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Maturation of neural stem cells and integration into hippocampal
circuits – a functional study in an in situmodel of cerebral ischemia
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ABSTRACT
The hippocampus is the region of the brain that is most susceptible
to ischemic lesionbecause it containspyramidalneurons that arehighly
vulnerable to ischemic cell death. A restricted brain neurogenesis limits
the possibility of reversing massive cell death after stroke and, hence,
endorses cell-based therapies for neuronal replacement strategies
following cerebral ischemia. Neurons differentiated from neural stem/
progenitor cells (NSPCs) can mature and integrate into host circuitry,
improving recovery after stroke. However, how the host environment
regulates the NSPC behavior in post-ischemic tissue remains
unknown. Here, we studied functional maturation of NSPCs in control
and post-ischemic hippocampal tissue after modelling cerebral
ischemia in situ. We traced the maturation of electrophysiological
properties and integration of the NSPC-derived neurons into the host
circuits, with these cells developing appropriate activity 3 weeks or less
after engraftment. In the tissue subjected to ischemia, the NSPC-
derived neurons exhibited functional deficits, and differentiation of
embryonic NSPCs to glial types – oligodendrocytes and astrocytes –

was boosted. Our findings of the delayed neuronal maturation in post-
ischemic conditions, while the NSPC differentiation was promoted
towards glial cell types, provide new insights that could be applicable to
stem cell therapy replacement strategies used after cerebral ischemia.
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INTRODUCTION
Cerebral ischemia, a condition causing a high mortality and severe
disability in patients of various ages, represents a common clinical
problem worldwide, and the number of such patients progressively
increases. Functional deficits produced by ischemic injury to the brain
are often irreversible and can be further exacerbated some time later (i.e.
following stroke) due to themassiveneuronal death that canbe triggered
by awide range of ischemic impairments at the cellular and subcellular
levels (Baines et al., 2005; Kirino, 2000; Kopach et al., 2016; Lipton,
1999). A limited capability of the brain for neurogenesis, however,
restricts the effectivenessofpharmacological therapies foranti-ischemic
neuroprotection applied later than the time of the insult, thereby
endorsing cell-based therapies for neuronal replacement strategies.

Stem cells are the most promising candidate for cell-based therapy,
and have gained increasing research interest over the past decades
because of their broad potential for regenerative medical applications
in various diseases (Meamar et al., 2013; Nedelec et al., 2013; Tornero
et al., 2017; Matsa et al., 2016; Kim et al., 2002). Their therapeutic
potential could be mediated by several mechanisms, namely via the
acute trophic effects of stem cells on the injured tissue and their high-
potent capability to differentiate into neural cells of either neuronal or
glial types (Lindvall and Kokaia, 2015; Gage, 2000). In stroke-injured
brain, neurons differentiated from stem cells incorporate into host
circuitry (Tornero et al., 2017) and improve functional recovery (Mine
et al., 2013; Tsupykov et al., 2014;Hicks et al., 2009; Oki et al., 2012).
Independently of neuronal effects, neural stem/progenitor cells
(NSPCs) and induced pluripotent stem cells (iPSCs) improve
neurological function due to the neurotrophic effect derived from
their differentiation into glial cells (predominantly, astroglia) (Emdad
et al., 2012; Jiang et al., 2013). In support of the role that has emerged
for astroglia in neurogenesis, stroke elicits a latent neurogenic
program in astrocytes (Magnusson et al., 2014). Although cumulative
evidence indicates that both neuronal and glial NSPC-derived cell
types have roles in the recovery of the injured brain, the NSPC
behavior (e.g. differentiation profile, electrophysiological maturation,
cell activity and function) after engraftment into the post-ischemic
environment remains unknown. Furthermore, although numerous
studies have demonstrated the biological characteristics of the NSPC-
derived neurons through combinations of immunocytochemistry
and histochemistry, and cytometry and molecular biology assays,
there has been much less focus on the functional properties of
differentiated cells that is required to explore the appropriate neuronal
physiology and integrated functional activity following engraftment
(Kemp et al., 2016).

The present study shows the time courses of functional
maturation and integration of the NSPC-derived neurons into the
host circuits in control and post-ischemic hippocampal tissue in
order to investigate how the post-ischemic environment affects the
behavior of embryonic NSPCs. Our results demonstrate that there is
a delayed functional maturation of the NSPC-derived neurons in an
in situ model of cerebral ischemia, while differentiation of
embryonic NSPCs towards glia is promoted.

RESULTS
Maturation of the NSPC-derived neuronal excitability in situ
GFP-positive uncommitted neural progenitor cells (Fig. 1A,B) were
grafted onto organotypic hippocampal slices to study the maturation
of their electrophysiological properties in situ. In total, 57 GFP-
positive cells were examined in a whole-cell configuration at
different time-points after engraftment (1 to 3 weeks in situ). For
the assessment of functional maturation and the development of
the appropriate electrophysiological activity, the NPSC-derived
neurons were compared with endogenous CA1 pyramidal neurons.Received 15 September 2017; Accepted 29 December 2017
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The restingmembrane potential (Vrest) of GFP-positive NSPCswas
−36.7±4.2 mV (mean±s.e.m.; n=26) at the end of week 1 (6–7 days
post-plating), −42.8±5.0 mV (n=18) at the end of week 2 (13–
14 days post-plating) and−49.2±2.6 mV (n=11) at the end of week 3
(20–21 days post-plating) (Fig. 1C). When compared to endogenous
CA1 neurons (1 week, −52.0±1.1 mV, n=12; 2 weeks, −52.0±
2.0 mV, n=6; 3 weeks, −51.2±1.9 mV, n=9; Fig. 1C), the Vrest of
NSPCswas less hyperpolarized at week 1 (by∼29%;P<0.01) but did
not significantly differ later on (P=0.77 and P=0.86 at 2 and 3 weeks,
respectively). The NSPC capacitance gradually increased (1 week,
16.0±1.6 pF, n=26; 2 weeks, 36.6±5.5 pF, n=20; 3 weeks, 100.1±
37.1 pF, n=12), reaching that in endogenous CA1 neurons by week 3
(104.4±10.8 pF for CA1 neurons, P=0.91; Fig. 1D). This indicates
that there is a time-dependent increase in increase in the NSPC
surface (measured for soma, including branches). In parallel, the
input resistance (Rin) decreased, reflecting the increased conductance
(an increased pool of readily available functional ion channels). In
NSPCs, the Rin was 991.4±162.4 MΩ (n=26) and 790.3±227.4 MΩ
(n=20) after 1 and 2 weeks, respectively, while it was 260.3±

79.4 MΩ (n=12) after 3 weeks, thereby reaching theRin in endogenous
CA1 neurons (1 week, 254.8±52.4 MΩ, n=11; 2 weeks, 174.4±
19.4 MΩ, n=6; 3 weeks, 158.4±21.6 MΩ, n=9; Fig. 1E).

Functional expression of both Na+ and K+ channels is crucial for
cell excitability. To establish the time courses of the development of
the Na+- and K+-channel-mediated conductance, we recorded the
Na+ (INa) and K

+ currents (IK) at different time points. The voltage-
clamp recordings demonstrated that both INa and IK in NPSCs was
detected as early as by week 1 (6–7 days post-grafting), with these
two currents showing the voltage dependence typical of the normal
I–V pattern (Fig. 2A). The total K+-mediated conductance
(consisting of fast and slow non-inactivating components)
demonstrated a progressive rise of the current density at positive
membrane potentials over weeks 1 to 3 (Fig. 2Aii) that accompanied
a progressively increased density of INa (Fig. 2Aiii). The I–V
relationship also revealed Na+ conductance at relatively low
hyperpolarized potentials (−50 mV to −30 mV), which indicates
functional expression of the voltage-gated Na+ channels that
activated at both subthreshold and threshold voltages (Fig. 2Aiii).

The current-clamp recordings were next performed to assess the
capability of NSPCs for generation of induced action potentials (APs).
Consistent with the maturation of Na+- and K+-channel-mediated
conductance, NSPCs showed AP generation by as early as week 1
(Fig. 2Bi), althoughat a low frequency (Fig. 2Bii) andwithAPspikes of
a diminished amplitude and prolonged duration (Fig. 2Ci–iii). The
capability of NSPC-derived neurons for a high-frequency discharge
developed time dependently, reaching a maximal firing rate that was
comparable to that of host neurons by week 3 in situ (35.0±12.3 Hz
versus 53.3±5.0 Hz forNSPCs andCA1neurons, respectively;P=0.34;
Fig. 2Bi,ii). Other parameters of APs also developed (Fig. 2Ci–iii).

Integration of the NSPC-derived neurons into the host
circuits
Next, we examined the functional integration of the NSPC-derived
neurons into the host hippocampal circuitry. To determine the time
course of when neurons differentiated from NSPCs become integrated
and develop the appropriate network activity, synaptic events were
recorded at different time points after engraftment (1 to 3 weeks in situ).
The voltage-clamp recordings of spontaneous excitatory postsynaptic
currents (sEPSCs) at −70 mV revealed detectable events at different
stages of NSPC maturation. We could detect sEPSCs as early as at
1–2 weeks post-grafting, although of a low-frequency appearance. The
median frequency was 0.16 Hz (n=499 events recorded in five cells) at
1 week and 0.20 Hz (n=315 events in 8 cells) at 2 weeks (Fig. 3Ai,ii).
Despite a relatively low occurrence of excitatory events in NSPCs at the
earlier time window, the characteristic rise kinetics of the detected
currents was similar to that of endogenous CA1 neurons (Fig. 3B).
Immuno-electron microscopy (EM) confirmed that NSPCs made
synapses with host cells in bi-directional manner (Fig. 3C). There were
numerous vesicles accumulated within the presynaptic-like structures;
in some of the presynaptic structures on the host cells, vesicles were
docked to the postsynaptic membrane of GFP-positive cell. After
3 weeks, theNPSC-derived neurons displayed an sEPSC frequency that
was similar to that of endogenous neurons (0.95 Hz versus 1.48 Hz for
NSPCs and CA1 neurons, respectively, P=0.42 the Mann–Whitney
U-test; Fig. 3Aii). The sEPSC amplitude also increased with time after
engraftment (Fig. 3Dii). The median amplitude was 5.37 pA and
5.71 pA at 1 and 2 weeks, respectively, but 6.71 pA at 3 weeks, a value
close to that in endogenous CA1 neurons (7.45 pA, P=0.53 the Mann–
Whitney U-test; Fig. 3Ei,ii). The increased amplitude indicates the
time-dependent functional expression of postsynaptic glutamate
receptors mediating excitatory transmission.

Fig. 1. Development of membrane properties in NSPCs after in situ
engraftment. (A) FACS analysis of freshly isolated NSPCs, demonstrating a
fraction of GFP-positive NSPCs (green) from viable cells. (B) Staining of the
obtained cell fraction (from A) with nestin (red) and Hoechst 33342 (blue)
shows the uncommitted neural progenitor cells (n=4 samples). (C) Patch-
clamp of GFP-positive NSPCs (whole-cell configuration, left image) revealed
the time-dependent development of the resting membrane potential (Vrest) in
NSPCs after engraftment in situ. The number of cells analyzed for each group
is indicated. (D,E) The time courses of changes in capacitance (Cm, D) and
input resistance (Rin, E) of NSPCs after engraftment onto organotypic
hippocampal slices. Number of NSPCs analyzed: n=26 at 1 week, n=20 at
2 weeks, n=12 at 3 weeks; host CA1 neuron, n=11 at 1 week, n=6 at 2 weeks,
n=9 at 3 weeks. Data are mean±s.e.m. **P<0.01, ***P<0.001 compared to
endogenous CA1 neurons (unpaired t-test); ns, non-significant.
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Taken together, the NSPC-derived neurons integrate into the host
circuitry, developing the appropriate pattern of synaptic activity
(excitatory transmission) within 3 weeks in situ.

Delayed maturation of the NSPC-derived neuronal
excitability in ischemic-impaired tissue
To examine the time-dependent maturation of electrophysiological
properties of the NSPC-derived neurons in the post-ischemic
environment, we exposed organotypic hippocampal slices to

oxygen-glucose deprivation (OGD, 10 min duration), thereby
mimicking the conditions that take place upon cerebral ischemia.
Recently, we have demonstrated that this model of cerebral ischemia
in situ triggered CA1 neuronal death within 2 weeks or less, and was
accompanied by drastic functional impairments in CA1 neurons
(Rybachuk et al., 2017). Therefore, the same experimental model
was utilized here, followed by the NSPC therapy (Fig. 4A).

In total, 54 GFP-positive NSPCs were examined at different time
points after engraftment onto the OGD-exposed tissue to compare

Fig. 2. The time-dependent maturation of
excitability of the NSPC-derived neurons in situ.
(A) Examples of voltage-clamp recordings from
endogenous CA1 (host cell) and NSPC-derived
neurons at different time-points after engraftment in
situ (Ai) and the average current–voltage
relationship for K+-channel-mediated conductance
(IK, Aii) and Na+-channel-mediated conductance
(INa, Aiii) in host CA1 and differentiated neurons. The
protocol consisted of voltage steps from −70 mV to
+110 mV of 200-ms duration. The INa in endogenous
CA1 neurons and NSPCs shown in Aiii was
estimated at −10 mV (the maximum over different
voltages). The number of cells analyzed for each
group is indicated. (B) Examples of the current-
clamp recordings in endogenous CA1 (Bi left) and
the NSPC-derived neurons at 1 week (Bi middle)
and 3 weeks (Bi right) in situ, and summary of the
maximal firing rate in NSPCs at different time-points
compared to endogenous CA1 neurons (Bii). Insert
below, magnification of an individual AP depicting
parameters of spike shaping. Red examples show
the first AP evoked in the cells, where analysis of
spike shaping was performed. The number of cells
analyzed is indicated. (C) The time-dependent
changes in individual AP spikes – amplitude (Ci),
depolarization rate (Cii) and the width at half-
maximal amplitude (Ciii) – in neurons differentiated
from NSPCs at different time points compared to
endogenous CA1 neurons. The number of host CA1
neurons: n=25; NSPCs: n=14 at 1 week, n=15 at
2 weeks, n=25 at 3 weeks for each parameters. Data
are mean±s.e.m. **P<0.01 and ***P<0.001
(unpaired t-test) compared to endogenous CA1
neurons; ns, non-significant.
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functional properties of neurons differentiated from NSPCs in the
post-ischemic environment with their counterparts in control grafts.
First, we assessed the time courses of maturation of the NSPC-
derived neuronal excitability in the ischemic-damaged tissue. There
were no differences in the capacitance of NSPCs between control
and post-ischemic conditions at week 1; however, differences
appeared at later time points (week 2, 36.6±5.5 pF, n=20 in control
versus 18.5±3.5 pF, n=22, P<0.01 in the OGD-exposed tissue;
week 3, 100.1±37.1 pF, n=12 in control versus 60.0±17.0 pF, n=16,
P=0.32 in the OGD-exposed tissue; Fig. 4B). We also found that Rin

developed slower in NSPCs in the ischemic-damaged tissue,
although the time-dependent changes did not reach a statistical
difference (week 1, 991.4±162.4 MΩ, n=26 in control versus
1554.8±421.1 MΩ, n=18, in the OGD-exposed tissue, P=0.23;
week 2, 790.3±227.4 MΩ, n=20 versus 1292.9±344.6 MΩ, n=22,
P=0.23; week 3, 260.3±79.4 MΩ, n=12 versus 489.4±191.8 MΩ,
n=16, P=0.16; Fig. 4C).

Neurons differentiated from NSPCs in the post-ischemic tissue
were much less capable of generating APs than NSPC-derived
neurons in control grafts. Although we detected neurons generating
APs as early as 6–7 days after engraftment onto the OGD-exposed
tissue, the frequency of firing was significantly lower than in control
(by ∼68% at week 1, P<0.01; by ∼68% at 2 weeks, P<0.05; and by
∼49% at 3 weeks, P=0.3; Fig. 4Dii). The parameters of AP spike
were also impaired: the amplitude was diminished (week 1, by
∼34%, P=0.12; week 2, by ∼51%, P<0.01; week 3, by ∼34%,
P=0.12) and the half-amplitude width was increased in the NSPC-
derived neurons in the post-ischemic tissue (Fig. 4Ei,ii).

Moderate integration of the NSPC-derived neurons into the
ischemic-impaired circuitry
Next, we examined the functional integration of NSPC-derived
neurons into the ischemic-impaired circuitry. Similar to our previous
findings of impaired excitatory transmission in CA1 neurons in such

Fig. 3. The time course in which NSPC-derived
neurons integrate into the host circuits.
(A) Cumulative probability plots for the inter-event
intervals of sEPSCs in NSPCs and endogenous CA1
neurons after different times in situ (Ai) and summary
of the median frequency of sEPSCs in different
experimental groups (Aii). The sEPSC frequency is a
median calculated for individual cells within the
experimental group (the number of analyzed cells is
indicated). Cumulative probability was analyzed for
pooled events, with n indicating the number of events
in a group. (B) Distribution profiles for the rise kinetics
of sEPSCs recorded from NSPCs and endogenous
CA1 neurons at the week 1. The rise-time of individual
currents was normalized to the current amplitude.
(C) EM images of synaptic structures betweenNSPCs
(green overlay) and host cells in organotypic
hippocampal slices. Note the numerous vesicles
within presynaptic terminals and NSPCs making
either pre-synaptic (pre) or postsynaptic (post)
contacts. Arrows indicate the postsynaptic density on
NSPCs. Scale bars for images on right: 80 nm.
(D) Example of sEPSC recording from an NSPC-
derived neuron at 3 weeks in situ (Di) and the average
sEPSCs at 1 and 3 weeks (Dii). The currents are
averaged from 502 events for week 1 (blue) and 341
events for the week 3 (gray). (E) Distribution profiles
for the sEPSC amplitude in the NSPC-derived and
CA1 neurons at different time in situ (Ei) and summary
of the median amplitude in different experimental
groups (Eii). The sEPSC amplitude is median
calculated for individual cells within experimental
group (number of analyzed cells is the same as
indicated on Aii). *P<0.05, **P<0.01 (Mann–Whitney
U-test compared to endogenous CA1 neurons); ns,
non-significant.
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an in situ experimental model of cerebral ischemia (Rybachuk et al.,
2017), OGD boosted the excitatory drive of CA1 neurons (enhanced
sEPSC frequency) and changed postsynaptic glutamate receptors (the
parameters of postsynaptic currents) in host CA1 neurons at the later
period of time post OGD (1–3 weeks; data not shown). However, we
did not observe any boosting of excitatory transmission in the NSPC-
derived neurons in the post-ischemic tissue. No detectable sEPSCs
(apart from a very few events) occurred in NSPCs at week 1 (n=5 cells
tested); sEPSCs appeared at week 2, although at a low frequency of
occurrence (four cells exhibiting detectable events out of 13 tested).
After 2 weeks, the inter-event interval of sEPSCs was 2.59 s (n=61
events recorded in four cells) in the OGD-exposed tissue versus
0.68 s (n=307 events in four cells) in control tissue (P<0.001,
Kolmogorov–Smirnov test; Fig. 5Ai). After 3 weeks, the inter-event
interval was 0.85 s (n=100 events recorded in four cells) versus 0.45 s
(n=509 events in four cells; P<0.01 Kolmogorov–Smirnov test) in the
post-OGD and control conditions, respectively (Fig. 5Ai). The
median frequency was reduced by ∼75% at 3 weeks post-OGD
(P=0.19, Mann–Whitney U-test; Fig. 5Aii). We never observed
neurons differentiated from NPSCs in the ischemic-impaired tissue
developing their frequency of sEPSCs to the level of achieved by
NPSCs in control tissue (or the level of host neurons). Consistent with
this, the median amplitude of sEPSCs was also diminished in the
NSPC-derived neurons in post-ischemic tissue (6.75 pA, n=6 in

control, but 4.84 pA, n=4 in the OGD-exposed tissue at 3 weeks in
situ; Fig. 5Bi–iii).

Differentiation of NSPCs into glial cell types is promoted in
the post-ischemic environment
So far, our results have revealed the delayed maturation of
functional properties in the NSPC-derived neurons in the post-
ischemic environment, with a slowed down neuronal integration
into the ischemic-impaired circuitry. However, the proportion of
nestin-positive cells (undifferentiated progenitors) was less in the
OGD-exposed tissue compared to the proportion in control at week
1 (Fig. 6A), indicating that NSPCs differentiate in the post-ischemic
environment. Our electrophysiological recordings determined that a
proportion of NSPCs exhibited a Vrest of −70 mV (or lower) in the
OGD-exposed tissue as early as 6–7 days after engraftment
(Fig. 6Bi). These cells revealed neither capability for AP
generation (Fig. 6Bii) nor did they show voltage-dependent Na+-
currents over the time tested (1 to 3 weeks in situ), which matches
the properties of the glial cell type. Quantitative analysis
demonstrated that the proportion of NSPCs exhibiting Vrest

≤−70 mV was higher in the post-ischemic tissue than in the
control at each time point tested (Fig. 6C). Consistent with this, the
proportion of NSPCs not capable of firing was also higher (control,
25% to 40% at 1 and 3 weeks, respectively; post-OGD, 50% to

Fig. 4. Delayed maturation of neuronal excitability
of NSPCs in the post-ischemic tissue. (A) Diagram
of experimental modelling of cerebral ischemia
in situ and implementing of stem cell-based
therapy in hippocampal slice cultures.
(B,C) The time-dependent changes in capacitance
(B) and input resistance (C) of NSPCs after
engraftment in control and the OGD-exposed
hippocampal tissue. Number of NSPCs in control:
n=26 at 1 week, n=20 at 2 weeks, n=12 at 3 weeks; in
the post-ischemic tissue, n=18 at 1 week, n=22 at
2 weeks, n=16 at 3 weeks. (D) Example of AP firing
by a NSPC-derived neuron at 3 weeks in the OGD-
exposed tissue (Di), and summary of the maximal
firing rate by the NSPC-derived neurons at different
time points in the ischemic-impaired tissue compared
to control (Dii). The number of cells analyzed within
the groups is indicated. (E) Examples of individual AP
spikes in the NSPC-derived neurons at 2 weeks in
control (black) and post-ischemic tissue (red, Ei), and
summary of the time-dependent changes in AP
parameters between control and post-ischemic
conditions (Eii). The parameters of AP spike were
analyzed as depicted in Fig. 2Bi. The number of cells
analyzed is indicated. Data are mean±s.e.m.
*P<0.05, **P<0.01 compared to the NSPC-derived
neurons in control (unpaired t-test).
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80%, respectively; Fig. 6D). Taken together, this demonstrates that
differentiation of NSPCs is promoted towards glial type in the post-
ischemic environment.
The pool of identified NSPC-derived glial cells was not

homogenous according to electrophysiological properties of the
cells, as it varied in both Rin (from few MΩ to a few GΩ) and
capacitance (Fig. 6E). Immunohistology further confirmed the NSPC
differentiation into different glial cell types – oligodendrocytes and
astrocytes (Fig. 6F).

DISCUSSION
Abroad therapeutic potential of stem cells has led to increasing interest
in cell-based therapies for cell replacement strategies in neuronal cell
loss after stroke, brain injury or in neurodegenerative diseases (Lindvall
and Kokaia, 2015; Meamar et al., 2013; Pluchino et al., 2003; Kim
et al., 2002). Such strategies include either transplantation of cells that
are already differentiated into the injured tissue (Tornero et al., 2017;
Kim et al., 2002) or engraftment of stem cells into a host tissue for
subsequent differentiation and maturation (de la Rosa-Prieto et al.,
2017; Tsupykov et al., 2014; Darsalia et al., 2011; Mine et al., 2013).
The latter approach is considered as one promoting multipotent
differentiation of neural precursors in an environment of endogenous
cells in order to provide ‘self-repair’ of injured tissue (Gage, 2000),
although such a concept remains debatable. In this study, we aimed to
determine the time course of maturation of the functional properties of
neurons derived from embryonic NSPCs and their integration into the
host circuits. We document development of the appropriate neuronal
activity (comparable to host endogenous CA1 neurons) that takes
3 weeks or less after engraftment of embryonic NSPCs in hippocampal
tissue in situ. We further demonstrate the role of the host environment
in regulating the maturation of the NSPC-derived neurons and the
differentiation profile by comparing functional properties of the
NSPC-derived cells between control and post-ischemic conditions at
different time windows.
Improving neurogenesis and accelerating functional maturation of

the NSPC-derived cells have been long-desired tasks, being realized
through the utilization of purposely designed enhanced media
consisting of various transcriptional factors or cocktail composites.

However, the survival rate of differentiated cells after transplantation
remains relatively low and neurons differentiated from NSPCs or
iPSCs in in vitro conditions often exhibit functional deficits.With this
idea, we aimed to examine the time course of functional maturation
of NSPC-derived neurons in the endogenous (physiological)
environment where both tissue architecture and signaling pathways
remained preserved. Since we have recently established that mouse
organotypic hippocampal slices can be suitable for long-term
maintenance (at least 4–5 weeks), with no functional deficit in CA1
neurons over this time window (Rybachuk et al., 2017), here, we
focused on the functional (electrophysiological) properties of neurons
derived from embryonic NSPCs. These NSPCs were grafted into
hippocampal tissue in basic artificial medium (no enriched
composites) in order to trace the maturation of NSPCs in a host
(endogenous) environment. Neuronal maturation was assessed with
regard to developing of passive membrane properties, cell excitability
and network activity (integration into the host circuits). We observed
progressively improving parameters of Vrest, capacitance (increasing
cell surface), andRin (readout of conductance, i.e. the readily available
pool of functional ion channels) over the week 1 to 3 in situ, together
demonstrating the time-dependent development of functional
properties of the cells. Consistently, NSPCs gradually developed
their neuronal excitability, including Na+- and K+-mediated
conductance and the capability for generating induced APs.
Remarkably, we observed cells capable of firing shortly after
engraftment (6–7 days in situ), although these cells did not maintain
a high-frequency discharge within the earlier time frames examined
(1–2 weeks). These results are similar to the properties of human
NSPCs in rat hippocampal slices reported for such a time frame
(Morgan et al., 2012). Consistent with the maturation of neuronal
excitability, we detected synaptic activity in the NSPC-derived
neurons as early as by week 1 post-grafting, although detected
sEPCSs, which are indicative of functional synapses between
differentiated NSPCs and host cells, occurred at very low frequency.
EM confirmed synaptic structures, showing that there were numerous
vesicles within presynaptic terminals at such a time frame.
Interestingly, the same frequency of sEPSCs was detected in human
NSPCs at 4 DIV in situ (Morgan et al., 2012). The parameters of

Fig. 5. Decelerated integration of the NSPC-
derived neurons into the ischemic-impaired
hippocampal circuits. (A) Cumulative probability
plots for the inter-event intervals of sEPSCs in the
NSPC-derived neurons at different time-points in
control and post-ischemic tissue (Ai) and
summary of the frequency of sEPSCs in different
groups of differentiated neurons (Aii). The sEPSC
frequency is the median calculated for individual
NSPCs in experimental groups (the number of
cells analyzed is indicated). Cumulative probability
shows pooled events, with n indicating the number
of events in a group. (B) Summary of the sEPSC
amplitude in the NSPC-derived neurons at
different times after engraftment in control and
post-ischemic tissue (Bi), and distribution profiles
for the sEPSC amplitude at 3 weeks for each
condition (Bii). The overlay of the average sEPSCs
at 3 weeks in situ (Biii) demonstrates the reduced
current amplitude in post-ischemic tissue
compared to control. The currents are average
from 341 events in control (black) and 80 events
post OGD (red).
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postsynaptic currents reached those in endogenous CA1 neurons after
3 weeks in situ (both frequency and amplitude), thus arguing for
proper integration of differentiated neurons into the host circuits and
maturation of the postsynaptic receptors. Taken together, our data
demonstrate that maturation of the NSPC-derived neurons takes
3 weeks or less in a host tissue, pointing at the accelerated maturation
in situ when compared with the similar functional parameters of
NSPCs within such time frame in in vitro conditions (Morgan et al.,
2012; Lam et al., 2017). This indicates a regulatory role of
physiological environment in stem cell maturation. In support of the
accelerated neuronal maturation within a host environment, iPSC-
derived neurons developed their functional properties (Vrest, Na+- and
K+-currents) within a similar time window (3 weeks) in vitro in a
medium enriched with transcriptional factors (Colasante et al., 2015).
On the other hand, the physiological environment of organotypic
tissue cultures might be compromised by a lack of blood flow and
morphological modifications with increasing time of tissue
maintenance. It remains unclear whether conditions in vivo
accelerate the maturation of neural precursor cells since the
functional properties of differentiated neurons (firing pattern or
network activity) are typically studied a few months following their
transplantation into the brain (Zhou et al., 2015; Avaliani et al., 2014;
Tornero et al., 2017; Oki et al., 2012).
We recently described in detail the ischemic impairments, both

morphological and functional, in organotypic hippocampal slices at
the later time window (1–3 weeks) following OGD (Rybachuk et al.,
2017). Therefore, here,we focusedon thematuration ofNSPC-derived

neurons in situ as a possible NSPC therapy for cell replacement
strategies after cerebral ischemia. However, the NSPC-derived
neurons exhibited slower maturation of their functional properties in
the OGD-exposed tissue than in control. All electrophysiological
parameters (capacitance and resistance, firing discharge and shaping
of APs) matured slower in the OGD-exposed tissue at each time point
tested (1 to 3 weeks). The integration of NSPCs into the impaired host
circuits was also delayed compared with that in control – we rarely
detected synaptic events in the NSPC-derived neurons at 1–2 weeks,
and the sEPSC parameters remained lower even following 3 weeks in
situ. Such functional deficits very likely relate to severe post-ischemic
impairments in hippocampal tissue due to glutamate-induced
excitotoxicity and overwhelmed depolarization of endogenous
neurons (Dzhala et al., 2001; Fujiwara et al., 1987), which persist
for 2–3 weeks after OGD (Rybachuk et al., 2017). In contrast to the
delayed neuronal maturation, NSPC differentiation to a glial cell type
was boosted in the post-ischemic environment. We identified this by
showing that an increased proportion of NSPCs (1) exhibited a Vrest

lower than −70 mV as early as 5–7 days after engraftment [for
comparison, iPSC-derived neurons develop a Vrest from −50 mV to
−58 mV after 5 months following transplantation in stroke-damaged
brain (Oki et al., 2012)] and those cells (2) displayed no firing (orNa+-
channel-mediated currents) over the time tested (1 to 3 weeks). Both
electrophysiological properties characterize the glial cell type.
According to the various membrane properties recorded for NSPC-
derived glial cells, immunostaining further confirmed the NSPC
differentiation into at least two different glial cell types –

Fig. 6. PromotedNSPCdifferentiation towards glial
cell type in the post-ischemic environment.
(A) Proportion of nestin-positive NSPCs at week 1 in
control and the OGD-exposed tissue. (B) Summary of
the resting membrane potential (Vrest) of NSPCs in the
OGD-exposed hippocampal slices (Bi) and example
of the current-clamp recordings from NSPCs at
3 weeks showing no AP firing (Bii). Number of NSPCs:
n=5 at 1 week, n=9 at 3 weeks. (C) The time-
dependent changes in relative proportions of NSPCs
displaying Vrest≤−70 mV to NSPCs with
Vrest≥−70 mV in control and post-ischemic conditions.
Number of total cells analyzed for control group: n=26
at 1 week, n=20 at 2 weeks and n=12 at 3 weeks; for
the OGD-exposed tissue, n=18 at 1 week, n=22 at
2 weeks and n=16 at 3 weeks. (D) The time-
dependent changes in relative proportions of NSPCs
displaying firing and those failed to fire in control and
post-ischemic conditions. Number of total cells
analyzed for control group: n=24 at 1 week, n=16 at
2 weeks and n=12 at 3 weeks; in the OGD-exposed
tissue, n=18 at 1 week, n=18 at 2 weeks and n=15 at
3 weeks. (E) Scatter-plot of the Rin values plotted
against capacitance (Cm) of the NSPC-derived glial
cells at 3 weeks in the OGD-exposed tissue. The
NSPC-derived glial cells were identified as those
displaying Vrest of −70 mV (or lower) and not firing.
(F) Example images of positive staining of NSPCs for
Olig-2, a marker for oligodendrocytes, and the
astrocytic marker GFAP in the CA1 area in the OGD-
exposed tissue. Scale bars for images on the bottom:
10 μm.
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oligodendrocytes and astrocytes. The versatile differentiation of
NSPCs into, for example, neurons (Kelly et al., 2004; Tornero et al.,
2017), astrocytes (Emdad et al., 2012; Jiang et al., 2013),
oligodendrocytes (Pluchino et al., 2003) and even endovascular cells
(Wurmser et al., 2004) has been firmly shown previously; therefore, it
is not surprising here, but the distinct differentiation profile between
control and post-ischemic conditions have not been shown todate. The
changes in migration and outgrowth of human iPSCs after
transplantation in stroke-injured brain have been recently reported,
but cell proliferation and differentiation were not altered (de la Rosa-
Prieto et al., 2017). By using an electrophysiological approach for
functional characterization of embryonic NSPCs, here, we
demonstrate enhanced NSPC differentiation towards the glial cell
type in the ischemic-impaired tissue, which was accompanied with
delayed functional maturation (electrophysiological properties) of
NSPC-derived neurons. These results indicate the regulatory role of
host environment for stem cell activity and also suggest that glia have
the role in determining post-ischemic conditions. Although the
mechanisms through which glia impact on ischemic impairments
remain to be defined, at first glance, the NSPC-derived glial cells,
identified here as oligodendrocytes and astrocytes, provide a profound
neurotrophic effect on the impaired tissue. Oligodendrocytes
differentiated from NSPCs essentially contributed to the axon re-
myelination and the NSPC-derived astrocytes supported axonal
regeneration and neuronal survival by secreting numbers of
neurotrophic and growth factors (Davies et al., 2006; Shetty et al.,
2005).Hypothetically, a latent neurogenic programcould be elicited in
astrocytes upon ischemic conditions (Magnusson et al., 2014) to
promote neurogenesis, enhance proliferation and differentiation of
precursor cells, control cell migration and axon guidance (Lu and
Kipnis, 2010; Staquicini et al., 2009).
Summarizing, our results show that post-ischemic environment

alters functional maturation of the NSPC-derived neurons and the
identity of pool of NSPCs engrafted in the ischemic-damaged
hippocampal tissue in situ. Our findings showing the role of host
environment in differentiation and maturation of NSPCs provide
new insights that could be useful when considering stem cell-based
therapy for neuronal replacement after cerebral ischemia and,
thereby, the potential of NSPC-derived cell types as an anti-
ischemic treatment.

MATERIALS AND METHODS
Organotypic hippocampal slice cultures
Animals were used in accordance with the protocols approved by the Animal
Care and Use Committee at Bogomoletz Institute of Physiology (Kyiv,
Ukraine) and the European Commission Directive (86/609/EEC). Organotypic
hippocampal slice cultures were prepared from 8–9-day-old FVB mice, as
described in detail recently (Rybachuk et al., 2017). Briefly, after the
hippocampi were dissected out, transverse slices (350-μm thick) were cut and
placed on 0.4-μm membrane inserts (Sigma, Millicell®CM, Germany). Slices
were maintained in culture medium containing 50% MEM, 25% HBSS, 25%
horse serum, 2.5 mMTris, 2 mMNaHCO3, 12.5 mMHEPES, 15 mMglucose
and 1% penicillin-streptomycin at 37°C (5% CO2). Medium was replaced on
the day 2 after plating and then twice a week.

Isolation of NSPCs and fraction analysis
NSPCs were isolated from the hippocampi of 16–17 days post coitum (dpc)
embryos from FVB-Cg-Tg(GFPU) 5Nagy/J transgenic mice expressing
GFP (Tsupykov et al., 2014) by means of centrifugation (450 g, 10 min) of a
cell suspension in 22% Percoll (GE Healthcare BioScience, Sweden). Flow
cytometry was performed in the enriched cell fraction (5×105 cells in 100 µl
phosphate-buffered saline, PBS) using the BD FACS Aria cell sorter with
BD FACSDiva™ 6.1.2 software (BD Biosciences). The percentage of
viable cells was assessed by using 7-aminoactinomycin D (7-AAD, BD

Pharmingen) (2.5 µg/ml, 10 min at 4°C). Unstained samples were used as a
control. The average numbers of GFP-positive and 7-AAD-negative cells
from at least 20×103 cells per sample were counted. FACS analysis
demonstrated that a freshly isolated suspension of NSPCs consisted of
85–90% viable cells, with ∼95–99.6% GFP positive (Fig. 1A).

NSPCs were plated on Matrigel-coated coverslips (BD Biosciences) in a
four-well plate (5×104 cells/well) in neurobasal medium (Gibco),
supplemented with 20 ng/ml FGF-2 (Sigma), B27 (2%, Invitrogen), 1 mM
sodium pyruvate (Sigma), 1 mM N-acetyl-L-cysteine (Sigma), 1%
L-glutamine (HyClone) and 1% penicillin-streptomycin (Invitrogen) at
37°C (5% CO2). At 1–2 days in vitro, cells were fixed with 4%
paraformaldehyde (PFA, 30 min), washed out with 0.1 M phosphate buffer
(PB), and blocked with 0.3% Triton X-100 and 0.5% BSA. The primary
antibodies used were monoclonal mouse anti-nestin, a marker of
uncommitted neural progenitor cells (1:500; MAB353, Millipore). The
secondary antibodies were donkey anti-mouse-IgG conjugated to Alexa Fluor
555 (A-31570, Invitrogen). The nuclei were labeled with Hoechst 33342
(1:5000; H3570, Invitrogen).

OGD and engraftment of NSPCs in situ
Freshly isolated NSPCs were grafted onto the organotypic slices (7 days
post-plating) at a density of 0.25×105 cells per slice. For the OGD-exposed
tissue, the organotypic hippocampal slice cultures were exposed to oxygen-
glucose deprivation (OGD, 10-min duration), as we described recently
(Rybachuk et al., 2017). Briefly, slice cultures (7 days post-plating) were
placed into medium containing 15 mM sucrose (instead of 15 mM glucose),
and equilibrated with 95% N2 and 5% CO2 for 10 min. After termination of
OGD, the tissue was returned into culture medium and maintained until
used. NSPCs were grafted 2 h post-OGD (Fig. 4A). At 1 day after
engraftment, mediumwas replaced towash out NSPCs not attached to a host
tissue. Quantitative analysis demonstrated that there were a similar number
of NSPCs over the time of the experiment (1–2 weeks after engraftment) for
the control and the OGD-exposed slices (data not shown), consistent with
other reports (Darsalia et al., 2011; Sakata et al., 2012; Hicks et al., 2009; de
la Rosa-Prieto et al., 2017).

Immunohistochemistry
Organotypic hippocampal slice cultures were fixed with 4% PFA overnight,
washed with 0.1 M PB, and blocked in 0.1 M PB containing 0.3% Triton
X-100 and 0.5% bovine serum albumin (BSA). The following primary
antibodies were used: monoclonal mouse anti-neuronal nuclei (NeuN,
1:1000; MAB377, Chemicon), polyclonal chicken anti-glial fibrillary acidic
protein (GFAP, 1:1500; ab4674, Abcam), polyclonal rabbit anti-olig-2
(1:1000; AB9610, Chemicon) and polyclonal goat anti-GFP antibodies
(1:700; 100-1770 Novus Biologicals, USA). Secondary antibodies were
donkey anti-goat-IgG conjugated to Alexa Fluor 488 (1:1000; A-11055,
Invitrogen), donkey anti-mouse-IgG conjugated to Alexa Fluor 555 (A-
31570, Invitrogen, USA), goat anti-chicken-IgG conjugated to Alexa Fluor
647 (1:1000; A-21449, Invitrogen) or donkey anti-rabbit IgG conjugated to
Alexa Fluor 647 (1:1000; A-31573, Invitrogen, USA). Slices were mounted
on glass slides with DakoCytomation fluorescent mounting medium
(DacoCytomation). Confocal images were taken using a FV1000-
BX61WI laser scanning microscope (Olympus, Tokyo, Japan). Analysis
of images was performed using ImageJ (NIH, USA).

Electrophysiology
The whole-cell recordings were made from endogenous CA1 neurons (host
cells) and GFP-positive NSPCs in organotypic slice cultures at different
time-points of tissue maintenance/post-grafting of NSPCs. Recordings were
made in artificial cerebrospinal fluid (ACSF) containing (in mM): 124NaCl,
1.6 KCl, 24 NaHCO3, 1.2 KH2PO4, 2.5 CaCl2, 1.5 MgCl2, 2 ascorbic acid,
and 10 glucose (95%O2 and 5%CO2, pH 7.4). Intracellular solution was (in
mM): 133 K-gluconate, 5 NaCl, 0.5 MgCl2, 10 HEPES-Na, 2 MgATP, 0.1
GTP-Na and 0.5 EGTA (pH 7.2, osmolarity 290 mOsM). Patching pipettes
had a resistance of 3–5 MΩ. Cells were recorded in current and voltage-
clamp modes using a MultiClamp 700B amplifier (Axon Instruments,
Molecular Devices, CA); cells displaying a leak current >100 pA were
discarded. GFP-positive NSPCs were fluorescently identified by using an
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Olympus BX50WImicroscope (Olympus, Japan), equipped with a 60×, NA
0.9 water-immersion objective and DIC optics, and a PolyChrome IV
monochromator (Till Photonics, Germany) with a 12-bit cooled CCD
camera (Sensicam, PCO, Germany) operated with Imaging Workbench
software (INDEC System).

NSPCs were studied for (1) passive membrane properties, including the
resting membrane potential (Vrest), capacitance (Cm) and input resistance
(Rin), and for (2) neuronal excitability and (3) functional integration into the
host hippocampal circuits (synaptic activity). Capacitance measurements
were performed by using a common protocol of integrating the transient
capacitive current during the voltage-clamp steps with pClamp software
(Molecular Devices, CA); the parameter was measured for soma, including
proximal branches, rather than over the entire architecture of neuronal
processes (Golowasch et al., 2009). Neuronal firing was elicited with a
series of depolarizing currents of 50- to 100-ms duration applied with
increased stimulus intensity (30–60 pA increment). We analyzed the
frequency of firing and the parameters of AP spike for its amplitude, peak
overshoot, depolarization rate and the spike width at half-maximal
amplitude. Only the first AP spike generated by a cell was used for the
analysis. For the current-voltage relationship (I–V curves) for the Na+-
channel- and K+-channel-mediated currents, voltage steps of 200-ms
duration were applied from −70 mV with an increment 10 to 20 mV.
Functional integration of the NSPC-derived neurons into hippocampal
circuits was examined by recording the sEPSCs at −70 mV.

Clampfit 10.3 software (Molecular Devices, CA) and Origin Pro
(Origin Lab) were used for analysis. The Mini Analysis Program
(Synaptosoft, Decatur, GA) was used for off-line detection of sEPSCs, as
we have described in detail elsewhere (Kopach et al., 2015; Kopach
et al., 2017). Excitatory currents were distinguished from baseline noise
by setting the appropriate parameters for each individual cell and
manually eliminating false-positive events. The currents were analyzed
for the frequency of occurrence, and their amplitude and kinetics
calculated within the time frame of 0% to 100% of current rise time
normalized to the amplitude.

Immuno-electron microscopy
For visualization of synaptic structures between host cells and grafted
NPSCs, immuno-electron microscopy was used as described in detail
previously (Tsupykov et al., 2014). Briefly, slices were fixed with 4% PFA
and 0.25% glutaraldehyde in 0.1 M PB for 1 h at room temperature. After
fixation, slices were washed with 0.1 M PB, treated with 0.3% H2O2 for
inactivation of endogenous peroxidases (15 min) and permeabilized with
0.1% Triton X-100 in blocking solution (5% BSA and 5% normal goat
serum) for 30 min at 4°C. Afterwards, slices were incubated with polyclonal
rabbit anti-GFP antibodies (1:500; A-11122, Molecular Probes, Eugene,
OR) for 48 h at 4°C. For negative control primary antibodies were omitted
and slices were incubated in blocking solution. Secondary antibodies were
horseradish peroxidase (HRP)-conjugated goat anti-rabbit-IgG (H+L)
(1:200; 34506SB, MoBiTec, Germany) incubated for 24 h at 4°C.
Subsequently, the standard diaminobenzidine (DAB) reaction was
performed, slices were post-fixed in osmium tetroxide, then dehydrated in
an increasing ethanol series, pre-embedded with propylene oxide, and flat-
embedded in epoxy resin (agar 100 resin, araldite CY 212, DDSA, DMP-30;
Plano, Wetzlar, Germany). For identifying the GFP (DAB-labeled) cells
semi-thin sections were stained with Methylene Blue. Finally, ultra-thin
sections were stained with uranyl acetate and lead citrate and examined in an
electron microscope (JEOL100-CX; JEOL, Tokyo, Japan) at 80 kV.

Statistical analysis
All data are presented as mean±s.e.m. with n referring to the number of cells
analyzed. A Student’s two-tailed t-test was used to determine statistical
differences between different experimental groups. The data sets for the
recorded sEPSCs were probed for normality with the Shapiro–Wilk test.
Mostly, the data sets were not normally distributed, therefore, they were
compared using a nonparametric Mann–Whitney U-test; those results are
presented as medians. The Kolmogorov–Smirnov two-sample test was used
to compare the distributions in parameters between groups. A P value less
than 0.05 was considered as statistically significant for either test.
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