
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Integration and function of new neurons generated from fibroblasts and adult neural
stem cells in the pathological brain

Wood, James

2011

Link to publication

Citation for published version (APA):
Wood, J. (2011). Integration and function of new neurons generated from fibroblasts and adult neural stem cells
in the pathological brain. Laboratory of Neurogenesis and Cell Therapy.

Total number of authors:
1

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/009ab1d0-cd6c-4bdb-9de7-b52245bf0411


1

Academic Dissertation

INTEGRATION AND FUNCTION OF NEW NEURONS
GENERATED FROM FIBROBLASTS AND ADULT

NEURAL STEM CELLS IN THE PATHOLOGICAL BRAIN

James C. W. Wood

Lund University
Faculty of Medicine

With the approval of the Faculty of Medicine at Lund University,
 this thesis will be defended on December 20, 2011 at 9:00 am in Segerfalksalen, 

Wallenberg Neuroscience Center, Lund, Sweden

Faculty Opponent

Professor Sebastian Jessberger, PhD
Institute of Cell Biology

Swiss Federal Institute for Technology
Zürich, Switzerland



2

Department of Clinical Sciences
Division of Neurology
Lund University
Lund, Sweden

James Wood

December 20, 2011

	 	 Integration	and	function	of	new	neurons	generated	from	fibroblasts	and	adult	
neural stem cells in the pathological brain

In Papers One through Six we have investigated the function and integration of “new” neurons – 
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it was crucial to investigate the functional characteristics of the newly generated neurons to dem-
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SUMMARY

Stroke and epilepsy are devastating neurological disorders. These patholo-
gies cause changes in neurogenesis, the process by which new neurons are added 
to the brain, in the brain regions affected. After a stroke, neural stem cells in the 
subventricular zone (SVZ) give rise to neuroblasts which migrate to the damaged 
region indicating the brain may have an endogenous repair mechanism. In Paper 
1	we	examined	how	a	stroke	influences	the	neural	stem	cell	niche	and	vasculature,	
and how the new born neurons interact with the environment encountered. We 
showed that hypoxia is present in the SVZ after stroke, that changes in vascular-
ization occur in the SVZ and adjacent striatum, and that newly formed neuro-
blasts migrate in close association with blood vessels. 

Epileptic patients exhibit widespread changes in the hippocampus, the brain 
region where seizures often arise. Experimental animal models have shown that 
seizures lead to increased neurogenesis, but whether the new cells contribute to, 
or counteract the pathological function is unknown. We have previously shown 
that	after	severe	hippocampal	insults	(status	epilepticus	and	chronic	inflamma-
tion), the new neurons may actually counteract the pathological function. In 
Paper 2, we analyzed the morphological development and electrophysiological 
integration of new neurons born into a less severe pathological environment char-
acterized by recurrent stimulation-induced seizures, gradual development of hy-
perexcitability,	but	only	minor	transient	changes	in	inflammation.	In	this	case	the	
new cells exhibited enhanced excitatory input but also a concomitant reduction 
in intrinsic excitability. Our results demonstrate that the severity and character-
istics of pathological insults play a crucial role in determining how new neurons 
develop and integrate in the adult brain.

Cell	replacement	therapy	using	stem	cells	leads	to	benefits	for	patients	with	
neurological disorders. However, using stem cells for transplantation has draw-
backs such as the risk of tumor formation and the requirement of immunosup-
pression.	In	Paper	3,	4,	and	5	we	have	generated	neurons	from	human	fibroblasts	
by	direct	reprogramming	using	defined	sets	of	transcription	factors.	Paper	3	was	
the	first	study	to	show	that	human	fibroblasts	can	be	directly	converted	to	func-
tional	neurons	and	also	dopaminergic	neurons.	Paper	4	showed	that	lung	fibro-
blasts from adult and elderly patients can be converted to functional neurons, 
and in Paper 5 we presented a novel set of transcription factors which give rise 
to neurons with distinct phenotype and functional properties. Finally, in Paper 
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6 we have transplanted induced pluripotent stem cells into adult rats and dem-
onstrated that these cells become functionally integrated neurons and that trans-
plantation after stroke leads to improvement. These studies may one day lead to 
patient-specific	transplantations.

The goal of this thesis was to investigate the integration and function of 
firstly,	new	neurons	born	into	the	pathological	brain	and	secondly,	of	fibroblast-
derived neurons. Papers 1 and 2 demonstrate that the environment encountered 
by	the	neurons	influences	their	migration	and	integration,	respectively.	Papers	3	
to	6	focused	on	characterizing	neurons	from	fibroblasts	which	may	in	the	future	
be	used	 in	 cell	 replacement	 studies.	Taken	 together,	 future	 studies	using	fibro-
blast-derived neurons for transplantation should consider how the environment 
will	influence	the	integration	and	function	of	the	cells	which	will	determine	the	
therapeutic outcome.
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INTRODUCTION

The Discovery of Adult Neurogenesis

To many, the founder of modern day neuroscience is Santiago Ramón y Cajal. 
He was a histologist, pathologist, and physician. One of his contributions to neu-
roscience is his numerous detailed illustrations of the nervous system, many of 
which are still used today. In 1906, for his work uncovering the mysteries of the 
nervous system, he was awarded the Nobel Prize. A centrally held belief in the 
time of Ramón y Cajal was that new neurons were not added to the adult brain. 
In other words, the neurons present at birth are the only neurons we ever pos-
sess. This belief was largely due to the fact that mitotic cells were not observed 
in the adult brain of birds and mammals, and by the absence of regenerative pro-
liferation after traumatic brain injuries. However, in the 1960’s, two researchers 
at MIT began questioning the long held belief that new neurons were not born 
in	the	adult	brain.	In	a	pilot	study	using	fine-resolution	autoradiography,	Joseph	
Altman and Gopal Das observed that following intracranial injection of thymi-
dine-H3 into young adult rats there was an accumulation of silver grains over the 
nuclei of a few neurons in the cortex and more commonly over granule cells in 
the hippocampus (Altman and Das, 1965). This led them to believe that they had 
discovered postnatal hippocampal neurogenesis; in fact, they did! However their 
publication was largely ignored at the time. Adult neurogenesis was reported 
again by Michael Kaplan and JW Hinds in the mid 1970’s and early 1980’s, but the 
phenomenon of adult neurogenesis continued to be overlooked by the academic 
community. However, thanks to the pioneering work of Altman, Das, Kaplan, and 
Hinds, and advances in technology, we now know that neurons are generated in 
specific	regions	of	the	brain	throughout	life,	and	that	adult	neurogenesis	is	a	very	
dynamic, regulated, and reactive process.

Adult Neurogenesis

The development of nucleotide analogues (halogenated thymidines), nota-
bly, 5-bromo-2-deoxyuridine (BrdU), allowed adult neurogenesis to become more 
accessible for study by researchers. BrdU can be injected into experimental sub-
jects where it rapidly incorporates into the DNA of dividing cells (Kriss et al., 
1963). Thus, it is possible to visualize dividing cells by creating antibodies spe-
cific	to	BrdU	(see	Immunohistochemistry,	below).	Using	this	method	throughout	
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the 1980’s and 1990’s many neuroscience groups examined which populations of 
cells incorporated BrdU and how various conditions could alter the number of 
dividing cells. However, adult neurogenesis was not a mainstream topic which 
appeared in the highest-impact journals until the late 1990’s. 

A	“tipping	point”	is	defined	as	the	point	at	which	the	momentum	for	change	
becomes	 unstoppable.	 In	 the	 field	 of	 neuroscience,	 some	 consider	 the	 tipping	
point for the widespread acceptance and interest in adult neurogenesis to be in 
2002, when the group of Fred Gage at the Salk Institute in San Diego reported 
that new born neurons added to the preexisting neural circuitry in the hippo-
campus become mature functional neurons (van Praag et al., 2002). This was the 
first	evidence	that	adult	born	neurons	became	mature	functioning	cells,	receiving	
excitatory	and	inhibitory	input	and	capable	of	firing	action	potentials.	The	tool	
which	made	this	study	possible	was	a	retrovirus	(RV)	encoding	green-fluorescent	
protein	(GFP)	(see	RV-GFP,	below).	This	virus,	RV-GFP,	specifically	infects	divid-
ing cells, and results in accumulation of GFP, thereby labeling the cell. Thus, using 
an electrophysiology rig (see Whole-cell Patch-clamp, below) equipped with a 
fluorescent	microscope	it	is	possible	to	examine	the	functional	properties	of	GFP-
expressing cells; the adult born neurons. 

Today, it is accepted that neurogenesis occurs throughout life in all mamma-
lian and non-mammalian species examined so far, including rodents (discussed 
in	detail,	below),	birds	(Goldman	and	Nottebohm,	1983),	lizards	(Goffinet	et	al.,	
1986), primates (Gould et al., 1998, 1999), and humans (Eriksson et al., 1998). The 
two regions of ongoing mammalian neurogenesis are the subventricular zone 
(SVZ) located along the walls of the lateral ventricles, and the subgranular zone 
(SGZ) of the dentate gyrus in the hippocampus (Figure 1).

Subventricular Zone Neurogenesis

The most prominent region of neurogenesis in the adult mammalian brain is 
the SVZ. In the mouse SVZ, there are believed to be four main cell types (Doetsch 
et al., 1997; Alvarez-Buylla and García-Verdugo, 2002) (Figure 2). The putative 
stem cell of the SVZ is the astrocytic Type B cell which gives rise to Type C cells. 
Type B cells form tubes ensheathing Type A cells and some Type B cells extend a 
ciliated process into the lumen of the lateral ventricle contacting the cerebrospinal 
fluid	(CSF).	The	purpose	of	the	interface	between	Type	B	cells	and	the	CSF	is	cur-
rently unknown and could be an interesting issue to address. 
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Type A cells form a chain-like structure and migrate tangentially towards to 
the olfactory bulb (OB) via the rostral migratory stream (RMS). These neuroblasts 
become interneurons and integrate in the granule and periglomerular layers of 
the OB where they have an important role in function (Gheusi et al., 2000) and 
maintenance (Imayoshi et al., 2008). Neuroblast migration in the RMS is a com-
plex process which depends on many factors including, poly-sialated neural cell 
adhesion molecule (PSA-NCAM) expression (Rousselot et al., 1995), cyclin-de-
pendent kinase 5 (Cdk5) (Hirota et al., 2007), serum response factor (Alberti et al., 
2005),	the	direction	of	CSF	flow	(Sawamoto	et	al.,	2006),	β1 integrins (Belvindrah 
et al., 2007), and the vasculature for scaffolding (Snapyan et al., 2009). 

Transit-amplifying Type C cells are highly proliferative neural precursors 
which form clusters next to, and give rise to Type A cells. These cells are present 
only in the SVZ (not the RMS). Doetsch et al. (2002) demonstrated that exposure 
to epidermal growth factor (EGF) can convert Type C cells into multipotent stem 
cells, showing they retain stem cell potential. 

The ependymal layer is made up of ciliated ependymal cells (Type E cells) 
which form an epithelial layer separating the SVZ from the lateral ventricle. Beat-
ing	of	ependymal	cell	cilia	controls	the	flow	of	the	CSF	in	the	lateral	ventricles	and	
can	influence	the	migration	of	neuroblasts	(Sawamoto	et	al.,	2006).

There is evidence that the SVZ contains a vascular niche for adult neurogene-
sis such as the close proximity and contact of neural stem/progenitor cells (NSCs) 
to blood vessels, and vasculature-derived signaling (Shen et al., 2004; Shen et al., 

Figure 1. Regions of neurogenesis in the adult rodent brain. 
The two regions of adult mammalian neurogenesis are the SVZ of the lateral ventricle (LV) 
and the subgranular zone of the dentate gyrus (DG). SVZ stem cells give rise to neuroblasts 
which migrate towards the olfactory bulb (OB) via the rostral migratory stream (RMS). 
Neural stem cells in the DG give rise to dentate granule cells throughout life. Adapted from 
Mu et al. (2010).
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2008; Tavazoie et al., 2008) (see Neurogenesis and Angiogenesis, below). Besides 
the vasculature, the presence of specialized signaling pathways help maintain 
this neurogenic niche such as, notch signaling (Imayoshi et al., 2010), and the in-
teraction of bone morphogenic protein (BMP) and its antagonistic ligand, noggin 
(Lim et al., 2000).

The rat and mouse SVZ are similar but at least one difference exists. Danilov 
et al. (2009) have shown that Type A, B, and E cells are present in the rat SVZ, 
however Transit-amplifying Type C cells are not.

Figure 2. Schematic of neurogenesis in the mouse SVZ. 
Type B cells (B), the SVZ stem cells, give rise to Type C cells (C), contact blood vessels (BV) 
and the lateral ventricle (LV), and form tubes ensheathing migrating Type A cells (A). Type 
A cells migrate in chains to the OB via the RMS. Transit-amplifying Type C cells are as-
sociated with blood vessels and give rise to Type A cells. Ependymal cells (E) separate the 
lateral	ventricle	from	the	SVZ,	and	control	CSF	flow	with	cilia.	The	rat	SVZ	is	similar,	but	
devoid of type C cells. Adapted from Tavazoie et al. (2008). 
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Hippocampal Neurogenesis

The hippocampus is located in the medial temporal lobe and is a major com-
ponent of the mammalian brain. It belongs to the limbic system where it plays an 
important role in the formation of certain types of memories (Milner, 1996; Squire 
et al., 2004). The hippocampus is also a region of adult neurogenesis whereby new 
neurons are continuously added to the preexisting circuitry (Figure 3). In the ro-
dent, there are thousands of new neurons added each day (Cameron and McKay, 
2001). NSCs in the rodent granule cell layer (GCL) referred to as Type 1 cells, di-
vide producing lineage-committed, doublecortin (DCX)-expressing neuroblasts 
which migrate into the GCL where they initially receive depolarizing GABAergic 
input (Ge et al., 2006). Over the course of several weeks, the new dentate granule 
cells (DGCs) extend dendrites into the molecular layer and axons into the hilus. 
The dendrites develop afferent glutamatergic synaptic input from the perforant 
path (van Praag et al., 2002) and hyperpolarizing GABAergic input from inter-

Figure 3. Schematic of neurogenesis in the rodent dentate gyrus. 
The trisynaptic circuit of the hippocampus consists of input from the entorhinal cortex to 
the	dentate	gyrus	 (DG)	whereby	DGCs	extend	mossy	fibers	 to	CA3	pyramidal	neurons	
(CA3) which then contact CA1 pyramidal neurons (CA1). 1, 2, NSCs in the SGZ of the 
dentate gyrus divide and generate lineage-committed progenitors (neuroblasts). 3,4, Adult 
born neurons migrate into the GCL and extend dendrites into the molecular layer (ML) 
and axons into the hilus (h). 5, Several weeks after birth, the new born cells become mature, 
functional neurons, with afferent input from the perforant path, and efferent output to CA3 
pyramidal neurons. Adapted from Ming and Song (2005).
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neurons	(Laplagne	et	al.,	2006).	The	axons,	via	the	mossy	fiber	pathway,	establish	
functional synapses with the CA3 pyramidal neurons (Toni et al., 2008; Faulkner 
et al., 2008).

Each step of adult hippocampal neurogenesis is a dynamic process which 
can be regulated by physiological and pathological changes. Hippocampal neu-
rogenesis is increased by exposure to an enriched environment (Kempermann 
et al., 1997), running (van Praag et al., 1999), and hormones (Gould et al., 2000). 
Gobeske et al. (2009) demonstrated that exercise exerts its neurogenic effect via 
BMP-signaling which is depressed during and after exercise. This leads to a ro-
bust increase in hippocampal neurogenesis and also improved performance on 
hippocampal-dependent tasks. Another link between hippocampal-dependent 
tasks and neurogenesis was uncovered by Cao et al. (2004) who demonstrated that 
hippocampal-dependent tasks boost expression of vascular endothelial growth 
factor (VEGF) which in turn increases hippocampal neurogenesis. Other signal-
ing pathways which regulate hippocampal neurogenesis include Prox1 which has 
important roles in neurogenesis both during development (Lavado et al., 2010) 
and also in the adult hippocampus (Karalay et al., 2011), and Cdk-5 signaling 
which has an important role in directing the migration and dendrite development 
of the new born DGCs (Jessberger et al., 2008). 

Dendrite development and the formation of synaptic afferent inputs to the 
adult born DGCs is a dynamic process. Performing spatial learning tasks in-
creases the number and size of spines which develop on the dendrites of new 
cells resulting in marked changes in the overall morphology (Tronel et al., 2010). 
Severe	pathological	insults	such	as	status	epilepticus	and	chronic	inflammation	
cause altered synaptic integration, changes in dendrite development, and altered 
expression of synaptic adhesion molecules (Jakubs et al., 2006; 2008). After a less 
severe epileptic insult, characterized by repetitive seizures but only minor tran-
sient	inflammation,	adult	born	DGCs	receive	enhanced	excitatory	input	which	is	
counteracted by a concomitant reduction in membrane excitability (Wood et al., 
2011) (these latter studies are discussed in more detail below). 

Factors which lead to lower rates of DGC proliferation and neurogenesis in-
clude	alcohol	(He	et	al.,	2005),	repeated	isofluorane	exposure	(Zhu	et	al.,	2010),	
lead exposure (Gilbert et al., 2005), and chronic stress (Dranovsky and Hen, 2006). 
There is also evidence that hippocampal neurogenesis is related to the cause and 
cure of depression. Sahay and Hen (2007) have reviewed the evidence showing 
that depression coincides with reduced levels of hippocampal neurogenesis and 
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that successful antidepressant treatment not only enhances neurogenesis, but that 
this increase may in fact underlie mood improvement. 

The precise role of hippocampal neurogenesis continues to be an important 
research question. Increasing evidence indicates neurogenesis has crucial roles in 
hippocampus-dependent tasks, learning, and memory formation (Drapeau et al., 
2003; Clelland et al., 2009). A recent study by Deng et al. (2009) demonstrated that 
a transient reduction in hippocampal proliferation causes impaired long-term, 
but not short-term, memory retention. These are just a small handful of the many 
publications examining hippocampal neurogenesis, revealing the importance, 
complexity and sensitivity of the process.

Neurogenesis and Angiogenesis

There is evidence that neurogenesis and angiogenesis are linked in the brain. 
Endothelial cells secrete brain-derived neurotrophic factor (BDNF) providing suf-
ficient	trophic	support	for	SVZ-derived	neuroblast	development	(Leventhal	et	al.,	
1999). Furthermore, endothelial cells maintain neurogenic niches by secreting fac-
tors which stimulate self-renewal of NSCs (Shen et al., 2004). In the adult song-
bird brain, the higher vocal center (HVC) is a site of continuous neurogenesis and 
angiogenesis which is mediated by seasonal changes in testosterone levels and 
VEGF signaling (Louissaint et al., 2002). In the adult rat dentate gyrus, approxi-
mately 40% of adult born cells exhibit markers of endothelial cells indicating this 
region is a vascular and neurogenic niche (Palmer et al., 2000). Pathological in-
sults, such as electroconvulsive shock, can induce simultaneous enhancement of 
angiogenesis and neurogenesis in the dentate gyrus (Hellsten et al., 2005). There is 
evidence that the vasculature plays an important role maintaining the SVZ neuro-
genic niche (Shen et al., 2008; Tavazoie et al., 2008). Experimental animals models 
of stroke lead to an increase in angiogenesis and neurogenesis in the SVZ and 
striatum (Gotts and Chesselet, 2005; Thored et al., 2007), and the newly formed 
cells migrate towards the damaged region in close association with blood vessels 
(Thored et al., 2007).

Adult Neurogenesis and Pathology

Adult neurogenesis	is	a	very	exciting	field	of	study	for	researchers	and	clini-
cians, especially for those who work with neurodegenerative disease and trau-
matic brain injury. The discovery of lifelong neurogenesis has fostered hope that 
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the brain has some regenerative capacity. Even if physiological adult neurogenesis 
is incapable of repairing the pathological brain, perhaps a deeper understanding 
of how the brain incorporates new neurons into the preexisting neural circuitry 
will provide clues how to proceed with neural transplantations or gene therapy. 
For example, if after a stroke we could boost neurogenesis and guide new neurons 
into the damaged region of the brain, perhaps we could enhance stroke rehabilita-
tion. Or, if we could program adult born neurons in the hippocampus to suppress 
seizure activity, maybe we could cure temporal lobe epilepsy. And, perhaps we 
could use cell transplantations to replace the neurons lost in Parkinson’s disease 
to alleviate motor impairments. The list of potential therapeutic uses of adult neu-
rogenesis goes on, and for this reason adult neurogenesis is studied in relation to 
many pathological brain states.

Epilepsy

A seizure is a neurological disorder characterized by spontaneous occurrence 
of	repetitive	synchronized	firing	of	populations	of	neurons	resulting	in	a	surge	
of electrical activity throughout the brain. The clinical presentation of a seizure 
depends	on	the	region(s)	of	the	brain	affected.	Partial	seizures	involve	a	specific	
region of the brain and induce a brief loss of consciousness. Partial seizures can 
spread, or generalize, affecting the entire brain, causing loss of consciousness and 
tonic-clonic seizures, i.e., status epilepticus (SE). Every brain has a seizure thresh-
old and approximately 10% of the population experiences at least one seizure in 
their lifetime. However, only one percent of the population develops epilepsy, a 
seizure disorder characterized by the occurrence of at least two unprovoked sei-
zures. The underlying cause of a seizure disorder can be considered to be a patho-
logical brain state which makes the brain susceptible to seizures i.e., a low seizure 
threshold. Epilepsy refers to any one of the array of seizure disorders and comor-
bidities resulting from recurrent seizures, which include poor memory, mood and 
anxiety disorders, and psychosis. Approximately 40% of epilepsy patients exhibit 
a structural abnormality in the brain such as, scars, tumors, or infections. How 
these abnormalities result in a lowered seizure threshold is not fully understood. 
The cause of epilepsy in the other 60% of patients is unknown. There is an appar-
ent genetic component to seizure susceptibility however it is unclear how epilep-
tic genes are passed on.
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Experimental Epilepsy Models

There are numerous experimental models of epilepsy. Pilocarpine or kainic 
acid can be injected in experimental animals resulting in chemically-induced SE. 
Pilocarpine is a muscarinic receptor agonist while kainic acid exerts its epileptic 
effect by binding to and activating the kainate receptor. Chemically-induced mod-
els of epilepsy develop in three behavioral and electrographic changes: i) acute 
development of SE characterized by afterdischarges and motor seizures, ii) a si-
lent phase, lasting approximately a month, when brain activity returns to normal, 
and iii) the chronic phase characterized by the occurrence of spontaneous, recur-
rent seizures (Cavalheiro, 1995). 

Electrical SE and kindling are models of epilepsy induced by the direct elec-
trical stimulation of the brain. There are several different versions of electrically-
induced seizures, but in this thesis the relevant model involves placing a stimu-
lating electrode in the CA3 region of the hippocampus. Stimulation in this region 
leads to seizure activity in both the ipsi- and contralateral hippocampus and can 
spread to other brain regions i.e., generalize. Various stimulation protocols can be 
employed, such as SE which is characterized by continuous stimulation leading 
to self-sustained seizures, or traditional kindling which involves daily stimulus-
induced seizures leading gradually to a lowered seizures threshold and more in-
tense seizures. Rapid kindling can be seen as a hybrid of these two techniques and 
has	been	used	to	induce	seizures	and	hyperexcitability	in	Paper	2.	The	specifics	of	
this technique are discussed in detail below.

Epilepsy and Reactive Plasticity

The most common type of epilepsy in adults is temporal lobe epilepsy (TLE), 
whereby seizures initiate and propagate from the hippocampus in the mesial tem-
poral lobe (Engel et al., 1997). Neuropathological changes referred to as the reac-
tive plasticity of the dentate gyrus, observed in patients and in animal models 
of epilepsy illustrates that this region has important roles in epileptogenesis. In 
particular, the following abnormalities observed in mature DGCs are hallmarks 
of the epileptic brain:

(i) Mossy	fiber	sprouting,	whereby	glutamatergic	axons	of	DGCs	sprout	and	ex-
tend ectopic processes into the GCL and establish functional recurrent excitatory 
circuits between DGCs after kindling (Elmér et al., 1996; Lynch and Sutula, 2000), 
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kainic acid-induced SE (Tauck and Nadler, 1985; Buckmaster and Dudek, 1997; 
Lynch and Sutula, 2000), pilocarpine-induced SE (Scharfman et al., 2003b), and in 
patients with TLE (Sutula et al., 1989; Represa et al., 1990). Epsztein et al. (2005) 
demonstrated	that	the	sprouted	mossy	fibers	can	lead	to	the	establishment	of	re-
current kainate receptor-operated synapses on DGCs.

(ii) Hilar basal dendrites, whereby ectopic dendrites rather than extending into 
the molecular layer, extend into the hilus. Ribak et al. (2000) used electron mi-
croscopy to show that after pilocarpine-induced seizures, basal dendrites have 
synapses and thus likely contribute to hyperexcitability.

(iii) Dispersion of the GCL and/or ectopic integration of DGCs in the hilus in 
animal models of epilepsy (Parent et al., 1997, Scharfman et al., 2003a) and also 
in TLE patients (Parent et al., 2006). Haas and Frotscher (2010) demonstrated that 
this dispersion is associated with a loss of the matrix protein Reelin in both epilep-
tic patients and animal models of epilepsy and that knockdown of Reelin causes 
GCL dispersion in otherwise healthy mice. Another study demonstrated that ele-
vated levels of Cystatin C correlated with GCL dispersion in human TLE patients 
and also in rodent models of epilepsy (Pirttilä et al., 2005). 

(iv) Changes in excitatory and inhibitory synaptic input. Many studies have dem-
onstrated that epileptic insults cause changes in the synaptic input to mature 
DGCs (Wuarin and Dudek, 1996; Buhl et al., 1996; Simmons et al., 1997; Wuarin 
and Dudek, 2001; Kobyashi and Buckmaster, 2003; Jakubs et al., 2006; Feng et al., 
2008; Zhan and Nadler, 2009). These studies and others are discussed in more 
detail in Paper 2. 

Hippocampal interneurons in TLE patients and in animal models of epilepsy 
are also susceptible to repeated seizures and may be lost or exhibit morphological 
and functional changes (Wittner et al., 2001; Dinocourt et al., 2003; Sayin et al., 
2003; Zhang et al., 2009; Zhang and Buckmaster, 2009). 

Together, the reactive plasticity of the dentate gyrus after SE may contribute 
to the generation of spontaneous, recurrent seizures. Indeed, under certain condi-
tions, seizure activity can be induced in acute brain slice preparations taken from 
patients with epilepsy (Gabriel et al., 2004).
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Epilepsy and Neurogenesis

Neurogenesis in the dentate gyrus is altered in TLE patients and in animal 
models of epilepsy. It has become increasingly evident that the newborn neurons 
are at least equally, if not even more susceptible to the reactive plasticity observed 
in the hippocampus. Indeed, all of the above listed changes are also seen in adult 
born neurons. Thus it is highly likely that the new neurons born into the epileptic 
hippocampus contribute to the overall network reorganization observed in the 
chronic stages of epilepsy.

In all animal models of epilepsy examined so far, after a seizure there is an 
initial increase in DGC NSC proliferation (Bengzon et al., 1997; Parent et al., 1997; 
Scott et al., 2000; Ekdahl et al., 2001), however in the later phase, i.e., chronic stage 
of epilepsy, there is a marked decline in hippocampal neurogenesis (Hattiangady 
et al., 2004). Loss or decline of neurogenesis may contribute to comorbidities of 
epilepsy, including, depression or memory loss (for neurogenesis-depression link, 
see Malberg et al., 2000; Santarelli et al., 2003; Kondziella et al., 2007; Eisch et al., 
2008). DGCs which develop several weeks before, or after SE exhibit numerous 
abnormalities. Parent et al. (1997) demonstrated that new neurons migrate ec-
topically	into	the	hilus,	exhibit	mossy	fiber	sprouting,	and	display	abnormal	axon	
development in response to pilocarpine-induced seizures. Walter et al. (2007), us-
ing BrdU at various time-points before and after pilocarpine-induced seizures, 
revealed that new neurons which are young at the time of seizures are more sus-
ceptible	to	the	pathological	insult.	Specifically,	new	cells	which	were	1	week	old	
at the time of seizures were far more likely to exhibit hilar basal dendrites and 
migrate ectopically than 4-week old cells. A similar study performed by Kron et 
al. (2010) using a retrovirus to label the new born cells drew the same conclusion, 
whereby young neurons at the time of SE were more prone to developing mossy 
fiber	sprouting	and	hilar	basal	dendrites.	New	neurons	born	after	SE	exhibit	more	
extensive dendrite development leading to earlier functional integration with the 
perforant path compared to new neurons born in healthy rodents (Overstreet-Wa-
diche et al., 2006). Jessberger et al. (2007) demonstrated that kainic-acid induced 
seizures induce alterations in neuronal polarity and spine density. Epileptic in-
sults induce functional changes at the afferent synapses of the new born neurons. 
Jakubs et al. (2006) demonstrated that new neurons born after electrically-induced 
SE receive reduced excitatory and enhanced inhibitory input compared to new 
neurons generated in response to a physiological stimulus (running). A compara-
bly mild epileptic insult characterized by recurring seizures, development of hy-
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perexcitability,	but	only	minor	inflammation,	results	in	enhanced	excitatory	input	
and reduced intrinsic excitability of the new born neurons (Wood et al., 2011) (The 
complete details of this study are presented below in  Paper 2). How these numerous 
changes	in	adult	born	DGCs	influence	the	network	activity	of	the	epileptic	hippo-
campus remains to be completely understood. Of key importance in determining 
whether new neurons born into the epileptic brain will contribute or counteract 
the pathology, will be uncovering how these new neurons interact with the hip-
pocampal network at their efferent outputs. 

Experimental Epilepsy Therapy
The wide array of changes in the epileptic brain has led to many ideas on 

how to prevent or suppress epileptogenesis. A few are discussed here:

Modulating Neurotrophins 
Modulating neurotrophin expression after seizures has shown promise in 

preventing epileptogenesis. For example, BDNF expression is increased by sei-
zures (Lindvall et al., 1994a) and has been shown to enhance excitatory trans-
mission (Kang and Schuman, 1995) and reduce inhibitory transmission in the 
hippocampus (Tanaka et al., 1997) which may underlie hyperexcitability. Indeed, 
blocking BDNF signaling can suppress epileptogenesis (Kokaia et al., 1995). Oth-
er neurotrophins involved with epileptogenesis include neurotrophin-3 (NT-3) 
and glial cell line-derived neurotrophic factor (GDNF). Mice lacking components 
of these signaling pathways exhibit reduced epileptogenesis (Elmér et al., 1997; 
Nanobashvili et al., 2000).

Targeting Hippocampal Neurogenesis
Because epilepsy causes changes throughout the hippocampus and the new-

ly formed neurons contribute to the overall network reorganization, controversy 
exists over their role, i.e., are adult born neurons contributing to, or counteracting 
epileptogenesis? Blocking hippocampal neurogenesis with cytosine-b-D-arabino-
furanoside (Ara-C) in a model of pilocarpine-induced SE has been shown to reduce 
the occurrence of spontaneous recurrent seizures (Jung et al., 2004). Rapamycin 
treatment before kainic acid-induced SE has been shown to interfere with epilep-
togenesis	 and	 coincides	with	 reduced	mossy	fiber	 sprouting	 and	hippocampal	
neurogenesis (Zeng et al., 2009). In a mild epileptic environment, characterized 
by	repeated	seizures	but	minor	inflammatory	changes,	new	born	neurons	exhibit	
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enhanced excitatory input at their afferent synapses, but reduced intrinsic excit-
ability and conserved morphology (Wood et al., 2011). However, after electrically-
induced SE, a much more severe model of epilepsy, new born DGCs receive less 
excitatory input, and could therefore attenuate network hyperexcitability (Jakubs 
et al., 2006). There are still many questions surrounding the role of adult born 
neurons	and	epileptogenesis.	For	example,	what	is	the	functional	significance	of	
new born neurons migrating into the hilus? By incorporating into the network cir-
cuitry, are they contributing to seizure activity or counteracting hyperexcitability 
by	stimulating	inhibitory	interneurons?	Does	mossy	fiber	sprouting	of	adult	born	
neurons copy the sprouting of mature DGCs and lead to efferent connections with 
neighboring cells? More research is needed to determine the precise role of adult 
born neurons in the epileptic brain.

Optogenetics
An exciting, new approach to reduce epileptic activity in the hippocampus is 

to control the excitability of hippocampal neurons. A light-driven chloride pump, 
NpHR, can be inserted into the cell membrane of neurons, which can be activated 
by	light	of	a	specific	wavelength	causing	chloride	influx,	cell	hyperpolarization,	
and thus reduced excitability (Zhang et al., 2007a). Light activation of NpHR ex-
pressed in hippocampal neurons can suppress epileptiform activity indicating this 
experimental approach to treating epilepsy therapy has potential (Tønnesen et al., 
2009). In theory, one can envision a clinical application of optogenetics whereby 
NpHR is expressed at the epileptic focus, i.e., in cells which are the source of 
seizure activity, and light is used to suppress abnormal activity when detected. 
However, additional research is needed to prove that this technique is safe and 
would be more effective and cause fewer adverse effects then surgical resection in 
pharmacoresistant patients.

Stroke

Cerebrovascular disease, or stroke, is the third most common cause of death 
and	is	a	leading	cause	of	serious	long-term	disability	in	adults.	A	stroke	is	defined	
as a loss of blood supply to any region of the brain. The resulting brain injury, 
including neuronal loss, can affect different areas of the brain resulting in varying 
degrees of speech, sight, and motor impairments, and changes in cognition, mem-
ory, and emotions. Early recovery after stroke is limited and variable. Recovery 
in some patients may be due to populations of neurons which survive and may 
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resume functioning, and/or reorganization of brain. In general, rehabilitation af-
ter stroke is limited, resulting in profound emotional and economic consequences, 
and therefore research is necessary. Current experimental therapies to enhance 
stroke recovery include enhancing the brain plasticity, regenerating or replacing 
damaged	neural	circuitry,	and	modulating	 inflammation	and	angiogenesis	 (see	
Experimental Stroke Therapy, below).

Experimental Stroke Models

There are numerous experimental models of stroke. The method used in this 
thesis is middle cerebral artery occlusion (MCAO) which involves the introduc-
tion	of	a	filament	into	the	common	carotid	artery	and	extending	it	to	the	base	of	
the	middle	cerebral	artery	to	block	blood	flow.	In	this	way,	ischemia	is	induced	in	
a	particular	region	of	the	brain.	Withdrawal	of	the	filament	after	two	hours	or	30	
minutes, depending on the requisite severity, allows reperfusion. 

Other groups have established embolic models of stroke whereby a small em-
bolus	is	placed	in	a	specific	blood	vessel	causing	ischemia	in	the	desired	region	of	
the	brain.	A	more	severe	model	of	stroke	is	global	ischemia.	Typically,	blood	flow	
is irreversibly blocked by ligation of the common carotid artery causing ischemia 
to one hemisphere of the brain. This model would be lethal if not for the contra-
lateral carotid artery which provides below normal perfusion.

Stroke and Endogenous Repair

An exciting discovery	in	the	fields	of	neurogenesis	and	stem	cell	biology	was	
that after MCAO, an animal model of stroke (see Experimental Stroke Models, 
above), there is enhanced endogenous neurogenesis which may have the poten-
tial for brain repair. SVZ-derived, DCX-expressing neuroblasts migrate through 
the penumbra into the ischemic core where they differentiate towards the phe-
notype of neurons destroyed by the lesion (Arvidsson et al., 2002) (Figure 4). The 
penumbra is characterized by transient hypoxia and minor cell death, while the 
ischemic core is characterized by extensive cell death i.e., necrosis, and glial scar 
formation. After MCAO, changes in cell cycle length lead to increased numbers 
of SVZ NSCs (Zhang et al., 2006; Zhang et al., 2007b). There is also evidence that 
ependymal cells transform into NSCs after MCAO, thus contributing to endog-
enous neurogenesis (Zhang et al., 2007; Carlén et al., 2009). Stroke-induced neu-
rogenesis is extensive and long-lasting (Thored et al., 2006). Neuroblast migration 
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towards the ischemic core is attributable to chemotaxis mediated by stromal cell-
derived factor-1 (SDF-1)/CXCR4 signaling (Thored et al., 2006), which has been 
shown to be regulated by hypoxic gradients and hypoxia-inducible factor-1 (HIF-
1) (Ceradini et al., 2004). The neuroblasts migrate towards the damaged stria-
tum in association with blood vessels, which likely provide trophic or mechanical 
support (Thored et al., 2007). There is evidence SVZ-derived neuroblasts develop 
into functional neurons (Hou et al., 2008; Lai et al., 2008). There is also evidence 
of an endogenous neurogenic response in human patients with cerebrovascular 
disease (Minger et al., 2007; Sgubin et al., 2007). Thus, enhancing endogenous 
neurogenesis in stroke survivors could provide a means of regenerating damaged 
brain tissue, perhaps improving stroke rehabilitation. However, further research 
is	needed	to	find	ways	to	overcome	obstacles	of	brain	repair.

Figure 4. Schematic of endogenous SVZ neurogenesis after MCAO.
 1, 2, SVZ NSCs give rise to neuroblasts which migrate along blood vessels into the stria-
tum (St), through the penumbra (P), and into the ischemic core (IC). 3, Ependymal cells can 
become NSCs after MCAO, thus contributing to the neurogenic response. 4, SVZ-derived 
neuroblasts differentiate in the ischemic core and possibly become functional neurons.
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Experimental Cell Replacement Therapy

The	challenges	and	potential	benefits	of	brain repair are discussed here:

Fibroblast Reprogramming
Research over the past decades has demonstrated that cell replacement ther-

apy	can	have	beneficial	results	in	patients,	particularly	with	Parkinson’s	disease	
(Lindvall et al., 1994b; Piccini et al., 1999). Finding the optimal cell source for 
transplantation remains a key issue. There are currently several methods of gen-
erating neuronal cell types with the potential for cell transplantation (Figure 5). 
Stem cells can be used to generate neurons (reviewed by Svendson et al., 2001). 
However, since stem cells have the ability to self-renew, the risk of uncontrolled 
cell cycling and tumor formation is high and thus limits their therapeutic poten-
tial.	Furthermore,	stem	cells	may	be	difficult	or	impossible	to	obtain	from	adult	
patients,	reducing	the	likelihood	of	patient-specific	transplantations	and	therefore	
necessitating ongoing immunosuppressant therapy.

More recently, induced pluripotent stem (iPS) cells have received much atten-
tion,	also	in	this	thesis,	for	their	potential	to	generate	patient-specific	cells.	These	
cells are derived from somatic cells and can be converted to a pluripotent cell us-
ing transcription factors (Takahashi and Yamanaka, 2006). Remarkably these cells 
can contribute to the germline and generate live chimeras demonstrating their 
close resemblance to actual embryonic stem cells (Okita et al., 2007; Wernig et al., 
2007). We have shown in Paper 6, (Oki et al.) that iPS cells derived from human 
fibroblasts	 develop	 into	 functional	 neurons	when	 transplanted	 into	 the	 rodent	
brain. Patient-derived cells may be the ideal candidate for transplantation as this 
overcomes the risk of graft rejection by the host.

Another	remarkable	breakthrough	has	occurred	with	the	discovery	that	fi-
broblasts can be directly converted to functional neurons, termed induced neu-
rons	(iNs)	(Vierbuchen	et	al.,	2010;	Pfisterer	et	al.,	2011a;	Pang	et	al.,	2011;	Caiazzo	
et	al.,	2011;	Qiang	et	al.,	2011;	Pfisterer	et	al.,	2011b	and	Paper	5).	Conversion	oc-
curs	by	over-expressing	specific	transcription	factors	(via	a	viral	vector)	in	fully	
differentiated	fibroblasts	which	alters	gene	expression	and	‘reprograms’	the	cells	
identity. In this way, these cells bypass the pluripotent stage of iPS cells and thus 
may impose a lower risk of uncontrolled cell cycling and tumor growth. Further-
more,	we	here,	and	others	have	shown	that	human	fibroblasts	can	be	converted	to	
dopaminergic	iNs	using	viral	overexpression	of	additional	specific	transcription	
factors	(Pfisterer	et	al.,	2011a;	Caiazzo	et	al.,	2011).	More	recently,	fibroblasts	taken	
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from Alzheimer’s patients have been directly converted to iNs using a differ-
ent combination of transcription factors (Qiang et al., 2011). This study indicates 
that direct conversion may have a potential diagnostic value and can be used for 
disease-modeling. Future experiments should address whether these cells can be 
transplanted into an adult mammalian brain and not only maintain their neuro-
nal properties, but also integrate with the preexisting neural circuitry. The rapid 
developments	in	the	field	of	reprogramming	differentiated	cells	for	the	genera-
tion	of	novel	neurons	will	hopefully	pave	the	way	for	patient-specific	cures	in	the	
future.

Figure 5. Neurons can be generated via a pluripotent stage or directly. 
(A)	Fibroblasts	can	be	first	reprogrammed	to	embryonic	stem	cell-like	iPS	cells	using	tran-
scription factors and then directed to neurons, or (B) can be directly converted to neurons 
by overexpression of a different combination of factors.
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Cell Transplantation after Stroke
Cell transplantation has been used in an attempt to replace damaged or dead 

cells in experimental animal models of stroke. Human fetal cortical and striatal 
neural stem cells have the potential to differentiate into neurons when transplant-
ed into the rat striatum (Kallur et al., 2006). When transplanted into the stroke 
damaged striatum, these cells have been shown to express factors characteristic of 
striatal neurons (Darsalia et al., 2007). Mouse-derived embryonic stem cells trans-
planted into the rat stroke damaged brain have been shown to develop electro-
physiological properties of neurons, suggesting transplanted cells have the poten-
tial to become functional (Bühnemann et al., 2006). Median ganglionic eminence 
cells derived from embryonic rats have been transplanted into the stroke dam-
aged rodent brain. Four weeks after transplantation, these cells differentiate into 
cells with neuronal characteristics, develop synapses with host cells, and receive 
spontaneous	excitatory	input	(Daadi	et	al.,	2009).	Transplanted	human	fibroblast-
derived iPS cells exhibit immunohistochemical markers characteristic of neurons, 
establish axonal connections with distant brain regions and improve functional 
recovery in mice after stroke (Oki et al., Paper 6).

A multitude of diverse cell transplantation experiments have been conducted 
in the rodent stroke damaged brain, many of which have resulted in improved 
functional recovery (Bliss et al., 2007). Although this is a positive result, the mech-
anism behind the recovery is largely unknown. There is currently very little evi-
dence that observed recovery is due to integration of the graft and renewal of the 
lost neural circuitry, which may be the ultimate goal of a cell-based stroke therapy. 
The implanted cells are believed to elicit functional improvement by either pro-
viding	trophic	support	to	damaged	and	dying	cells,	or	by	modulating	the	inflam-
matory response in the host brain (Lindvall and Kokaia, 2010). 

Together, these studies show that cell transplantation has the potential to re-
pair the stroke-damaged brain. However, more research is needed to optimize cell 
transplantation, and complications such as, tumor formation and graft rejection 
must be addressed before clinical studies can be conducted (Lindvall and Kokaia, 
2006, 2010). 

Enhancing Angiogenesis and Neurogenesis
Angiogenesis is an important factor in brain repair as new vessels are need-

ed to nourish cells as they enter the damaged regions. There are several studies 
which report vascular changes associated with enhanced neurogenesis and re-
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covery. For example, Erythropoietin and Atorvastatin treatment after stroke in 
rodents has been shown to enhance angiogenesis and neurogenesis with a con-
comitant increase of VEGF and BDNF expression at the ischemic border (Wang 
et al., 2004; Chen et al., 2005). These studies also report improved motor recovery 
in treated rodents. There is also evidence that SVZ-derived neuroblasts require 
blood vessels for mechanical or trophic support as they migrate towards the dam-
aged region (Thored et al., 2007; Kojima et al., 2010).

Overcoming the Glial Scar
A challenge of repairing the central nervous system (CNS) after injury is 

overcoming the formation of a glial scar (Silver and Miller, 2004). After brain in-
jury, astrocytes become hypertrophic and express higher levels of intermediate 
filaments,	including,	glial	fibrillary	acidic	protein	(GFAP),	creating	a	web	of	as-
troglia and connective tissue elements such as proteoglycans. The glial scar cre-
ates a physical barrier blocking neurite outgrowth and axon extension, and also 
contains growth-inhibiting molecules such as chondroitin sulfate proteoglycans 
(CSPGs), degenerating myelin, and the neurite outgrowth-inhibitor, Nogo-A 
(Schwab, 2002; Filbin, 2003). However, the glial scar does perform an important 
protective role after brain injury. In a model of spinal cord injury, preventing glial 
scar formation by depletion of reactive astrocytes leads to disruption of the blood 
brain	barrier	(BBB),	leukocyte	infiltration,	and	more	severe	cell	death	(Faulkner	et	
al., 2004). Thus, when considering methods of improving recovery, the key is to 
optimize	the	benefits	and	minimize	the	limitations	of	the	glial	scar	(for	detailed	
review, see Rolls et al., 2009).

Methods to neutralize the growth-inhibiting properties of the glial scar have 
been	investigated,	such	as	specifically	blocking	Nogo-A,	after	MCAO	(Wiessner	
et al., 2003; Cheatwood et al., 2008). Digesting CSPGs by administration of the en-
zyme chondroitinase (chABC) has been shown to enhance regeneration and plas-
ticity in various experimental models (Pizzorusso et al., 2002; Massey et al., 2006; 
García-Alías et al., 2009, Wang et al., 2011). When considering cell replacement 
therapy, for instance in spinal cord injury or stroke patients, it may also be worth 
considering ways to concomitantly provide a neuron-receptive environment by 
altering the properties of the glial scar.
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Inflammation, Microglia, and Neurogenesis

Pathological brain insults, including severe seizures and stroke, induce an 
inflammatory	response.	A	major	player	in	brain	inflammation	is	the	resident	mi-
croglia.	These	cells	are	believed	to	act	as	‘sensors’	in	the	brain	which	can	detect	
and react to homeostatic and pathological changes (Kreutzberg, 1996; Hanisch 
and	Kettenmann,	2007).	 In	 response	 to	 inflammation,	microglia	shift	activation	
states	and	can	mediate	inflammation	by	secreting	a	wide-array	of	pro-	and	anti-
inflammatory	cytokines	(Minghetti	and	Levi,	1998).	For	example,	in	response	to	
bacterial	 invasion,	microglia	release	pro-inflammatory	cytokines	such	as	 tumor	
necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) (Hanisch et al., 2001). In 
contrast,	microglia	secrete	anti-inflammatory	 factors	such	as	 interleukin-10	 (IL-
10) when phagocytosing apoptotic cells (Magnus et al., 2001).

Severe	 brain	 inflammation,	 induced	 by	 the	 bacterial	 endotoxin,	 lipopoly-
saccharide (LPS) injection or radiation exposure, causes microglia to shift into a 
highly activated state which is detrimental to hippocampal neurogenesis (Ekdahl 
et al., 2003; Monje et al., 2003). In these experimental models, inhibiting the in-
flammatory	 response	 restores	hippocampal	neurogenesis.	LPS-induced	 chronic	
inflammation	 leads	 to	 changes	 in	 the	afferent	 inputs	and	expression	of	gephy-
rin, a GABA-related scaffolding protein, in adult born DGCs (Jakubs et al., 2008). 
Stroke-induced neurogenesis may be suppressed by microglia production of 
TNF- α, which has been shown to suppress NSC proliferation (Iosif et al., 2008). 
However, microglia are complex cells, and may not always have a negative effect 
on neurogenesis. For example, cytokines secreted by T-helper cells cause microg-
lia	to	express	insulin-like	growth	factor-1	(IGF-1)	which	is	beneficial	to	neurogen-
esis (Butovsky et al., 2006). Furthermore, after stroke, microglia accumulate in the 
SVZ and express IGF-1, indicating they can modulate apoptosis, proliferation and 
differentiation of NSCs (Thored et al., 2009). This has led to the notion that wheth-
er microglia exert a positive or negative effect on neurogenesis depends on the 
balance	between	pro-	and	anti-inflammatory	signals	(Ekdahl	et	al.,	2009).	Thus,	
modulating the microglial response after seizures or stroke could potentially be 
used for altering endogenous neurogenesis, and perhaps have the potential to 
improve recovery.
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AIMS OF THIS THESIS

1. Investigate how neural stem cell-derived neurons migrate and integrate in the 
pathological brain (Papers 1 and 2)

To characterize the distribution of hypoxia during 2h MCAO, measure chang-
es in vasculature, and investigate how the new neurons migrate

To investigate how an epileptic insult resulting in development of hyperex-
citability	but	only	minor	inflammatory	changes	influences	the	development	
and functional integration of new born cells

2.	Characterize	the	integration	and	function	of	fibroblast-derived	neurons	
(Papers 3 to 6)

To	 investigate	 the	 electrophysiological	 characteristics	 of	 fibroblast-derived	
iNs and dopaminergic iNs

To	investigate	how	the	functional	properties	of	iNs	are	influenced	by	replac-
ing Ascl1 with Neurogenin2

To determine whether neural-committed iPS cells transplanted into the adult 
mammalian brain become functionally integrated neurons
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SUMMARY OF PAPERS

Paper 1: Long-term neuroblast migration along blood vessels in an area with 
transient angiogenesis and increased vascularization after stroke

Background and Rationale

Stroke induced by 2h MCAO in rats causes increased SVZ NSC prolifera-
tion. Newly formed DCX-expressing cells normally migrate to the olfactory bulb, 
but after stroke migrate towards the damaged region. Once there, the new cells 
express	 immunohistochemical	markers	specific	for	medium	spiny	neurons	e.g.,	
Meis2, DARP-32, which are the cell type primarily affected by MCAO (Arvidsson 
et al., 2002). These results suggest that new neurons generated from the SVZ may 
have the potential for brain repair. The mechanisms underlying this phenomenon 
are largely unknown. In Paper 1 we investigated whether MCAO leads to hy-
poxia in the SVZ, changes in vessel density, and angiogenesis in the ipsilateral 
SVZ and adjacent striatum and investigated the relationship between migrating 
neuroblasts and the vasculature.

Results

Hypoxyprobe-1 immunoreactivity demonstrated that 2hr MCAO caused 
transient hypoxia in the ipsilateral SVZ and striatum (hypoxia was not present 6 
weeks after MCAO). Within the SVZ, hypoxia was more pronounced in the cau-
dal than rostral sections. Hypoxia was present throughout the SVZ in the most 
ventral-caudal sections, while only penetrating a few cell layers in the more dor-
sal-rostral sections. Hypoxia in the striatum overlapped with the regions where 
cell death occurred as demonstrated by the loss of NeuN-expressing cells and 
immunoreactivity	of	fluoro-jade	(a	marker	of	cell	death).	

The volume of the SVZ was increased 2, 6 and 16 weeks after MCAO com-
pared to sham operated animals. This increase in volume resulted in decreased 
vessel density at 2 and 6 weeks after MCAO but returned to baseline levels at 16 
weeks. This observation coincided with gradual increase of vessel length which 
took place between 2 and 16 weeks after MCAO. Using triple-labeling (BrdU, 
RECA, and Laminin) we determined that low levels of angiogenesis was tak-
ing	place	within	the	SVZ	during	the	first	2	weeks	after	MCAO.	In	the	adjacent	
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striatum, in the region where neuroblast migration primarily occurs (zone 1a), 
blood vessel density and length gradually increased between 2 and 16 weeks after 
MCAO. Triple-labeling again demonstrated that angiogenesis was taking place in 
this	region	within	the	first	2	weeks	after	MCAO.

We observed that the new neurons migrated in clusters in close proximity to 
blood vessels. To determine whether an association between blood vessels and 
migrating neuroblasts existed, we measured the distance between migrating neu-
roblasts	 and	 the	nearest	 blood	vessel.	Using	 this	method	of	 quantification,	we	
demonstrated that the majority of neuroblasts (~85%) were within 15 μm of a 
blood vessel. 

Discussion

In this study we demonstrated that 2h MCAO induces hypoxia throughout 
the brain regions associated with the neurogenic response: the striatum and SVZ. 
Vascular reorganization and angiogenesis was present in this region and the new 
neurons migrated in close proximity to blood vessels.

We reported that low levels of angiogenesis occurred in the SVZ after MCAO 
which was at the time unexpected since in the SGZ neurogenesis and angiogen-
esis are linked (Palmer et al., 2000). Furthermore, Gotts and Chesselet (2005) re-
ported that a robust angiogenic response was present in the SVZ after stroke. 
What we did observe was a close association between the migrating neuroblasts 
and the vasculature. Consistent with our results, ongoing angiogenesis has not 
been detected in the SVZ but the vasculature provides the SVZ with important 
signaling cues (Shen et al., 2008; Tavazoie et al., 2008). Notably, recent studies 
have demonstrated that neurons use the vasculature as scaffolding while migrat-
ing in the RMS (Snapyan et al., 2009) and towards the stroke-damaged striatum 
(Kojima et al., 2010).
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Paper 2: Functional integration of new hippocampal neurons in adult epileptic 
brain is determined by characteristics of pathological environment 

Background and Rationale

How new neurons develop in the pathological adult brain will determine 
whether they counteract or contribute to pathology. We have previously shown 
that	 after	 severe	 insults	 (status	 epilepticus	 and	 chronic	 inflammation)	 the	new	
neurons may counteract the pathology. New neurons born into the epileptic brain, 
characterized	by	recurrent	seizures,	cell	death	and	inflammation,	exhibit	reduced	
excitatory input, and enhanced inhibitory input at their afferent synapses (Jakubs 
et	 al.,	 2006).	Born	 into	 an	 environment	 characterized	by	 chronic	 inflammation,	
new neurons exhibit increased excitatory input but also enhanced inhibitory in-
put. Here we have studied the morphological development and electrophysiolog-
ical integration of new neurons born into a less severe pathological environment 
characterized by recurrent stimulation-induced seizures, gradual development of 
hyperexcitability,	but	only	minor	transient	changes	in	inflammation.	

Results

In order to answer our primary question we needed to establish a kindling 
protocol which would be characterized by recurrent seizures, gradual develop-
ment	of	hyperexcitability,	but	little	or	no	inflammatory	changes.	Based	on	previ-
ous	studies	(Elmér	et	al.,	1998),	and	a	pilot	study	demonstrating	that	inflamma-
tion	was	influenced	by	the	severity	and	frequency	of	seizures,	rapid	kindling	with	
subsequent	stimulation	induced	seizures	was	used.	The	inflammatory	response	
to the seizure paradigm used was investigated 1 and 7 weeks after rapid kin-
dling. At 1 week after rapid kindling there tended to be more activated microglia 
(Iba1+/ED1+) present in the hippocampus compared to sham animals, however 
the increase was much lower than the increase observed in SE animals. The phe-
notype of the microglia indicated that they were not in a highly activated state. 
Consistent with the notion that the seizure paradigm resulted in only minor in-
flammatory	changes,	cytokines	associated	with	inflammation	were	not	elevated	
in seizure-exposed compared to sham animals 1 week after rapid kindling. At 
7 weeks after rapid kindling there was no difference in the number of activated 
microglia between the groups. Taken together, these results demonstrate that the 
seizure	paradigm	used	 caused	only	minor	 inflammatory	 changes	 compared	 to	
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those	induced	by	SE	or	chronic	inflammation.	The	development	of	hyperexcitabil-
ity was apparent by the increase in mean seizure grade and the decrease in seizure 
threshold measured over the course of 6-8 weeks of twice weekly stimulation-
induced seizures.

Morphological analysis of GFP+ neurons at 6-8 weeks after labeling dem-
onstrated that the seizure paradigm used here did not cause any major changes 
in gross morphology. No differences were detected in the location or orientation 
of GFP+ cells, the structure of the dendrites, or the pattern of gephyrin expres-
sion. However, using confocal imaging techniques an increase in the proportion 
of stubby spines was detected. 

Electrophysiological analysis performed 6-8 weeks after virus labeling dem-
onstrated that GFP+ cells born into the pathological environment had similar 
passive and active membrane properties compared to both mature DGCs and 
GFP+ cells in sham animals. However, the seizure-exposed new cells exhibited 
increased rheobase (the amount of current required to depolarize the membrane 
to	action	potential	threshold)	and	fired	fewer	action	potentials	in	response	to	de-
polarizing current injection. Whole-cell, voltage clamp recordings demonstrated 
that seizure-exposed new cells received enhanced excitatory input evidenced by 
the occurrence of miniature excitatory postsynaptic currents (mEPSCs) of larger 
amplitude and faster rise time. Furthermore, mEPSCs occurred with shorter inter-
event-intervals in seizure-exposed new cells compared to control new cells. Taken 
together, these results demonstrate a net increase of excitatory afferent input to 
seizure-exposed new cells. Whole-cell, voltage clamp recordings of miniature in-
hibitory postsynaptic currents (mIPSCs) demonstrated that seizure-exposed new 
cells received reduced inhibitory input compared to control new cells. mIPSCs 
occurred at longer IEIs, and exhibited slower rise times likely indicating a reduc-
tion in perisomatic inhibition. Taken together, the electrophysiological analysis 
suggests that seizure-exposed new cells experience a net increase in excitatory 
input (larger amplitude of excitatory currents and reduced inhibition). However, 
increased rheobase in these cells may partially or completely counteract the en-
hanced synaptic excitability.

The	conclusions	of	 this	study	are	 two-fold:	firstly,	 that	new	cells	born	 into	
a pathological environment characterized by recurring seizures and the gradual 
development	of	hyperexcitability	but	without	a	major	inflammatory	response	re-
ceive enhanced excitatory input likely counteracted by reduced intrinsic excit-
ability; and secondly that, taken together with our previous studies (Jakubs et 
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al., 2006; 2008), the functional integration of new neurons, and whether they will 
contribute or counteract pathology, will depend on the characteristics of the path-
ological environment.

Discussion
In this study we show that new neurons born into an environment charac-

terized by repeated seizures, the gradual development of hyperexcitability, but 
only	minor	transient	inflammatory	changes	exhibit	conserved	gross	morphology,	
altered synapse development, enhanced excitatory input, and reduced intrinsic 
excitability.

The	finding	that	the	new	neurons	exhibit	increased	excitatory	input	is	con-
sistent with results from experiments investigating the excitatory input to mature 
DGCs in animal models of epilepsy (Simmons et al., 1997; Wuarin and Dudek, 
2001). However, it is the opposite of what was observed by Jakubs et al. (2006), 
whereby new born DGCs received reduced excitatory input and enhanced inhi-
bition. It must be emphasized that the seizure models used in these two studies 
differed greatly. In the Jakubs et al. (2006) study, rats were subjected to SE i.e., 3 
hours of seizure activity resulting in neuronal death, spontaneous seizures and 
widespread	 inflammatory	changes.	The	seizure	model	used	 in	 the	present	was	
comparably mild resulting in a total of ~ 30 minutes of seizures and only a minor 
and	transient	inflammatory	response.	The	differences	observed	indicate	that	the	
characteristics	of	the	pathological	environment	will	influence	functional	integra-
tion. Interestingly, adaptation to the pathological environment was seen in both 
studies. Jakubs et al. (2006) reported reduced excitability and enhanced inhibition. 
In the present study, we detected enhanced excitatory input but a concomitant 
reduction of intrinsic excitability, whereby the amount of current required to gen-
erate	action	potentials	was	greater	in	the	new	seizure-exposed	cells.	This	finding	
suggests that the new cells may have a mechanism to prevent the propagation of 
the increased excitability. Whether or not adult born cells contribute to or counter-
act pathological brain states will depend on how they interact with their targets. 
In the future it would be very interesting to investigate what proportion of excit-
atory synaptic input is propagated by the new cells in various seizure models. 
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Paper 3: Direct conversion of human fibroblasts to dopamingergic neurons 

Background and Rationale

Lineage reprogramming is the process whereby a fully differentiated cell 
is converted to a different cell type without passing through a pluripotent stem 
cell-like stage. This technique may be a valuable tool for disease-modeling and 
cell	replacement	 therapy.	Vierbuchen	et	al.	 (2010)	were	 the	first	 to	demonstrate	
that	mouse	fibroblasts	can	be	directly	converted	to	functional	neurons	(termed	in-
duced neurons; iNs) by viral overexpression of 3 transcription factors. Of particu-
lar	interest	is	whether	this	technique	could	also	be	used	with	human	fibroblasts.	
To	this	end,	we	here	have	used	human	fibroblasts	from	three	sources	for	direct	
conversion	to	neurons	(embryonic	fibroblasts,	fetal	lung	fibroblasts	and	postnatal	
fibroblasts).	We	show	for	the	first	time,	that	also	human	fibroblasts	can	be	con-
verted to functional neurons using this technique. We have also shown, for the 
first	time,	that	the	iNs	can	be	further	differentiated	into	specific	neuronal	subtypes	
by additional factors. 

Results

Fibroblasts	from	human	embryos	(HEFs),	fetal	lung	fibroblasts	(HFLs),	and	
postnatal	fibroblasts	were	used	in	conversions.	A	lentivirus	was	used	to	deliver	
the transcription factors Ascl1, Brn2, Myt1l (ABM). By 12 days after transduction, 
many cells exhibited neuronal morphology and expressed immunohistochemical 
markers characteristic of neurons i.e., MAP2 and βIII-tubulin. Whole-cell patch 
clamp recordings demonstrated that the majority of cells with neuronal morphol-
ogy had properties of mature functional neurons (termed induced-neurons, iNs). 
Action potentials and whole-cell currents were readily induced by depolarizing 
the membrane potential.

Parkinson’s disease involves the selective loss of the dopamine system and 
therefore	is	a	neurodegenerative	disorder	that	may	benefit	from	transplantation.	
We	 thus	 focused	our	 efforts	 on	 transforming	 the	fibroblast-derived	neurons	 to	
dopamine neurons. 10 genes were selected for overexpression in HEFs and HFLs 
based on their role in midbrain development. By 24 days after conversion, a pro-
portion of iNs expressed tyrosine hydroxylase (TH), a marker characteristic of 
dopaminergic neurons due to its role in the synthesis of dopamine. We found 
that using two genes, Lmx1a and FoxA2 together with the 3 transcription factors 
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(ABM)	was	sufficient	to	convert	HEFs	to	TH-expressing	cells.	Furthermore,	a	pro-
portion of iNs expressed another enzyme involved with dopamine synthesis; aro-
matic L-amino acid decarboxylase. Electrophysiological recordings demonstrated 
that the majority of iNs converted using these 5 genes were functionally mature 
neurons and that a proportion exhibited characteristics similar to dopaminergic 
neurons, i.e., spontaneous pacemaker action potentials, rebound action poten-
tials, and comparable passive membrane properties.

Discussion

This was	the	first	study	to	demonstrate	that	human	fibroblasts	can	be	repro-
grammed to neurons using the same technique used for reprogramming mouse 
fibroblasts	(Wernig	et	al.,	2010).	This	was	also	the	first	study	to	show	that	iNs	can	
be	further	reprogrammed	to	subtype	specific	neurons,	in	this	case	dopaminergic	
neurons. These breakthroughs are an important step on the path towards patient-
specific	neural	cell	replacement	therapies.

Patients	with	Parkinson’s	disease	can	benefit	from	cell	transplantations	(Pic-
cini	et	al.,	1999;	Lindvall	and	Björklund,	2011)	and	thus	a	patient-specific	source	
of dopaminergic neurons may be very valuable. We generated dopaminergic 
neurons by using additional transcription factors associated with dopaminergic 
neuron development. Two lines of evidence show that dopaminergic neurons 
were generated. Firstly, patterned cells expressed tyrosine hydroxylase and aro-
matic-L-amino acid decarboxylase which are enzymes crucial to the synthesis of 
dopamine. Secondly, whole-cell patch clamp recordings demonstrated that the 
patterned iNs had electrophysiological characteristics similar to midbrain dopa-
mine neurons. A proportion of cells exhibited spontaneous pace-maker like action 
potentials and rebound action potentials which are both characteristic of dopa-
minergic neurons. iNs also exhibited comparable active and passive membrane 
properties of dopaminergic neurons such as input resistance and action potential 
amplitude and duration. 

The	generation	of	neurons	from	fibroblasts	may	be	a	valuable	tool	for	study-
ing the pathogenesis of neurological disorders and also provide a source of pa-
tient-specific	neurons	for	transplantation.
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Paper 4: Efficient induction of functional neurons from adult human fibroblasts 

Background and Rationale

We have previously	 shown	 that	human	embryonic,	 fetal,	 and	postnatal	fi-
broblasts can be reprogrammed to mature functional neurons; induced neurons 
(Pfisterer	 et	 al.,	 2011a).	 If	 one	 envisages	 iNs	 being	 used	 for	 disease-modeling	
or	transplantation	it	is	crucial	to	determine	whether	also	fibroblasts	taken	from	
adults have the potential to become functional neurons. To this end, we obtained 
human	lung	fibroblasts	taken	for	biopsy	from	adult	and	elderly	patients	to	deter-
mine whether they could be reprogrammed to iNs using the same technique used 
in Paper 3.

Results

Immunohistochemistry and quantitative reverse transcriptase PCR con-
firmed	the	fibroblast	identity	of	the	lung	fibroblasts	used	for	conversions.	Similar	
to	our	previous	study	(Pfisterer	et	al.,	2011a),	3-4	days	after	viral	delivery	of	the	
conversion	factors	ABM	the	lung	fibroblasts	displayed	an	elongated	neuron-like	
morphology. Immunohistochemistry demonstrated that at 12 and 20 days after 
transduction the cells exhibited the neuronal markers MAP2 and βIII-tubulin. Fi-
broblasts from a total of six individuals were used for conversion and in all cases 
overexpression	of	ABM	led	 to	 the	generation	of	 iNs	at	a	comparable	efficiency	
as	we	have	previously	described	(Pfisterer	et	al.,	2011a)	 indicating	 that	 the	age	
of	the	individual	does	not	influence	conversion	efficiency.	To	determine	whether	
the iNs were functional, whole-cell patch clamp recordings were performed on 
iNs generated from three of the six individuals. Action potentials and whole-cell 
currents characteristic of fast inactivating inward sodium and outward voltage-
activated	potassium	currents	were	observed.	Biocytin	labeling	confirmed	the	neu-
ronal morphology of the recorded cells. 

Taken	 together,	 these	 results	 demonstrate	 that	 also	 lung	 fibroblasts	 taken	
from adult and elderly individuals have the capacity to be converted to functional 
iNs.	Furthermore,	the	iNs	were	generated	with	a	similar	conversion	efficiency	and	
timing	as	when	using	embryonic	fibroblasts,	showing	this	technique	has	potential	
for disease-modeling and possibly patient-derived transplantations in the future.
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Discussion

We report	here	that	lung	fibroblasts	taken	from	adult	and	elderly	individuals	can	
be	readily	reprogrammed	to	iNs	using	defined	sets	of	transcription	factors	as	pre-
viously	 reported	 (Wernig	 et	 al.,	 2010;	 Pfisterer	 et	 al.,	 2011a).	 Remarkably,	 lung	
fibroblasts	converted	at	similar	efficiency	and	time	course	regardless	of	the	age	
of donor.

Previously,	we	generated	 iNs	 from	 fetal	 and	post-natal	derived	fibroblasts	
(Pfisterer	et	al.,	2011A).	This	study	shows	that	it	is	possible	to	take	fibroblasts	from	
adults and convert them to neurons. Therefore by using this technique one could 
study the iNs of patients with neurological disorders for disease progression or 
drug screening and maybe one day for autologous transplantation.



46

Paper 5: Replacing Mash1 with Ngn2 during neural conversion of human fibro-
blasts influences phenotype and electrophysiological properties of generated 
neurons 

Background and Rationale

Fibroblasts can be converted to functional neurons, termed iNs by overex-
pression	of	specific	sets	of	transcription	factors	(Vierbuchen	et	al.,	2011;	Pfisterer	
et	al.,	2011a,	Pang	et	al.,	2011,	Caiazzo	et	al.,	2011;	,	Qiang	et	al.,	2011;	Pfisterer	et	
al.,	2011b).	Dopaminergic	neurons	(Pfisterer	et	al.,	2011a;	Caiazzo	et	al.,	2011),	glu-
tamatergic neurons (Qiang et al., 2011) and motor neurons (Son et al., 2011) can be 
generated using different combinations of transcription factors. These latter stud-
ies	demonstrate	that	the	factors	used	for	conversion	influence	the	characteristics	
of the neurons generated and will thus determine their suitability for disease-
modeling or cell replacement therapy. These studies all used the proneural gene 
Ascl1 (referred to as Mash1) for neural conversion. We have investigated here 
whether replacing Mash1 (which is associated with the development of GABAer-
gic neurons) with the proneural gene Ngn2 (which is associated with the develop-
ment	of	glutamatergic	neurons)	influences	the	phenotype	and	electrophysiologi-
cal	properties	of	neurons	generated	from	human	fibroblasts.	

Results

When using Ngn2 in combination with Brn2 and Myt1l, we found that iN 
cells started to appear in the same time frame as we have previously reported 
using	Ascl1,	Brn2,	Myt1l	(ABM)	(Pfisterer	et	al.,	2011a;	2011b).	30	days	after	viral	
transduction, βIII-tubulin expressing cells with neuronal morphology were pres-
ent	in	cultures	of	fibroblasts	converted	with	Ngn2,	Brn2,	Myt1l	(NBM).	To	deter-
mine whether using NBM instead of ABM resulted in differences in conversion 
efficiency,	we	examined	NBM	and	ABM	derived	iNs	40	days	after	transduction.	
Quantification	 using	 Cellomics	 showed	 that	 conversion	 efficiency	 using	NBM	
was comparable to that when using ABM. Total neurite length of iNs generated 
using NBM was similar to neurite length of iNs generated using ABM.

Mash1 directs GABAergic neuronal differentiation during development 
while Ngn2 primarily directs cells towards a glutamatergic phenotype. To de-
termine	whether	 the	 fibroblast-derived	neurons	were	GABAergic,	 immunohis-
tochemistry was performed at day 40 in vitro. In line with their respective roles 
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in	development,	while	~13%	of	ABM	converted	fibroblasts	expressed	GABA,	no	
cells converted with NBM exhibited a GABAergic phenotype.

In order to directly compare the functional characteristics of NBM and ABM 
derived iNs, identical whole cell recordings were performed on a number of cells 
from each conversion setup. Action potentials were induced by a single depolar-
izing current injection step and whole-cell currents characteristic of sodium and 
potassium currents were induced by step depolarization of the membrane poten-
tial. Although both Mash1 and Ngn2, when over-expressed in combination with 
BM, resulted in the generation of functional neurons, differences in the passive 
and active membrane properties were detected.

Taken together, these results show that overexpression of NBM and ABM 
lead to the generation of iNs. We also report that the functional properties and 
phenotype of the generated iNs differ depending on the proneural gene overex-
pressed. This study presents another combination of genes capable of transform-
ing	fibroblasts	to	functional	neurons.

Discussion

In the present study we demonstrate that replacing Mash1 overexpression 
with Ngn2 leads to the formation of mature neurons. In line with previous stud-
ies, Mash1 overexpression led to the generation of GABAergic cells, while Ngn2 
did not (Berninger et al., 2007; Heinrich et al., 2011). Electrophysiological record-
ings demonstrated differences in the passive and active membrane properties of 
the iNs generated. Differences in membrane properties of iNs have also been re-
ported	when	fetal	(Caiazzo	et	al.,	2011)	or	post-natal	fibroblasts	(Ambasudhan	et	
al.,	2011)	were	used	instead	of	adult-derived	fibroblasts.	Interestingly,	iPS-derived	
neurons generated from patients with schizophrenia exhibit similar electrophysi-
ological properties to those generated from healthy individuals but altered gene 
expression (Brennand et al., 2011). Taken together, these observations indicate that 
the	genes	used	for	conversion	in	combination	with	the	starting	material	will	influ-
ence the functional and morphological properties of iNs. 

We	have	 shown	 for	 the	first	 time	 that	 viral	 overexpression	 of	Ngn2,	 Brn2	
and	Myt1l	in	fibroblasts	leads	to	the	formation	of	iNs	and	report	that	they	exhibit	
different characteristics from iNs generated using ABM. It remains unclear how 
each	transcription	factor	influences	the	properties	of	the	iNs	generated,	however	
this is an important issue when considering using iNs for disease-modeling, drug 
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screening, and also transplantation. It is important that the iNs generated mirror 
as closely as possible the relevant cell type.
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Paper 6: Human induced pluripotent stem cells form functionally integrated 
neurons and improve recovery after transplantation in stroke-damaged rodent 
brain

Background and Rationale

Ischemic stroke causes death of brain cells in the affected regions. To date, 
recovery after stroke is limited and thus cell replacement therapies have been con-
sidered. Human fetal cortical and striatal neural stem cells have the potential to 
differentiate into striatal neurons when transplanted into the rat striatum (Kallur 
et al., 2006; Darsalia et al., 2007). Embryonic stem cells from rodents transplanted 
into the rat stroke damaged brain have been shown to develop electrophysiologi-
cal properties of neurons (Bühnemann et al., 2006; Daadi et al., 2009). Many cell 
replacement therapies have yielded functional improvement in rodents (see Bliss 
et al., 2007). 

Ideally, cells for transplantation should come from the patient themselves 
to avoid graft rejections or long-term immunosuppression. Induced pluripotent 
(iPS) cells are somatic cells which can be derived from an individual and repro-
grammed to various fates (Takahashi and Yamanaka, 2006; Wernig et al., 2007; 
Wernig et al., 2008; Dimos et al., 2008). In the present study we have transplanted 
human-derived iPS cells into the healthy and stroke-damaged rodent brain. We 
demonstrate that these iPS cells differentiate into neurons, improve recovery after 
stroke, extend processes to long-range targets in the brain and exhibit the func-
tional properties of mature, synaptically integrated neurons.

Results

iPS	cells	were	generated	from	human	dermal	fibroblasts	by	overexpression	
of Oct4, Sox2, Klf4, and c-Myc and were indistinguishable from human embry-
onic stem cells, as previously described (Koch et al., 2009). Withdrawal of growth 
factors during culturing led to the differentiation of βIII-tubulin-expressing cells 
demonstrating the neuronal potential of the iPS cells.

Mice subjected to middle cerebral artery occlusion (MCAO) were transplant-
ed with iPS cells 1 week after stroke into the damaged brain region. Interestingly, 
already 1 week and up to 9 weeks after transplantation mice transplanted with 
iPS cells exhibited improved performance on the staircase test (which measures 
fine	 and	 coordinated	 forelimb	 movement)	 compared	 to	 vehicle-transplanted	
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mice. Conversely, mice transplanted with iPS cells and vehicle did not show any 
behavioral improvement after MCAO when challenged with the corridor test 
which analyzes paired lateralized sensorimotor integration (neglect).

We next examined the immunohistochemical properties of the transplanted 
iPS cells. Ten weeks after transplantation, ~80% of the iPS cells expressed HuNu 
(a	human-specific	antibody)	and	HuD	(a	marker	for	young	and	mature	neurons)	
indicating that the majority of transplanted iPS cells became neurons. We next 
used	a	 retrograde	 tracer,	fluoro-gold	 to	determine	 the	axonal	outgrowth	of	 the	
transplanted	iPS	cells.	Remarkably,	when	fluoro-gold	was	injected	in	the	globus	
pallidus	iPS	cells	grafted	in	the	striatum	became	immunoreactive	for	fluoro-gold	
indicating the iPS cells establish long-range connections.

We next sought to perform long-term experiments to follow the path of iPS 
cell	differentiation	after	MCAO.	To	this	end,	T-cell	deficient,	so	called	nude-rats	
(to avoid requiring immunosuppression), were transplanted with iPS cells 2 days 
after MCAO. Two and four months after transplantation over 65% of grafted iPS 
cells exhibited the neuronal marker NeuN indicating that the iPS cells survive in 
the MCAO damaged brain and undergo neuronal differentiation, similar to what 
we observed in the mouse brain at earlier time-points. Many of the transplanted 
iPS cells also exhibited markers of neuronal subtypes such as GABA and parval-
bumin (markers associated with GABAergic interneurons) and DARP-32 (marker 
of medium-spiny projection neurons).

Finally, we performed a separate set of experiments designed to investigate 
the electrophysiological characteristics of the transplanted iPS cells. Whole-cell 
patch-clamp recordings were performed on iPS cells grafted in either the cortex 
or the striatum 4.5-5.5 months after transplantation. Transplanted cells in the 
striatum	were	classified	as	either	neuronal	or	glial	based	on	resting	membrane	
potential and input resistance. A proportion of the transplanted iPS cells became 
mature, functional neurons exhibiting action potentials in response to depolariz-
ing	current	injection.	In	voltage-clamp	configuration,	depolarizing	voltage	steps	
induced voltage-activated Na+ and K+ currents characteristic of neurons. Spon-
taneous postsynaptic currents were frequently observed indicating the iPS cells 
developed functional synapses. Spontaneous excitatory postsynaptic currents 
(sEPSCs) were recorded in the presence of the GABAA receptor antagonist, pic-
rotoxin. Addition of glutamate receptor antagonists (NBQX and D-AP5) blocked 
all postsynaptic currents indicating iPS cells have functional excitatory synapses. 
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Whole-cell patch clamp recordings demonstrated that also iPS cells trans-
planted	 in	 the	 cortex	became	 functional	neurons	 and	fired	 action	potentials	 in	
response to depolarizing current injection. Depolarizing voltage steps induced 
whole-cell currents characteristic of Na+ and K+ currents. Voltage-clamp record-
ings demonstrated that spontaneous and miniature (action potential-indepen-
dent) postsynaptic currents occurred frequently in the transplanted iPS cells. 
sEPSCs were frequently detected. Interestingly, in 2 of 10 cells, excitatory, AMPA 
receptor-mediated currents could be evoked by stimulating the cortex at a dis-
tance from the transplant, suggesting iPS cells can integrate with the host brain. 
Taken together, these results demonstrate that transplanted iPS cells become func-
tionally mature neurons.

Discussion

In the present study we have shown that transplanted human iPS cells give 
rise to neurons in the mammalian brain. Transplantation led to rapid and persis-
tent functional recovery after stroke. At later time-points grafted cells expressed 
markers of neurons and neuronal subtypes and developed long range processes. 
We also demonstrate that iPS cells grafted in the cortex and striatum possess the 
electrophysiological characteristics of mature, functional neurons.

Transplantation after stroke often leads to enhanced recovery at a time-point 
before the cells would be expected to integrate. Thus the recovery is likely due 
to neuroprotection, immune modulation or angiogenesis (Lindvall and Kokaia, 
2010). Here we have detected improved performance in the staircase test, but not 
the corridor test after cell transplantation. This is an interesting observation which 
may be explained by the fact that the staircase test is harder to improvise than the 
corridor	test.	Specifically,	the	staircase	test	is	designed	such	that	pellets	placed	on	
the impaired side cannot easily be reached by the intact side, while in the corridor 
test it is relatively easy to use either paw (Montoya et al., 1991; Dowd et al., 2005). 

We also demonstrate that iPS cells express neuronal markers, develop long 
processes, possess the electrophysiological properties of functional neurons and 
at least partially integrate with the host brain. These results demonstrate that hu-
man iPS cells are capable of becoming neurons when transplanted into the mam-
malian brain. This is an important step in the process of developing patient-spe-
cific	transplantations	capable	of	rebuilding	the	lost	neural	circuitry.	
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CONCLUDING REMARKS

In Papers One through Six we have investigated the function and integration 
of “new” neurons – new neurons born from neural stem cells in the adult brain, 
and	new	neurons	in	the	sense	that	they	were	generated	from	fibroblasts.	

Papers One and Two focused on the new neurons generated from neural 
stem cells in the SVZ and SGZ after pathological insults. We investigated how the 
newly generated neurons migrate and integrate in the brain. These two phenome-
na, migration and integration are intimately linked. Without the proper migratory 
cues new cells exhibit ectopic placement and aberrant integration, as observed in 
the hippocampus after severe epileptic insults.

Papers Three to Six focused on generating (and characterizing) neurons from 
fibroblasts.	First	it	was	crucial	to	investigate	the	functional	characteristics	of	the	
newly generated neurons to demonstrate that they indeed had the properties of 
mature neurons. The functional properties of the new cells will determine how 
and importantly if they will integrate in the brain. This is of key importance if 
we envision using iN or iPS cells for transplantation in the future. In Paper 6 we 
demonstrate	for	the	first	time	that	transplanted	iPS	cells	survive,	migrate	beyond	
the transplantation core, and exhibit the functional properties of mature neurons.

Taken together, this thesis demonstrates that the environment encountered 
by	new	neurons	will	influence	their	migration	and	integration.	We	also	demon-
strate	that	human	fibroblasts	can	be	reprogrammed	to	neurons	and	show	that	fi-
broblast-derived	neurons	can	integrate	in	the	mammalian	brain.	Thus,	fibroblasts	
may be a valuable source of neurons for transplantation but the environment en-
countered	will	influence	their	integration	and	function	which	will	determine	their	
therapeutic effect.
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MATERIALS AND METHODS SUMMARY

General Methods (detailed methods are found in reprints, below)

Middle cerebral artery occlusion (MCAO)
Rats or mice were anesthetized during surgery. The right common carotid 

(CCA) and its proximal branches were exposed. The CCA and external common 
carotid artery were ligated and the internal common carotid was temporarily 
clamped. A small incision was made in the external common carotid and a micro-
filament	was	inserted	and	guided	to	the	middle	cerebral	artery	for	occlusion.	At	
the	end	of	occlusion	(30	minutes	or	2	hours)	the	filament	was	withdrawn	and	the	
external common carotid artery was permanently ligated.

Immunohistochemistry
Immunohistochemistry (IHC) is a technique commonly used to identify vari-

ous	cell	 types	and	extracellular	 components	 such	as	blood	vessels.	Briefly,	pri-
mary antibodies recognize and bind to antigens, e.g., proteins, which are often 
specific	to	the	entity	of	interest.	Secondary	antibodies	bind	to	primary	antibodies	
and	have	some	intrinsic	property	to	allow	their	visualization,	such	as	fluorescence	
or enzymatic activity, i.e., peroxidase which oxidizes DAB to create a dark brown 
color. Thus, by sequential exposure of a sample, such as tissue specimens or cell 
cultures, to primary and secondary antibodies, it is possible to detect antigens-of-
interest.

Whole-Cell Patch-Clamp
The best way to study the functional characteristics of a cell is to measure 

its electrophysiological parameters. Although electrophysiology may seem com-
plicated	 to	 those	 unfamiliar	with	 the	 field,	 all	 aspects	 of	 the	 technique	 can	 be	
explained using Ohm’s Law, whereby the voltage (V), current (I), and resistance 
(R) are related by the equation: V = IR. For example, if we wish to measure the 
resistance of a cell we can induce a voltage change of for example 5 mV, measure 
the current that travels across the membrane in response, and solve for R (for ad-
ditional information see Molleman, 1983). 

Whole-cell patch-clamp recordings involve an electrode housed in a pipette 
connected	to	an	amplifier	establishing	an	electrical	circuit	with	a	single	cell	(Fig-
ure 6). This is achieved by placing the tip of a recording pipette on the cell mem-
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brane and applying negative pressure to rupture the membrane. In this way, the 
pipette has electrical access to the cell which depends on the resistance of the 
pipette opening, membrane resistance, and leak resistance. Thus, it is possible 
to manipulate, and/or measure the membrane potential or the current traveling 
across the cell membrane.

Figure 6. Circuit diagram of whole-cell patch-clamp configuration. 
The patch pipette disrupts the cell membrane allowing access to the cell with relatively low 
access resistance (Ra) compared to the pipette resistance (Rp) and membrane resistance 
(Rm). The membrane resistance is the largest current-limiting resistor in the circuit so cur-
rents through the membrane can be observed. The pipette-membrane interface creates a 
leak resistance (Rl) which should be very high to prevent short-circuiting. The capacitance 
of the pipette (Cp) and membrane (Cm) affects the amount of time which elapses before 
fluctuations	in	voltage	can	be	observed.	The	probe	within	the	patch	pipette	is	connected	to	
an	amplifier	connected	to	a	computer	for	recording	and	post	hoc	analysis.	Adapted	from	
Molleman (2003).
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Intrinsic membrane properties of cells include the resting membrane poten-
tial (RMP), action potential threshold, and current-voltage relationship. These pa-
rameters	allow	a	detailed	characterization	and	identification	of	cells.	In	voltage-
clamp mode it is possible to hold the membrane potential constant by modulating 
the	 ‘holding	current’	across	 the	membrane	creating	an	 ‘artificial’	RMP.	Current	
crossing	the	membrane	(e.g.	postsynaptic	Na2+,	Ca2+,	Cl-	currents)	cause	deflec-
tions in the holding current and can thus be measured. Conversely, in current-
clamp mode it is possible to observe the intrinsic properties of cells by mimicking 
depolarizing	or	hyperpolarizing	postsynaptic	currents	by	injecting	specific	quan-
tities of current into the cell and measuring changes in the membrane potential. 
For	example,	 injecting	sufficient	depolarizing	current	 into	mature	neurons	will	
activate voltage-gated sodium channels thus eliciting action potentials. In this 
way passive and active membrane properties can be studied. For a description 
of exactly how this technique was used in each paper, see reprints in next section.

Electrophysiology
For acute brain slice preparations, whole brains were placed in cold cutting 

solution and cut into 225 μm to 300 μm thick slices using a vibratome. Cultured 
cells	or	brain	slices	were	constantly	perfused	with	artificial	cerebrospinal	fluid.	
Cells for recording were visualized using infrared light with differential interfer-
ence	contrast	or	fluorescent	light	using	an	Olympus	upright	microscope	equipped	
with a digital camera and a 40X water-immersion lens. Recording pipettes were 
filled	with	 intracellular	 solution	 resulting	 in	pipette	 resistances	of	 2–5	MΩ.	 In-
trinsic properties were measured using current- and voltage-clamp experiments. 
Action potentials were generated by either step or ramp current injection proto-
cols. Whole-cell currents were measured by membrane depolarizations in volt-
age-clamp. Spontaneous and miniature postsynaptic currents were measured in 
voltage-clamp mode whereby cells were typically held at a membrane potential of 
either -70 mV or -80 mV. GABAA receptors were blocked using Picrotoxin, NMDA 
receptors were blocked using D-AP5 and AMPA receptors were blocked using 
NBQX. Action potentials and voltage-gated Na+ currents were blocked using te-
trodotoxin. Voltage-activated K+ currents were blocked using tetraethylammo-
nium	(TEA).	Data	were	obtained	using	an	EPC9	patch-clamp	amplifier	connected	
to a MacMini (Apple Inc.) installed with Patchmaster (HEKA, Elektronic).
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Paper 1

Hypoxyprobe-1
Hypoxyprobe-1 (Chemicon) forms irreversible adducts with intracellular and 

extracellular proteins under hypoxic conditions (PO2 < 10 mm Hg) with a half-life 
of 0.5 hours (Noto et al., 2006). To determine the extent hypoxia induced by 2 hour 
MCAO, Hypoxyprobe-1 was administered to rats via intraperitoneal injection (60 
mg/kg) 30 minutes after MCAO induction, or 6 weeks later to detect long-lasting 
hypoxia. Hypoxyprobe-1 adducts were visualized combining the monoclonal 
mouse Hypoxyprobe-1 primary antibody and 3, 3’-diaminobenzidine (DAB) with 
cresyl violet counter-stain to label cell nuclei (see Immunohistochemistry, above).

Vessel	Density	and	Length	Quantification
Blood	 vessels	 were	 quantified	 in	 brain	 sections	 immunostained	 with	 rat-

endothelial cell antigen (RECA) to label vessels and cresyl violet counter-stain 
to label cells, using a Nikon Eclipse 80i microscope with a motorized specimen 
stage. The density and length of blood vessels in the SVZ and striatum was es-
timated using computer-assisted stereology (CAST, version 2.3.5.1; Visiopharm) 
(Larsen et al., 1998). The software generates a sampling box with isotropic virtual 
planes which intersect the tissue sample. The density and length of vessels were 
calculated by the software based on the number of intersections between virtual 
planes and blood vessels, taking into account the number of sampling box corners 
hitting the reference space (area of interest), and the total area of isotropic planes 
in each sampling box.

Paper 2 

Rapid Kindling and Extra Stimulations

“The term kindling refers to a procedure and to a process, which leads to a state” 
– Graham V. Goddard 1938 – 1987 (from Elmér, 1997) 

Kindling is the process by which repeated electrical stimulation of the brain 
leads to the development of spontaneous seizures. This is a model of epileptogen-
esis. Rats were anesthetized and implanted with a bipolar stainless steel stimu-
lating/recording electrode in the ventral hippocampal CA1-CA3 region. A refer-
ence electrode was placed between the skull and adjacent muscle. Seven days 
later, animals were subjected to the rapid kindling protocol (40 stimulations; 1 ms 
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square-wave pulses of 400 μA intensity with 100 Hz intratrain frequency for 10 s 
every 5 min). 2 days after retrovirus administration (9 days after rapid kindling) 
animals were subjected to stimulus evoked seizures, twice weekly for 6-8 weeks. 
Using this protocol we induced seizures and hyperexcitability without causing 
major	inflammatory	changes.

ELISA
Enzyme-linked immunosorbent assay (ELISA), is a technique used to detect 

the	presence	and	concentration	of	antigens.	Briefly,	a	primary	antibody	is	attached	
to the sides of a well. A sample with unknown concentration of an antigen is 
added to the well allowing the antigen to bind to the primary antibody. A sec-
ondary antibody conjugated to peroxidase (see Immunohistochemistry, above) 
recognizes and binds to the antigen-antibody complex. A substrate to peroxidase 
is added to the well, and the quantity of antigen can be determined based on the 
magnitude of sample color change (change in optical density) using a microtiter 
plate reader. 

RV-GFP
RV-GFP	was	used	to	label	adult	born	neurons.	This	virus	specifically	infects	

dividing cells. GFP expression was driven by the CMV early enhancer/chicken β 
actin (CAG) promoter. Using RV-GFP allowed temporal and spatial control when 
labeling the adult born neurons, i.e., RV-GFP has a short half-life, is replication 
incompetent, and remains localized to the site of injection (Zhao et al., 2006).

Paper 3, 4 and 5

Cell culturing and viral transduction
For	neural	conversion,	fibroblasts	were	plated	in	medium	in	culture	plates	

coated with gelatin. Cells were transduced with the doxycycline regulated lentivi-
ral vectors Ascl1, Brn2, Myt1l (ABM) and a separate vector containing the transac-
tivator TET-ON (FUW .rtTZ-SM2). When transduced with Neurog2, Brn2, Myt1l 
(NBM), a non-regulated lentiviral vector expressing the mouse open-reading-
frame for Neurog2 was used. For detailed methods see reprints in next section.
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Quantification	and	Efficiency	Calculations
Neuronal conversions were evaluated either by counting cells using random 

sampling	 at	 20x	magnification	 or	 using	Cellomics	 (Thermo	 Scientific).	Neurite	
outgrowth was determined using Cellomics.

Quantitative RT-PCR
RNA (1-4 mg) was used for reverse transcription using random primers and 

SuperScriptIII (Invitrogen). SYBR Green qRT-PCR was performed with LightCy-
cler 480 SYBR Green I Master (Roche) in a two-step cycling protocol. For detailed 
methods see reprints in next section.

Paper 6

Generation of human iPS cells and neuronal differentiation
Dermal	fibroblasts	obtained	from	a	33	year	old	male	were	transduced	with	

the reprogramming factors Oct4, Sox2, KLF4, and c-Myc and were grown in cul-
ture medium. Neural differentiation was induced by applying the appropriate 
media conditions as previously described (Koch et al., 2009) and can be found in 
the reprint.

Cell	transplantation	and	fluoro-gold	injection
Intracerebral transplantation was performed on anesthetized rodents secured 

in a stereotax. Cell suspensions were injected into the desired brain region using 
a	microcapillary	connected	to	a	Hamilton	syringe.	Similarly,	fluoro-gold	was	in-
jected and delivered iontophoretically by applying repeated 5 μA current pulses.

Behavioral tests
The	staircase	test	measures	side-specific	forelimb	reaching	and	grasping	abil-

ities. Sugar pellets were placed on 6 steps on each side of the mice giving them the 
opportunity to grasp and eat the pellets with the impaired or unimpaired paw. 
Similarly, the corridor test involves giving mice the opportunity to take food from 
10 pairs of adjacent pots in a narrow corridor. Performance was calculated as the 
number of pellets taken by the impaired paw divided by the total number of pel-
lets taken by both paws.
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We have previously shown that following severe brain insults, chronic inflammation induced by
lipopolysaccharide (LPS) injection, and status epilepticus, new dentate granule cells exhibit changes of
excitatory and inhibitory synaptic drive indicating that they may mitigate the abnormal brain function. Major
inflammatory changes in the environment encountering the new neurons were a common feature of these
insults. Here, we have asked how the morphology and electrophysiology of new neurons are affected by a
comparably mild pathology: repetitive seizures causing hyperexcitability but not inflammation. Rats were
subjected to rapid kindling, i.e., 40 rapidly recurring, electrically-induced seizures, and subsequently exposed
to stimulus-evoked seizures twice weekly. New granule cells were labeled 1 week after the initial insult with a
retroviral vector encoding green fluorescent protein. After 6–8 weeks, new neurons were analyzed using
confocal microscopy and whole-cell patch-clamp recordings. The new neurons exposed to the pathological
environment exhibited only subtle changes in their location, orientation, dendritic arborizations, and spine
morphology. In contrast to the more severe insults, the new neurons exposed to rapid kindling and stimulus-
evoked seizures exhibited enhanced afferent excitatory synaptic drive which could suggest that the cells that
had developed in this environment contributed to hyperexcitability. However, the new neurons showed
concomitant reduction of intrinsic excitability whichmay counteract the propagation of this excitability to the
target cells. This study provides further evidence that following insults to the adult brain, the pattern of
synaptic alterations at afferent inputs to newly generated neurons is dependent on the characteristics of the
pathological environment.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Neural stem/progenitor cells in the adult dentate subgranular zone
(SGZ) continuously generate new granule cells (Zhao et al., 2008)
which develop functional inputs from the entorhinal cortex (van
Praag et al., 2002) and outputs to the hilus and CA3 region (Toni et al.,
2008). Synaptic integration of adult-born hippocampal neurons in the
intact brain closely resembles that during development (Laplagne
et al., 2006) and is conserved throughout life and in old age

(Morgenstern et al., 2008). Pathological changes in the stem cell
niche and environment encountered by the new neurons influence
adult neurogenesis. For example, seizures and cerebral ischemia
enhance hippocampal progenitor proliferation and neurogenesis
(Bengzon et al., 1997; Parent et al., 1997; Liu et al., 1998) and
epileptic insults can lead to aberrant migration of new granule cells
(Parent et al., 1997; Parent, 2005). Inflammation is detrimental for the
survival of new neurons early after they have been born (Ekdahl et al.,
2003; Monje et al., 2003) and pathologies such as Alzheimer's can
impair neurogenesis and maturation of new neurons in mice (Biscaro
et al., 2009).

How new neurons integrate into existing neural circuitries will
determine their action in the diseased brain. Recent experimental
evidence indicates that pathological environments influence the
morphological and functional integration of adult-born hippocampal
neurons. Following kainate-induced status epilepticus (SE) in rats,
new granule cells extend abnormal basal dendrites into the hilus and
have more mushroom spines on their apical dendrites (Jessberger
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et al., 2007). We have demonstrated that dentate granule cells born
after electrically-induced SE (eSE) in rats, i.e., into an environment
characterized by neuronal death, spontaneous, recurrent seizures and
inflammation, exhibit more inhibitory and less excitatory synaptic
drive (alterations in frequency and/or amplitude of miniature
postsynaptic currents) compared to new neurons from control
animals (Jakubs et al., 2006). When exposed to lipopolysaccharide
(LPS)-induced inflammation without seizure activity, new neurons
respond with enhanced excitatory and inhibitory drive (Jakubs et al.,
2008). Chronic inflammation also gives rise to larger clusters of the
postsynaptic GABA receptor scaffolding protein gephyrin on dendrites
of new cells (Jakubs et al., 2008). Thus, in pathological environments,
adult-born neurons exhibit a high degree of plasticity at their afferent
synapses, which may act to mitigate abnormal brain function.

Integration of adult-born neurons has so far been analyzed in
pathological environments with pronounced inflammation. How
integration is influenced by less severe insults is unknown. The
objective of the present study was to determine the morphological
and electrophysiological properties of new neurons which developed
in a pathological environment with repeated seizures and minimal
inflammation. Rats were subjected to an epileptic insult and
subsequently exposed to stimulus-evoked seizures twice weekly.
New granule cells were labeled 1 week after the initial insult using a
retroviral (RV) vector encoding green fluorescent protein (GFP). After
6–8 weeks, new neurons were studied using confocal microscopy and
whole-cell patch-clamp recordings. We show that these cells exhibit
only minor differences in morphology. Electrophysiological record-
ings indicate the presence of enhanced afferent excitatory input on
the new cells which may be counteracted by reduced membrane
excitability. Taken together with our previous studies, these findings
indicate that new neurons havemechanisms to counteract or adapt to
pathologies at their afferent synaptic inputs, and that the pattern of
changes is dependent on the characteristics of the environment.

Materials and methods

Animal groups and rapid kindling

All experimental procedures were approved by the Malmö-Lund
Ethical Committee. One hundred and thirty-twomale Sprague–Dawley
rats were used, weighing 200–250 g at the beginning of the experi-
ments. Animals were anesthetized with isofluorane (1.5–2%) and
implanted unilaterally with a bipolar stainless steel stimulating/
recording electrode (Plastics One, Roanoke, VA) in the ventral
hippocampal CA1-CA3 region (coordinates: 4.8 mm caudal and
5.2 mm lateral to bregma, 6.3 mm ventral from dura, toothbar at
−3.3 mm) (Paxinos and Watson, 1997). Another electrode was
positioned between the skull and the adjacent muscle to serve as
reference. Sevendays later, animalswere subjected to the rapid kindling
protocol (40 stimulations, 1 ms square-wave pulses of 400 μA intensity
with 100 Hz intratrain frequency for 10 s every 5 min). For comparisons
of the inflammatory response, six rats were subjected to eSE as
described previously (Jakubs et al., 2006). The electroencephalogram
(EEG) was recorded continuously after stimulation until cessation of
focal epileptiform activity (afterdischarge, AD) using Chart 3.6.3
(PowerLab7MacLab, AD Systems). Animals were monitored during
this time and behavioral seizures were characterized according to the
Racine scale (Racine, 1972). Only animals exhibiting grade 2 seizures
and above, and with corresponding ADs were included. Controls were
electrode-implanted but not exposed to electrical stimulation.

ELISA

Seven days after rapid kindling or corresponding time point in
controls, rats were transcardially perfused with saline and whole
hippocampus contralateral to the electrode was rapidly removed and

frozen on dry ice. Sampleswere homogenized on ice in buffer (pH 7.6)
containing in (mM): 50.0 Tris–HCl, 150 NaCl, 5.0 CaCl2, 0.02% NaN3, 1%
Triton X-100, and then centrifuged at 17,000 times gravity for 30 min
at +4 °C. Protein concentration was determined in supernatants by
BCA protein assay (Pierce, USA) and all samples equilibrated to a
concentration of 2 mg/ml total protein. IL-1β, IL-6, TNF-α, IL-10, and
IL-4 concentrations were determined by ELISA (Duoset; R & D
Systems, USA) according to manufacturer's instructions. Results are
presented as means±SEM, and statistical comparisons were per-
formed using Student's unpaired t-test. Level of significance was
pb0.05.

Labeling of new neurons

Seven days after the rapid kindling procedure, rats were
anesthetized with isofluorane and injected with a retrovirus contain-
ing the GFP gene (RV-GFP) under the CAG promoter (1.0–1.1
transducing units/ml) (Zhao et al., 2006). Two 1.5 μl retroviral
injections were made in the dorsal hippocampus contralateral to the
electrode (coordinates: 3.6 mm caudal and 2.0 mm lateral to bregma,
and 2.8 mm dorsal to dura; 4.4 mm caudal and 3.0 mm lateral to
bregma, and 3.0 mm dorsal to dura; toothbar at −3.3 mm).

Extra stimulations and assessment of excitability

Starting 2 days after retrovirus injections, animals subjected to
rapid kindling were exposed to stimulus-evoked seizures twice
weekly for 6–8 weeks. Before and after stimulations, EEG was
recorded to determine baseline activity and to observe ADs. Re-
cordings continued until cessation of ADs. Stimulations were
delivered for 1 s at AD threshold, as determined by a 1 s 50 Hz
electrical current, starting at 10 μA andwith 10 μA increments until an
AD was registered. At 5 weeks after retrovirus injections, EEG
recordings were made on 4 seizure-exposed and 4 non-stimulated
control animals for 1 h to assess the occurrence of interictal activity.
Mean AD duration (using Chart 3.6.3) and seizure grade were
determined for both rapid kindling and extra stimulations. Mean AD
threshold was assessed for the extra stimulations. Total AD duration,
and mean number and AD duration of partial (grades 1–2) and
generalized (grades 4–5) seizures were also calculated per animal.
Development of seizure threshold and seizure grade in response to
the consecutive extra stimulations was analyzed using linear
regression. Level of significance was pb0.05.

Morphological analysis

At 6–8 weeks after virus injection, animals received an overdose of
pentobarbital (250 mg/kg, i.p.) and were transcardially perfused with
100 ml saline and 250 ml 4% paraformaldehyde (PFA) in 0.1 M
phosphate-buffered saline (PBS), pH 7.4. Brains were cryoprotected
in 20% sucrose in 0.1 M PBS overnight, cut in 30 μm coronal sections
and stored in cryoprotective solution. For characterization of the
environment, animals were also perfused and their brains sectioned
using the same protocol 1 week after rapid kindling or corresponding
time point in controls. For analysis of gephyrin distribution, rats were
anesthetized and decapitated, brains were dissected and placed in ice-
cold artificial cerebrospinal fluid (aCSF, described below), cut in
300 μm transverse sections and placed in gassed aCSF for 20 min and
then in PFA for 10 min (Jakubs et al., 2008). Sections were
cryoprotected in 20% sucrose in 0.1 M PBS overnight, cut in 12 μm
sections and stored at −20 °C for at least 1 h.

For immunohistochemistry, the following primary antibodies
were used: rabbit anti-Iba1 (1:1000, Wako Chemicals), mouse anti-
ED1 (1:200, Serotec), rabbit anti-GFP (1:10000, Abcam), goat anti-IL-
1β (1:1000, R&D Systems), and mouse anti-gephyrin (1:10000,
Synaptic Systems). Free-floating sections were incubated with the
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appropriate primary antibody overnight at +4 °C and secondary
antibody for 1 to 2 h at room temperature. Secondary antibodies were
Cy3-conjugated donkey anti-rabbit (1:200, Jackson ImmunoRe-
search), biotinylated horse anti-mouse (1:200, Vector Laboratories),
biotinylated horse anti-goat (1:200, Vector Laboratories), and FITC-
conjugated donkey anti-rabbit (1:200, Jackson ImmunoResearch).
Biotinylated antibodies were visualized using Streptavidin-conjugat-
ed Alexa Fluor-488 (1:200, Invitrogen). Sections were mounted on
gelatin-coated microscope slides and coverslipped. For Fluoro-Jade
staining, mounted sections were pre-treated with 0.06% potassium
permanganate before being agitated for 30 min in 0.001% Fluoro-Jade
(Histochem) in 0.01% acetic acid, immersed in xylene, and cover-
slipped with Pertex mounting medium (Histolab).

Cell counting and morphological analysis were performed ipsilat-
erally to the virus injections in 4 to 6 hippocampal sections by an
observer blind to the treatment conditions as previously described
(Jakubs et al., 2008). The number of Iba1+, Iba+/ED1+, and Fluoro-
Jade+ cells were counted with an Olympus BX61 epifluorescence
microscope in the granule cell layer (GCL) and two cell diameters
below in the SGZ. Iba1/ED1 double labelingwas confirmed by confocal
microscopy. The morphological phenotype of Iba1+ cells in the SGZ
and GCL was classified into four different subtypes, as previously
described (Lehrmann et al., 1997), in 3–4 hippocampal sections. The
relative occurrence of each subtype was expressed as the mean
percentage of the total number of Iba1+ microglia per section.
Stained sectionswere also examined for double labeling of Iba1+ cells
with IL-1β. GFP+ cells were counted in the GCL, SGZ, dentate hilus,
and molecular layer (ML). For all GFP+ cells, axon exit point, dendrite
exit points, and total number of dendrites leaving the cell soma were
analyzed. Dendritic polarity was determined by classifying the angles
of the dendrites leaving the cell soma as 0–22°, 22.5–67°, or 67.5–90°,
where 90° was perpendicular to the GCL. Location of dendritic
branching was determined by assessing the cumulative number of
branching points of each dendrite from the cell soma in 15 μm
increments. To measure the number of branching points and total
dendrite length, a confocal stack was taken of the whole dendritic tree
of GFP+ cells in 225 μm thick hippocampal sections. Dendrite length
was measured using the NeuronJ plug-in of ImageJ (Meijering et al.,
2004).

Spine density (number of spines per micrometer) andmorphology
(classified as thin, stubby, filopodia, or mushroom spines) (Zhao et al.,
2006), and gephyrin cluster density (clusters per micrometer) and
size (area in square micrometers) were analyzed by confocal laser
scanning microscopy (Bio-Rad MRC1021UV) using Kr-Ar 488 and
568 nm excitation filters with a 63× objective and 16× digital zoom.
Analysis was carried out on 12 regions-of-interest (ROI, each
221.4 μm2) per animal on proximal and distal dendrites in the inner
and outer ML, respectively. Cluster area was measured using ImageJ
software (Sheffield, 2007).

Results are presented as means±SEM, and analysis was per-
formed using Student's unpaired t-test or one-way ANOVA with
Bonferroni post-hoc test for multiple comparisons. Level of signifi-
cance was pb0.05.

Electrophysiological recordings

Six to 8 weeks after virus injections, rats were anesthetized with
isofluorane and decapitated. Brains were placed in ice-cold, gassed
(95% O2, 5% CO2) modified-aCSF (pH 7.2–7.4, 295–300 mOsm),
containing (in mM): 225 sucrose, 2.5 KCl, 0.5 CaCl2, 7.0 MgCl2, 28.0
NaHCO3, 1.25 NaH2PO4, 7.0 glucose, 1.0 ascorbate, and 3.0 pyruvate.
Transverse dorsal hippocampal slices (225 μm), cut on a vibratome
(3000 Deluxe, Ted Pella Inc, CA), were placed in an incubation
chamber with gassed (95% O2, 5% CO2) aCSF (pH 7.2–7.4, 295–
300 mOsm) containing (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5

CaCl2, 26.2 NaHCO3, 1.0 NaH2PO4, and 11.0 glucose, and were allowed
to rest for at least 1 h at room temperature before recordings.

Individual slices were placed in a submerged recording chamber
and perfused with gassed aCSF at +32–34 °C during recordings of
miniature excitatory postsynaptic currents (mEPSCs) to optimize
event frequency for analysis (Jakubs et al., 2006, 2008), or at room
temperature during recordings of miniature inhibitory postsynaptic
currents (mIPSCs) and measurements of intrinsic membrane proper-
ties. Cells for recording were visualized using an Olympus upright
microscope equippedwith a digital camera. GFP-expressing cells were
identified under a 40× water immersion lens using fluorescence
microscopy. Infrared light with differential interference contrast was
used for visual approach and acquiring whole-cell recordings.
Recording pipettes with a final tip resistance of 2.5–5.5 MΩ were
filled with pipette solution (pH 7.2–7.4, 295–300 mOsm) containing
the following (in mM): 122.5 K-gluconate, 12.5 KCl, 10.0 KOH-HEPES,
0.2 KOH-EGTA, 2.0 MgATP, 0.3 Na3-GTP, and 8.0 NaCl for current-clamp
recordings of intrinsic properties; 135.0 CsCl, 10.0 CsOH, 0.2 CsOH-
EGTA, 2.0 Mg-ATP, 0.3 Na3-GTP, 8.0 NaCl and 5.0 lidocaine N-ethyl
bromide (QX-314) for voltage-clamp recordings of mIPSCs; or
117.5 Cs-gluconate, 17.5 CsCl, 8.0 NaCl, 10.0 CsOH-HEPES, 0.2
CsOH-EGTA, 2.0 Mg-ATP, 0.3 Na3-GTP, and 5.0 QX-314 for voltage-
clamp recordings of mEPSCs. Biocytin (0.5%, Sigma-Aldrich) was
freshly dissolved in the pipette solution before recordings for post-
hoc identification of recorded cells. Seal resistance was N1 GΩ. For
analysis of intrinsic membrane properties, resting membrane
potential was estimated in current-clamp mode immediately after
breaking the membrane and establishing whole-cell configuration.
For measuring current–voltage relationship, 500 ms hyperpolariz-
ing and depolarizing current pulses were delivered in 30 pA
increments through the whole-cell pipette. Rheobase was deter-
mined by injecting a 300 pA ramp over 1 s. Intrinsic properties
were measured in aCSF containing 50 μM D-AP5 and 5 μM NBQX
(both Tocris) to block NMDA and non-NMDA receptors, respec-
tively, and 100 μM picrotoxin (PTX) (Tocris) to block GABAA

receptor activation. mIPSCs were recorded in aCSF containing
50 μM D-AP5, 5 μM NBQX, and 1 μM TTX (Tocris) to block action
potentials. mEPSCs were recorded with 100 μM PTX and 1 μM TTX
in aCSF. To confirm that recorded cells expressed GFP, fluorescence
microscopy was used to detect GFP in the recording pipette, or
post-hoc immunohistochemical analysis of GFP colocalization with
biocytin was conducted.

Data were filtered at 2.9 kHz and sampled at 10 kHz with an EPC9
patch-clamp amplifier (HEKA Elektronik, Lambrecht, Germany).
Miniature postsynaptic currents were detected and analyzed using
MiniAnalysis software (Synaptosoft). Minimum amplitude for detec-
tion was set at 5 times root-mean-square noise level as determined by
the software. All detected events were visually controlled. The 10–90%
rise time of mEPSCs and mIPSCs were analyzed using MiniAnalysis.
Analysis of intrinsic membrane properties was performed using one-
way ANOVA with Bonferroni post-hoc test for multiple comparisons.
Recording duration was 3 minutes and equal numbers of mEPSCs and
mIPSCs from each cell were analyzed to prevent any bias. Group
interevent intervals (IEIs), amplitudes, and 10–90% rise time were
compared using Kolmogorov–Smirnov's statistical test. Mean event
frequency was determined from an equal number of events from each
cell, and analyzed using Student's unpaired t-test. Level of significance
was pb0.05.

Sections fromelectrophysiology experimentswerefixed for 12–24 h
in 4%PFA immediately after recordings and stored in antifreezemedium
at−20 °C. For double staining of biocytin andGFP, free floating sections
were preincubated for 1 h in 5% serum in 0.25% Triton X-100 in
potassium PBS, and then exposed to rabbit anti-GFP primary antibody
(1:10000, Abcam) overnight at room temperature. Immunoreactivity
was visualized using FITC-conjugated donkey anti-rabbit secondary
antibody and Cy3-streptavadin (both 1:200, Jackson ImmunoResearch).

486 J.C. Wood et al. / Experimental Neurology 229 (2011) 484–493



92

Sectionsweremounted on glass slides, coverslipped and analyzed using
an Olympus BX61 epifluorescence microscope.

Results

Characteristics of the pathological environment

Animals were subjected to rapid kindling (40 supra-threshold
stimulations over a period of 3 h and 15 min) followed by twiceweekly
extra stimulations atAD threshold for 6–8 weeks in order to expose new
neurons (labeledwith RV-GFP oneweek after the initial epileptic insult)
to repeated seizures but only to mild, or no inflammation during their
maturation (Fig. 1A). This protocol was based on our previous data
showing that rapid kindling causes AD duration of similar length in the
stimulated and non-stimulated hippocampus (Elmér et al., 1998), and
on a pilot experiment which indicated that the number of activated
microglia (a measure of inflammation) in the dentate gyrus correlated
with the number of extra stimulations and generalized seizures and the
total AD duration. Using this experimental paradigm, we could address
the role of seizures, without introducing major inflammatory changes,
on the integration of new neurons. Only animals which showed both
behavioral (grade 2 and above) and electroencephalographic seizure
activity (Fig. 1B) during rapid kindling and the extra stimulations were
included in the study (n=36). The rapid kindling paradigm produced
23.4±0.4 partial (grade 1–2) and 2.4±0.2 generalized (grades 4–5)
seizures per animal, the mean AD duration of partial and generalized
seizures was 28.1±3.2 s and 55.7±9.5 s, respectively. The total AD
duration per animal during the rapid kindling protocol was 18.5±
2 min. The extra stimulations gave rise to 17.5±1.5 partial and 11.8±
2.0 generalized seizures and a total AD duration of 9.9±0.9 min per
animal. The mean seizure grade progressively increased, and the
threshold required to produce an AD gradually decreased (Fig. 1C)
with increasing number of extra stimulations, providing evidence for
the development of hyperexcitability. However, we observed no
pathological interictal activity in the EEG of the seizure-exposed group
at 5 weeks after retrovirus injection or during the extra stimulations, or
in the electrode-implanted, non-stimulated group (n=4 rats/group).
These results indicate that the seizure paradigm used here caused
development of hyperexcitability in response to stimulations. The
occurrences of generalized seizures, in combination with data from
previously published studies (Elmér et al., 1998), indicate that the
seizure activity spread to both brain hemispheres.

We next assessed in detail the magnitude of inflammation in the
seizure-exposed group, first by characterizing themicroglial response.
At 1 week after rapid kindling, at the time point when the new cells
were born (labeled with RV-GFP), there was amodest, non-significant
change in the number of activated microglia (Iba1+/ED1+ cells) in
the SGZ/GCL (n=4 rats/group×4–6 sections/rat, p=0.06, Fig. 1D–F).
Control animals exhibited 13.8±3.5 Iba1+/ED1+ cells/section
compared with 34.2±8.3 cells/section 1 week after rapid kindling
(148% increase), and 68.1±6.5 cells/section 1 week after eSE (395%
increase, n=6 rats×4–6 sections/rat), prepared as in our previous
study (Jakubs et al., 2006). We then explored whether rapid kindling
gave rise to a change in the morphological phenotype of the microglia
population. The Iba1+ cells in SGZ/GCL were classified into ramified,
intermediate, amoeboid, or round phenotypes using the morpholog-
ical criteria described by Lehrmann et al. (1997). The severity of a
pathological insult determines the degree of microglial activation,
round phenotype signifying the most activated state. We observed no
change of microglia phenotype at 1 week following rapid kindling
(n=4 rats/group×3–4 sections/rat, Fig. 1G), arguing against micro-
glia activation. In contrast, when we assessed the morphology of
microglia in sections from animals at 1 week after eSE, there was a
significant change to a more activated phenotype as compared to
control animals, i.e., a decrease of ramified and an increase of
intermediate microglia in eSE animals (n=6 rats×3–4 sections/rat,

see Supplementary Figure 1). Taken together, these results provide
evidence that rapid kindling causes a mild pathology without the
pronounced microglial activation observed after eSE.

We also assessed the magnitude of hippocampal inflammation at
1 week after rapid kindling by measuring the levels of inflammatory
cytokines using ELISA (Fig. 1A). Consistent with our findings that rapid
kindling did not cause microglial activation, no significant changes in the
levels of IL-1β (control 1188±53 pg/mg; seizures 1254±67 pg/mg),
TNF-α (control 146.2±6.5 pg/mg; seizures 156.2±8.7 pg/mg), IL-4
(control 173.7±8.3 pg/mg; seizures 190.2±9.0 pg/mg), IL-6 (control
1928±52 pg/mg; seizures2002±87 pg/mg), and IL-10 (control 689.6±
28.5 pg/mg; seizures 719.6±59.3 pg/mg) were detected in seizure-
exposed compared to control animals (n=8 rats/group).We also did not
detect any seizure-induced, increased expression of the pro-inflamma-
tory cytokine IL-1β in Iba1+ microglia in SGZ/GCL using immunohisto-
chemistry (data not shown).

Fluoro-Jade staining revealed no significant neuronal degeneration in
the dentate gyrus of the seizure-exposed animals 1 week after rapid
kindling stimulations (n=4 rats/group×4–6 sections/rat, Fig. 1H, I).
Also,weobtainednoevidence for chronic inflammation inducedby rapid
kindling and extra stimulations. Seven weeks after rapid kindling, the
number of Iba1+/ED1+ cells did not differ between seizure-exposed
and control animals (n=4 rats/group×4–6 sections/rat, Fig. 1F). Taken
together, ourfindings showthat thenewneurons generated 1 week after
rapid kindling developed in an environment characterized by repeated
seizures and gradual development of hyperexcitability but without
significant neuronal death or inflammation.

Morphological integration of the new neurons in the pathological
environment

Six to 8 weeks after virus injection, stable GFP expression was
observed in a substantial number of new dentate granule cells in non-
stimulated, electrode-implanted controls and seizure-exposed ani-
mals (Fig. 2A, B). In accordance with previous studies reporting that
seizures enhance neural/stem progenitor cell proliferation (Bengzon
et al., 1997; Parent et al., 1997; Scott et al., 1998), there were
noticeably more new GFP+ cells in seizure-exposed animals
compared to control animals. The distribution of the new cells within
the GCL did not differ between seizure-exposed and non-stimulated
animals, the majority being located within the inner GCL (n=8
control rats, 5 seizure-exposed rats×4–6 sections/rat, Fig. 2C). Very
few aberrant neurons were observed in the hilus in both groups. The
total number of dendrites per new cell (control 1.3±0.07; seizures
1.1±0.08), and the polarity of dendrites leaving the cell soma did not
differ between the groups, most of the dendrites leaving at a 67.5–90°
angle in relation to the GCL (control 72.0±7.1%; seizures 56.7±3.7%)
(n=7 control rats, 6 seizure-exposed rats×4–6 sections/rat). Den-
drite development was similar in seizure-exposed and control new
cells, as no differences were detected in, (i) dendrite length (control
1.87±0.15 mm; seizures 1.95±0.16 mm; pN0.05), (ii) dendrite exit
point from cell soma or number of recurrent basal dendrites (Fig. 2D),
or (iii) number of branching points (control 8.3±1.15 points/cell;
seizures 6.3±0.49 points/cell; pN0.05) or location of dendrite
branches (Fig. 2E). Axons primarily originated from the basal (control
80.0%; seizures 79.2%) and medial soma (control 16.0%; seizures
18.8%) and rarely from the apical side (control 4.0%; seizures 2.0%).
These results indicate that the pathological environment caused by
rapid kindling and repeated extra stimulations did not interfere with
the gross morphological appearance of the new neurons.

We next investigated whether the pathological environment
affected the morphological development of the synaptic inputs on the
new granule cells. Using confocal microscopy and ImageJ we did not
detect any difference in the total spine density in the inner or outer ML
between the seizure-exposed and non-stimulated group (n=8 rats/
group×12 ROI/rat, Fig. 2F).We next examined the individual spine
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subtypes based on their morphology. Filopodia and stubby spines are
considered immature spine phenotypes whereas thin and mushroom
spines are regarded as more mature (Nimchinsky et al., 2002). There
was no difference in the density of thin and mushroom spines or in
filopodia between the two groups. However, the seizure-exposed group
had significantly more stubby spines than the non-stimulated group
(Fig. 2F), indicating that this pathological environment induced subtle
alterations of excitatory synapses. We have previously reported that
chronic inflammation causes increased size of gephyrin clusters on the

dendrites of newdentate granule cells (Jakubs et al., 2008). Gephyrin is a
scaffolding protein associated with clustering of glycine and GABAA

receptors at inhibitory synapses (Fritschy et al., 2008). Here we found
that the density of gephyrin clusters on the dendrites of the new cells
was similar in control and seizure-exposed animals (0.16±0.03 cluster/
μm and 0.20±0.02 cluster/μm, respectively, pN0.05, n=5 rats/
group×12 ROI/rat) (Fig. 2G, H). Furthermore, the gephyrin cluster
sizedidnot differ between thegroups (control 0.19±0.01 μm2; seizures
0.19±0.01 μm2, pN0.05).

Fig. 1. Pathological environment is characterized by repeated seizures and no significant inflammation. A, Schematic representation of experimental timeline. B, EEG recordings from
electrode-implanted animals showing baseline activity (top) before stimulations, high-frequency ictal activity following stimulation during the rapid kindling protocol (middle), and
high-frequency ictal activity following an extra stimulation (bottom). Scale bar is 2 s, 1 mV. C1, Increased seizure grade and (C2) decreased seizure threshold in response to the extra
stimulations (Means±SEM, linear regression). Iba+ (green), ED1+ (red), and Iba1+/ED1+ (yellow, arrowheads, inset) cells 1 week after rapid kindling in control (D) and seizure-
exposed (E) animals (h, hilus; GCL, granule cell layer). F, Minimal increase of activated microglia (Iba1+/ED1+ cells) 1 week after rapid kindling and no difference compared to
control at 7 weeks. G, No differences between seizure-exposed and control animals in morphological phenotype of Iba1+ microglia. Lack of Fluoro-Jade-stained degenerating
neurons in control animals 2 weeks after electrode implantation (H) and in seizure-exposed animals 1 week after rapid kindling (I). Scale bars=10 μm. Means±SEM.
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Functional integration of the new neurons in the pathological
environment

Whole-cell patch-clamp recordings were performed from GFP+
cells (new cells, born at the time of RV-GFP injection) and neighboring
GFP− cells (mature cells, most likely born before the onset of
recurrent seizures) (Jakubs et al., 2006) in theGCLat 6–8 weeksafter the
RV-GFP injection. Mature, GFP− cells were selected based on their
position within the GCL and their morphology. Immunohistochemistry
performed after recordings revealed development of mature dendrites
on both GFP− and GFP+ neurons. We found that the intrinsic
membrane properties (resting membrane potential, input resistance,

series resistance, action potential threshold, and action potential half-
width)of thenewandmature cells in seizure-exposed animalswere not
significantly different compared to new and mature cells in non-
stimulated, electrode-implanted controls (Table 1, Fig. 3A, B). These
properties were also similar to those characteristic of dentate granule
cells (Staley et al., 1992).A recent study reported that rheobase (amount
of current required to depolarizemembrane potential to threshold level
for actionpotential generation)was increased ingranule cells in amodel
of temporal lobe epilepsy (Young et al., 2009). Interestingly, we
detected an increase in rheobase in the seizure-exposed new cells
compared to all other groups. Furthermore, ramp current injection
elicited fewer action potentials in seizure-exposed compared to control

Fig. 2. New neurons exposed to repeated seizures without inflammation exhibit minor morphological changes. GFP+ cell bodies in the GCL with dendrites extending into the ML
and axons into the hilus (h) 6 weeks after virus injection in control (A) and seizure-exposed (B) animals. Insets show representative images of GFP+ new cells. C, Relative location of
GFP+ cells in inner, middle, or outer GCL (iGCL, mGCL, and oGCL, respectively), or hilus. D, Relative occurrence of apical, basal, or recurrent basal dendrites (RBD) on GFP+ cells.
E, Cumulative number of dendritic branching points at increasing distances from the GFP+ cell body. F, Spine density on GFP+ dendrites from seizure-exposed and control animals
(*, increased density on seizure-exposed compared to control new cells, Student's unpaired t-test, pb0.05). Representative images of gephyrin clusters (arrows) in control (G) and
seizure-exposed (H) animals. Scale bars=50 μm (in A, B) and 1 μm (in G, H). Means±SEM.
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new cells (control 5.6±0.7, n=7 cells from 5 rats; seizures 3.4±0.5,
n=8 cells from 4 rats; pb0.05, Fig 3C).

We then explored whether the environment created by the initial
epileptic insult and the repeated seizures influenced the network-
independent excitatory and inhibitory synaptic input to the new
neurons in the GCL (for recordings of mEPSCs and mIPSCs in mature
cells, see Supplementary Figure 2–3). Whole-cell voltage-clamp
recordings of mEPSCs were carried out in the presence of the GABAA

receptor antagonist PTX and voltage-gated sodium channel blocker
TTX. Cumulative fraction analysis showed that the new cells which
were exposed to seizures throughout development exhibited mEPSCs
of larger amplitude compared to new cells from control animals
(Fig. 4A, E). Moreover, new cells exposed to seizures exhibited
mEPSCs with faster rise times compared to control new cells (Fig. 4B).
Both these changes in mEPSCs are considered to be indicative of

postsynaptic alterations. The mean frequency of mEPSCs tended to be
higher in new cells exposed to seizures but this difference did not
reach statistical significance, possibly due to the low number of cells
accessible for recording (Fig. 4C). Since histograms of IEIs were
skewed, indicating non-normal distribution (data not shown), non-
parametric, cumulative fraction analysis was applied. This analysis
revealed shorter IEIs of mEPSCs in new seizure-exposed cells
compared to new cells from control animals (Fig. 4D), providing
evidence for an increase in mEPSC frequency. Thus, our results
indicate that adult-born granule cells, exposed to repeated seizures

Table 1
Intrinsic membrane properties of GFP+ and GFP− cells in the dentate granule cell layer.

Control GFP+ Control GFP− Seizures GFP+ Seizures GFP−

Resting membrane potential (mV) −79.0±2.1 −80.3±1.4 −80.3±1.1 −81.3±1.4
Input Resistance (MΩ) 321±24.5 355±58.9 281±28.9 415±34.1
Series Resistance (MΩ) 13.3±2.3 10.1±1.1 12.3±1.1 14.4±1.5
Action potential Threshold (mV) −47.8±2.1 −48.9±2.5 −43.9±1.3 −48.1±1.6
Action potential half-width (ms) 1.26±0.09 1.23±0.05 1.42±0.06 1.22±0.05
Rheobase (pA) 131±9 136±19 194±11* 94±8

Recordings were made from new (GFP+) and mature (GFP−) cells in animals subjected to rapid kindling and repeated seizures or non-stimulated control animals at 6–8 weeks
after RV-GFP injection. Means±SEM. Comparisons using one-way ANOVA with Bonferroni post-hoc test revealed no significant differences (pN0.05) except for rheobase.
*Significantly higher compared to all other groups (pb0.05). Number of recorded cells: new cells-seizures: 8 cells from 4 rats, new cells-control: 7 cells from 5 rats, mature cells-
seizures: 8 cells from 7 rats, mature cells-control: 9 cells from 6 rats.

Fig. 3. New neurons exposed to repeated seizures without inflammation have similar
intrinsic membrane properties but reduced intrinsic excitability compared to new
neurons in control environment. A, Representative traces of action potentials elicited in
a control new cell and a seizure-exposed new cell. Scale bar=100 ms, 20 mV. B, Voltage
responses in control and seizure-exposed new cells. C, Representative traces of
membrane potential responding to ramp current injection showing increased rheobase
and fewer action potentials in seizure-exposed new cells. Scale bar=500 ms, 20 mV.
Representative traces.

Fig. 4. Newneurons exposed to repeated seizureswithout inflammation exhibit enhanced
excitatory input in the absence of network activity. Cumulative fraction curve showing
increased amplitude and faster 10–90% rise time of mEPSCs in new cells from seizure-
exposed compared to new cells from control animals after action potential blockade
with TTX (A, B). No change in mean event frequency (Student's unpaired t-test, pN0.05),
but shorter IEI of mEPSCs in new cells exposed to seizures compared to control new cells
(C, D) (Kolmogorov–Smirnov test). E, Representative traces ofmEPSCs in seizure-exposed
and control cells. 1, 2 depict representative events (left) on an expanded time scale (right).
Scale bar=10 pA, 1 s and 10 pA, 5 ms, respectively. Number of recorded cells: new cells-
seizures: 6 cells from 4 rats, new cells-control: 8 cells from 5 rats.
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throughout development, receive enhanced excitatory drive, which is
independent of network-generated action potentials.

We also determined if the new neurons exhibited altered
inhibitory synaptic input when born after rapidly recurring seizures
and subsequently exposed to episodes of seizure activity throughout
their development. Whole-cell voltage-clamp recordings of mIPSCs
were performed while blocking glutamate receptors with NBQX and
D-AP5, and action potentials with TTX. Cumulative fraction analysis
showed that the amplitude of mIPSCs was not different between new
cells born into the seizure environment and new cells from control
animals (Fig. 5A, E). However, mIPSCs from seizure-exposed new cells
exhibited slower 10–90% rise times compared to control new cells
(Fig. 5B), suggesting a relative decrease in the strength of perisomatic
vs. dendritic inhibitory drive (Kobayashi and Buckmaster 2003;
Jakubs et al., 2006; however, see Soltesz et al., 1995). We next looked
at the frequency and IEIs of mIPSCs. mIPSCs occurredwith lowermean
frequency in seizure-exposed as compared to control new cells, but
the difference was not statistically significant (Fig. 5C). However,
when we used cumulative fraction analysis due to the skewed, non-
normal distribution of IEIs, we detected lengthening of mIPSC IEIs in
seizure-exposed compared to control new cells (Fig. 5D), suggesting a
decrease inmIPSC frequency. Taken together, our results indicate that,
in the absence of network-generated action potentials, adult-born
granule cells exposed to repeated seizures throughout their develop-

ment receive reduced perisomatic inhibition compared to new cells
born in control animals.

Discussion

How neurons, which are born and develop in a pathological
environment, integrate into existing neural circuitries in the adult
brain will determine whether they counteract or contribute to
functional impairments. Here we show that new dentate granule
cells generated following an epileptic insult, comprising 40 rapidly
recurring seizures, and exposed to repeated seizures during their
differentiation exhibited increased overall synaptic excitability com-
pared to new cells which had developed in a normal environment. The
increased synaptic excitability of these cells may be counterbalanced,
or even overridden by reduced intrinsic excitability as evidenced by
higher rheobase. In contrast, detailed morphological analysis of the
location, orientation, dendritic arborizations, and spines of these cells
showed only minor differences between the groups.

Our finding that newgranule cells received enhanced excitatory drive
after seizures is consistent with studies which have reported enhanced
excitability of dentate granule cells after pilocarpine-induced seizures
(Simmons et al., 1997) andkainate-induced seizures (Wuarin andDudek,
2001). How seizures influence the inhibition of granule cells is less clear
as there are reports that kainate-induced seizures enhance (Buckmaster
and Dudek, 1997) whereas pilocarpine-induced seizures reduce inhib-
itory input to granule cells (Kobayashi and Buckmaster, 2003).
Furthermore, after eSE, mature granule cells exhibit longer IEIs of sIPSCs
with larger amplitude (Jakubs et al., 2006). Inhibition may be influenced
by changes in zinc distribution. After kindling, granule cells receive
increased inhibitory drive, which may collapse due to zinc released from
aberrantly sprouted mossy fibers interacting with zinc-sensitive GABAA

receptors (Buhl et al., 1996). We found that new granule cells born after
rapid kindling and exposed to repeated seizures exhibited mIPSCs of
similar amplitude but with longer IEIs compared to new cells in control
animals. Taken together, it seems that changes in the inhibitory inputs to
granule cells are dependent on the seizure paradigm and epilepsymodel
used, and may be modulated at both pre- and postsynaptic sites.

Two main lines of evidence indicate that the new neurons born
after rapid kindling and exposed to repeated seizures integrate into
hippocampal circuitry in a manner that may contribute to enhanced
synaptic excitability. First, mEPSCs in seizure-exposed new cells had
larger amplitudes and faster rise times compared to mEPSCs recorded
in control new cells. These changes, including excitatory postsynaptic
receptor kinetics, are consistent with alterations of AMPA receptor
subunits (Koike et al., 2000; Liu and Cull-Candy, 2000). Second,
mIPSCs in seizure-exposed new cells display longer rise times of
mIPSCs, which suggest a relative weakening of perisomatic inhibition
in seizure-exposed new cells (Kobayashi and Buckmaster 2003;
Jakubs et al., 2006; however, see Soltesz et al., 1995). If this is the case,
it could lead to less control over action potentials thought to be
generated around the axon hillock, i.e., in the perisomatic area. These
changes in postsynaptic receptor kineticsmay also indicate changes in
GABAA receptor subunits (Coulter, 2001). However, in the same
seizure-exposed new cells, we also observed increased rheobase and
fewer action potentials, which may partially, or completely, counter-
act the enhanced synaptic excitability.

The exact source of the presynaptic input to the new neurons and
their postsynaptic targets remain important issues. It is well
established that the entorhinal cortex via the perforant path is the
primary source of excitatory input tomature dentate granule cells and
also adult-born neurons (Overstreet-Wadiche et al., 2006). However,
there is evidence that after seizures, granule cells can provide
excitatory input to each other due to mossy fiber sprouting (Tauck
and Nadler, 1985; Elmér et al., 1996; Sutula et al., 1989; Represa et al.,
1990). Inhibitory interneurons located throughout the hippocampus
provide GABAergic input to granule cells. The number of interneurons,

Fig. 5.New neurons exposed to repeated seizures without inflammation exhibit altered
inhibitory input in the absence of network activity. Cumulative fraction curves showing
no change in amplitude and slower 10–90% rise time of mIPSCs in new cells from
seizure-exposed compared to control animals after action potential blockade with TTX
(A, B). No change in mean event frequency (Student's unpaired t-test, pN0.05), but
longer IEI of mIPSCs in new cells exposed to seizures compared to control new cells
(C, D). (Kolmogorov–Smirnov test). E, Representative traces of mIPSCs recorded from
seizure-exposed and control cells. 1, 2 depict representative events (left) on an
expanded time scale (right). Scale bar=50 pA, 1 s and 50 pA, 20 ms, respectively.
Number of recorded cells: new cells-seizures: 8 cells from 4 rats, new cells-control: 7
cells from 6 rats.
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their morphology, and development of synapses with granule cells is
influenced by seizures (Wittner et al., 2001; Dinocourt et al., 2003;
Sayin et al., 2003; Zhang and Buckmaster, 2009). To what extent
mossy fiber sprouting or alterations of inhibitory interneurons
influence the integration of the new neurons is not known.

The pre- and postsynaptic changes observed here indicate a net
increase in the excitatory drive onto the seizure-exposed new neurons,
but how this influences their functional output is unclear. Axons of
dentate granule cells (mossy fibers) contact hilar mossy cells, CA3
pyramidal cells andhilar interneurons. Enhanced rheobasemay prevent
the cells frompropagating this excitability to the targets of their efferent
synapses. The changes in rheobase likely indicate alterations in the
membrane properties of the seizure-exposed cells, particularly changes
in the input resistance of the cell (Young et al., 2009).We found that the
input resistance of the seizure-exposed new cells tended to be lower
compared to that of the other recorded cells (although not statistically
significant), which may partially explain the increase in rheobase.
Changes in input resistance suggest alterations in the number,
distribution, or composition of membrane channels in the new cells. It
should be emphasized, finally, that the functional significance at the
network level of the altered afferent synaptic inputs to the new cells,
whether they will counteract or contribute to the development of
hyperexcitability,will depend on the synaptic influence of these cells on
their target neurons (Frotscher et al., 2006), an issue that is highly
warranted to address in future studies.

The pattern of alterations in afferent excitatory and inhibitory
synaptic drive on the new cells in the present seizure paradigm differs
from that we have previously reported following eSE (Jakubs et al.,
2006). In response to the eSE insult, the newneurons exhibited reduced
excitatory and increased inhibitory synaptic drive (Jakubs et al., 2006).
The eSE insult comprised approximately 3 h of seizure activity and the
environment surrounding the new cells was characterized by neuronal
death, chronic inflammation and spontaneous seizures. In contrast, we
observed hereno significant inflammatory changes or neuronal death in
the pathological environment. The total duration of seizures induced by
the rapid kindling protocol was much shorter (about 19 min). The eSE
environment was associated with abnormal excitability, as evidenced
by spontaneous behavioral seizures, whereas following rapid kindling,
there was a progressive development of hyperexcitability but no
interictal spikes or spontaneous seizures were detected. The stimulus-
evoked seizures lasted for in total about 10 min. Taken together, the
discrepancy in afferent synaptic connectivity, comparing the present
findings with our previous data (Jakubs et al., 2006), indicates that the
integration of the new cells depends on the type of pathological
environment they encounter.

The characteristics of the pathological environment will also
determine its influences on the morphological development of the
new neurons. Walter et al. (2007) studied new granule cells exposed to
3 h of pilocarpine-induced SE in mice either at 1 week after they had
been generated or when they were born into the pathological
environment 3 weeks after the insult. This insult, which caused
spontaneous seizures and extensive neuronal death in the dentate
hilus and variable cell loss in CA1 and CA3 regions, gave rise to the
formation of basal dendrites projecting into the hilus in 40–50% of new
granule cells. Such dendrites are virtually absent in intact animals. Also,
Jessberger et al. (2007) found basal hilar dendrites in about 20% of new
granule cells born at 1 week following 2–3 h of kainate-induced SE. It is
conceivable that both these severe epileptic insults were associated
with inflammation. In contrast, the present epileptic insult, inwhich the
total duration of seizure activity was much shorter, resulted in no
significant inflammation or neuronal death, and the occurrence of very
few basal hilar dendrites on the new granule cells. Our findings, that
new neurons which develop in the presence of seizures without
inflammation exhibit nomajormorphological changes indicate that the
occurrence of morphological abnormalities is likely dependent on the
severity of pathology in the environment.

We found an increased number of stubby spines on the seizure-
exposed new cells. Stubby spines have been found to be more frequent
on mature hippocampal dendrites in acute slices with blocked synaptic
transmission, which is believed to recapitulate development (Petrak
et al., 2005). Interestingly, application of brain-derived neurotrophic
factor (BDNF) to hippocampal slice cultures under serum-free condi-
tions specifically promoted the formation of stubby spines on mature
CA1 pyramidal neurons (Tyler and Pozzo-Miller, 2003, however, see
Chapleau et al., 2008). These stubby spines may have a role in Ca2+-
dependent synaptic plasticity (Tyler and Pozzo-Miller, 2003). BDNF has
also been proposed to be an important regulator of morphological and
functional hippocampal plasticity in response to seizures (Ernfors et al.,
1991; Kokaia et al., 1995; Binder et al., 2001). Hypothetically, BDNF
signaling may have contributed to the increase of stubby spines
observed here on the new cells.

Inflammation regulates several steps of adult neurogenesis including
survival, proliferation,migration, differentiation, and functional integra-
tion of the new neurons (reviewed by Ekdahl et al., 2009). LPS-induced
chronic inflammation gave rise to a similar increase of excitatory
synaptic drive in new andmature dentate granule cells, probably due to
increased network activity (Jakubs et al., 2008). Also, inhibitory synaptic
drive was increased by inflammation in both new and mature cells but
more enhanced in the new cells. In line with this observation, larger
clusters of thepostsynaptic GABAA receptor scaffoldingprotein gephyrin
were found on dendrites of new cells born in the inflammatory
environment. It is conceivable that the larger gephyrin clusters indicate
a more efficacious inhibitory input and contributes to the synapse-
specific enhancement of the afferent inhibitory drive. In contrast, we
found here that the new cells which had been born after rapid kindling
and exposed to repeated seizures did not exhibit any change in mIPSC
amplitude, indicating no postsynaptic alterations. In accordance, we did
not observe any alteration in the density or size of gephyrin clusters at
postsynaptic sites in neuronswhich had developed in this environment.
The present findings provide further evidence for an important
regulatory role of inflammation for inhibitory synaptic drive on the
new cells. Our data indicate that different pathological environments,
associated with varying magnitude of inflammation, differ with respect
to their ability to induce postsynaptic changes in new cells which will
influence the efficacy of their afferent inputs.

The present findings show that adult-born, new neurons exhibit a
high degree of plasticity at their afferent synapses when developing in
a pathological environment. Our previous data following eSE (Jakubs
et al., 2006) and chronic inflammation (Jakubs et al., 2008) suggested
that the functional integration of the new neurons may act to mitigate
the pathological condition. Here, the new neurons responded to
repeated seizures in an environment without inflammation by overall
more synaptic excitability, whichmay be counteracted by the reduced
intrinsic excitability compared to control new cells. If this is the case,
the new neurons may have a limited contribution to the hyperexcit-
ability which develops during the course of their maturation or even
counteract the abnormal function. In conclusion, our findings indicate
that the characteristics of the pathological environment, e.g., the
magnitude of inflammation and the seizure paradigm, will play an
important role in determining whether the new neurons will
counteract or contribute to abnormal brain function.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.expneurol.2011.03.019.
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Recent reports demonstrate that somaticmouse cells can be directly
converted to other mature cell types by using combined expression
of defined factors. Here we show that the same strategy can be
applied to human embryonic and postnatal fibroblasts. By overex-
pression of the transcription factors Ascl1, Brn2, and Myt1l, human
fibroblasts were efficiently converted to functional neurons. We
also demonstrate that the converted neurons can be directed to-
warddistinct functional neurotransmitter phenotypeswhen the ap-
propriate transcriptional cues are provided together with the three
conversion factors. By combiningexpressionof the three conversion
factors with expression of two genes involved in dopamine neuron
generation, Lmx1a and FoxA2, we could direct the phenotype of
the converted cells toward dopaminergic neurons. Such subtype-
specific induced neurons derived from human somatic cells could
be valuable for disease modeling and cell replacement therapy.

Cellular reprogramming, the process by which somatic cells can
be converted into induced pluripotent stem (iPS) cells and

subsequently differentiated tomature cells, including specific types
of neurons, has opened up new possibilities for disease modeling
and cellular repair (1–5). Recently, it was shown that somatic cells
can also be directly converted to other mature cell types by ex-
pression of a specific combinations of genes (6–9). Expression of
Ascl1, Brn2, and Myt1l efficiently converted mouse embryonic
fibroblasts (MEFs) and postnatal fibroblasts into functional neu-
rons (induced neurons, or iN cells) (10). Cells generated via direct
conversion do not pass through a pluripotent state, are probably
not tumorigenic, and may serve as an interesting alternative to
iPS cells for generating patient- and/or disease-specific neurons.
Here, we show the direct conversion of human fibroblasts into

functional neurons using the same combination of neural con-
version factors used for iN conversion of mouse fibroblasts (10).
We also demonstrate that the expression of additional tran-
scription factors leads to the generation of cells with properties
of dopaminergic neurons, which is the cell type lost in Parkin-
son’s disease. Our findings provide proof of principle that spe-
cific subtypes of iN cells can be produced from human somatic
cells by transcription factor-mediated fate instruction combined
with the three neural conversion factors.

Results
To investigate whether direct conversion into neurons from hu-
man somatic cells is possible, we established fibroblast cultures
from human embryos aged 5.5–7 wk postconception (for details
see Table S1). The head, the dorsal part of the embryo con-
taining the spinal cord, and all red organs were removed, and the
remaining tissue was dissociated and plated under standard fi-
broblast conditions (Fig. 1A). After one passage followed by
a freeze–thaw cycle, the fibroblast identity and the absence of the
neural crest marker SOX10 in the resulting cell lines were con-
firmed (Fig. 1B, Figs. S1 and S2, and Tables S2 and S3). The cells
were then used for conversion by delivering lentiviral vectors
coding for Ascl1, Brn2, and Myt1l, the three factors previously
identified as efficiently converting MEFs to neurons (10). Ex-
pression of the conversion factors in human embryonic fibro-
blasts (hEFs) was verified with quantitative RT-PCR (qRT-
PCR) (Fig. S2 A–C). In cultures transduced with conversion
factors and subsequently grown in N3 neural induction medium
(11), cells with elongated neuron-like morphology became visible

after 3–4 d (Fig. S2D). By 12 d after transduction, many cells
exhibiting characteristic neuronal morphology and expressing
βIII-tubulin could be detected (Fig. 2A). In parallel control
cultures containing hEFs not infected with conversion factors but
otherwise treated identically, neurons were never observed (Fig.
2A). The morphology of the human-derived iN (hiN) cells ma-
tured over time, and the vast majority of them had an elaborate
neuronal morphology by day 24 (Fig. 2A). The efficiency of hiN
generation was determined by using fibroblasts (passage 2) from
three different embryos. We found that the number of hiN cells
increased with time in culture. By day 24, on average, 1,600
neurons per cm2 were present, corresponding to a conversion
efficiency of 16% ± 4.3% (Fig. 2B). The capacity to form hiN
cells decreased with one additional passage (from 9.0% to
4.53%, day 12) but then remained constant until passage 8 when
the cells ceased to proliferate (Fig. 2C and Fig. S2 E and F).
More than 95%of the converted neurons expressed the neuron-

specific cytoskeletal proteinMAP2, which is enriched in dendrites
(Fig. 2D). The great majority (≥90%) of the hiN cells also
expressed synaptophysin, indicating the presence of synapses on
the hiN cells (Fig. 2E). At 23 d after conversion, patch–clamp
recordings showed that the resting membrane potential was ap-
proximately −34 mV and that depolarizing current injection did
not induce action potentials, suggesting immaturity of the cells.
However, at 30–32 d after transduction, the average resting
membrane potential was approximately −59 mV (range: −30 mV
to −78 mV), and the cells now exhibited electrophysiological
properties of functional neurons (Table S4). Depolarizing current
injection induced action potentials in∼90%of recorded cells (Fig.
2F). In voltage–clamp mode, step depolarization induced fast-
inactivating inward and outward currents characteristic of sodium
and delayed-rectifier potassium currents, respectively (Fig. 2G).
Action potentials and inward sodium currents were blocked by
TTX (Fig. 2 F and G, Right). Biocytin labeling confirmed the
neuronal morphology of recorded cells (Fig. S2H).
The expression of the three transgenes used for iN conversion

was regulated by doxycycline, which must be supplied in the
media throughout the culture period to maintain transgene ex-
pression (Fig. S2 A–C). To test whether continuous expression of
the conversion factors is necessary for efficient hiN generation,
we removed doxycycline at day 0 (i.e., never activated the
transgenes), day 3, or day 7 after transduction. Doxycycline re-
moval at day 0 resulted in only sporadic hiN formation, most
likely because of nonspecific leakage of transgene expression,
whereas withdrawal at day 3 or day 7 did not significantly change
the number of neurons formed, the process length, or the
number of projections (Fig. 3 A and B). These data suggest that
conversion of fibroblasts into neurons using Ascl1, Brn2, and
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Myt1l only requires a pulse of transgene expression during the
initiation of the conversion phase, after which the hiN cells
mature into neurons without exogenous gene expression.
To determine the contribution of each conversion factor to the

generation of hiN cells, we performed conversions using each of
the three factors individually or pairwise. Although Ascl1 alone
was sufficient to induce a neuron-like phenotype, including ex-
pression of MAP2 and βIII-tubulin without significant reduction
in conversion efficiency, neither Brn2a norMyt1l alone resulted in
the formation of a substantial number of hiN cells (Fig. 3 C and
D). However, the Ascl1-alone cells had a markedly different
morphology with shorter processes than those observed for the
cells converted with the three factors Ascl1, Brn2, andMyt1l (Fig.
3C). When combining the factors into pairs, we found that
Ascl1 + Brn2 and Myt1l + Brn2 produced mature-looking neu-
rons, whereas Ascl1+Mytl1 resulted in cells with less pronounced
neuronal morphology (Fig. 3C). Thus, based on number of cells
and morphological criteria, Ascl1 + Brn2 may be as efficient as
Ascl1, Brn2, and Myt1l in generating hiN cells. However, elec-
trophysiological recordings showed that cells converted with
Ascl1 + Brn2, in contrast to the cells converted with Ascl1, Brn2,
and Myt1l, did not exhibit the electrophysiological properties of
mature neurons (resting membrane potentials between −20 mV
and −75 mV; input resistances between 50MΩ and 2 GΩ; n= 12)
and thus are not converted neurons. These findings demonstrate
that all three factors contribute to the conversion of human
fibroblasts into functional neurons.
To exclude the possibility that contaminating neural progeni-

tors, glia, or neural crest cells served as the cellular origin of the iN
cells, we performed extensive immunocytochemical characteriza-
tion and PCR analysis of the starting fibroblast cultures as well as
fibroblasts cultured in N3 medium and doxycycline for 6 and 12 d.
With the exception of very few neural crest cells detected in low-
passage hEF cultures (<0.1% at passage 2), none of the other
markers could be detected (Figs. S2G and S3 A–H and Tables S2
and S3). To completely rule out the possibility that hiN cells are
neural crest derivatives, we next used a commercially available,
long-term expanded human fetal lung fibroblast cell line (HFL1)
(12), which is a homogenous fibroblast cell line, as a starting ma-
terial for conversion. Using immunohistochemistry and qRT-
PCR, we confirmed that this cell line was composed purely of
mesodermal fibroblasts and was completely absent of neural
progenitors, glia, or neural crest cells (Figs. S2G and S3 A–H and
Tables S2 and S3). Similar to what was observed with hEFs, we
could detect cells with a neuronal-likemorphology a few days after
transduction with the three conversion factors. The hiN cells de-
rived from fetal lung fibroblasts stained positive for βIII-tubulin
and MAP2 (Fig. 4A) and were converted with efficiencies com-
parable to hEFs: 8.0% ± 4.45% at day 12 (n = 5) and 12.3% ±
5.9% at day 20 (n = 4). Whole-cell patch–clamp recordings
confirmed that HFL1-derived hiN cells exhibited properties of
functional neurons (Fig. 4 B and C and Table S4). Resting mem-

brane potential was approximately −62 mV, and TTX-sensitive
action potentials were induced by depolarizing current in∼80%of
recorded cells (Fig. 4B). Depolarizing voltage steps induced in-

Fig. 1. Establishment of hEF cultures. (A) Fibroblasts isolated from human
embryos were dissociated and plated under standard fibroblast conditions.
The fibroblasts were passaged once, frozen, and subsequently used for
experiments. (B) Immunostaining confirmed that the resulting cultures were
composed of cells expressing collagen I and III, confirming their fibroblast
identity, and TE-7 confirmed their mesodermal origin.

Fig. 2. Conversion of neurons from hEFs. (A) Neurons expressing βIII-tubulin
(red) obtained by direct conversion of hEFs at 12, 20, and 24 d after Ascl1,
Brn2, and Myt1l expression (ABM). Blue indicates DAPI counterstain. (B and
C) Conversion efficiency estimation of hiN cell formation. (n = 5 for B and
n = 2–4 for C.) (D and E) Immunocytochemical staining for MAP2 and syn-
aptophysin (SYP) on the hEF-derived hiN cells. (F) Representative traces of
membrane potential changes induced by current injection steps from −20
pA to +50 pA in 10-pA increments before (Left) and after (Right) TTX. (G)
Representative traces of whole-cell currents induced by 10-mV depolarizing
voltage steps from −60 mV to +10 mV before (Left; with inward Na+ current)
and after (Right; blocked Na+ current) TTX. Insets show respective traces on
an expanded scale. Bars represent average conversion efficiency from three
to six separate experiments ± SD. (Scale bars: A, 50 μm; D and E, 100 μm.)
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ward currents (blocked by TTX) and outward currents. Several
cells exhibited trains of action potentials in response to depola-
rizing current injection (Fig. 4C). Together, our data demonstrate
that the hiN cells are derived from fibroblasts and provide evi-
dence against the possibility that they originated from neural crest
or other contaminating cell populations.
We next exploredwhether postnatal human fibroblasts could be

directly converted to neurons.We used human foreskin fibroblasts
(hFFs), a readily available postnatal source of cells that can be
sufficiently expanded and is already used in clinical applications
(13). The homogenous fibroblastic properties and absence of
neural progenitors, neural crest cells, and glia was confirmed for
hFFs (Figs. S1, S2G, and S3 and Tables S2 and S3). Similar to
embryonic fibroblasts, the postnatal fibroblasts transduced with
Ascl1, Brn2, and Myt1l gave rise to cells with a neuron-like mor-
phology. When analyzed after 12 and 20 d, converted cells
expressedMAP2 and βIII-tubulin with clear neuronalmorphology
(Fig. 5A). The conversion efficiency was slightly lower when using
postnatal fibroblasts compared with embryonic cells as starting
material: 4.3% ± 1.1% at day 12 (n= 3). Whole-cell patch–clamp
recordings demonstrated that, 30 d after conversion, hFF-derived
iN cells had a resting membrane potential of approximately −41
mVand exhibited electrophysiological properties characteristic of
neurons (Table S4). Cells fired mature action potentials in re-
sponse to depolarizing current injection, and depolarizing voltage
steps induced large inward currents and outward currents (Fig.
5B). At 36 d after transduction, several cells exhibited TTX-
sensitive trains of action potentials, indicating that the neurons
matured over time (Fig. 5C).
When investigating the neurotransmitter phenotype of the

converted neurons, we found that, similar to what has been
reported for mouse iN cells (10), neurons of both excitatory
glutamatergic and inhibitory GABAergic phenotypes were
present in the cultures (Fig. 6 A and B). Also in agreement with
the mouse iN cell phenotype, we could not detect any significant
number of cholinergic, serotonergic, or dopaminergic neurons

when screened for using immunocytochemistry for choline ace-
tyltransferase, 5-hydroxytryptamine, and tyrosine hydroxylase
(TH), respectively.
We next explored the possibility of directing the hiN cells into

a specific neuronal subtype. We chose dopaminergic neurons,
which would be of great interest from a clinical perspective be-
cause of their role in motor function and involvement in the
pathogenesis of Parkinson’s disease. To test whether expression
of key transcription factors expressed during dopamine neuron
development is sufficient to direct the hiN cells into a dopami-
nergic phenotype, we selected 10 genes involved in midbrain
patterning and specification of dopamine neurons (En1, Foxa2,
Gli1, Lmx1a, Lmx1b, Msx1, Nurr1, Otx2, Pax2, and Pax5) (14–21)
and cloned them into lentiviral vectors. A pool of lentiviruses,
LentiDA, containing all 10 genes was subsequently produced
and validated (Fig. S4). We then performed the three-factor
conversion of hEFs in combination with LentiDA and screened
for the appearance of dopaminergic neurons after 12, 20, and
24 d. We found that a small, but reproducible, proportion of the
hiN cells converted in the presence of LentiDA started to ex-
press TH 24 d after conversion (<1% of hiN cells) (Fig. 6 C and
F). This finding provided proof of principle that formation of iN
cells with specific neuronal subtypes can be achieved by tran-
scription factor-mediated fate instruction combined with the
three conversion factors.
We next set out to determine the minimal requirement for

dopaminergic neuron fate specification. We found that when only
Lmx1a and FoxA2 were expressed together with the three con-
version factors, TH-expressing cells with typical morphology of
cultured dopaminergic neurons could be detected from converted
hEFs in much higher numbers (Fig. 6 D and F). Using HFL1 cells
as starting material, conversion combined with expression of
Lmx1a and FoxA2 gave rise to an even higher number of TH-
expressing neurons (Fig. 6 E and F). The addition of Lmx1a and
FoxA2 did not affect the conversion rate (Fig. S4C) nor did
FoxA2 and Lmx1a induce neuron-like cells in the absence of the

Fig. 3. Requirements for hiN conversion. (A and
B) Removal of doxycycline at day 7 resulted in
neurons expressing βIII (green) being formed
with same efficiency and without affecting the
morphological complexity of the resulting hiN
cells (n = 37 for d3,n= 68 for d7,n= 91 for d0). (C)
hiN cells expressing βIII-tubulin (green) obtained
by conversion of hEFs in thepresence of different
combinations of Ascl1, Brn2, andMyt1l (ABM, A,
B, M, AB, AM, and BM). (D) Conversion efficiency
estimation of hiN cell formation using different
combinations of conversion factors. Bars repre-
sent average conversion efficiency from three to
six separate experiments ± SD.

Fig. 4. Conversion of neurons from fetal lung fibroblasts.
(A) Neurons expressing βIII-tubulin (green) and MAP2
(red) obtained by direct conversion of human fetal lung
fibroblasts (HFL1) at 12 and 20 d after transduction with
Ascl1, Brn2, and Myt1l (ABM). (B) Representative traces of
membrane potential changes induced by current injection
steps from −20 pA to +50 pA in 10-pA increments (Left)
and representative traces of whole-cell currents induced
by 10-mV depolarizing voltage steps from −60 mV to +10
mV (Right). (C) Representative traces of trains of action
potentials induced by step injection of depolarizing cur-
rent (Right shows traces on an expanded scale).
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three conversion factors (Fig. S4C). The TH-expressing cells
obtained from hEFs and HFL1 coexpressed βIII-tubulin (Fig. 6D
and E) but not the peripheral neuron marker peripherin (Fig.
6G). Aromatic L-amino acid decarboxylase (AADC), the second
enzyme in dopamine synthesis and coexpression of Nurr1, an
orphan nuclear receptor expressed by midbrain dopaminergic
neurons, could also be detected in the TH-expressing cells (Fig. 6
H and I).
We found no TH neurons when hiN cells were generated with

FoxA2 alone, whereas conversion in the presence of Lmx1a
resulted in hiN cells expressing TH (Fig. 6J). However, none of the
TH-expressing cells formed in the presence of Lmx1a alone
coexpressedAADC (Fig. 6K).Whole-cell patch–clamp recordings
demonstrated that hEF- and HFL1-derived iN cells converted in
the presence of Lmx1a and FoxA2were functional neurons (Table
S5). At 28 d after conversion, action potentials could be induced
by depolarizing current or occurred spontaneously (Fig. 6K). In
current–clamp mode, a proportion of hEF-derived iN cells exhibi-
ted spontaneous action potentials, including pacemaker-like action
potentials that were gradually blocked by adding TTX to the bath
solution and rebound depolarizations resulting in action potentials
after brief membrane hyperpolarizations (Fig. 6 L and M). Both
spontaneous action potentials and rebound action potentials are
characteristics compatiblewithmidbraindopamineneurons in vitro
(22). Together, these data show that hiN cells generated from hu-
man fibroblasts via direct conversion can be further patterned into
specific neuronal subtypes, exemplified here by the emergence of
dopaminergic neurons after the addition of Lmx1a and FoxA2
during the conversion process.

Discussion
Our finding that human somatic cells, i.e., embryonic and post-
natal fibroblasts, can be directly converted by using defined fac-
tors to functional neurons of a specific subtype is an important
step toward developing iN cells for models of neurological dis-
orders and brain repair.
A major concern when using primary fibroblasts for conver-

sion is that contaminating neural progenitors, glia, or neural
crest cells could be present in the starting material and selec-
tively expanded when the embryonic fibroblasts are cultured in
neural induction media and that these cells then serve as the
cellular origin of iN cells (23). To exclude this possibility, we first
confirmed that our hEF cultures were indeed composed of only
collagen-producing cells. We also carefully screened the cultures
with a panel of antibodies against neural progenitors, glia, and
neural crest cells. After the first passage, a very small fraction of
cells expressing p75 and/or Sox10 could be detected, suggesting
a small contaminating neural crest population. Given the ex-

tremely low proportion of neural crest cells in low-passage hEFs
and the observation that multipassaged hEFs, which do not
contain any neural crest contaminants, also efficiently converted
into functional neurons, it is unlikely that the hiN cells are de-
rived from neural crest cells. Subsequent conversions using
HFL1 and hFFs, two commercially available human fibroblast
cell lines that do not contain any contaminating cells, confirmed
that the hiN cells were in fact derived from fibroblasts.
By expressing dopamine fate determinants during the con-

version, we could demonstrate that additional fate specification
of iN cells is possible. The proportion of hiN cells that developed
into dopaminergic neurons when converted in the presence
of Lmx1a and FoxA2 was ∼10%. Given that each cell needs to
receive six viruses (A, B, M, Fuw, Lmx1a, and FoxA2) to dif-
ferentiate into a dopamine neuron, this proportion is realistic
and suggests that better delivery systems need to be developed
in the future for more efficient conversion into dopamine neu-
rons. Moreover, it will be interesting to explore the range of
neuronal subtypes that can be formed via direct conversion by
using combinations of other fate-determining genes or possibly
by delivery of extrinsic factors.
An ultimate goal will be to use the hiN technology for disease

modeling and cell therapy. As with iPS cells, iN cells circumvent
the ethical concerns related to embryonic stem cell derivation and
potential issues of allogenic rejection. In theory, the avoidance of
reprogramming via a pluripotent state should reduce the risk of
tumor formation after intracerebral grafting that is associated with
the use of embryonic stem cells and iPS cells (24); thus, hiN cells
may provide safer cells for transplantation in future applications.
However, because the direct conversion does not go via a pro-
liferative cell type, the number of neurons that can be obtained is
limited by the accessible number of fibroblasts used as starting
material for conversion. When using embryonic fibroblasts, this
does not pose a serious limitation but could be limiting if gener-
ating patient-specific cells for disease modeling or autologous
cell therapy.
Future studies should aim to increase the efficiency of hiN

formation and the rate of dopaminergic neuron generation as
well as to evaluate the converted dopaminergic neurons’ ability
to survive long term, reinnervate the denervated striatum, and
ameliorate behavioral deficits after transplantation in rodent
models of Parkinson’s disease. Before clinical application of hiN
cells can be considered, it will be critical to determine the opti-
mal starting cell that can be obtained in sufficient numbers, to
develop viral- and integration-free conversion systems, and to
confirm the functionality and safety of hiN cells in vivo.

Fig. 5. Conversion of neurons from postnatal fibroblasts. (A)
Neurons expressing βIII-tubulin (green) andMAP2 (red) obtained
by direct conversion of hFFs at 12 and 20 d after transduction
with Ascl1, Brn2, andMyt1l. (B) Representative trace of an action
potential induced by depolarizing current injection (Left) and
representative traces of whole-cell currents elicited in voltage–
clamp mode by step depolarization (Right). (C) Representative
trace of trains of action potentials induced by step injection of
depolarizing current (20 pA) of hFF-derived iN cells, before and
after TTX. (Scale bars: 50 μm.)
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Methods
Tissue Sources and Cell Preparations. Fibroblasts were isolated from legally
aborted fetuses aged 5.5–7 wk postconception, with approval of the Swedish
National Board of Health and Welfare and the Lund/Malmö Ethics Com-
mittee (see Table S1 for details). Great care was taken to remove the head,
vertebral column, dorsal root ganglia, and all inner organs to discard cells
with a neurogenic potential. The remaining tissue was manually dissociated
in 0.25% trypsin (Sigma), incubated at 37 °C to make a single-cell suspension,
and then plated in T75 bottles. Cells were grown at 37 °C in 5% CO2 in MEF
medium, DMEM (Gibco) with 100 mg/mL penicillin/streptomycin (Sigma),
2 nM L-glutamine (Sigma), and 10% FBS (Biosera) until confluent. The cells
were then dissociated with 0.25% trypsin, spun, and frozen in 50/50 DMEM/
FBS with 10% DMSO (Sigma).

HFL1 (ATCC-CCL-153) and hFF (ATCC-CRL-2429) cells were obtained from
the American Type Culture Collection, expanded in hEF medium until con-
fluent, and then frozen.

For neuronal conversion, fibroblasts were plated in MEF medium at a
density of 10,000 cells per cm2 in tissue culture plates (Nunc) coated with
0.1% gelatin. Neuronal conversion was performed as previously described
(10) with N3 medium, which is composed of DMEM/F12, 25 g/mL insulin,
50 g/mL transferrin, 30 nM sodium selenite, 20 nM progesterone (Sigma),
100 nM putrescine (Sigma), and penicillin/streptomycin.

Viral Vectors. Doxycycline-regulated lentiviral vectors expressing mouse
cDNAs for Ascl1, Brn2, and Myt1l have been described elsewhere (10). The
doxycycline-regulated system includes a separate lentiviral vector expressing

Fig. 6. Generation of dopamine neurons via direct conversion. (A and B) GABAergic and glutamatergic expressing hiN cells obtained by conversion with
Ascl1, Brn2, and Myt1l. (C and D) hiN cells expressing TH (green) and βIII-tubulin (red) obtained by conversion of hEFs using Ascl1, Brn2, and Myt1l in
combination with LentiDA, containing 10 genes involved in midbrain patterning and dopamine neuron differentiation (C) or in combination with Lmx1a and
FoxA2 (LF) (D). (E) hiN cells expressing TH (green) and βIII-tubulin (red) obtained by conversion of HFL1 cells using Ascl1, Brn2, and Myt1l in combination with
Lmx1a and Foxa2 (ABM + LF). (F) Quantification of dopaminergic neurons. Each symbol represents values obtained from separate biological replicates. Solid
black symbols indicate data obtained when Lmx1a and FoxA2 were delivered 3 d after ABM; all other data points are from simultaneous delivery of all factors.
(G) TH-expressing neurons (red) did not express peripherin (green). (H and I) hiN cells positive for TH (red) and βIII-tubulin (green) coexpress AADC (blue) and
Nurr1 (blue; arrowhead). (J) TH (red) and AADC (green) expression in hiN cells obtained by conversion in the presence of Lmx1a and FoxA2 (LF; Top), Lmx1a
alone (L; Middle), or FoxA2 alone (F; Bottom). (K) Example of an ABM + LF hEF iN cell exhibiting spontaneous, pacemaker-like action potentials that were
gradually blocked by the addition of TTX to the bath solution. (L) Representative trace of an action potential induced by depolarizing current injection. (M)
Example of an ABM + LF hEF iN cell exhibiting rebound depolarizations at the offset of brief membrane hyperpolarizations. Insets show respective traces on
an expanded scale. (Scale bars: 50 μm.)
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a Tet-On transactivator (FUW.rtTA-SM2; Addgene) that was always co-
transduced in the conversion experiments.

Lentiviral vectors expressingmouseORFs for En1, Foxa2,Gli1, Lmx1a, Lmx1b,
Msx1, Nurr1, Otx2, Pax2, and Pax5 were generated by replacing GFP in a third-
generation lentiviral vector containing a nonregulated, ubiquitous phospho-
glycerate kinase promoter with the various ORFs (25). Plasmids containing the
different cDNAs were purchased from Genecopoeia and subsequently verified
by sequencing. Third-generation lentiviral vectors were produced as previously
described (26) and titrated by quantitative PCR analysis (27). The titers of the
vectors used in this study were in the range of 5 × 108 to 2 × 109 transducing
units per mL. A multiplicity of infection of 2–3 was used for hEF and HFL1 cells.

Immunocytochemistry. Cells were fixed in 4% paraformaldehyde and prein-
cubated for 30–60 min in blocking solution (5% normal serum and 0.25%
Triton-X in 0.1 M potassium-buffered PBS). The primary antibodies (Table S6)
were diluted in the blocking solution and applied overnight at 4 °C. Fluo-
rophore-conjugated secondary antibodies (Molecular Probes or Jackson
Laboratories) were diluted in blocking solution and applied for 2 h followed
by three rinses in potassium PBS.

Quantifications and Efficiency Calculation. Efficiency determination. The total
number of βIII-positive/MAP2-positive cells with a neuronal morphology and
absence of fibroblast-like morphology were counted in 36 randomly se-
lected 20× visual fields. This sampling was repeated three times, and the
average number was used to calculate the mean number of positive cells per
visual field. From this value, the total number of neurons per dish was es-
timated and, by following the method used by Vierbuchen et al. (10), the
conversion efficiency was determined by dividing the number of neurons
formed by the number of fibroblasts plated before infection.
TH quantifications. The total number of neurons per well was determined as
described above. The total number of TH-expressing neurons per well was
determined in the samemanner or, when the number of TH neurons was low
(<100), also by counting all of the TH-positive cells in the well.
Quantification of process length and number. Digital images were obtained with
a Leica microscope and analyzed with Canvas IX. Total process length was
determined by tracing each individual neuron, and the number of end
processes was counted manually for the same cells.

Quantitative RT-PCR (qRT-PCR). Total RNA was isolated by using the RNeasy
Micro Kit (Qiagen) according to the supplier’s recommendations. For each
sample, 1–4 mg of RNA was used for reverse transcription performed with
random primers and SuperScriptIII (Invitrogen). SYBR green quantitative real-
time PCR was performed with LightCycler 480 SYBR Green I Master (Roche) in
a two-step cycling protocol. Data were quantified by using the ΔΔCT method
and averaged upon normalization to GAPDH and β-actin expression. The
specificitywas confirmedbyanalyzing thedissociation curve andby validation
in human embryonic tissue. Primer sequences are shown in Table S7.

Electrophysiology. Cells with neuronal morphology (round cell body and pro-
cesses resemblingneurites)were selected forwhole-cell patch–clamp recordings
at the indicated time points. Cells plated on coverslips were placed in a sub-
merged recording chamber and constantly perfused with gassed bath solution
(95% O2/5% CO2, pH 7.2–7.4, 295–300 mOsm, 32–34 °C) containing 119 mM
NaCl, 2.5 mM KCl, 1.3 mM MgSO4, 2.5 mM CaCl2, 26 mM NaHCO3, 1.25 mM
NaH2PO4, and25mMglucose. Cells for recordingwere visualizedunder infrared
light with differential interference contrast using an Olympus upright micro-
scope equipped with a digital camera and a 40× water-immersion lens.
Recording pipettes were filled with solution (pH 7.2–7.4, 295–300 mOsm)
containing 122.5 mMpotassium gluconate, 12.5mMKCl, 10.0mMKOH-Hepes,
0.2 mM KOH-EGTA, 2.0 mM MgATP, 0.3 mM Na3-GTP, and 8.0 mM NaCl,
resulting in pipette resistances of 3–4 Ω. Biocytin (0.5%; Sigma-Aldrich) was
freshly dissolved in the pipette solution before recordings for post hoc iden-
tification of recorded cells. Resting membrane potential was estimated in
current–clamp mode immediately after breaking the membrane and estab-
lishing whole-cell configuration. For measurements of action potentials and
voltage responses, cells were current–clamped between −55 mV and −85 mV
(depending on resting membrane potential), and 500-ms hyperpolarizing and
depolarizing current steps were delivered in 10-pA increments through the
whole-cell pipette. Spontaneous action potentials were measured in current–
clamp mode (0 pA), and rebound action potentials were induced by brief
injections of hyperpolarizing current (−20 pA). For measurements of whole-cell
currents, cells were voltage–clamped between−60mVand−70mV, and 200-ms
voltage steps were delivered in 10-mV increments. Voltage-gated sodium
channels were blockedwith 1 μMTTX (Tocris). Datawerefiltered at 2.9 kHz and
sampled at 10 kHz with an EPC9 patch–clamp amplifier (HEKA Elektronik).
Capacitance was compensated. Input resistance was measured at a holding
potential of −60 mV by delivering −5-mV test pulses. Action potential ampli-
tudewasmeasured from the threshold to the peak voltage deflection,whereas
half-width was measured as the duration of the action potential at half maxi-
mum amplitude. After-hyperpolarization amplitude was measured as the
difference between the resting membrane potential and the maximum hy-
perpolarization after the action potential, whereas duration was measured as
the time between the start and end of the hyperpolarization.
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Induced pluripotent stem cells (iPS cells) obtained by repro-
gramming of adult human fibroblasts1,2 are currently being 
used to develop models of a wide range of neurological diseases 
including spinal muscular atrophy, ALS, Parkinson disease and 
schizophrenia. Such cellular models will serve as valuable tools 
for understanding disease pathogenesis and progression.3-5 The 
extent of genetic and epigenetic reprogramming and the mecha-
nism for induction of pluripotency remains to be elucidated.6-11 
Nevertheless, the iPS technology has progressively been refined 
and human iPS cells can now be generated from different cell 
sources using methods that no longer rely on viral vectors or 
transgene integration.12-16 These technical advancements have 
made iPS-derived neurons more suitable for replacement therapy, 
although they are still associated with substantial risk for tumor 
formation.16-18

Another approach for production of neurons from somatic 
cells is lineage reprogramming, in which one type of mature, dif-
ferentiated somatic cell is directly transformed into another with-
out passing through a pluripotent stage. Recent reports show that 
functional neurons, termed induced neurons, iNs, can be gener-
ated from mouse and human fetal and postnatal fibroblasts via 
direct conversion using defined sets of transcription factors such 
as Ascl1, Brn2 and Myt1l,19-21 and subtype specific neurons can 
be obtained by varying the combination of transcription factors 
used.20,22 Because of the ease of the technology, remarkably fast 
neural conversion and lack of a pluripotent stem cell intermedi-
ate, iN cells could become an attractive alternative to iPS cells. 

Cellular reprogramming is a rapidly developing technology by which somatic cells are turned into pluripotent stem cells 
or other somatic cell types through expression of specific combinations of genes. this allows for the generation of patient-
specific cell lines that can serve as tools for understanding disease pathogenesis, for drug screens and, potentially, for 
cell replacement therapies. Several cellular models of neurological disorders based on induced pluripotent cells (ipS cells) 
have been developed, and ipS-derived neurons are being explored as candidates for transplantation. Recent findings 
show that neurons can also be induced directly from embryonic and postnatal somatic cells by expression of defined 
combinations of genes. this conversion does not occur through a pluripotent stem cell stage, which eliminates the risk 
for tumor formation. Here, we demonstrate that functional neurons can be generated via direct conversion of fibroblasts 
also from adult individuals. thus, this technology is an attractive alternative to ipS cells for generating patient- and 
disease-specific neurons suitable for disease modeling and autologous transplantation.
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However, whether the iN technology can be used to produce 
functional neurons from fibroblasts obtained from adult humans 
using the same combination of factors is unknown.

Here we used fibroblasts from six healthy adults ranging from 
23 to 65 y of age. The fibroblasts were converted into neurons 
using the same three factors, Ascl1, Brn2 and Myt1l that pre-
viously have been shown to induce functional neurons from 
embryonic and postnatal fibroblasts.19-21 We demonstrate direct 
conversion of the adult human fibroblasts to functional iNs with 
comparable efficiency as when human embryonic and postna-
tal were used as starting material. Interestingly, we observed no 
decrease in conversion efficiency with age, as fibroblasts from 
the older individuals converting with efficiency comparable to 
fibroblasts from the younger individuals. Thus, iN cells have the 
potential to be useful both for disease modeling and in future 
applications of cell replacement therapy.

Results/Discussion

We first used cultures of distal derived lung fibroblasts originat-
ing from a healthy individual in the age range of 45–65 y (For 
details, see Materials and Methods and Table 1). This line, as 
well as the other adult human fibroblast lines subsequently used 
in this study, have previously been characterized and shown to 
express α-SMA, a protein involved in contractile apparatus and 
prolyl 4-hydroxylase, an enzyme involved in collagen synthesis, 
but not SM22, an actin-binding protein that is expressed at high 
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whole-cell patch-clamp recordings on iN cells from three of the 
six individuals (Ind 1, 3 and 6) between 23 and 34 d after trans-
duction. The induced neurons derived from all three individuals 
exhibited electrophysiological properties of functional neurons. 
Depolarizing current injection induced action potentials in 
~47% of recorded cells (n = 60 cells in total, Fig. 2B) and in 
voltage-clamp mode, step depolarization gave rise to fast inac-
tivating inward and outward currents characteristic of sodium 
and delayed rectifier potassium currents, respectively (Fig. 2B). 
Biocytin labeling confirmed the neuronal morphology of the 
recorded cells (Fig. 2C).

Taken together, our results demonstrate that functional neu-
rons can be generated by direct conversion of fibroblasts from 
adult humans using combined expression of Ascl1, Brn2 and 
Myt1l. The derivation of iNs from patients with various neuro-
logical disorders should provide a novel platform for disease mod-
eling. Moreover, patient-specific iNs could potentially be suitable 
for autologous cell replacement therapies. Because the iNs do not 
pass via a proliferative pluripotent stem cell stage, which has the 
advantage of circumventing the tumorigenicity concerns asso-
ciated with grafting of pluripotent cells such as iPS cells,18 the 
number of neurons that can be obtained is finite. However, we 
successfully used fibroblasts 5–6 passages after being isolated 
from each individual, which should provide a sufficient number 
of fibroblasts for potential therapeutic applications. If iN cells in 
the future can be obtained without the use of lentiviral vectors or 
transgene integration, they could provide a safe source of clini-
cally applicable, patient-specific neurons in regenerative therapies 
for neurological disorders.

Materials and Methods

Subjects and sampling of tissue. Distal derived lung fibroblasts 
from 6 healthy individuals with no clinical history of lung dis-
ease were used. All sampling was done under approval of local 
Ethics committee (Dnr 413/2008 and 412/03). In four of these 
subjects (Ind 3–6), transbronchial specimens were taken with 
biopsy forceps (Olympus FB211D) guided by a fluoroscope. 
Biopsies were chopped into small pieces and immediately trans-
ferred to cell culture medium [DMEM supplemented with 10% 
FBS, Gentamicin and Amphotericin B (Gibco BRL, Paisley, 
UK)]. The tissue pieces were allowed to adhere to the plastic of 
cell culture flasks for 4 h, and then kept in cell culture medium 
at 37°C until outgrowth of fibroblasts was observed. For the 
remaining two individuals (Ind 1–2), fibroblasts were isolated 
from explants. Alveolar parenchymal specimens were collected 
2–3 cm from the pleura in the lower lobes, i.e., from the same 
location where transbronchial biopsies were taken. Vessels and 
small airways were removed from the peripheral lung tissues and 
remaining tissues were chopped into small pieces. After rinsing, 
parenchymal pieces were allowed to adhere to the plastic of cell 
culture flasks for 4 h and were then kept in cell culture medium in 
37°C cell incubators until outgrowth of fibroblasts was observed. 
For the first 2 passages, the cells were always split 1:3 (T25). Cells 
were then transferred to T75 and passaged 1:2 for subsequent 
passages. Passage 5–6 fibroblasts were used for experiments.

levels in smooth muscle cells.23 Before being used in the present 
set of experiments, the homogeneous fibroblast properties of the 
cells when cultured in fibroblast (MEF) medium, as well as when 
cultured in neural induction (N2B27) medium, were confirmed 
by staining for Collagen 1 and Collagen 3 (Fig. 1A). The absence 
of contaminating neural progenitors and neural crest cells in the 
fibroblast cultures was confirmed by qPCR as previously described 
in reference 20 (Fig. 1B). The cells were then used for conversion 
by delivering lentiviral vectors coding for Ascl1, Brn2 and Myt1l. 
In cultures transduced with conversion factors and subsequently 
grown in neural media, cells with elongated, neuron-like mor-
phology became visible already 3–4 d after transgene activation, 
similar to what we observed for embryonic fibroblasts.20 The cul-
tures were fixed and analyzed by immunocytochemistry 12 and 
20 d after transduction. Cells with characteristic neuronal mor-
phology and expressing the neuronal markers bIII-tubulin and 
MAP2 were detected at both timepoints (Fig. 1C). In parallel 
control cultures, containing fibroblasts from the same individual 
and passage but not infected with conversion factors (otherwise 
treated identically), MAP2- and bIII-tubulin-expressing neurons 
were never observed (Fig. 1C).

We next performed similar conversion experiments on distal 
lung fibroblasts from a total of six healthy individuals of ages 
ranging from 23 to 65 y old (Table 1).23 Based on cell number at 
each passage, theoretically a minimum of 70 x 106 to 142 x 106 
fibroblasts from each individual were available at passage 5–6, 
which we used for conversion. We found that the fibroblasts from 
all six individuals converted into neurons expressing MAP2 and 
bIII-tubulin (Fig. 2A), with efficiencies similar to what has been 
reported for embryonic and postnatal fibroblasts (Fig. 2D).7,8 We 
observed no difference in conversion efficiency between trans-
bronchial and transplantation biopsies or gender. Interestingly, 
there was no correlation between age and conversion efficiency, 
as fibroblasts from the older individuals converting with effi-
ciency comparable to fibroblasts from the younger individuals 
(Fig. 2D). Thus, iNs can be generated also from somatic cells of 
adult and elderly individuals.

To determine whether the neurons produced from the 
human adult-derived fibroblasts were functional, we performed 

Table 1. Clinical characterization

Name Technique
Age 

(years of age)
Sex  

(M/F)
Distal fibroblasts

Ind1
transplantation 

biopsy
45–65 F yes

Ind2
transplantation 

biospy
45–65 F yes

Ind3
transbronchial 

biopsy
29 M yes

Ind4
transbronchial 

biopsy
23 F yes

Ind5
transbronchial 

biopsy
23 M yes

Ind6
transbronchial 

biopsy
34 F yes
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of the vectors used in this study were in the range of 1.3 x 108–
2.9 x 109 TU/ml. A MOI of 5 for ABM and 10 for Fuw was used 
for conversion.

For neuronal conversion, fibroblasts were plated in MEF 
medium at a density of 10,000 cells/cm2 in tissue culture plates 
(NUNC) coated with 0.1% gelatine. Neuronal conversion was 

Viral vectors and neural conversion. Doxycycline-regulated 
lentiviral vectors expressing mouse cDNAs for AsclI, Brn2 and 
Myt1l have been described in reference 20. The doxycycline 
regulated system includes a separate lentiviral vector expressing 
a TET-ON transactivator (FUW.rtTA-SM2, Addgene) that was 
always co-transduced in the conversion experiments. The titers 

Figure 1A–B (For part C, see page 4). Direct conversion of adult human fibroblasts into human induced neural (iN) cells. (A) Fibroblast identity 
was validated by expression of collagen type I and collagen type III (ColI, ColIII). Fibroblasts were analyzed both when cultured in mouse embryonic 
fibroblast (MeF) medium and when cultured in neural induction (N2B27) medium. White indicates DApI nuclear stain. (B) qRt-pCR analysis showed 
absence of the neural progenitor and neural crest markers SOX1, SOX2, SOX10, PAX6 and PAX7 from non-converted fibroblasts (cultured in N2B27 for 20 
d; normalized to positive control (+), non passaged primary heF cultures for SOX genes and whole head of human embryo for pAX genes). 
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SuperScriptIII (Invitrogen). SYBR green quantitative real-time 
PCR was performed with LightCycler 480 SYBR Green I Master 
(Roche) in a 2-step cycling protocol. Data were quantified using 
the ΔΔCt-method and averaged upon normalization to GAPDH 
and β-actin expression. The specificity was confirmed by analyz-
ing the dissociation curve and by validation in human embryonic 
tissue. Primer sequences were the same as previously reported in 
reference 20.
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performed as previously described in reference 20, using N2/B27 
(Stem Cell Sciences) as neural induction media.

Immunocytochemistry. Cells were fixed in 4% paraformal-
dehyde (PFA) and pre-incubated for 30 min-1 h in blocking solu-
tion (5% normal serum and 0.25% triton-X in 0.1 M KPBS). 
The primary antibodies (MAP2 1:500, bIII-tubulin 1:5,000) 
were diluted in the blocking solution and applied over night in 
4°C. Fluorophore-conjugated secondary antibodies (Molecular 
Probes or Jackson Laboratories) were diluted in blocking solution 
and applied for 2 h followed by 3 rinses in KPBS. All images were 
obtained using a Leica inverted microscope.

Electrophysiology. Recordings were performed as previously 
described in reference 20. Briefly, converted cells grown on cov-
erslips were constantly perfused with heated (32–34°C), gassed 
(95% O

2
, 5% CO

2
) bath solution (pH 7.2–7.4, 295–300 mOsm) 

containing (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO
4
, 2.5 CaCl

2
, 

26 NaHCO
3
, 1.25 NaH

2
PO

4
 and 25 glucose. Recording pipettes 

were filled with solution (pH 7.2–7.4, 295–300 mOsm) contain-
ing (in mM): 122.5 potassium gluconate, 12.5 KCl, 10.0 KOH-
Hepes, 0.2 KOH-EGTA, 2 MgATP, 0.3 Na

3
-GTP and 8 NaCl, 

resulting in pipette resistances of 3–5 MΩ. Voltage-gated sodium 
channels were blocked using 1 μm tetrodotoxin (TTX, Tocris).

Quantitative RT-PCR. Total RNA was isolated using the 
RNeasy Micro kit (Qiagen) according to the supplier’s rec-
ommendations. For each sample, 300 ng of RNA was used 
for reverse transcription performed with random primers and 

Figure 1C (For parts A–B, see previous page). Direct conversion of adult human fibroblasts into human induced neural (iN) cells. (C) Neurons 
expressing ßIII-tubulin (green) and MAp2 (red) obtained by direct conversion of adult fibroblasts at day 12 and day 20 after Ascl1, Brn2 and Myt1l 
expression was activated. In parallel cultures treated the same but without delivering transgenes no neurons were ever observed (right part C). Blue 
indicates DApI nuclear stain. Scale bars = 75 μm.
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Figure 2. efficiency and functionality of direct conversion from six individual adults. (A) iNs expressing ßIII-tubulin (green) and MAp2 (red) were 
formed by direct conversion of fibroblasts (passage 5–6) from all six individuals, Ind1–6 (n = 4–6 for each individual). Blue indicates DApI nuclear stain. 
(B) Representative traces of action potentials induced by step injection of depolarizing current (10 pA increments) and of whole cell currents induced 
by depolarizing voltage steps from -60 mV to +20 mV in 10 mV increments. Action potentials and Na+ currents were blocked by bath application of ttX 
(right part). (C) Biocytin filled hiN cell confirmed neuronal morphology of recorded cells. (D) Conversion efficiency estimation of hiN formation at days 
12, passage 5–6 (n = 4 for Ind1; n = 2 for Ind2; n = 2 for Ind3; n = 2 for Ind4; n = 1 for Ind5; n = 3 Ind6). Scale bars: (A) 75 μm; (B) 50 μm.
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INTRODUCTION
 Fibroblasts can be directly con-
verted to mature functional neurons; so-called 
induced-neurons (iNs), by viral overexpression 
of the transcription factors Ascl1, Brn2, and 
Myt1l	(ABM)	(Vierbuchen	et	al.,	2010;	Pfisterer	
et	 al.,	 2011a;	 Pang	 et	 al.,	 2011;	 Pfisterer	 et	 al	
2011b). The resulting neurons can be further re-
programmed	 towards	 subtype	 specific	 neurons	
including	 dopaminergic	 neurons	 (Pfisterer	 et	
al., 2011a; Caiazzo et al., 2011), glutamatergic 
neurons (Qiang et al., 2011) and motor neurons 
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Fibroblasts can be directly reprogrammed to induced neurons (iNs) via overexpression 
of	defined	sets	of	transcription	factors.	Neuronal	subtypes	such	as	dopaminergic	or	motor	
neurons can be generated using different combinations of transcription factors. Here we 
have explored whether replacing Ascl1 (referrred to as Mash1) with the proneural gene 
Ngn2	influences	the	phenotype	and	electrophysiological	properties	of	neurons	generated	
from	human	fibroblasts.	Overexpression	of	Ngn2,	Brn2,	and	Myt1l	in	fibroblasts	led	the	
generation of functional iNs with similar frequency and time course as when using Mash1. 
Immunohistochemical analysis revealed that, in line with their respective roles in develop-
ment, Mash1 overexpression induced the formation of GABAergic neurons while conver-
sion using Ngn2 did not. Furthermore, electrophysiological analysis revealed differences 
in	the	passive	and	active	membrane	properties	of	the	iNs	generated.	Our	findings	indicate	
that	Ngn2	can	substitute	for	Mash1	during	fibroblast	reprogramming	to	functional	neurons,	
but that the different transcription factor combination results in iNs with different pheno-
type and electrophysiological properties. 

(Son et al., 2011). Fibroblast reprogramming 
may be useful in studying disease progression 
(Park et al., 2008; Dimos et al., 2008; Brennand 
et al., 2011; Caiazzo et al., 2011; Qiang et al., 
2011) and could potentially be used as a novel 
diagnostic tool as well as provide neurons for 
cell replacement. An important issue to consider 
is	that	the	factors	used	for	conversion	influence	
the characteristics of the neurons generated and 
will thus determine their suitability for disease-
modeling or future transplantation studies.

With few exceptions based on microRNA 
for reprogramming (Yoo et al., 2011; Am-
basudhan et al., 2011), all neural conversion 
cocktails are based on the proneural gene Ascl1 
(Vierbuchen	et	al.,	2011;	Pfisterer	et	al.,	2011a,	
Pang et al., 2011, Caiazzo et al., 2011; , Qiang 
et	al.,	2011;	Pfisterer	et	al.,	2011b).	Ascl1,	also	
referred to as Mash1, encodes a basic-helix-
loop-helix transcription factor. Vierbuchen et al. 
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(2010) found that excluding Mash1 reduced the 
conversion	efficiency	with	which	iNs	are	gener-
ated. During brain development, Mash1 has an 
important role in neuronal differentiation and 
subtype	 specification	 within	 the	 nervous	 sys-
tem. Expression of Mash1 promotes the differ-
entiation of GABAergic neurons (Letinic et al., 
2002) and can transform the identity of neuronal 
populations (Parras et al., 2002). Forced expres-
sion of Mash1 in neural stem cells leads to the 
formation of GABAergic neurons (Berninger et 
al., 2007) and astrocytes can be transformed to 
GABAergic neurons by retroviral overexpres-
sion of Mash1 (Heinrich et al., 2011).

Neurogenin-2 (Ngn2, encoded by Neurog2) 
is another proneural gene that is primarily ex-
pressed in neural progenitor populations com-
plementary to Mash1 in the central and periph-
eral nervous system. Ngn2 has important roles 
in the development of cortical neurons (Fode et 
al., 2000; Nieto et al., 2001), sensory neurons 
(Zirlinger et al., 2002) and dopaminergic neu-
rons (Andersson et al., 2006; Kele et al., 2006; 
Andersson et al., 2007). Neural stem cells can be 
directed to a glutamatergic phenotype by over-
expression of Ngn2 (Berninger et al., 2007) and 
Heinrich et al. (2011) have shown that retroviral 
expression of Ngn2 in astrocytes can convert 
them to glutamatergic neurons. To date, Ngn2 
has not been used for iN conversion.

The	objective	of	the	present	study	was,	first-
ly, to address whether Ngn2 could substitute for 
Mash1 during neural conversion, and secondly, 
whether this would lead to changes in the phe-
notype and electrophysiological properties of 
the generated neurons. We overexpressed either 
Ascl1, Brn2, and Myt1l as previously described 
(Pfisterer	et	 al.,	2011a;	2011b)	or	Ngn2,	Brn2,	
and	Myt1l	in	human	fetal	fibroblasts.	We	show	
that overexpression of Ngn2 instead of Mash1 
also	 leads	 to	 the	 conversion	 of	 fibroblasts	 to	
functional neurons. The resulting iN cells were 
formed at a similar frequency and temporal 
manner but exhibited different neurotransmitter 
phenotype and electrophysiological properties.

MATERIALS AND METHODS

Cell culturing and viral transduction
HFL1 (ATCC-CCL-153) cells were ob-

tained from the American Type Culture Collec-
tion,	expanded	in	hEF	medium	until	confluent,	
and then frozen. Three days before transduction, 
HFL1 cells were thawed in MEF medium con-
taining DMEM (Gibco), 10% fetal bovine se-
rum (Biosera), 2nM L-Glutamine (Gibco) and 
100 mg/ml pen/strep (Gibco) and plated in a T75 
flask	coated	with	1%	gelatin	 (roughly	500,000	
cells). One day before transduction, cells were 
washed twice in phosphate buffered saline 
(PBS) and disassociated using 2 ml of 0.025% 
trypsin (Sigma). Cells were then transferred to 
coated culture plates (0.1% gelatin) at a density 
of 36,000 cells/cm2 in MEF medium. Cells were 
transduced with the doxycycline regulated len-
tiviral vectors Ascl1, Brn2, Myt1l (ABM) and 
a separate vector containing the transactivator 
TET-ON (FUW .rtTZ-SM2). When transduced 
with Neurog2, Brn2, Myt1l (NBM), a non-
regulated lentiviral vector expressing the mouse 
open-reading-frame for Neurog2 was used. 
For the transgenes, a multiplicity-of-infection 
(MOI) of 5 was used and for the transactivator a 
MOI of 10. Virus-titers were greater than 10^8. 
One day after transduction, MEF medium was 
changed	 to	 MEF	 medium	 containing	 2	 μg/ml	
doxycycline. Three days after transduction, the 
medium was swapped to N2B27 containing 2 
μg/ml	doxycycline.	Medium	was	changed	every	
2-3 days thereafter.

Immunohistochemistry
Cells	 were	 fixed	 in	 4%	 paraformaldehyde	

and preincubated for 30-60 minutes in blocking 
solution containing 5% normal serum and 0.25% 
Triton-X in 0.1 M potassium-buffered PBS. The 
following primary antibodies were diluted in the 
blocking serum and applied overnight at 4oC: 
mouse anti-MAP2 (1:500, Sigma), rabbit anti-
GABA (1:1000, Sigma). Fluorophore-conjugat-
ed secondary antibodies (Molecular probes or 
Jackson laboratories) were diluted in blocking 
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solution and applied for 2 hours followed by 
three rinses in potassium PBS.

Quantification and Efficiency Calculations
Neuronal conversion and neurite outgrowth 

were evaluated with a Cellomics instrument 
(Thermo	Scientific)	using	the	neurite	outgrowth	
algorithm. Neurite outgrowth is presented as the 
average neurite length sum per neuron. All data 
was normalized to the ABM control (ABM = 
100%). The total number of MAP2- and GABA-
expressing neurons was determined by counting 
all MAP2 and GABA positive cells in wells with 
fibroblasts	converted	using	ABM	or	NBM.	Cell	
counting	 was	 performed	 at	 20x	 magnification	
using a Leica inverted microscope equipped 
with a DFC 360 FX camera and Leica applica-
tion	 suite	 advanced	fluorescent	 software	 (LAS	
AF).

Electrophysiology
Recordings were performed as previously 

described	(Pfisterer	et	al.,	2011a).	Briefly,	con-
verted cells grown on coverslips were con-
stantly perfused with heated (32-34oC), gassed 
(95% O2, 5% CO2) bath solution (pH 7.2-7.4, 
295-300 mOsm) containing (in mM): 119 NaCl, 
2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 26 NaHCO3, 
1.25 NaH2PO4, and 25 glucose. Recording 
pipettes	were	filled	with	 solution	 (pH	7.2–7.4,	
295–300 mOsm) containing (in mM): 122.5 po-
tassium gluconate, 12.5 KCl, 10.0 KOH-Hepes, 
0.2 KOH-EGTA, 2 MgATP, 0.3 Na3-GTP, 
and 8 NaCl, resulting in pipette resistances of 
3–5	MΩ.	Voltage-gated	 sodium	channels	were	
blocked	using	1	μm	tetrodotoxin	(TTX,	Tocris).

Figure 1. Overexpression of Neurogenin2 instead of Mash1 still leads to the development iNs with neuronal 
morphology and expression of neuronal markers. (A) Fibroblasts were converted to Beta-III Tubulin expressing 
iNs	30	days	after	 transduction	(B)	Conversion	efficiency	was	similar	when	NBM	was	used	instead	of	ABM,	
while	using	BM	tended	to	reduce	efficiency.	(C)	iNs	converted	with	ABM	and	NBM	have	similar	neurite	length.	
(D, E) Fibroblasts converted with ABM and NBM led to MAP2 expression and neuronal morphology, however 
no GABA-positive cells were observed when NBM was used. 
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RESULTS

We	 have	 previously	 shown	 that	 human	 fi-
broblasts can be converted to neurons by over-
expression of the transcription factors Ascl1, 
Brn2,	 Myt1l	 (ABM)	 (Pfisterer	 et	 al.,	 2011a;	
2011b). In the present study we investigated 
whether the proneural gene, Ngn2, could be 
used to generate iNs instead of Mash1. When us-
ing Ngn2 in combination with Brn2 and Myt1l, 
we found that iN cells started to appear in the 
same time frame as we have previously reported 
for	 ABM	 conversion	 (Pfisterer	 et	 al.,	 2011a;	
2011b). When analyzing the cells 30 days after 
viral transduction, Beta-III Tubulin expressing 
cells with neuronal morphology were present 
in	cultures	of	fibroblasts	converted	with	Ngn2,	
Brn2, Myt1l (NBM) (Figure 1A). To determine 
whether using NBM instead of ABM resulted in 
differences	 in	conversion	efficiency,	we	exam-
ined NBM and ABM derived iNs 40 days after 
transduction. Unbiased and automated quanti-
fication	 using	 Cellomics	 demonstrated	 that	 40	
days	after	transduction	the	conversion	efficiency	
using NBM was comparable to that when using 
ABM (Figure 1B). We next assessed the total 
neurite length of iNs generated using NBM and 
found that the total length per cell was similar 
to neurites of iNs generated using ABM (Fig-
ure	1C).	When	fibroblasts	were	converted	with	
only	BM,	 conversion	 efficiency	was	markedly	
reduced and neurites tended to be shorter, indi-
cating that proneural genes have a crucial role in 
the reprogramming progress.

 Mash1 directs GABAergic neuronal 
differentiation during development while Ngn2 
primarily directs cells towards a glutamatergic 
phenotype.	To	determine	whether	the	fibroblast-
derived neurons were GABAergic, immunohis-
tochemistry was performed at day 40 in vitro. In 
line with their respective roles in development, 
while	~13%	of	ABM	converted	fibroblasts	ex-
pressed GABA, no cells converted with NBM 
exhibited a GABAergic phenotype (Figure 1D, 
E). 

Whole-cell patch-clamp recordings per-
formed at day 40 in vitro demonstrated that iN 
cells generated using NBM had properties of 
mature neurons, comparable to iNs generated 
using ABM, as we have previously reported 
(Pfisterer	et	al.,	2011a).	NBM	generated	iNs	had	

Figure 2. Fibroblasts converted with NBM are 
electrophysiologically functional neurons 40 
days after transduction. (A) Representative tra-
ces of trains of action potentials elicited by de-
polarizing current injection in an iN cell gene-
rated using NBM. (B, C) Representative traces 
showing action potentials generated in response 
to depolarizing current injection (30 pA-step) 
and inward Na+ and outward K+ whole-cell 
currents in response to depolarizing voltage 
steps from -70 to +40 mV in iNs generated 
using NBM and ABM (TTX blocked action po-
tentials and inward Na+ currents). Insets show 
adjacent traces on an expanded scale.
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a resting membrane potential (RMP) of approxi-
mately	-37	mV	and	frequently	fired	trains	of	ac-
tion potentials in response to depolarizing cur-
rent injection (Figure 2A). In order to directly 
compare NBM and ABM derived iNs, identical 
whole cell recordings were performed on a num-
ber of cells from each conversion setup. Action 
potentials were induced by a single depolarizing 
current injection step and whole-cell currents 
characteristic of sodium and potassium cur-
rents were induced by step depolarization of the 
membrane potential (Figure 2B, C). Although 
both Mash1 and Ngn2, when over-expressed in 
combination with BM, resulted in the generation 
of functional neurons, differences in the passive 
and active membrane properties were detected 
(Table	1).	These	findings,	particularly	the	differ-
ence in peak inward Na+ current, suggest there 
are differences in the composition of membrane 
channels in iNs generated using NBM and ABM 
(Isom et al., 1992; Seutin and Engel 2010).

DISCUSSION

In the present study we have shown that re-
placing Mash1 overexpression with Ngn2 leads 
to the formation of functionally mature neurons 
with	 similar	 conversion	 efficiency	 and	 timing.	
We report that Mash1 leads to the generation of 

GABAergic cells, while Ngn2 does not, which 
is consistent with previous studies (Berninger et 
al., 2007; Heinrich et al., 2011). Electrophysi-
ological recordings demonstrated that there are 
likely differences in the number, distribution or 
composition of membrane channels when Ngn2 
is	used	rather	than	Mash1.	This	is	the	first	study	
to directly compare the membrane properties of 
iNs generated using different combinations of 
transcription factors. However, differences in 
membrane properties of iNs have also been re-
ported when fetal (Caiazzo et al., 2011) or post-
natal	fibroblasts	(Ambasudhan	et	al.,	2011)	were	
used	 instead	 of	 adult-derived	 fibroblasts.	 On	
the other hand, Brennand et al. (2011) showed 
that iPS-derived neurons generated from pa-
tients with schizophrenia had similar electro-
physiological properties to those generated from 
healthy individuals, but exhibited altered gene 
expression and dendrite and synapse develop-
ment. These observations indicate that the genes 
used for conversion in combination with the 
starting	 material	 will	 influence	 the	 functional	
and morphological properties of iNs. 

This study and others have shown that us-
ing different combinations of transcription fac-
tors can alter the characteristics of the neurons 
generated. Dopamine neurons can be generated 
from	 fibroblasts	 by	 overexpression	 of	 Ascl1,	

Table 1. Passive and active membrane properties of iN cells. *, denotes p < 0.05, Student’s unpaired t-test.

Ascl1/Brn2/Myt1l Neurog2/Brn2/Myt1l

Resting membrane potential (mV) -24.9 ± 1.8* -36.8 ± 3.6

Membrane capacitance (pF) 4.3 ± 0.5* 7.6 ± 1.3

Input	resistance	(GΩ) 2.8 ± 0.5 2.8 ± 0.4

Peak inward Na+ current (nA) 0.57 ± 0.1* 2.9 ± 1.0

Action potentials (AP) 7 of 8 cells 9 of 9 cells

   AP Threshold (mV) -30.5 ± 1.6 -34.4 ± 1.4

   AP Amplitude (mV) 38.5 ± 4.0* 58.8 ± 6.2

   AP Duration (ms) 2.4 ± 0.2 2.5 ± 0.4

Afterhyperpolarization amplitude (mV) -12.9 ± 1.5 -13.1 ± 1.2

   Duration (ms) 34.1 ± 4.2* 108.8 ± 27.2
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Brn2,	Myt1l,	 FoxA2,	 and	Lmx1A	 (Pfisterer	 et	
al., 2011a) or Ascl1, Nurr1 and Lmx1A (Cai-
azzo et al., 2011) and spinal motor neurons can 
be generated by overexpression of Ascl1, Brn2, 
Myt1l, Lhx3, Hb9, Isl1, and Ngn2 (Son et al., 
2011). Meanwhile, Ambasudhan et al. (2011) 
demonstrated	 that	 fibroblasts	 can	 be	 directly	
converted to neurons using overexpression of 
microRNA (miRNA-124) in combination with 
Myt1l and Brn2. These studies indicate that a 
small number of factors can alter global gene 
expression and thus transform a cells identity.

Direct reprogramming provides impor-
tant opportunities in the study of neurodegen-
erative disorders such as Parkinson’s (PD), 
Amyotrophic lateral sclerosis and Alzheimer’s 
disease	where	 specific	 regions	of	 the	brain	are	
affected. To date, both disease progression and 
cell replacement therapies have been investi-
gated using embryonic stem cells and induced 
pluripotent	 stem	 (iPS)	 cells	 (fibroblasts	 repro-
grammed to an embryonic stem cell-like state). 
Using stem cells for cell replacement therapy 
has shown promise (reviewed by Lindvall and 
Kokaia, 2010) and stem cell-derived dopamine 
neurons functionally integrate with host neu-
ral circuitry in a model of PD (Tønnesen et al., 
2011). Once reprogrammed, iPS cells can be di-
rected to differentiate into neurons that have the 
potential to improve functional recovery when 
transplanted in a rodent model of PD (Wernig et 
al., 2008). iPS cells are an attractive source for 
cell replacement therapy due to the fact that they 
can be patient-derived and thus eliminate the 
need of immunosuppression. iPS cells and the 
neurons derived from them can also be used to 
model neurological disorders (Park et al., 2008; 
Dimos et al., 2008; Brennand et al., 2011).

Direct	conversion	of	fibroblasts	 to	neurons	
may prove to be a valuable tool for studying 
and treating neurodegenerative disorders. By 
directly	converting	fibroblasts	to	neurons	with-
out passing via a pluripotent stem cell state re-
duces the risk of tumor formation after grafting. 
In addition, this technique does not require the 
controversial use of embryonic or fetal cells, 

and may one day lead to the development of 
transplantable	cells	that	are	patient-specific.	By	
converting	the	fibroblasts	of	patients	with	neu-
rodegenerative disorders we can provide more 
accurate diagnoses and also develop a deeper 
understanding of disease progression. Qiang et 
al.	 (2011)	have	 recently	 shown	 that	fibroblasts	
taken from Alzheimer’s patients, when convert-
ed to neurons, express markers associated with 
the disease, demonstrating that this technique 
has a diagnostic value and is useful in disease-
modeling.

Ascl1 has been the main proneural gene 
used for iN conversions to date (Vierbuchen 
et	al.,	2011;	Pfisterer	et	al.,	2011a,	Pang	et	al.,	
2011,	Pfisterer	et	al.,	2011b,	Qiang	et	al.,	2011,	
Caiazzo et al., 2011). We have demonstrated that 
the proneural gene Ngn2 when overexpressed 
with Brn2 and Myt1l leads to the generation of 
iNs with similar frequency and timing compared 
to Ascl1 with Brn2 and Myt1l. Our results in-
dicate that these proneural genes seem to have 
a crucial role in high frequency conversion of 
fibroblasts	to	functional	neurons.	We	also	report	
that the functional properties and phenotype of 
the generated iNs differ depending on the pro-
neural gene overexpressed. This study presents 
another combination of genes capable of trans-
forming	fibroblasts	to	functional	neurons.
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INTRODUCTION

Ischemic stroke is a leading cause of mortal-
ity and disability. Occlusion of a cerebral artery 
leads to focal tissue loss and death of multiple 
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Stroke is a leading cause of disability in humans but treatments to promote recovery are 
lacking.	Stem	cells	ameliorate	neurological	deficits	after	transplantation	in	stroke-dam-
aged animals. Reprogramming of adult human somatic cells to induced pluripotent stem 
cells	(iPSCs)	is	a	novel	approach	to	produce	patient-specific	cells	for	autologous	trans-
plantation. Whether such cells  survive long-term, differentiate to functional neurons, and 
induce recovery in stroke-injured brain is unclear. We have transplanted long-term self-
renewing	neuroepithelial-like	stem	(lt-NES)	cells,	generated	from	adult	human	fibroblast-
derived iPSCs, into stroke-damaged mouse and rat striatum or cortex. Grafts improved 
recovery	of	forepaw	movements	already	during	the	first	2	months	after	transplantation,	
which was not due to neuronal replacement. Transplanted cells stopped proliferating and 
could survive without forming tumors for at least 4 months. Morphologically mature 
neurons of different subtypes, expressing GABA, parvalbumin, calretinin, calbindin, and 
DARPP-32 were formed. Intrastriatally grafted neurons sent axonal projections to host 
globus pallidus. Grafted cells exhibited electrophysiological properties of mature neurons 
and	received	synaptic	input	from	host	neurons.	Our	study	provides	the	first	evidence	that	
transplantation	of	human	iPSC-derived	cells	is	a	safe	and	efficient	approach	to	promote	
recovery after stroke and to supply the injured brain with new neurons for replacement. 

neuron types as well as oligodendrocytes, astro-
cytes and endothelial cells. Apart from throm-
bolysis	during	the	first	hours	after	stroke,	no	ef-
fective treatment to improve functional recovery 
exists in the post-ischemic phase. Ongoing stud-
ies in animal models of stroke suggest that stem 
cell-based approaches could provide therapeutic 
benefit	 in	 a	 clinical	 setting.	 The	 observed	 im-
provements may, at least partly, be due to neu-
ronal replacement, i.e., some level of synaptic 
integration of the stem cell-derived neurons into 
host neural circuitries (1). After transplantation 
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into stroke-damaged rodent brain, embryonic 
stem (ES) cell-derived neural stem cells (NSCs) 
differentiated into neurons and improved some 
impaired motor and sensorimotor functions (2-
4). Electrophysiological recordings showed ma-
ture neuronal properties of the grafted cells and 
signs of synaptic integration into host brain (5, 
6). Also human fetal NSCs gave rise to mature 
neurons after transplantation into stroke-dam-
aged rat brain (7-9). 

Transplanted NSCs may promote recovery 
also without differentiating to neurons and even 
without long-term survival through several other 
mechanisms,	 e.g.,	modulation	 of	 inflammation	
(10-12), neuroprotection (12), and stimulation 
of angiogenesis (11, 13, 14) and brain plasticity 
(15-17). Delayed and persistent functional im-
provement induced by intracerebral NSC trans-
plantation after stroke, without cell survival and 
tissue replacement at 6 months after the insult, 
was recently documented by electrophysiology, 
fMRI and behavioral testing (4).

Somatic	 cells	 such	 as	 fibroblasts	 can	 be	
reprogrammed to pluripotent stem cells by in-
troduction of transcription factors (18). These 
so-called induced pluripotent stem cells (iPSCs) 
can	 be	 differentiated	 to	 specific	 neuron	 types,	
e.g., dopaminergic neurons (19, 20) and motor-
neurons (21, 22). With this technology, patient-
specific	cells	can	be	produced	without	the	need	
for immunosuppressive treatment after trans-
plantation, and the ethical issues associated with 
the use of human ES cells are avoided. Autolo-
gous transplantation of neurons generated from 
iPSCs seems to be more attractive in stroke than 
in chronic neurodegenerative disorders, in which 
patient-specific	cells	may	exhibit	increased	sus-
ceptibility to the pathological process. Recently, 
mouse	fibroblast-derived	iPSCs,	implanted	into	
striatum and cortex in stroke-damaged mice, 
were reported to generate large numbers of neu-
roblasts and a few mature neurons but to form 
tumors and delay functional recovery at one 
month after transplantation (23). When such 
cells	mixed	with	fibrin	glue	were	delivered	sub-
durally into the injured brain tissue in rats after 

stroke, there was reduction of infarct volume 
and some behavioral improvement at 1, 2 and 
4 weeks after the insult but no tumor formation 
(24).	 Finally,	 human	 fibroblast-derived	 iPSCs	
implanted into striatum of stroke-damaged rats 
were found to improve sensorimotor recovery at 
4 to 16 days post-grafting but whether any neu-
rons were formed is unclear (25). The long-term 
consequences after transplantation of human iP-
SC-derived cells in the stroke-damaged brain, if 
they can differentiate in vivo to morphologically 
and functionally mature neurons, establish con-
nections to target areas, and improve behavioral 
deficits	resembling	those	in	stroke	patients,	are	
currently unknown. 

Here we have transplanted long-term ex-
pandable neuroepithelial-like stem (lt-NES) 
cells,	 generated	 from	 adult	 human	 fibroblast-
derived iPSCs, into the stroke-damaged mouse 
and rat brain. The grafted lt-NES cells cease to 
proliferate and survive up to at least 4 months 
after implantation without forming tumors. We 
also	show,	for	the	first	time	that	grafted	human	
iPSC-derived lt-NES cells generate neurons 
with mature morphological and electrophysi-
ological properties in vivo, send axonal projec-
tions in the host brain, receive synaptic input 
from surrounding host neurons, and improve 
motor recovery in behavioral tests relevant for 
human stroke.

RESULTS

Generation and in vitro properties of lt-NES 
cells from human iPSCs

Induced pluripotent stem cells were gener-
ated by retroviral transduction of human dermal 
fibroblasts	 (33-year-old	 healthy	 male	 donor)	
with the reprogramming factors Oct4, Sox2, 
Klf4 and c-Myc. Emerging iPSC colonies were 
investigated for silencing of the retroviral trans-
genes by quantitative PCR (data not shown), 
and selected clones were further propagated to 
establish iPSC lines. The iPSC line employed 
in this study showed morphologies indistin-
guishable from those of human ES cells (Figure 
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1A), and expressed the pluripotency-associated 
markers alkaline phosphatase (AP), Tra1-60, 
and Tra1-81 (Figure 1, B-D). Following trans-
plantation	into	immunodeficient	mice,	the	cells	
formed teratomas in vivo consisting of all three 
germ layers (Figure 1, E-G), and had normal 
karyotype as assessed by high resolution SNP 
analysis (Figure 1H). 

A homogeneous population of iPSC-derived 
lt-NES cells was established using our previ-
ously established protocol (26). In the presence 
of	 the	 growth	 factors	 fibroblast	 growth	 factor	
(FGF) 2 and epidermal growth factor (EGF), 
these cells can be propagated along multiple 
passages without losing their stem cell charac-

Figure 1
Generation	 of	 the	 human	 iPSC-derived	 lt-NES	 cells.	 (A-H)	 Skin	 fibroblast-derived	 iPSC	 colonies	 (A)	 stain	
positive for the pluripotency-associated markers alkaline phosphatase (B), Tra1-60 (C), and Tra1-81 (D). Fol-
lowing	transplantation	into	immunodeficient	mice,	the	iPSCs	form	teratomas	consisting	of	cell	types	of	all	three	
germ layers such as neuroectodermal rosettes (E), glandular structures (F) and cartilage (G). Single nucleotide 
polymophism	(SNP)	analysis	revealed	no	significant	karyotypic	abnormalities	(F).	For	each	chromosome,	the	B	
allele frequency (upper row) and log A ratio (lower row) is shown. Long-term self-renewing neuroepithelial stem 
cells generated from the iPSCs (I) express the NSC markers Sox2 (J) and nestin (K) and the rosette-associated 
transcription factors Dach1 (K) and PLZF (L). The tight junction protein ZO-1 is expressed apically in the 
rosette-like structures (L). Upon growth factor withdrawal, iPSC-derived lt-NES cells differentiate to a major 
proportion of neurons (M), expressing beta III-tubulin (N) and MAP2 (O). A minor fraction of GFAP-positive 
astrocytes is also present in the cultures (N). Many of the neurons are immunoreactive for GABA (P). Scale bars 
= 50 µm (L); 100 µm (J-K, N); 200 µm (C-D, O-P).
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teristics or their differentiation potential. Human 
iPSC-derived lt-NES cells (Figure 1I) uniformly 
expressed the NSC-associated markers Sox2 
and nestin (Figure 1, J and K). They assembled 
to rosette-like patterns with expression of the ro-
sette-associated transcription factors PLZF and 
Dach1 and an apical accentuation of the tight 
junction maker ZO-1 (Figure 1, K and L). Upon 

growth factor withdrawal and independent of 
passage number, human iPSC-derived lt-NES 
cells differentiated into a major fraction of beta 
III-tubulin-positive neurons (>70%) and a minor 
fraction of GFAP-positive astrocytes (Figure 1, 
M, N and P). In addition to beta III-tubulin, neu-
rons differentiated from human iPSC-derived lt-
NES cells expressed the maturation-associated 
neuron-specific	marker	microtubule	 associated	
protein (MAP2) (Figure 1O), and many cells 
were immunopositive the inhibitory neurotrans-
mitter gamma-aminobutyric acid (GABA) (Fig-
ure 1P). Thus, the human iPSC-derived lt-NES 
cells used in this study represent a homogeneous 
population of NSCs with a strong neurogenic 
differentiation potential in vitro.

Transplantation of human iPSC-derived lt-NES 
cells into stroke-damaged mouse striatum im-
proves recovery of fine forelimb movements in-
dependent of long-term graft survival

Figure 2
Transplantation of human iPSC-derived lt-NES cells 
into striatum of stroke-damaged mice induces be-
havioral improvement. (A-C) Comparisons between 
cell-implanted (“cell”; n= 12) and vehicle-injected 
(“vehicle”; n= 11) mice subjected to stroke, and sham-
operated, non-transplanted mice (“sham”; n= 9) in 
performance in the staircase (A and B) and corridor 
tests (C). Performance for the staircase test was calcu-
lated as the number of pellets on the impaired side di-
vided by the total number of pellets on both sides, and 
expressed as percentage of performance at baseline. 
Performance for the corridor test was calculated by di-
viding the number of contralateral retrievals with the 
total number of retrievals from both sides. Both num-
bers of eaten (A) and retrieved pellets (B) are higher 
in the cell group as compared to the vehicle group, the 
performance in the stroke-damaged animals receiving 
cell grafts being similar to that in the sham-operated 
group. In contrast, cell grafts did not improve perfor-
mance compared to vehicle injections in the corridor 
test (C). Repeated measures ANOVA between cell and 
vehicle group: (A) P = 0.0080, (B) P = 0.0437, (C) 
P = 0.9853 with *, P < 0.05; **, P < 0.01. Repeated 
measures ANOVA between vehicle and sham group: 
(A) P = 0.0472, (B) P = 0.0193, (C) P = 0.0134 with 
*, P < 0.05.
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We	 first	 explored	 whether	 implantation	 of	
human	 iPSC-derived	 lt-NES	 cells	 could	 influ-
ence the functional restoration after stroke. 
Twenty-three mice subjected to middle cere-
bral artery occlusion (MCAO) were divided 
into 2 groups and transplanted into striatum 
with human iPSC-derived lt-NES cells (n=12) 
or vehicle (n=11) at 1 week after the ischemic 
insult. A third group of sham-operated animals 
(n=9) was given intrastriatal vehicle injection. 

We	evaluated	fine	forelimb	movement	using	the	
staircase test at 2, 5 and 9 weeks after MCAO or 
sham surgery, i.e., 1, 4 and 8 weeks after trans-
plantation. In this test, the number of retrieved 
pellets	reflects	the	ability	to	move	the	forelimb,	
whereas the number of eaten pellets depends on 
the ability of both grasping and eating pellets, 
requiring	 fine	 and	 well-coordinated	 forelimb	
movements. Vehicle-injected, stroke-affected 
mice showed impairment in both parameters, 

Figure 3
Human iPSC-derived lt-NES cells survive transplantation to striatum in stroke-damaged mice, stop to prolifer-
ate, and differentiate to neurons. NeuN-stained section showing the extent of the damage (A), mainly located in 
the lateral and dorsolateral parts of the striatum and HuNu-stained section showing the location of the graft in 
the same animal (B) at 10 weeks after transplantation. Dotted line depicts the border of the lesion (A) and of the 
graft (B). (C-E) Proliferation and neuronal differentiation of human iPSC-derived lt-NES cells at 10 weeks after 
transplantation. Fluorescence microscopic images (D) and confocal images (E) of HuNu+ cells co-expressing 
Ki67, DCX and HuD. Numbers of cells co-expressing each marker is presented as percentage of total number of 
HuNu+ cells in C. Scale bar = 500 µm (A and B), 50 µm (D) and 20 µm (E).
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which was sustained until 9 weeks, and sig-
nificantly	different	from	sham-operated	animals	
(Figure 2, A and B; repeated measures ANOVA: 
P = 0.047 for eaten pellets and P = 0.019 for 
retrieved pellets). In contrast, stroke-subjected 
animals with human iPSC grafts did not show 
any	deficits	 in	 retrieved	or	eaten	pellets	at	any	
time	 point,	 and	 performed	 significantly	 better	
than vehicle-treated animals (repeated mea-
sures ANOVA: P = 0.008 for eaten pellets and 
P = 0.044 for retrieved pellets). Taken together, 
our data indicate that the human iPSC-derived 
lt-NES cells gave rise to sustained improvement 
of functional recovery, probably starting already 
early after transplantation.  

The behavioral consequences of human 
iPSC-derived lt-NES cell transplantation were 
also assessed also in the corridor test, which an-
alyzes paired lateralized sensorimotor integra-
tion (neglect) caused by striatal damage. Ani-
mals subjected to MCAO and treated with either 
cells	or	vehicle	exhibited	significant	impairment	
compared to sham-operated animals at all time-
points (Figure 2C; P = 0.0134, repeated mea-
sures ANOVA). Human iPSC-derived lt-NES 
cell	transplantation	did	not	reverse	the	deficit	in	
the corridor test. 

We next determined the location, survival 
and proliferative activity of the grafted cells. 
The MCAO caused a reproducible lesion of 
the dorsolateral part of the striatum in all mice 
(Figure 3A), with shrinkage of the lateral region 
in some animals (27). Surviving grafts were 
found at 10 weeks after transplantation in 7 out 
of 12 animals (Figure 3B). The vast majority 
of the human cells, visualized by human nuclei 
(HuNu) staining, were located in the striatum, 
with diffuse distribution around the core of the 
ischemic lesion (n=3), or densely packed at the 
transplantation site (n=4). A few HuNu+ cells 
were also detected in cerebral cortex and corpus 
callosum. The number of HuNu+ cells in each 
graft, calculated according to the optical frac-
tionator formula, was 9 378 ±2 517, and which 
was estimated at about 10% of the initial num-
ber of transplanted cells in animals with surviv-
ing grafts. Proliferation of grafted iPSCs was 

evaluated by counting the number of HuNu cells 
coexpressing the mitotic marker Ki67 (Figure 3, 
C- E). Only few HuNu+ cells (1.6 ± 0.9%) were 
also positive for Ki67. These cells were mainly 
observed in animals with diffuse distribution of 
grafted cells. Our data indicate that at 10 weeks 
after transplantation, the proliferative activity of 
grafted iPSC-derived lt-NES cells is very low.

In 5 out of 12 animals implanted with hu-
man iPSC-derived lt-NES cells, no surviving 
grafts were detected 10 weeks after transplan-
tation. We re-analyzed our behavior data and 
compared the impairment and magnitude of 
recovery between the groups with and without 
surviving grafts. The two groups showed no 
significant	 difference	 in	 number	 of	 retrieved	
or eaten pellets or in the corridor test (data not 
shown).	These	 findings	 suggest	 that	 long-term	
survival of grafted cells is not necessary for the 
functional recovery induced by iPSC-derived 
lt-NES	 cells	 during	 the	 first	 two	months	 after	
transplantation. 

Extent of stroke-induced damage in mice is not 
affected by transplantation of human iPSC-de-
rived lt-NES cells
One possible explanation to the improved be-
havioral recovery in animals subjected to hu-
man iPSC-derived lt-NES cell transplantation 
as compared to vehicle-implanted mice could 
be a graft-induced reduction in the size of the 
ischemic injury. However, we observed no dif-
ferences in the pattern or location of the stroke-
induced damage between the two groups. At 11 
weeks after the insult, the volume of the injured 
striatum did not differ between cell-transplanted 
and vehicle-injected groups, (4.19 ± 0.6 mm3 
and 4.69 ± 0.5 mm3, respectively). Moreover, 
the neurological scores at 1 h, 1 day and 1 week 
after MCAO were similar in the groups (data not 
shown).

Human iPSC-derived lt-NES cells differentiate 
to neurons and establish axonal connections to 
globus pallidus after transplantation in stroke-
damaged mouse brain  
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We assessed the proportion of grafted cells 
expressing neuronal markers such as doublecor-
tin (DCX, a marker for neuroblasts) and HuD 
(a marker for young and mature neurons) at 10 
weeks after transplantation (Figure 3, C-E). The 
majority of grafted cells were HuNu+/HuD+ 
(78.5±11.2%) and mainly located in the center 
of the graft. A smaller portion of the cells were 
HuNu+/DCX+ (13.4 ± 4.7%), with preferential 
location at the periphery of the graft. Thus, most 

of grafted human iPSC-derived lt-NES cells had 
differentiated to neurons.

We then examined whether neurons gener-
ated from human iPSC-derived lt-NES cells im-
planted into the stroke-damaged mouse striatum 
can establish appropriate axonal projections in 
the host brain. We injected the retrograde tracer 
Fluoro-Gold (FG) into the globus pallidus (GP) 
(Figure 4A) ipsilateral to the graft (Figure 4C) 
at 9 weeks after transplantation (1 week prior 

Figure 4
Human iPSC-derived lt-NES cells graft-
ed into stroke-damaged mouse striatum 
extend axons to globus pallidus. The 
retrograde tracer Fluoro-Gold (FG) was 
injected into globus pallidus (GP) (A and 
B) at 9 weeks after cell transplantation 
(C). White dotted line in B depicts the 
border of the GP. Staining for FG is con-
fined	to	GP.		Fluorescence	microscopic	images	(D	and	E)	and	high-magnification	confocal	images	(F-H)	of	the	
boxed area in E show a small fraction of HuNu+ cells in the intrastriatal grafts co-stained for FG at 1 week after 
its injection. Arrows on F-H show the FG+ grafted iPSC-derived lt-NES cell and arrow heads on D depict an 
FG+ axon extending from an HuNu+/FG+ cell. FG+ (green) cells on the left side from the grafted (red) cells in 
D and E are host neurons in the intact part of the injured striatum projecting their axons to GP. Scale bar = 50 
µm (A) and 20 µm (B).
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to	 sacrifice).	 This	 tracer	 is	 taken	 up	 by	 axon	
terminals or damaged axons and transported 
retrogradely to the soma (28). In 5 animals, FG 
staining	 was	 confined	 to	 GP	 (Figure	 4B).	 In	
these animals a small fraction of HuNu+ cells 
in the grafts was stained with FG (1.16 ± 0.16 
%; Figure 4, D-H). Axons were occasionally ob-
served to extend from HuNu+/FG+ cells (Figure 
4D). In addition, many FG+ cells were found in 
the remaining intact striatum ipsilateral to the 
lesion, demonstrating the projection of axons 
from host striatal neurons to GP (Figure 4, D 
and	E).	Our	findings	provide	evidence	 that	 the	

Figure 5
Proliferative activity of human iPSC-derived lt-NES cells decreases dramatically after transplantation into 
stroke-damaged rat striatum. Fluorescence photomicrographs (A-C) and confocal image (D) of HuNu+ cells 
co-expressing the mitotic marker Ki67 (arrows) at 2 weeks (A), 2 months (B), and 4 months (C) post-grafting. 
Scale bar = 50 µm (A-C) and 10 µm (D).

Figure 6
Number of neuroblasts generated from human iPSC-derived lt-NES cells decreases between 2 and 4 months after 
transplantation into stroke-damaged rat striatum. Fluorescence photomicrographs (A-C and E-G) and confocal 
images (D and H) show that the majority of grafted HuNu+ cells express the neuroblast marker DCX at 2 months 
(A-D), but only few grafted cells express DCX at 4 months post-grafting (E-H). Scale bar = 20 µm (A-C and 
E-G) and 10 µm (D and H).

neuronal progeny of the human iPSC-derived 
lt-NES cells, implanted into the stroke-damaged 
mouse striatum, can extend their axons to the 
GP, which is the main projection area for striatal 
medium-sized spiny neurons.

Human iPSC-derived lt-NES cells survive for 
4 months and differentiate into neurons after 
transplantation into striatum of T cell-deficient 
rats  

The sustained functional improvement 
which probably started already early after trans-
plantation into the mice was independent of the 
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survival of the grafted cells. Therefore, it is in-
conceivable that the underlying mechanism was 
neuronal replacement and reconstruction of neu-
ral circuitry by the transplanted cells. Moreover, 
the development of human-derived neurons 
is slow (7), and it is unlikely that all neurons 
were fully mature at 10 weeks, when the mice 
were	sacrificed.	However,	functional	integration	
of mature neurons originating from these cells 
may still be an important mechanism underly-
ing recovery at later time points. We wanted to 
determine whether the human iPSC-derived lt-
NES cells and their progeny could survive lon-
ger than 10 weeks (the latest time-point studied 
in	mice),	differentiate	to	specific	neuronal	sub-
types, and exhibit the electrophysiological prop-
erties of functional neurons. We therefore im-
planted	the	cells	in	Nude,	T	cell-deficient	adult	
rats, which do not need immunosuppression for 
long-term survival of xenotransplanted human 
cells and also are useful for assessing long-term 
tumorigenicity.

Rats were subjected to MCAO and intra-
striatal	transplantation	of	green	fluorescent	pro-
tein (GFP)-labeled human iPSC-derived lt-NES 
cells at 48h after MCAO, and were perfused 2 
weeks (n=3), and 2 (n=8) and 4 (n=5) months 
thereafter. We detected human iPSC-derived 
lt-NES cell grafts in all animals except 2 rats 
from the 2 months group, and the total number 

of these cells compared to the number of im-
planted cells being estimated at 64.8±12.4 % 
and 51.2±13.3% at 2 and 4 months after trans-
plantation, respectively. The proliferative ac-
tivity	in	the	grafts	(Figure	5),	quantified	as	the	
percentage of HuNu+ cells co-expressing Ki67, 
was 40.2±4.9% at 2 weeks after transplanta-
tion but only 8.2±0.5 and 1.0±0.2% at 2 and 4 
months,	respectively.	Our	findings	indicate	that	
the human iPSC-derived cells stop dividing in 
vivo after transplantation. In line with this ob-
servation, we did not detect any overgrowth of 
grafted cells up to 4 months. 

Due to the high number and density of cell 
bodies	 and	 fibres	 in	 the	 graft	 core	 of	 the	 sec-
tions immunostained for the neuroblast marker 
DCX, it was impossible to reliably quantify the 
number of HuNu+ or GFP+ cells also express-
ing DCX. However, microscopic examination 
of the sections revealed that at 2 months after 
transplantation, the entire core of the graft and 
most likely the majority of grafted cells were 
DCX+ (Figure 6, A-D). In contrast, at 4 months 
only few grafted cells exhibited DCX immuno-
reactivity (Figure 6, E-H). Due to cross-reactiv-
ity between the HuNu and the mature neuronal 
marker NeuN antibodies, the neuronal pheno-
type of grafted cells was determined using GFP 
and NeuN double-immunostaining (Figure 7, 
A-C). At 2 months after implantation, 65.7 ± 3.9 

Figure 7 
Human iPSC-derived lt-NES cells 
maintain multipotency after trans-
plantation into stroke-damaged rat 
striatum. Confocal images with or-
thogonal reconstruction of grafted 
cells giving rise to a mature neuron 
(GFP+/NeuN+; A-C) or an astro-
cyte (HuNu+/GFAP+; D-F) at 4 
months after transplantation. Scale 
bar = 10 µm.
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% of GFP+ cells in striatum co-expressed the 
mature neuronal marker NeuN. At 4 months, the 
proportion of GFP+/NeuN+ cells had increased 
to 72.9±4.7%. Only a fraction of grafted hu-
man iPSC-derived lt-NES cells were astrocyte 
marker	 glial	 fibrillary	 acid	 protein	 (GFAP)+	
(3.8±0.5% and 6.1±1.5% at 2 and 4 months af-
ter transplantation, respectively; Figure 7, D-F). 
These cells were distributed mainly at the pe-
riphery of the graft core.

Human iPSC-derived lt-NES cells grafted into 
striatum differentiate to neurons with different 
phenotypes

To characterize the morphological proper-
ties of the grafted cells and their progeny, we 
used immunocytochemical staining for GFP and 
for the human cytoplasmic marker SC121. The 
SC121 antibody labels > 90% of human neural 
cells and does not cross-react with rat cells (7, 
9). In the core of the graft, the high density of 
fibres	immunoreactive	to	either	GFP	or	SC121	
made	it	difficult	 to	distinguish	the	morphology	
of individual cells. Grafted GFP+ cells exhib-
iting morphological characteristics resembling 
those of migrating neuroblasts (Figure 8, B and 
F), mature neurons (Figure 8, A, D and E) or 
astrocytes (Figure 8, C) were more easily detect-
able in the areas outside the graft core. However, 

GFP+ cells with typical neuronal morphology 
were often not immunopositive for NeuN. Also 
a high level of NeuN-staining in grafted cells of-
ten coincided with low GFP immunoreactivity, 
possibly	reflecting	downregulation	of	lentiviral	
promoter expression in the mature neurons. 

Many of the grafted cells showed GABA 
immunoreactivity (Figure 9, A-D). At 2 months 
after transplantation, 21.9±1.8% of HuNu+ cells 
were also GABA+, being located mainly in the 
periphery, surrounding the graft core. In the 4 
month group, HuNu+/GABA+ cells were even-
ly distributed throughout the graft but their num-
ber was lower (10.9±0.6%) as compared to the 2 
month group. We also stained sections from the 
4 month group for markers of the GABAergic 
interneurons, parvalbumin and calretinin (Fig-
ure 9, E-K). Few (3.6±0.7%) of the grafted cells 
were calretinin+ (Figure 9, I-K), whereas a sub-
stantial proportion were HuNu+/parvalbumin+ 
(15.4±2.6%) (Figure 9, E-H). Interestingly, at 
4 months a small population (4.3±1.3%) of the 
HuNu+ cells in the intrastriatal grafts expressed 
dopamine- and 3’:5’-monophosphate-regulated 
phosphoprotein 32 (DARPP-32) (Figure 9, 
L-O),	a	specific	marker	of	medium-sized	spiny	
striatal projection neurons. In contrast, we de-
tected only single HuNu+/DARPP-32+ cells at 
2 months.    

Figure 8
Human iPSC-derived lt-NES 
cells have developed mor-
phological chacteristics of 
neurons and astrocytes at 4 
months after transplantation 
into stroke-damaged rat brain. 
Confocal images of intrastria-
tally (A-C, F) or intracortical-
ly (D and E) implanted cells, 
showing	 GFP	 autofluores-
cence (A-D) or stained with 
the	 human-specific	 antibody	
SC121 (E and F) and exhibit-
ing the morphology of mature 
neurons (A, D, E), neuroblasts 
(B and F), or an astrocyte (C). 
Scale bar = 20 µm.
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Figure 9
Human iPSC-derived lt-NES cells differentiate to neurons with different phenotype after transplantation into 
stroke-damaged rat brain. Fluorescence micrographs (A-C, E-G, I, J, L-N, P-R, and T-V) and confocal images 
(D, H, K, O, S and W) show HuNu+ cells co-expressing GABA (A-D), parvalbumin (E-H), calretinin (E, I-K) 
and DARPP-32 (E-H) in the striatum,  and calbindin (P-S) and DARPP-32 (T-W) in cortex at 2 (A-D) and 4 (E-
W) months post-grafting. Arrowheads indicate representative HuNu+ cells co-expressing GABA, DARPP-32, 
calbindin or parvalbumin. Arrow in E depicts a representative HuNu+ cell co-expressing calretinin (I and J). 
Scale bar = 50 µm (A-C, L-N, P-R, T-V), 20 µm (E-G, I and J), and 10 µm (D, H, K, O, S and W).
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Human iPSC-derived lt-NES cells survive for 
4 months and differentiate to neurons after 
transplantation into cerebral cortex of T cell-
deficient rats  

In a separate group of animals, we analyzed 
the survival and neuronal differentiation of hu-
man iPSC-derived lt-NES cells when implanted 
into a brain region outside striatum. Ten rats 
were subjected to occlusion of the distal branch 
of MCA (dMCAO), which causes cortical dam-
age, and were transplanted with iPSC-derived 
lt-NES cells in the cortex adjacent to the isch-
emic injury 48 h thereafter. Seven rats which 

survived these procedures were killed after 2 
(n=2) or 4 (n=5) months. The number of cells in 
the grafts at 2 months after transplantation was 
esitimated at 80.8±6.2% compared to the num-
ber of implanted cells. The percentage of cells 
with proliferative activity resembled that of the 
intrastriatal grafts (7.2±1.5%). The NeuN was 
expressed by 71.8±8.6% of the GFP+ cells and 
15.5±2.7% of HuNu+ cells were also GABA+ 
at 2 months. The number of cells in the grafts 
tapered off slightly at 4 months (60.1±10.6% of 
implanted number) whereas proliferative activ-
ity in cortical lt-NES cell grafts was markedly 

Figure 10
Human iPSC-derived lt-NES cells have developed electrophysiological properties of functional neurons at 4.5-
5.5	months	after	transplantation	into	intact	rat	striatum.	(A)	Whole-cell	configuration	of	GFP-expressing	lt-NES	
cells. (B) Photomicrograph of a grafted, recorded cell (in the boxed area) labeled with biocytin and GFP. (C) 
Enlargement	of	boxed	area	in	B	depicting	(arrows)	grafted	GFP+	cell	filled	with	biocytin	after	recording.	(D)	
Representative traces of membrane potential responses to step injection of hyperpolarizing and depolarizing 
current (10 pA steps) showing action potentials that are blocked by TTX (right). (E) Representative traces of 
whole-cell Na+ and K+ currents, blocked using TTX and TEA, respectively, elicited by voltage-steps from -70 
mV to + 40 mV in 10 mV increments. Representative traces of spontaneous (F) and excitatory (G) postsynaptic 
currents	recorded	in	the	presence	of	PTX,	in	voltage-clamp	configuration	at	-70	mV.	(H)	Absence	of	postsynaptic	
currents after addition of PTX and glutamate receptor antagonists, NBQX and D-AP5. Insets show respective 
traces on an expanded scale. DIC = differential interference contrast. LV = lateral ventricle.
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Figure 11 
Human iPSC-derived lt-NES cells have developed electrophysiological properties of functional neurons at 4.5-
5.5 months after transplantation into intact rat cerebral cortex. (A) Photomicrograph of a grafted, recorded cell 
(in the boxed area) labeled with biocytin and GFP. (B) Enlargement of boxed area in A depicting (arrows) grafted 
GFP+	cell	filled	with	biocytin	after	recording.	(C)	Representative	traces	of	membrane	potential	responses	to	step	
injection of hyperpolarizing and depolarizing current (10 pA steps) showing action potentials that are blocked 
by TTX (right). (D) Representative traces of whole-cell Na+ (blocked using TTX) and K+ currents elicited by 
voltage-steps from -70 mV to + 40 mV in 10 mV increments. Representative traces of spontaneous (E) and 
miniature	(F)	postsynaptic	currents	recorded	in	the	presence	of	TTX,	in	voltage-clamp	configuration	at	-70	mV.	
(G) Spontaneous excitatory postsynaptic currents recorded in the presence of PTX are blocked by the addition of 
NBQX (H). (I) Postsynaptic AMPA-receptor-mediated currents are evoked by paired-pulse electrical stimulation 
delivered	from	a	stainless-steel	electrode	placed	approximately	300	μm	away	from	the	transplant	in	the	cortex	(3	
representative traces superimposed; * depicts stimulation artifact). Insets show respective traces on an expanded 
scale. Ctx = cortex.
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lower (0.9±0.2%) as compared to 2 months, 
being similar to that of intrastriatal transplants. 
Many of the grafted cells displayed a neuronal 
morphology as shown by GFP (Figure 8D) and 
SC-121 (Figure 8E) immunostainings. Although 
the percentage of GFP+/NeuN+ remained high 
at 4 months after transplantation (77.2±3.2%), 
the GABA+ cells in the grafts (Figure 9, A-D) 
decreased to 8.8±0.8%. At this time point, we 
found populations of parvalbumin+ (11.9±1%), 
calretinin+ (2.0±0.5%), and calbindin+ cells 
(8.1±0.8%; Figure 9, P-S) in the intracortical 
grafts. Also when transplanted into cerebral 
cortex, the iPSC-derived lt-NES cells differen-
tiated to cells expressing the DARPP-32 (Fig-
ure 9, T-W), the proportion of grafted HuNu+/
DARPP-32+ cells (5.2±1.5%) resembling that 
in intrastriatal grafts.

Neurons generated from grafted human iPSC-
derived lt-NES are functional and receive syn-
aptic input from host neurons

We	finally	 studied	 the	 electrophysiological	
properties of iPSC-derived lt-NES cell progeny 
at 4.5-5.5 months after transplantation into stria-
tum	or	 cerebral	 cortex	 of	T-	 cell	 deficient	 rats	
by performing whole cell patch-clamp record-
ings in acute brain slice preparations (Figure 10, 
A-C; Figure 11, A and B). Grafted cells were 
classified	as	neuronal	or	glial	based	on	 resting	
membrane potential and input resistance (Table 
1). A proportion of the cells were mature func-
tional neurons with a resting membrane poten-
tial of about -50 mV and -58 mV in the striatum 
and cortex, respectively, the majority generating 
action potentials in response to depolarizing 
current injection (Figure 10D and Figure 11C). 
In	 voltage-clamp	 configuration,	 depolarizing	
voltage steps induced characteristic Na+ and 
K+ whole-cell currents, which were sensitive to 
the voltage-gated Na+ channel blocker tetrodo-
toxin (TTX), and the voltage-gated K+ channel 
blocker, tetraethylammonium (TEA), respec-
tively (Figure 10E and Figure 11D). 

Spontaneous postsynaptic currents were fre-
quently observed in grafted cells in the striatum 

(Figure 10F). Spontaneous excitatory postsyn-
aptic currents (sEPSCs) were recorded in the 
presence of the GABAA receptor antagonist, 
picrotoxin (PTX) (Figure 10G) and addition of 
glutamate receptor antagonists (2,3-dihydroxy-
6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-
dione (NBQX) and (2R)-amino-5-phosphon-
ovaleric acid (D-AP5)) blocked all postsynaptic 
currents (Figure 10H), indicating that the cells 
had functional excitatory synapses. Spontane-
ous inhibitory postsynaptic currents (using high-
chloride intracellular solution and blocking ex-
citatory transmission with NBQX and D-AP5) 
were not observed (n = 5 cells). 

We observed spontaneous postsynaptic cur-
rents also in iPSC-derived lt-NES neurons im-
planted in the cortex (Figure 11E). The sEPSCs 
in cortically grafted iPSCs were recorded in the 
presence of PTX (Figure 11G), and all events 
were blocked after application of NBQX (Fig-
ure 11H), indicating that the transplanted cells 
had developed excitatory synapses. In addition, 
we detected miniature postsynaptic currents 
which were action potential-independent and 
not blocked by TTX (Figure 11F). In 2 of 10 
grafted cells, excitatory, 2-amino-3-(5-methyl-
3-oxo-1,2- oxazol-4-yl) propanoic acid (AMPA) 
receptor-mediated currents could be evoked by 
stimulating a cortical region remote from the 
transplant	 (Figure	 11I).	 This	 finding	 suggests	
that transplanted neurons generated from iPSC-
derived lt-NES cells, similar to human ESC-de-
rived neurons (26), receive synaptic input from 
host neurons and functionally integrate into host 
brain neural circuitries.

DISCUSSION

We show here that intrastriatal transplanta-
tion of lt-NES cells, derived from human iPSCs, 
gives rise to improved recovery of a clinically 
relevant	motor	 deficit,	 i.e.,	 impairment	 of	 fine	
forelimb movements in the staircase test, af-
ter stroke in mice. Although we found that at 
10 weeks the majority of cells in the surviv-
ing grafts expressed neuronal markers, recov-
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ery was probably promoted earlier, before any 
functioning neurons could have been developed 
from the grafted human iPSC-derived lt-NES 
cells. Most likely, this early improvement is due 
to mechanisms other than neuronal replacement. 
In support of this interpretation, the enhance-
ment of behavioral recovery in our experiment 
was observed irrespective of whether the grafts 
were surviving at 10 weeks or not. Similarly, hu-
man iPSCs improved performance in the cylin-
der test from 4 days after intrastriatal implanta-
tion into stroke-damaged rats (25). 

The mode of action of human iPSC-derived 
lt-NES cells after transplantation in the stroke-
damaged rodent brain resembles that of grafted 
human NSCs, which have been reported to in-
duce recovery by a variety of mechanisms, e.g., 
modulation	 of	 inflammation,	 neuroprotection,	
and stimulation of angiogenesis (see, e.g., (1)), 
and to be independent from donor cell surviv-
al(4).	 In	 analogy	 to	 our	 findings,	 human	 fetal	
NSCs implanted into a cortical lesion 1 week 
after stroke in rats gave rise to improved fore-

limb placing already after 1 week (11). Secre-
tion of vascular endothelial growth factor by 
the NSCs was important for the suppression of 
inflammation	and	neovascularization	in	the	peri-
infarct region probably underlying the improved 
recovery (11). It is conceivable that the grafted 
human iPSC-derived lt-NES cells promoted the 
early behavioral improvement found here by 
similar mechanisms. We obtained no evidence 
that the grafts acted by protecting the host neu-
rons from dying following the insult. At the time 
of cell implantation 1 week following the insult, 
the stroke-induced striatal injury is already 
complete (29) and, consequently, we observed 
no difference in infarct volume between cell- 
and vehicle-implanted groups at 10 weeks after 
transsplantation.

The only study with human iPSCs in stroke 
published so far provided no evidence for the 
formation of neuroblasts or mature neurons (25). 
We found that at 10 weeks after transplantation 
into mouse striatum, almost 80% of grafted hu-
man iPSC-derived lt-NES cells expressed the 

 Table 1. Electrophysiological characteristics of human iPSC-derived lt-NES progeny at 4.5-5 months after 
transplantation into intact rat striatum and cerebral cortex

Striatum
(n = 2 rats, 13 cells)

Cortex
(n = 2 rats, 12 

cells)
Neuronal

(n = 6 cells)
Glial

(n = 7 cells)

Resting membrane potential (mV) -51.4 ± 4.2 -81.6 ± 2.1 -57.8 ± 5.3

Input	resistance	(MΩ) 1478 ± 253 172 ± 40 656 ± 175

Membrane capacitance (pF) 8.7 ± 1.5 11.3 ± 2.5 11.8 ± 1.5
Cells exhibiting action potentials 5/6 0/7 7/12

Action potential threshold (mV) -32.5 ± 1.3 - -34.9 ± 1.3

Action potential amplitude (mV) 41.6 ± 5.0 - 47.0 ± 3.7
Action potential duration (ms) 1.4 ± 0.2 - 1.3 ± 0.1

Afterhyperpolarization amplitude (mV) 11.6 ± 2.7 - 7.1 ± 0.7
Afterhyperpolarization duration (ms) 58.4 ± 25.0 - 20.3 ± 7.2
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marker for young and mature neurons HuD and 
13% the neuroblast marker DCX. Similarly, at 2 
months after these cells had been implanted into 
the	striatum	or	cerebral	cortex	of	T-cell	deficient	
rats in two different models of stroke, 66% and 
72%, respectively, of grafted cells expressed the 
mature neuronal marker NeuN. Importantly, at 
4 months after implantation, the proportion of 
cells in the grafts with mature neuronal pheno-
type (NeuN+) remained high in both striatum 
(73%) and cerebral cortex (77%). Our data in-
dicate that grafted iPSC-derived lt-NES cells 
can	efficiently	differentiate	to	mature	neurons	in	
vivo and survive long-term in the stroke-dam-
aged brain. In contrast, only a fraction of grafted 
cells expressed the glial marker GFAP.

The grafted cells exhibited characteristic 
neuronal morphologies and expressed markers 
providing evidence that they had differentiated 
to various subtypes of neurons. At 4 months, 
grafts placed in striatum and cerebral cortex 
contained human-derived cells expressing 
GABA (11 and 9%, respectively), parvalbumin 
(15% and 12%), or calretinin (4% and 2%). In 
addition, we found cells expressing calbindin 
(8%) in the intracortical grafts. At 4 months, the 
intrastriatal grafts also contained a population of 
cells	(4%)	expressing	the	specific	striatal	projec-
tion neuron marker DARPP-32. Surprisingly, a 
similar proportion of cells (5%) expressed com-
parable staining for this marker in transplants 
placed in cerebral cortex, where only weakly 
stained DARPP-32+ neurons are normally seen 
(30). Two important conclusions of relevance 
for cell replacement strategies can be drawn 
from	 this	 observation	 and	 from	 the	 finding	 of	
similar proportions of GABA+, parvalbumin+, 
and calretinin+ cells in the intrastriatal and in-
tracortical grafts. First, that the spontaneous dif-
ferentiation of the grafted human iPSC-derived 
lt-NES	cells	 to	specific	subtypes	of	neurons	 in	
vivo is determined by intrinsic mechanisms and 
not	 significantly	 affected	 by	 external	 cues	 in	
the ischemically injured environment. Second, 
that effective neuronal replacement in differ-
ent stroke-damaged brain regions will require 

directed in vitro differentiation of the human 
iPSC-derived lt-NES cells to precursors, which 
give rise to the lost types of neurons after trans-
plantation.  

Our	data	show,	for	the	first	time,	that	trans-
planted NSCs generated from reprogrammed 
adult	 human	 fibroblast-derived	 iPSCs	 can	 dif-
ferentiate into functional neurons in vivo. Simi-
larly, grafted human ES cell–derived NSCs 
have previously been shown to differentiate to 
cells with electrophysiological properties of 
neurons and synaptic input from host neurons 
in a stroke-injured environment (6). We found 
here that at 4.5-5.5 months after transplantation 
into striatum or cortex, grafted cells exhibited 
the electrophysiological properties of mature 
neurons.	The	 findings	 of	 sEPSCs,	which	were	
blocked by glutamate receptor antagonists, and 
of AMPA-receptor mediated currents evoked 
by stimulating a cortical region remote from 
the intracortical graft, provide evidence that the 
grafted neurons had developed excitatory syn-
aptic input and were, at least partly, functionally 
integrated into host neural circuitries. The lack 
of sIPSCs in the grafted cells, seem to suggest 
that they were not fully differentiated at the time 
of recording.    

	 Our	 findings	 using	 the	 retrograde	 tracer	
Fluoro-Gold indicated that a fraction of the 
grafted cells had established axonal projection 
to the globus pallidus. This brain region is the 
projection area of the majority of striatal neu-
rons, the medium spiny neurons, and following 
a stroke, there is a major injury to the striato-
pallidal system. Therefore, the ability of human-
derived iPSCs to reestablish this system could 
potentially be important for restoration of func-
tion. Our data further illustrate the remarkable 
capacity of neurons derived from xenografted 
human iPSCs (19), ES cells (31), and fetal brain 
tissue	(32)	to	extend	specific,	 long	axonal	pro-
jections to their appropriate target areas in the 
rodent brain.  

Tumor formation and graft overgrowth (33-
35) from pluripotent stem cells and their de-
rivatives are major hurdles for the application 
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of stem cell therapy in stroke and other brain 
diseases. Undifferentiated human iPSCs formed 
larger tumors at 14 and 28 days after transplan-
tation in striatum and cortex of mice subjected 
to stroke as compared to sham-treated animals 
(23). In another study, human iPSCs showed 
high tumorigenicity at 4 weeks after intracere-
bral implantation in stroke-damaged rats (24). 
Here we used transplantation of iPSCs into im-
munocompromized,	T-cell	deficient	rats	subject-
ed to stroke and a long-term observation period 
(up to 4 months) both to ensure lack of rejection 
of the xenotransplanted cells and to create opti-
mum environment for assessing their tumorige-
nicity. No tumor formation or transplant over-
growth was detected in any animal grafted with 
iPSC-derived lt-NES cells. Moreover, the high 
proliferative activity of these cells in vitro and 
at 2 weeks after transplantation decreased at 2 
and virtually disappeared at 4 months. Our data 
suggest that pre-differentiation of iPSCs and 
generation of long-term self-renewing neural 
cell lines is an effective strategy for minimizing 
the risk for tumor formation. 

Our experimental study provides evidence 
that	transplantation	of	human	fibroblast-derived	
iPSCs is a new, promising approach for promot-
ing functional recovery after ischemic stroke. 
Most	importantly,	our	findings	demonstrate	for	
the	first	time	the	potential	of	iPSCs	for	neuronal	
replacement in the stroke-damaged brain. The 
iPS grafts survived long-term and contained a 
high proportion of cells with morphological 
and electrophysiological properties of neurons. 
These neurons received afferent inputs from the 
host brain and extended their axons to an appro-
priate target area. Before any clinical applica-
tion can be considered, the mechanisms regu-
lating the differentiation of the iPSC-derived 
lt-NES	 cells	 into	 specific	 neuron	 types	 in	 the	
stroke-damaged brain have to be much better 
understood and effectively controlled, and the 
behavioral recovery induced by neuronal re-
placement has to be optimized.

METHODS

Generation of human induced pluripotent 
stem cells. For production of retroviral par-
ticles, PhoenixGP cells (ATTC #3514) were 
transfected with plasmids encoding for the vi-
ral glycoprotein VSV-G (Addgene 12259) and 
the reprogramming factors (Oct4, Sox2, KLF4 
and c-MYC (Addgene 17217-17220). Dermal 
fibroblasts	 were	 transduced	 twice	 with	 ultra-
centrifuge-concentrated virus in DMEM high 
glucose media containing 10% fetal calf serum 
(FCS), 1% sodium pyruvate (stock: 100 mM), 
1% non-essential amino acids (stock: 10 mM) 
and 1% L-glutamine (stock: 200 mM) (all In-
vitrogen) in the presence of 10 ng/ml FGF2. 
Four days post transduction, cells were split into 
plates	pre-seeded	with	mouse	embryonic	fibro-
blasts (MEFs). Medium was switched to human 
iPS cell culture medium containing DMEM/F12 
supplemented with 20% KnockOut serum Re-
placement, 0.1 mM non-essential amino acids 
(all from Invitrogen), 1 mM L-glutamine, 0.1 
mM	ß-mercaptoethanol	and	50	ng/ml	zebrafish	
basic	 fibroblast	 growth	 factor	 (zbFGF)	 6	 days	
post-transduction and changed every other day. 
Four weeks after transduction, colonies with hu-
man ES cell morphology were manually picked, 
carefully triturated and expanded to establish 
human iPS cell lines.

Neural differentiation of human iPS cells. Hu-
man iPSCs were induced to differentiate as 
described	 (26).	Briefly,	 iPS	 cell	 colonies	were	
detached from the MEF layer using collagenase 
(Invitrogen), and embryonic body (EB) forma-
tion was induced by plating the colonies on non-
adhesive plastic culture dishes in human iPSC 
media without zbFGF. Fifty percent of the media 
were changed every second day, and 5-day-old 
EBs were plated on tissue culture plates coated 
with 0.1 mg/ml poly-L-ornithine (Sigma). Neu-
ral rosette structures started to emerge about 
one week after plating. Rosettes were carefully 
picked with a needle, and isolated clusters were 
transferred to a non-adhesive culture plate in 
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DMEM/F12, 2mM L-glutamine, 1.6 g/l glucose, 
and N2 supplement (1:100) (all Invitrogen). To 
establish	lt-NES	cell	lines,	floating	rosettes	were	
dissociated 2 days later using trypsin (10 min) 
followed by inhibition of trypsin by trypsin in-
hibitor (both Invitrogen). Cells were centrifuged 
for 5 minutes at 300G and plated onto poly-L-
ornithine	and	10	μg/ml	laminin	(Sigma)	coated	
plates into the same media supplemented with 
10 ng/ml FGF2, 10 ng/ml EGF (both from R&D 
systems)	and	B27	 (1	μl/ml,	 Invitrogen).	These	
iPSC-derived lt-NES cells were passaged at 
a ratio of 1:2 to 1:3 every second to third day 
using trypsin. All transplantation studies were 
performed with lt-NES cells passages 20-30. To 
induce terminal differentiation, growth factors 
were omitted and cells were cultured in Neuro-
basal media supplemented with B27 (1:50, In-
vitrogen) and DMEM/F12 media supplemented 
with N2 (1:100) mixed in a 1:1 ratio. 300 ng/ml 
cAMP were added to the differentiation media.

Animals. All experimental procedures were ap-
proved by the Malmö-Lund Ethical Committee. 
We used male C57bl6 mice, weighing 25-28 
g, or male Nude rats (Charles River) weigh-
ing 280-320 g at the beginning of experiments. 
Nude rats were housed in individually ventilated 
cages with free access to water but were fasted 
overnight before induction of stroke. Mice were 
housed in standard cages with free access to 
food and water. During the period of staircase 
and corridor tests, mice were food-restricted and 
maintained at 85% - 90% of free-feeding body-
weight.

Middle cerebral artery occlusion in mice and 
rats. Surgical procedures on rats and mice were 
performed	under	 general	 1.5–2.0%	 isofluorane	
anesthesia with a mixture of 30% O2 and 70% 
N2O. Constant body temperature, about +37 °C 
was maintained using a heating pad. Stroke was 
induced	 using	 the	 intraluminal	 filament	model	
of middle cerebral artery occlusion (MCAO) 
with	slight	modifications	in	rats	(36,	37)	and	in	
mice (38, 39). Thirty minutes of MCAO cause 
ischemic injury predominantly in the striatum. 

Briefly,	 a	 midline	 sagittal	 skin	 incision	 was	
made on the ventral surface of the neck. The 
right common carotid artery (CCA) and its 
proximal branches were isolated. The CCA and 
external carotid artery (ECA) were ligated, and 
internal carotid artery (ICA) was temporarily 
clipped using a metal microvessel clip. Small 
(about 1 mm) incision was made on the anterior 
surface	of	the	ECA,	and	a	nylon	monofilament	
(7-0 for mice and 0.25 mm for rats) coated with 
silicone or rounded, was advanced through the 
ICA until resistance was felt. The size of the 
tip	of	 the	filament	was	adjusted	 to	 the	 luminal	
diameter of distal part of ICA and, therefore, 
could not be advanced further. The silk suture, 
previously placed around the ECA, was used to 
secure	 the	filament.	Metal	 clips	or	 silk	 sutures	
closed the skin incision temporarily, and the ani-
mal was then released from anesthesia.  

Thirty minutes after the start of occlusion, 
the	 animal	 was	 reanesthetized,	 the	 nylon	 fila-
ment was carefully removed, and the incision 
on ECA was ligated permanently by silk suture. 
Intradermal self-absorbable Vikryl 5.0 sutures 
were used to close the skin and the animal was 
released from anesthesia. The cerebral blood 
flow	 (CBF)	 reperfusion	 after	 removal	 of	 the	
filament,	as	well	as	the	blood	flow	stasis	during	
the MCAO were monitored by the laser doppler 
flow	meter	probe	(Mode	l418-1;	Perimed,	Swe-
den) attached to skull surface, corresponding to 
the area of ipsilateral cortex supplied by MCA. 
Animals subjected to sham surgery were treated 
similarly,	 except	 that	 the	 filament	was	 not	 ad-
vanced to ICA. 

The CBF was continuously monitored in the 
area of cerebral cortex supplied by the occluded 
MCA	using	a	laser	doppler	flowmeter	probe	dur-
ing the whole MCAO procedure. Only animals 
with a sharp decrease in CBF (about 70% of 
basal value) after occlusion with subsequent re-
perfusion were included in further experiments. 
Sensorimotor and motor impairments were eval-
uated at 1h, 1 day, and 1 week after the stroke 
using the acute neurological assessment (27) for 
rats and Bederson’s score (40) with minor modi-
fications	(23)	for	mice.
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Distal middle cerebral artery occlusion in rats. 
Focal ischemic injury in cerebral cortex was 
induced by permanent occlusion of the distal 
cortical branch of MCA and transient (30 min) 
occlusion of both CCAs as described previously 
(41).	Briefly,	a	1.5-2	cm	scalp	incision	was	made	
at the midpoint between the eye and ear on the 
right side. The temporal muscle was separated 
bluntly	 along	muscle	 fibers	 and	 then	 retracted	
to expose the zygomatic arch and squamosal 
part of temporal bone. A craniotomy of about 
3-5 mm in diameter was made using the dental 
drill, 1 mm rostal to the junction of the zygoma 
and	 the	 squamosal	bone.	Surgical	field	was	 ir-
rigated with saline to avoid thermal injury of 
cerebral cortex during the drilling procedure. 
The dura was carefully opened using the tip of 
a 27g needle, and the cortical branch of MCA 
was isolated and ligated by a 10.0 nylon suture. 
Through a ventral midline incision in the neck, 
both CCAs were isolated and temporarily ligat-
ed (for 30 minutes) using 5.0 silk sutures. Metal 
clips closed the wound temporarily. The integ-
rity of the temporal muscle was restored to close 
the cranial window and the overlying skin was 
sutured using 5.0 Vikryl. At 30 minutes after the 
ligation, both CCAs were released and the surgi-
cal wounds were closed permanently.  
 
Transplantation. Intracerebral transplantation 
of human iPSC-derived lt-NES cells was per-
formed stereotaxically at 1 week and 48 h after 
MCAO in mice and rats, respectively. At the day 
of transplantation, iPSC-derived lt-NES cells 
transduced with lentivirus carrying enhanced 
GFP under the control of a phosphoglycerate 
kinase promoter and naïve cells for rats and 
mice, respectively, were centrifuged and re-
suspended in transplantation buffer (43.25g of 
Myo-inositol were dissolved in distilled water, 
200 ml phosphate buffer saline (PBS) and 5g of 
polyvinylalchol were added and stirred, and the 
solution	was	filtered)	to	reach	a	final	concentra-
tion of 100 000 cells/µl.

Mice received 1 µl of cell suspension as a 
single injection in the striatum ipsilateral to 

MCAO using a microcapillary connected to 
a Hamilton syringe. For vehicle injection, the 
same amount of transplantation buffer was used. 
Coordinates were: 0.5 mm anterior from breg-
ma, 2.2 mm lateral from midline and 2.5 mm 
ventral from brain surface with tooth bar at -3.3 
mm. Mice were given subcutaneous injections 
of 10 mg/kg Cyclosporine A every other day af-
ter transplantation.

Rats subjected to MCAO received 4 µl of 
cell suspension at two sites (2 µl/site) in ipsi-
lateral striatum. Coordinates were: (1) 0.5 mm 
anterior from bregma, 3.0 mm lateral from mid-
line, and 5.4 mm ventral from brain surface; (2) 
0.5 mm posterior from bregma, 3.0 mm lateral 
from midline, and 5.4 mm ventral from brain 
surface with tooth bar at – 3.3 mm. 

Rats with distal MCAO received 3 µl of 
cell suspension at two sites (1.5 µl/site) in the 
ipsilateral cortex. Coordinates were: (1) 1.5 mm 
anterior from bregma, 1.5 mm lateral from mid-
line, and 2.5 mm ventral from brain surface; (2) 
0.5 mm anterior from bregma, 1.5 mm lateral 
from midline, and 2.5 mm ventral from brain 
surface with tooth bar at – 3.3 mm.

Retrograde tracer injection. At 9 weeks after 
transplantation or vehicle injection, all mice with 
MCAO lesions were injected iontophoretically 
with 2% Fluoro-Gold (FG; Biotium), dissolved 
in distilled water, into globus pallidus ipsilateral 
to the transplant. Coordinates were: 0.4 mm pos-
terior and 2.0 mm lateral from bregma and 3.7 
mm ventral from brain surface with tooth bar at 
– 3.3 mm. Iontophoretic injections were made 
using microcapillaries with tip-diameters of 20-
30 µm and 5 µA positive current pulsed for 7 out 
of every 14 seconds over 7 min using a constant 
current generator (Midgard; Stoelting)

Immunocytochemistry.	Mice	were	 sacrificed	 at	
10	weeks	 and	 rats	were	 sacrificed	 at	 2	weeks,	
2 or 4 months after transplantation, respec-
tively. Animals were deeply anesthetized by so-
dium pentobarbital and perfused transcardially 
with saline followed by 4% paraformaldehyde 
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(PFA).	 After	 post-fixation	 overnight,	 brains	
were placed in 20% sucrose until they sunk. 
Coronal	sections	(30	μm)	were	cut	on	a	freezing	
microtome (Leica, Germany) and kept at -20 °C 
in cryoprotective solution. 

Incubation in primary antibodies was carried 
out overnight at 4°C. The following primary an-
tibodies were used: mouse anti-human nucleus 
- HuNu; (1:400; Millipore), mouse anti-human 
cytoplasm - SC121; (1:3000; provided by Dr N. 
Uchida, StemCells, Inc., Palo Alto, CA), goat 
anti-doublecortin - DCX; (1: 400; Santa Cruz 
Biotechnologies, Santa Cruz, CA), rabbit anti 
Ki-67 (1:400; Novocastra), mouse anti-neuronal 
nuclei - NeuN (1:100 Millipore), human-specif-
ic	mouse	anti	glial	fibrillary	acid	protein	(GFAP;	
1:100; R&D Systems), rabbit anti-HuD (1:100; 
Millipore), rabbit anti-dopamine- and 3’:5’-mo-
nophosphate-regulated phosphoprotein 32 
(DARPP32) (1:400; Santa Cruz), rabbit anti-FG 
(1:3000; Millipore), rabbit anti-GABA (1:2000; 
Sigma), rabbit anti-calbindin (1:500; Sigma), 
rabbit anti-parvalbumin (1:1000; provided by 
Prof. P. Emson, Babraham Institute, Cambridge, 
UK), and goat anti-calretinin (1:1000; Milli-
pore).

Primary antibodies were detected using ap-
propriate	 fluorescent	 (Cy3,	 Cy5	 and	 Dylight	
488 conjugated; Jackson ImmunoResearch, 
West Grove, PA) or biotin-conjugated (Vector, 
Burlingame, CA) secondary antibodies (1:200). 
Biotin-conjugated antibodies were detected 
with Alexa 488-conjugated streptavidin (1:200; 
Molecular Probes, Eugene, OR) or Cy3 - con-
jugated streptavidin. For double-labeling, only 
one biotinylated secondary antibody was used 
at a time.

For staining of mouse tissue using mouse 
anti HuNu antibody, sections were pre-incubat-
ed with unconjugated monovalent fab fragments 
of anti-mouse antibody (1:15; Jackson) prior 
to primary antibodies to block the binding of 
anti-mouse secondary antibody to endogenous 
mouse tissue.

Tyramide	 Signal	 Amplification	 (TSA,	
Perkin-Elmer, Waltham, MA) combined with 

avidin-biotin complex method (Elite ABC kit, 
Vector) was used for HuD and GABA staining.

For chromogenic visualization, endogenous 
peroxidase	 activity	 was	 first	 blocked	with	 po-
tassium phosphate-buffered saline (KPBS) 
containing 3% H2O2 and 10% methanol. After 
consecutive rinses, sections were incubated with 
primary antibodies in KPBS containing 3% ap-
propriate serum and 0.25% TritonX. The fol-
lowing day, sections were rinsed and incubated 
with biotinylated secondary antibodies. Sections 
were then rinsed, incubated with avidin–biotin 
complex (Elite ABC kit; Vector), and developed 
by	intensified	reaction	with	diaminobenzidine.

For performing immunocytochemical stain-
ing, the cultured iPSC-derived lt-NES cells were 
fixed	with	4%	PFA	for	15	min	and	blocked	 in	
PBS containing 10% FCS. For GABA-staining, 
0.02% glutaraldehyde was added to the PFA. 
Primary antibodies were: mouse anti-Tra1-60 
and  -Tra1-81 (1:500, respectively, Invitrogen), 
mouse anti-Sox2 (1:500, R&D Systems), mouse 
anti-nestin (1:600, R&D Systems), rabbit anti-
Dach1 (1:100 Proteintech), mouse anti-PLZF 
(1:50, Calbiochem), mouse anti-beta III-tubulin 
(1:2500, Covance), mouse anti-MAP2ab (1:250, 
Chemicon), rabbit anti-GFAP (1:500, DAKO 
Cytomation), GABA (1:800, Sigma), and rabbit 
anti-ZO-1 (1:100, Zymed). Primary antibodies 
were	detected	using	appropriate	fluorescent	(Al-
exa 488 and 555)-conjugated (1:200, Jackson 
Immuno Research, West Grove, PA) secondary 
antibodies. 

Immediately after patch-clamp recording, 
brain	slices	were	fixed	for	12-24	h	in	4%	para-
formaldehyde then rinsed in KPBS and stored in 
antifreeze medium at -20°C. For double staining 
of	biocytin	and	GFP,	free-floating	sections	were	
preincubated for 1 h in 5% serum in 0.25% Tri-
ton X-100 in KPBS, and then exposed to rabbit 
anti-GFP primary antibody (1:10000, Abcam) 
overnight at room temperature. Immunoreactiv-
ity was visualized using FITC-conjugated goat 
anti-rabbit secondary antibody and Cy3-strepta-
vadin (both 1:200, Jackson ImmunoResearch). 
Sections were mounted on glass slides, cover-
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slipped and analyzed using an Olympus BX61 
epifluorescence	microscope.

Staircase test. The staircase test was used to as-
sess	 the	 “side-specific”	 skilled	 forelimb	 reach-
ing and grasping abilities (42, 43). Animals 
were placed in the staircase apparatus (Campden 
Instruments, Loughborough, UK). Two sugar 
pellets (20mg, TestDiet, Richmond, VA, USA) 
were placed on each step of a double staircase 
divided by a wide central platform and 6 steps 
from the bottom were baited (12 on each side, 
total 24 pellets per test box). Mice were trained 
for 12 consecutive days before stroke surgery 
to retrieve and eat sugar pellets. The number of 
pellets retrieved (= pellets eaten + pellets taken 
but missed to eat) per side was used as a mea-
sure of forelimb reaching ability. In addition, 
the number of pellets eaten per side was used to 
assess the forelimb reaching and grasping abili-
ties. The average from the last three days in this 
period was used as baseline performance. At 2, 
5 and 9 weeks after MCAO, the mice were re-
tested for 5 days using the same test paradigm 
and the average from the last three days in each 
week was used for analysis. Performance was 
calculated as the number of pellets on the im-
paired side divided by the total number of pel-
lets on both sides, and expressed as the percent 
change compared to baseline. Animals which 
did not eat/retrieve any pellets at all on either 
side were excluded from analysis. Each test ses-
sion lasted 15 minutes and the session in the last 
three days of each period lasted 30 minutes. 

Corridor test. The corridor test, originally estab-
lished for a rat model of Parkinson’s disease(44) 
and later adapted to mice(45), was used to as-
sess the sensorimotor impairment caused by the 
striatal	 damage.	 Briefly,	 animals	 were	 placed	
in a narrow plastic corridor (60 cm long, 4 cm 
wide and 15 cm high) with 10 pairs of adjacent 
pots containing 5 sugar pellets (20 mg; TestDi-
et) that were placed at 5-cm intervals along the 
length of the corridor. Animals were tested for 5 
consecutive days 1week before and 2, 5, and 9 

weeks after stroke surgery. On each testing day, 
the	animals	were	first	placed	in	an	identical,	but	
empty, corridor for habituation for 5 minutes. 
The animals were then transferred to one end of 
the testing corridor, and the number of retriev-
als ipsilateral and contralateral to the lesion was 
counted until the animal had made a total of 20 
retrievals, or 5 minutes had passed. A new re-
trieval	was	defined	as	retrieval	from	a	new	pot.	
Performance was calculated by dividing the 
number of contralateral retrievals with the total 
number of retrievals from both sides. The aver-
age from the last three days in each week was 
used for analysis. During the staircase and cor-
ridor test periods, animals were food-restricted 
and maintained at 85% - 90% of free-feeding 
bodyweight. 

Cell counting and volume measurement. For 
quantification	of	colocalization	of	HuNu+	cells	
with different markers, approximately 1000 
HuNu+ cells in each animal were analyzed. 
Double-labeled	 cells	 identified	 in	 an	Olympus	
BX61	 epifluorescence/light	 microscope	 were	
validated with a confocal laser scanning micro-
scope	 (Leica).	 For	 quantification	 of	 surviving	
grafted cells and FG+/HuNu+ cells in mice, all 
HuNu+ cells in all sections were counted. Sec-
tions close to the FG injection site were exclud-
ed from counting of FG+/HuNu+ cells. Total 
number of HuNu+ and GFP+ cells in rats were 
counted stereologically by using C.A.S.T – Grid 
software (Olimpus, Denmark) and cell numbers 
were calculated according to the optical frac-
tionator formula (46).
The microscopic images of coronal sections 
though the striatum immunostained with NeuN 
were	 first	 digitized.	 Using	 NIH	 Image-J	 soft-
ware, non-lesioned area of the striatum ipsilat-
eral to MCAO was measured and subtracted 
from the area of the intact contralateral striatum. 
To calculate the lesion volume, the results were 
multiplied by section thickness and the distance 
between sections.



148

Electrophysiology. Rats were anesthetized with 
isofluorane	and	decapitated.	Brains	were	rapidly	
removed and placed in ice-cold, gassed (95% 
O2, 5% CO2) cutting solution (pH 7.2-7.4, 
295-300 mOsm), containing (in mM): 75 su-
crose, 67 NaCl, 26 NaHCO3, 1.25 NaH2PO4, 
0.5 CaCl2, 7 MgCl2, and 25 glucose. Coronal 
slices	 (300	 μm)	 were	 cut	 using	 a	 vibratome	
(Leica VT1200S) and were allowed to rest for 
at least 30 minutes in cutting solution before be-
ing transferred to the recording chamber, which 
was constantly perfused with heated (32-34°C), 
gassed	(95%	O2,	5%	CO2)	artificial	cerebrospi-
nal	 fluid	 (aCSF,	 pH	 7.2-7.4,	 295-300	 mOsm)	
containing (in mM): 119 NaCl, 2.5 KCl, 1.3 
MgSO4, 2.5 CaCl2, 26 NaHCO3, 1.25 NaH-
2PO4, and 25 glucose. Cells for recording were 
visualized under infrared light with differential 
interference contrast using an Olympus upright 
microscope equipped with a digital camera and 
a 40x water-immersion lens. Recording pipettes 
were	filled	with	solution	(pH	7.2–7.4,	295–300	
mOsm) containing (in mM): 122.5 potassium 
gluconate, 12.5 KCl, 10.0 KOH-Hepes, 0.2 
KOH-EGTA, 2 MgATP, 0.3 Na3-GTP, and 8 
NaCl, resulting in pipette resistances of 3–5 
MΩ.	For	measurements	of	spontaneous	inhibi-
tory postsynaptic currents recording pipettes 
contained (in mM): 135.0 CsCl, 10.0 CsOH, 
0.2 CsOH-EGTA, 2 Mg-ATP, 0.3 Na3-GTP, 8 
NaCl and 5 lidocaine N-ethyl bromide (QX-
314, Tocris), resulting in pipette resistances of 
2.5-4	MΩ.	Biocytin	(0.5%;	Sigma-Aldrich)	was	
freshly dissolved in the pipette solution before 
recordings	 for	 post-hoc	 identification	 of	 re-
corded cells. Resting membrane potential was 
estimated in current–clamp mode immediately 
after breaking the membrane and establishing 
whole-cell	configuration.	For	measurements	of	
action potentials and voltage responses, cells 
were current–clamped at ~ -70 mV, and 500 ms 
hyperpolarizing and depolarizing current steps 
were delivered in 10 pA increments through the 
whole-cell pipette. For measurements of whole-
cell currents, cells were voltage–clamped at 
−70mV,	series	resistance	was	compensated,	and	

200 ms voltage steps were delivered in 10 mV 
increments. Postsynaptic currents were mea-
sured in voltage-clamp at -70 mV. Evoked cur-
rents were measured after electrical stimulation 
(two	100	μs	square-wave	pulses	of	150-300	μA	
timed 50 ms apart) delivered by a single stain-
less	steel	wire	enclosed	in	a	glass	pipette	filled	
with	aCSF	(~2	MΩ	tip	resistance)	connected	to	
a constant current isolated stimulator (Digitimer 
ltd., UK). Voltage-gated sodium and potassium 
channels	were	blocked	with	1	μM	tetrodotoxin	
(TTX, Tocris) and 2 mM tetraethylammonium 
(TEA, Sigma), respectively. N-Methyl-D-as-
partate (NMDA) and 2-amino-3-(5-methyl-3-
oxo-1,2- oxazol-4-yl)propanoic acid (AMPA) 
receptors	were	blocked	using	50	μM	(2R)-ami-
no-5-phosphonovaleric acid (D-AP5, Tocris) 
and	 5	 μM	 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline-2,3-dione (NBQX, Tocris), 
respectively. GABAA receptors were blocked 
using	 100	 μM	 picrotoxin	 (PTX,	 Tocris).	 Data	
were	filtered	at	2.9	kHz	and	sampled	at	10	kHz	
with	 an	 EPC9	 patch-clamp	 amplifier	 (HEKA	
Elektronik). Capacitance was compensated. 
Tabulated values are means ± SEM. Input re-
sistance was measured at a holding potential 
of	−60	mV	by	 delivering	−10	mV	 test	 pulses.	
Action potential amplitude was measured from 
the	 threshold	 to	 the	 peak	 voltage	 deflection,	
whereas half-width was measured as the dura-
tion of the action potential at half maximum am-
plitude. After-hyperpolarization amplitude was 
measured as the difference between the resting 
membrane potential and the maximum hyper-
polarization after the action potential, whereas 
duration was measured as the time between the 
start and end of the hyperpolarization. 

Statistical analysis. Two-way repeated measures 
ANOVA followed by bonferroni post-hoc test 
were used to assess differences between groups 
in behavioral analysis. Data are expressed as 
means ± SEM and differences considered sig-
nificant	at	P	<	0.05.
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