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Background and Purpose—Adult neurogenesis in the dentate gyrus is a unique form of brain plasticity that is strongly
stimulated after stroke. We investigate the morphological properties of new granule cells, which are born and develop
after the ischemic insult, and query whether these adult-born neurons properly integrate into the pre-existing
hippocampal circuitries.

Methods—Two well-established models were used to induce either small cortical infarcts (photothrombosis model) or
large territorial infarcts (transient middle cerebral artery occlusion model). New granule cells were labeled 4 days after
the initial insult by intrahippocampal injection of a retroviral vector encoding green fluorescent protein and newborn
neurons were morphologically analyzed using a semiautomatic Neurolucida system and confocal laser scanning
microscopy at 6 weeks.

Results—Approximately 5% to 10% of newborn granule cells displayed significant morphological abnormalities
comprising additional basal dendrites and, after middle cerebral artery occlusion, also ectopic cell position. The extent
of morphological abnormalities was higher after large territorial infarcts and seems to depend on the severity of ischemic
damage. An increased portion of mushroom spines in aberrant neurons suggests stable synaptic integration. However,
poststroke generated granule cells with regular appearance also demonstrate alterations in dendritic complexity and
spine morphology.

Conclusions—The remarkable stimulation of dentate neurogenesis after stroke coincides with an increased rate of
aberrantly integrated neurons, which may contribute to functional impairments and, hypothetically, favor pathogenesis
of adjustment disorders, cognitive deficits, or epilepsy often seen in stroke patients. (Stroke. 2012;43:2468-2475.)
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Neurogenesis in the adult hippocampus is a unique form
of structural brain plasticity modified not only by

physiological stimuli, but also by brain insults such as stroke,
epilepsy, and traumatic brain injury. Within the dentate gyrus,
the generation, migration, differentiation, and maturation of
newborn neurons appear to be precisely regulated thereby
allowing proper integration of the neurons into the pre-
existing hippocampal network.1–3 After brain ischemia, pro-
liferation and differentiation of neuronal progenitors in the
subgranular zone of the dentate gyrus (DG) is strongly
stimulated, leading to a significant increase in neurogen-
esis.4–6 To date, it is unclear whether the abundance of
newborn neurons generated after stroke properly integrates
into the hippocampal network. Experimental status epilepti-
cus is also a powerful stimulator of adult neurogenesis in the
DG7,8; however, it disrupts integration of these new granule

cells within the hippocampal network.9–11 Jessberger et al10

described a significant number of newborn neurons showing
an aberrant morphology comprising additional basal den-
drites directed into the hilus and, in some cases, an ectopic
positioning of the newborn cells. These morphological
changes are known to give rise to increased recurrent excit-
atory circuitry12,13 and may represent a pivotal component of
the epileptic disease process.

In this study, we investigated the fine morphology of
newborn neurons generated after stroke as an indicator of
structural integration into the pre-existing network. For this
purpose, we used retroviral cell labeling, which allows a detailed
morphological reconstruction of dendrites and spines of new-
born neurons to investigate poststroke neurogenesis in small
circumscribed cortical infarcts and large ischemic infarcts in the
middle cerebral artery territory. Our results indicate that stroke
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leads to a morphologically aberrant integration of adult newborn
cells in the DG, in which the extent of abnormalities increased
with the size of ischemic damage.

Materials and Methods
Infarct Induction
The study was performed on a total number of 43 male Wistar rats.
Animals were held under standard housing conditions in ordinary cages
(4 animals/cage). Food and water were provided ad libitum. All
experimental procedures were approved by the German Animal Care
and Use Committee in accordance with the European Directives.

Photothrombosis Model
After anesthesia using 2.5% to 3.5% isoflurane in a mixture of
O2/N2O, animals were placed in a stereotactic frame, the scalp was
incised, and an optic fiber bundle (2.4 mm diameter) connected to a
cold light source (Schott KL 1500, Mainz, Germany) was positioned
on the skull 0.5 mm anterior to bregma and 3.7 mm lateral to the
midline above the forelimb sensorimotor cortex. Immediately after
onset of illumination (duration, 20 minutes), Rose Bengal (1.3
mg/100 mg body weight in 0.9% NaCl) was injected through a
femoral vein catheter. Throughout surgery, body temperature was
kept constant at 36.5°C. Sham-operated animals received the same
treatment without illumination of the brain.

Middle Cerebral Artery Occlusion Model
After anesthesia, as described previously, the common carotid,
external carotid, and pterygopalatine arteries were exposed and
ligated on the right side. The right internal carotid artery was
occluded with a microsurgical clip and subsequently an arteriotomy
was performed in the common carotid artery. A 3.0-monofilament
suture (Doccol) with a rounded tip was inserted into the common
carotid artery and advanced through the internal carotid artery to
the ostium to occlude the middle cerebral artery. After 60
minutes, the suture was removed, the wound was closed, and the
rats were allowed to recover. Sham-operated animals (�control)
received the same treatment without occlusion of the right
internal carotid artery.

Retroviral Vectors
We used the retroviral vectors CAG-green fluorescent protein (GFP)
and CAG-red fluorescent protein (RFP) to label newly generated
granule neurons in the right DG.14 Viral vectors were produced by
cotransfecting HEK 293 T cells with pCAG-GFP/pCAG-RFP and
the packing constructs pCMV VSVg and pCMVpg15 at a final titer
of approximately 1�107colony-forming units/mL.

Experimental Design
In a first set of experiments, we investigated the morphology of
newborn granule cells generated after experimental ischemic in-
farcts: rats (n�28, weight 250–270 g) were randomly divided into 4
experimental groups and either underwent photothrombosis (PT;
n�6), PT sham surgery (n�6, PT control), middle cerebral artery
occlusion (MCAO; n�10), or MCAO sham surgery (n�6, MCAO
control) in the right hemisphere on day P90. Four days later (P94),
the animals received a stereotaxic injection of the CAG-GFP
retrovirus into the dentate gyrus (1 �L virus, x�3.1 mm; y�1.5 mm;
z�4.0 mm according to bregma) and were allowed to recover for 6
weeks. In a second series of experiments, we further analyzed
whether resident neurons born weeks before the infarct show similar
morphological properties compared with adult newborn neurons
generated after stroke. For this purpose, P14 rats (n�15, weight
20–25 g) received a first stereotaxic injection of CAG-RFP retroviral
vector in the right dentate gyrus (1 �L virus, x�2.7 mm; y�1.0 mm;
z�3.4 mm according to bregma). Four days after either PT (n�7) or
MCAO (n�8) procedures, on P94, a second CAG-GFP retroviral
vector injection was given as described previously. On day P132, all
rats were anesthetized with diethylether and perfused transcardially

with 4% phosphate-buffered paraformaldehyde. No animals were
excluded from further analysis.

Immunohistochemistry
After transcardial perfusion, brains were postfixed in paraformalde-
hyde and 40-�m thick sections were sliced. Immunocytochemistry
was performed using a standard peroxidase technique and double-
labeling immunofluorescence methods as described previously.16

The following primary antibodies were used: goat anti-GFP antibody
(1:500; Acris, Herford, Germany), chicken anti-GFP antibody
(1:1000; Aves Labs), rabbit anti-RFP antibody (1:500; Abcam,
Cambridge, UK), mouse antineuronal nuclei antigen (1:500; Chemi-
con, Temecula, CA), and goat antisynapsin I antibody (1:500; Santa
Cruz, Santa Cruz, CA). Secondary antibodies: Cy5 antimouse and
CY3 antirabbit (1:250; Dianova, Hamburg, Germany), Alexa Fluor
488 antigoat, and Alexa Fluor 488 antimouse (1:250; Molecular
Probes, Leiden, The Netherlands) and fluorescein isothiocyanate
antichicken (1:250; Chemicon). Standard peroxidase stained cells
were evaluated by light microscopy, whereas double-labeled cells
were analyzed by confocal laser scanning microscopy.

Quantification and Morphological Analyses

Volumetry
Infarct and hippocampal volumes were measured in every eighth cresyl
violet-stained section (40 �m). Volumes were calculated by multiplying
the appropriate region with the section interval thickness.

Quantification
Peroxidase-stained GFP-positive cells were counted in every sixth
section of the complete ipsilateral DG. Phenotypes of GFP-positive
cells were determined by light microscopy and percentages of cells
with morphological abnormalities (aberrant newborn neurons) were
quantified. Two different types of aberrant morphologies of newborn
neurons were defined: (1) bipolar cells in the granule layer of the DG

Figure 1. Morphology of experimental stroke. A, Photothrom-
botic cortical infarcts (PT). B, Stroke induced by transient mid-
dle cerebral artery occlusion (MCAO). C, Infarct and hippocam-
pal volumetry 6 weeks after infarct induction. Bars represent
mean�SEM.
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with basal dendritic processes directed toward the hilus; and (2)
ectopically positioned cells located either beneath the subgranular
zone in the hilus or in the extension of the adjacent CA region.

Dendrite Analysis
For analysis of dendritic complexity of newborn neurons, a subset of
randomly selected GFP-positive cells (10–17 cells per group) from
the different experimental groups (control, PT, MCAO) were mor-
phologically reconstructed using a semiautomatic Neurolucida sys-
tem (MicroBrightfield, Colchester, VT) under a 63� oil lens magnifi-
cation. In addition, we analyzed a subset of RFP-positive neurons

retrovirally labeled at P14 to compare resident granule cells with
newborn neurons (17 cells). Parameters evaluated included branch
order, number of apical dendrites, and apical dendritic length. Axonal
processes could be easily distinguished from dendrites because of their
smaller diameter and lack of dendritic spines.

Spine Analysis
Spinal analysis was performed using confocal laser scanning micros-
copy (LSM 710; Carl Zeiss, Jena, Germany) as described previ-
ously.9,17 Here, a dendritic segment (second branch order) measuring
50 �m was analyzed and the total number of spines per 50 �m was

Figure 2. Retrovirally labeled newborn
neurons generated after stroke. A, Exam-
ples of newborn GFP-positive neurons
with regular gross morphology (A1–A2).
Double-labeling of GFP (green) and
NeuN (blue). B–C, Examples of newborn
neurons with aberrant morphology com-
prising additional basal dendrites toward
the hilus (bipolar cells, B) or ectopic
position within the extension of cornu
ammonis (CA, C1). C2, Magnification of
an ectopic neuron. C3, Schematic illus-
tration of the distribution of ectopic neu-
rons. D, Percentage of neurons with
aberrant morphology in the different
experimental groups (right diagram) and
percentage of ectopic and bipolar neu-
rons in the MCAO group (left diagram).
Bars represent mean�SEM. Asterisks
indicate significant differences (P�0.05).
GFP indicates green fluorescent protein;
GCL, granule cell layer; MCAO, middle
cerebral artery occlusion; ML, molecular
layer; NeuN, neuronal nuclei; PT, photo-
thrombotic infarcts.
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quantified. According to their tip diameter, further differentiation
into thin (0.25–0.6 �m) and mushroom spines (�0.6 �m) was
undertaken.

Statistical Analysis
Statistical analysis of cell counts was performed using one-way
analysis of variance followed by the Tukey-Kramer post hoc analysis
for multiple comparisons. Data are presented as mean�SEM.

Results
Morphology of Newborn Neurons Generated
After Stroke
All animals with photothrombotic stroke had typical cortical
infarcts located in the forelimb sensorimotor cortex according
to Paxinos and Watson.18 Correspondingly, animals that
underwent transient MCAO showed infarcts covering the
right middle cerebral artery territory including cortex and
basal ganglia, except the hippocampus formation (Figure
1A). Infarct volumetry revealed significantly smaller infarcts
after PT (4.85�0.59 mm3) compared with MCAO
(68.17�15.16 mm3; Figure 1B). Additional volumetry of the
hippocampal formation revealed no differences between the
experimental groups (Figure 1C).

Six weeks after CAG-GFP injection, the majority of
newborn neurons generated after stroke demonstrated typical
gross morphological properties of granule cells (approxi-
mately 90%–95%) analogous to control animals. Namely, the
dendrites of these newborn neurons showed a highly polar-
ized morphology and apical dendritic processes with abun-
dant spines extending into the molecular layer. Furthermore,
axons reached their target area, CA3, through the mossy fiber
pathway, indicating a regular integration into the hippocam-
pal circuitry.2,19 However, a small fraction of newborn
neurons (5%–10%) displayed notable differences in neuronal
morphology. In addition to the apical dendrites, a basal
dendrite or even dendritic arborization was observed, which
resulted in bipolar morphology. These morphological aberra-
tions were detected after both PT (4.97%�1.62%; P�0,04)
as well as MCAO (10.05%�0.34%; P�0,007) and were
mostly absent in control animals (0.27�0.1%), where only
one single bipolar neuron was identified (Figure 2; online-
only Data Supplement Table I) as found in the physiological
state and described in the literature.20 The number of aberrant
newborn neurons appeared to be higher in animals with large
territorial infarcts (MCAO) compared with those with small
cortical infarcts (PT), but this difference did not reach
significance. Furthermore, we detected newborn neurons
ectopically located in the extension of the cornu ammonis
adjacent to the hilus (Figure 2C). These ectopic neurons were
exclusively found in MCAO animals, possibly indicating an
aberrant migration or even ectopic neurogenesis (Figure
2C–D).

Dendritic Morphology
Although the majority of newborn cells after cerebral ische-
mia appear to form regular morphological characteristics,
detailed analyses of dendritic complexity revealed several
disparities in newborn neurons generated after MCAO (Fig-
ure 3; online-only Data Supplement Table I). Specifically,

newborn neurons with regular polarity and location within the
DG displayed an increase in number of apical dendrites and
the dendritic length (Figure 3). These morphological differ-
ences were only observed in animals that had undergone
MCAO. Newborn granule cells in PT animals and even
aberrant neurons from PT or MCAO animals did not show
any differences in number of apical dendrites and dendritic
length compared with sham-operated controls (Figure 3).
Further analysis of the highest branch order did not reveal any
significant difference between the groups. Taking together,
new neurons born after MCAO showed a significant in-
creased complexity.

Figure 3. Dendritic morphology of newborn neurons generated
in the DG after stroke. A, Neurolucida reconstruction of GFP-
positive neurons in the different experimental groups. Neurons
with bipolar morphology were observed after PT and MCAO,
whereas ectopic neurons were exclusively found after MCAO. B,
Peroxidase-stained sections demonstrating GFP-positive new-
born neurons with regular and aberrant morphology in situ. C,
Quantification of apical dendrites, dendritic length, and branch
order in the different groups of neurons showing a significant
difference in dendritic complexity between PT and MCAO. Bars
represent mean�SEM. Asterisks indicate significant differences
(P�0.05). DG indicates dentate gyrus; GFP, green fluorescent
protein; PT, photothrombosis; MCAO, middle cerebral artery
occlusion.
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Spine Morphology
A detailed characterization of spine morphology additionally
demonstrated that the density of spines was significantly
increased in newborn neurons generated after MCAO (Figure
4A–B). This difference was absent in newborn granule cells
from PT animals and also in aberrantly integrated neurons
from PT or MCAO animals (Figure 4A). Further analysis of
spine morphology showed a significant majority of thin
spines (64.1%–71.5%) compared with mushroom spines
(28.4%–35.9%) on newly generated neurons from PT,
MCAO as well as control animals (Figure 4B). In contrast,
aberrant neurons showed a balanced ratio of thin (53.2%)

and mushroom spines (46.8%). Taking into account that
mushroom spines reflect established synaptic contacts, our
findings suggest that not only new neurons with regular
gross morphology, but also aberrant neurons were stably
integrated. Additional immunocytochemical staining with
antibodies against the presynaptic marker protein synapsin
confirmed this observation (Figure 4C–D). Dendritic
spines in the molecular layer of control granule cells
were commonly juxtaposed to synapsin punctate (Figure
4C). The same was true for spines on basal dendrites
arising from aberrant bipolar neurons born after stroke
(Figure 4D).

Figure 4. Spine density and synaptic integration of
newborn neurons generated in the DG after stroke.
A, Quantification of spine numbers in regularly
formed neurons from CTRL, PT, and MCAO ani-
mals and aberrant neurons from PT and MCAO
animals (see online-only Data Supplement Table I).
B, Numbers of dendritic thin and mushroom spines
in the different groups of neurons. High-resolution
confocal images of a mushroom spine (tip diame-
ter �0.6 �m) and a thin spine. Pie charts display
the ratio between thin and mushroom spines. Bars
represent mean�SEM. Asterisks indicate signifi-
cant differences (P�0.05). C, Confocal images of
dendrites of regular newborn granule neurons gen-
erated after MCAO. Inset, Spiny processes on
dendrites extending from this neuron were often in
close proximity (arrowheads) to the presynaptic
protein synapsin (red). D, Basal dendritic spines
from aberrant neurons were also commonly juxta-
posed to synapsin punctate (arrowheads, Z-stack).
DG indicates dentate gyrus; CTRL, control; PT,
photothrombosis; MCAO, middle cerebral artery
occlusion.
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Comparison With Resident Granule Cells
Generated Before Stroke
In an additional set of experiments, we addressed the question
whether newborn neurons generated after stroke display
morphological disparities compared with resident granule
cells born weeks before the ischemic insult at P14 (Figure
5A). The early injection of the CAG-RFP retroviral vector at
P14 labeled a huge population of granule cells, making the
mossy fiber path and axonal endings in the CA3 region
effortless visible. Aberrant RFP-positive neurons were not
detected. A detailed morphological comparison of these
resident granule cells with new poststroke and adult control
neurons revealed no differences in branch order, number of
apical dendrites, and dendritic length (online-only Data Sup-
plement Table I). However, resident neurons exhibited sig-
nificantly less dendritic spines compared with newly gener-
ated neurons in PT or MCAO animals (Figure 5B) but
displayed no difference in spine density compared with

adult-born control neurons. The highest percentage of mush-
room spines and generally thicker dendrites (Figure 5C–D)
further indicates that these early-born neurons possess well-
established synaptic connections within the hippocampal
circuitry.

Discussion
The present study clearly demonstrates that focal brain
ischemia impairs correct morphological integration of newly
generated neurons in the DG. A certain fraction of newborn
neurons displayed aberrant features involving bipolar den-
dritic arborizations and ectopic location. Bipolar neurons
were detected after photothrombotic cortical infarcts as well
as after large territorial stroke in the middle cerebral artery
territory, whereas a small number of ectopic new neurons
were exclusively found after MCAO. Detailed spine analysis
further demonstrated a significant portion of mushroom
spines in aberrant neurons as an indicator of stable synaptic

Figure 5. Comparison of newborn neurons gener-
ated after MCAO with resident neurons born at
postnatal Day 14 (P14). A, Confocal image of DG
showing resident neurons (green) generated at P14
and newborn neurons born 4 days after MCAO at
P94 (red, dotted frame). B, Quantification of spine
numbers. C, Numbers of dendritic thin and mush-
room spines on resident neurons. Pie charts dis-
play the ratio between thin and mushroom spines.
Bars represent mean�SEM. Asterisks indicate sig-
nificant differences (P�0.05). D, Comparison of
dendrite morphology in the ML between resident
(green) and poststroke generated (red) neurons.
MCAO indicates middle cerebral artery occlusion;
DG, dentate gyrus; ML, molecular layer.
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integration. However, poststroke-generated granule cells with
regular appearance also demonstrate considerable alterations
in dendritic complexity and spine morphology after MCAO.

In the physiological state, newborn neurons in the adult DG
undergo a complex series of events before fully integrating in
the pre-existing network and, thus, becoming seemingly
indistinguishable from neurons born during embryogenesis.20

Several days after cell division, newborn neurons start ex-
tending axonal and dendritic processes and receiving their
first GABAergic inputs.21 Thereafter, newborn neurons ob-
tain their first glutamatergic input and form their first gluta-
matergic output on CA3 pyramidal cells. This period is
followed by maximal dendritic spine growth and motility as
well as enhanced synaptic plasticity until the new granule
cells develop relatively stable synaptic contacts between the
fourth and sixth week after birth. This delicately regulated
integration of new neurons into the pre-existing hippocampal
network functions well in the intact brain demonstrating
�1% of new neurons with aberrant connections.22

Using 2 different models of experimental stroke, we show
that a fraction of newborn neurons generated after the
ischemic insult develops aberrant dendritic connections. A
few of these abnormal neurons form dendrites toward the
hilus, and others become positioned ectopically. Although the
latter process only occurs after large cortical and subcortical
infarcts (MCAO), bipolar neurons were observed after small
cortical infarcts (PT) as well as after MCAO. Regular as well
as aberrant neurons display a high ratio of mushroom spines
closely positioned to synapsin-positive punctate. Even in the
absence of electrophysiological data, these morphological
findings suggest functional integration. Comparison of the
quantitative and qualitative alterations in neuronal morphol-
ogy between the stroke models further implies that the extent
of aberrant neurogenesis depends on the size of ischemic
damage. Photochemically induced cortical infarcts induce an
average increase in dentate neurogenesis of approximately
50% in different experimental settings, whereas large corti-
cal/subcortical infarcts in the middle cerebral artery territory
duplicate or even triplicate the number of newborn neurons. It
can be hypothesized that the DG is not capable of integrating
this abundance of newborn neurons leading to aberrant
dendritic sprouting and incorrect connections. Our data pos-
sibly underline this premise, but further evidence for this
hypothesis can be derived from hippocampal epilepsy mod-
els. After status epilepticus, dentate neurogenesis is mas-
sively boosted leading to a roughly 20% increase of bipolar
and ectopic granule cells and to additional changes in mossy
fiber sprouting.8–10

Notably, newborn neurons with regular gross morphology
also display significant changes in dendritic complexity
(raised number and length of apical dendrites) after MCAO
and—compared with resident neurons—increased spine den-
sity in both models. These morphological alterations might
reflect functional changes on afferent synapses and, at least in
part, also display different developmental stages. How newly
generated granule cells in the DG develop after focal stroke
and functionally modulate the existing hippocampal circuit-
ries depends not only on morphological connections, but also
on the functional properties of the new neurons. Evidence

from different epilepsy models suggests that new neurons
born in a pathological environment exhibit a high degree of
plasticity at their afferent synapses.23 Granule cells born after
electrically induced status epilepticus show more inhibitory
and less excitatory drive,23 whereas granule cells generated
after an epileptic insult and exposed to repeated seizures
during their differentiation exhibit increased synaptic excit-
ability.24 The present electrophysiological data in epilepsy
models suggest that adult-born neurons have mechanisms to
counteract or adapt to pathologies at their afferent synaptic
inputs. To shed more light on the putative complex functional
properties of adult-born postischemic granule cells, further
electrophysiological investigations are needed.

Our findings of aberrant neurogenesis and subtle morpho-
logical differences of regular granule cells in 2 models of
ischemic stroke support the assumption that massive in-
creases in neurogenesis do not necessarily result in better
hippocampal performance. This is in line with very hetero-
geneous behavioral assessments of hippocampal function in
different stroke and stroke-related models in which strong
enhancement of neurogenesis has been reported. Aberrant
neurogenesis may contribute to functional impairments and,
hypothetically, play a role in the pathogenesis of adjustment
disorders, cognitive deficits, or epilepsy often seen in clinical
patients with stroke. Experimental data only demonstrated better
functional outcomes in animals with increased levels of neuro-
genesis after photothrombotic stroke25 or MCAO26 when differ-
ent types of rehabilitative training were applied. Whether these
therapeutic interventions prevent or diminish aberrant neurogen-
esis should be a matter of further investigations.
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