 

Transient 4-

vessel 
occlusion 

10 NSCs from 

adult 
hippocamp

us 

75,000, 

bilaterally 

MWM 3 weeks transplanted rats 

with high number 
of surviving cells 

perform better than 
control in last 2 

days of water maze 

Radiation Acharya et al. 
[32] 

10 Gy to 
head of 

athymic 

nude rats 

6 human 
ESCs 

100,000, 4 
sites 

bilaterally 

NPR 4 months hESCs rescue 
cognitive deficits 

Stress Menachem-
Sidon et al. 

[96] 

long-term 
isolation 

8 to 19  NPCs from 
mice with 

overexpress
ion of IL-1 

6,000 
spheres 

bilaterally 

MWM, fear 
conditioning 

4-5 weeks Transplantation 
rescued memory 

impairments 

Epilepsy Waldau et al. 

[100] 

Kainic acid 

model 

6 NPCs from 

medial 

ganglionic 
eminence 

100,000, 4 

sites 

bilaterally 

MWM 2 months no effect 

excitotoxic 

lesion 

Virley et al. 

[99] 

NMDA 

lesioning of 
hippocampus 

4 MHP36 

cells, CA1 
field of 

fetal 
marmosets 

96,000 to 

100,000, 5 
sites 

Simple and 

conditional 
discriminations 

6 weeks 

(MHP36), 12 
wks (fetal 

grafts) 

grafted animals 

were significantly 
superior to lesion-

only animals 

excitotoxic 

lesion 

Jeltsch et al. 

[97] 

colchicine 

injections 

into 
hippocampus 

12 murine-

derived 

NSCs 

2,500, 3 

sites 

bilaterally 

MWM, 

radial arm 

maze 

1 months 

(MWM, RAM), 

9 months 
(Hebb-Williams 

maze) 

cognitive 

improvement 

despite no 
histological 

evidence of graft 

excitotoxic 
lesion 

Srivastava et 
al. [98] 

kainic acid 
injection in 

CA3 subfield 

not 
published 

NPCs, 
olfactory-

ensheathing 

cells 

125,000, 
unilateral 

Y-maze 12 weeks   significant 
recovery in 

learning and 

memory when 
NPCs are 

transplanted with 
olfactory-

ensheathing cells 

 
Gy: Gray, NPC: neural precursor cell, NSC: neural stem cell, MHP36: Maudsley hippocampal stem cell line 36, MWM: Morris 

water maze, NPR: novel place recognition, IL-1: Interleukin-1, ESC: embryonic stem cell 
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[91]. As in other studies, the rescue of learning and 

memory may have been based on the secretion of 

BDNF by the transplanted neural stem cells [92]. The 

MHP36 stem cell line which later showed functional 

effects in aging [83] also improved learning and 

memory after stroke [93]. Toda et al. found improved 

performance in a rat stroke model after transplantation 

of neural stem cells as well, however, this 

improvement was only seen over the last 2 days of a 

10 day testing period, and ischemic rats with a low 

number of surviving grafted cells performed more 

poorly than ischemic rats with no grafts [94]. 

Phillips et al. were able to demonstrate that neural 

stem cell transplantation can also lead to improvement 

in learning and memory in a rat model of traumatic 

brain injury [95]. In a stress model of chronic 

isolation, intrahippocampal transplantation of 

transgenic neural precursor cells overexpressing 

Interleukin-1 receptor antagonist prevented an 

isolation-induced decline in memory in mice [96]. 

Other investigators studied the effect of 

intrahippocampal stem cell transplantation after 

excitotoxic lesions of the hippocampus and found 

functional improvements in learning and memory [97-

99]. No significant improvement on learning and 

memory could be found in a rat model of epilepsy 

after transplantation of neural progenitor grafts 

derived from the medial ganglionic eminence [100]. 

The lack of improvement in learning and memory 

may have been due to differentiation of grafts from 

the medial ganglionic eminence into GABAergic 

interneurons as opposed to hippocampal pyramidal 

neurons.  

 

Mechanism of improvement of learning and 
memory 

 

Several mechanisms could have contributed to the 

improvement in learning and memory after stem cell 

transplantation across studies. Transplanted progenitor 

cells could have added to the endogenous pool of 

dentate gyrus progenitor cells or differentiated into 

functioning neurons in CA1 or CA3 areas. However, 

this mechanism is not supported by any data so far 

since none of the studies looked at 

electrophysiological integration of the stem cells into 

the host circuitry. Also, it has been shown that mature 

cells secreting neurotrophic factors are sufficient in 

improving learning and memory [71,72]. 

The most convincing evidence points towards the 

secretion of neurotrophic factors as the cause of 

enhanced learning and memory in the studied disease 

models. LaFerla et al. [53], for example, have shown 

in their work that BDNF-knockout stem cells did not 

lead to an enhancement of learning and memory in a 

model of Alzheimer’s disease. The question thus 

arises whether improved learning and memory is seen 

because of a BDNF-mediated increase in the 

production of endogenous progenitor cells or by 

enhancement of LTPs. Indeed, BDNF has been shown 

to enhance endogenous neurogenesis [101,102]. Most 

investigators studied a possible effect on learning and 

memory 4 weeks or more after transplantation which 

would have been enough time for additional adult-

born dentate granule cells to form afferent and 

efferent connections with the local network. 

However, since recent evidence in hippocampal 

neurogenesis research points towards an involvement 

of dentate gyrus neurogenesis in remote memory 

rather than short-term memory, it is interesting that 

stem cell transplantation improved short-term memory 

in several studies discussed previously. This finding 

argues against a mechanism of improvement due to 

integration of the stem cells into dentate gyrus 

circuitry or enhancement of endogenous neurogenesis, 

but rather points towards a direct effect of 

neurotrophic factors such as BDNF which has been 

shown to stabilize LTPs [103]. 

A growing body of literature suggests that 

progenitor cell transplantation enhances learning and 

memory in various disease models. Future research is 

needed to show whether the mechanism of 

improvement in learning and memory is based on 

stabilization and enhancement of LTPs by 

neurotrophic factors. In addition, our basic 

understanding of the effect of endogenous 

neurogenesis on learning and memory needs to be 

advanced in order to better understand to effects of 

progenitor cell transplantation into the diseased 

hippocampus. 
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