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Abstract

Mesenchymal stem cell (MSC) administration via the intranasal route could become an effective therapy to treat neonatal
hypoxic-ischemic (HI) brain damage. We analyzed long-term effects of intranasal MSC treatment on lesion size, sensorimotor
and cognitive behavior, and determined the therapeutic window and dose response relationships. Furthermore, the
appearance of MSCs at the lesion site in relation to the therapeutic window was examined. Nine-day-old mice were
subjected to unilateral carotid artery occlusion and hypoxia. MSCs were administered intranasally at 3, 10 or 17 days after
hypoxia-ischemia (HI). Motor, cognitive and histological outcome was investigated. PKH-26 labeled cells were used to
localize MSCs in the brain. We identified 0.5x10° MSCs as the minimal effective dose with a therapeutic window of at least
10 days but less than 17 days post-HI. A single dose was sufficient for a marked beneficial effect. MSCs reach the lesion site
within 24 h when given 3 or 10 days after injury. However, no MSCs were detected in the lesion when administered 17 days
following HI. We also show for the first time that intranasal MSC treatment after HI improves cognitive function.
Improvement of sensorimotor function and histological outcome was maintained until at least 9 weeks post-HI. The
capacity of MSCs to reach the lesion site within 24 h after intranasal administration at 10 days but not at 17 days post-HI
indicates a therapeutic window of at least 10 days. Our data strongly indicate that intranasal MSC treatment may become a
promising non-invasive therapeutic tool to effectively reduce neonatal encephalopathy.

Citation: Donega V, van Velthoven CTJ, Nijboer CH, van Bel F, Kas MJH, et al. (2013) Intranasal Mesenchymal Stem Cell Treatment for Neonatal Brain Damage:
Long-Term Cognitive and Sensorimotor Improvement. PLoS ONE 8(1): €51253. doi:10.1371/journal.pone.0051253

Editor: Olivier Baud, Hopital Robert Debré, France
Received August 8, 2012; Accepted October 30, 2012; Published January 3, 2013

Copyright: © 2013 Donega et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by EU-7 Neurobid (HEALTH-F2-2009-241778) from the European Union and Zon-MW Project (no 116002003). The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: CJHeijnen@mdanderson.org

@ These authors contributed equally to this work.

improved sensorimotor behaviour and decreased lesion volume 4
weeks after HI, suggesting a therapeutic potential [16].

Neonatal encephalopathy in humans is often associated with
cognitive impairment [2,3,5]. Therefore, we investigated for the
first time whether intranasal MSC treatment after neonatal HI
brain damage restores cognitive function and sensorimotor
function 8 weeks after HI. We also determined the dose response
relationships and therapeutic window of intranasal treatment in
the HI mouse model. Moreover, we explored the early presence of

Introduction

Neonatal encephalopathy due to perinatal hypoxia-ischemia
(HI) remains a significant cause of neonatal mortality and long-
term neurological deficits such as cerebral palsy, mental retarda-
tion and seizures in babies born at term [1-6]. Presently, the only
available treatment, hypothermia, has limited beneficial effects
and is only effective in mildly-affected children born at term [7,8].
Moreover, hypothermia has a narrow therapeutic window of

6 hours. Hence, there is an urgent need to develop therapeutic
strategies with a longer therapeutic window.

One emerging strategy with therapeutic potential is mesenchy-
mal stem cell (MSC) treatment. A growing number of studies in
rodent models show that MSC treatment significantly improves
motor outcome and reduces lesion volume after neonatal brain
mjury [9-18]. Currently, in most studies, MSCs are administered
intracranially, which has serious disadvantages for clinical
application. In a previous study, we explored the potential of
intranasal MSC administration in a mouse model of neonatal HI
brain damage. Our results showed that intranasal MSC treatment
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MSC:s at the lesion site in relation to the therapeutic window.

Materials and Methods

Ethics statement

Experiments were performed according to the international
guidelines and approved by the Experimental Animal Committee
Utrecht (University Utrecht, Utrecht, Netherlands).
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Animals

Unilateral HI cerebral damage was induced in 9-day old
C57Bl/6 mice by permanent occlusion of the right common
carotid artery under isoflurane anesthesia followed by 45 min 10%
oxygen at 35°C [14]. Our HI induction procedure has a 10%
death rate. Sham-controls underwent anesthesia and incision only.
Pups from at least five litters were randomly assigned to
experimental groups. Analyses were performed in a blinded set-up.

Mesenchymal stem cells from C57/bl6 mice were purchased
from Invitrogen (GIBCO mouse C57Bl/6 MSCs, Life Technol-
ogies, UK) and cultured according to the manufacturer’s
instructions. Characterization of cell specific antigens was
performed in a previous study from our group [16]. 3 ul of
hyaluronidase in PBS (100 U, Sigma-Aldrich, St. Louis, MO) was
administered to each nostril. Thirty minutes later animals received
3 ul MSCs or 3 ul PBS (vehicle) twice in each nostril.

Sensorimotor function

Unilateral sensorimotor deficits were evaluated in the cylinder
rearing test (CR'T). Weight-bearing left (impaired), right (unimpaired)
or both paw(s) contacting the wall during full rear were counted. Paw
preference was calculated as ((right—left)/ (right+eft+both)) x 100%.

Cognitive function

To assess cognitive function, we used the social discrimination
test as described [19]. After 10 minutes of habituation to the test
environment, the test mouse was allowed to explore a novel
conspectfic of the same gender (Mouse 1), which is placed in a wire
cage for 10 minutes. Five minutes later, the test mouse is exposed
to a novel mouse (Mouse 2), which is placed in the empty wire
cage while Mouse 1 remains in the other side chamber. This
session 1s repeated 5 min and 3 hours later with a novel unfamiliar
mouse (Mouse 3 and Mouse 4) and the now-familiar Mouse 2.
Time spent interacting with the familiar or unfamiliar conspecific
was scored. Percent time spent with the novel mouse was
calculated as ((interaction time novel mouse)/(total interaction
time)).

Histology

Coronal paraffin sections (8 um) of paraformaldehyde (PFA)-
fixed brains were incubated with mouse-anti-myelin basic protein
(MBP) (Sternberger Monoclonals, Lutherville, MD,) or mouse-
anti-microtubuli-associated protein 2 (MAP2) (Sigma-Aldrich)
followed by biotinylated horse-anti-mouse antibody (Vector
Laboratories, Burliname, CA). Binding was visualized with
Vectastain ABC kit (Vector Laboratories) and diaminobenzami-
dine. Ipsilateral MAP2 and MBP area loss were determined on
sections —1.85 mm from bregma [20]. MBP and MAP?2 staining
were quantified using Image] software (http://rsb.info.nih.gov/1ij/
) and Adobe Photoshop CS3, respectively.

MSC tracking

MSCs were labeled with PKH-26 Red fluorescent cell linker kit
(Sigma-Aldrich) and administered intranasally. 24 hours after
MSC  treatment brains were fixed in 4% PFA. Coronal
cryosections (8 pm) were stained with DAPI. Fluorescent images
were captured using a EMCCD camera (Leica Microsystems,
Benelux) and Softworx software (Applied Precision, Washington).

Statistical analysis

Data were analyzed using (repeated measures) one-way
ANOVA followed by Bonferroni post-tests. Significance for social
discrimination was analyzed with the one sample t-test. p<<0.05
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was considered statistically significant. Data are presented as mean

* SEM.

Results

Dose of intranasally administered MSC

To determine the MSC dose response relationship, we
administered  0.25x10° 0.5%x10% 1x10° MSCs or vehicle
intranasally at 10 days post-HI. Exposure to HI markedly
impaired sensorimotor performance in the CRT (Figure 1A).

The doses of 0.5x10° and 1x10°® MSCs significantly improved
sensorimotor function as determined 3, 4 and 5 weeks post-HI
(data shown for 5 weeks; Figure 1A). The beneficial effect of MSC
treatment on sensorimotor function was lost when the dose was
reduced to 0.25x10° MSCs.

We analyzed MAP2 loss as a measure of gray matter damage
and MBP loss as a parameter of white matter loss at 5 weeks post-
insult [14]. HI-mice receiving 0.5x10° or 1x10° MSCs on day 10
showed a substantial decrease in MAP2 loss (Figure 1B) and MBP
loss (Figure 1C). When a lower dose of 0.25x10° MSCs was used,
we no longer observed a beneficial effect on MAP2 or MBP loss.

Therapeutic window

To determine the therapeutic window of intranasal MSC
treatment, we administered 0.5x10° MSCs at 3, 10 or 17 days
post-HI and assessed sensorimotor performance in the CRT. Our
data show that MSC treatment given 3 or 10 days post-insult is
effective in improving motor behavior significantly. However,
when we postponed MSC treatment to 17 days after HI, we no
longer observed improvement of sensorimotor function as
analyzed 5 weeks post-insult (Figure 2A).

With respect to lesion volume, MSC treatment at 3 or 10 days,
but not 17 days after HI significantly reduced MAP2 and MBP
loss (Figure 2B and C).

Effect of two MSC dosages

Previous results from our group showed that two intracranial
MSC injections at 3+10 days compared to a single injection 3 days
post-HI, further improved motor performance and decreased
neuronal and white matter loss [14]. The data in Figure 3A show
that one intranasal dose at either 3 or 10 days is as effective in
restoring sensorimotor function as two intranasal doses at 3+10
days post-insult. Histological data on MAP2 or MBP staining
confirmed the functional CRT analyses, showing that one single
intranasal dose at 3 or 10 days is as effective as two doses at 3+10
days analyzed at 5 weeks post-HI (Figure 3B and C). Furthermore,
the positive effects of either one or two intranasal doses of MSCs
on sensorimotor and histological outcome can still be observed at
respectively 8 and 9 weeks after HI, and no additive effect of two
doses was observed at this time point either (Figure 4).

Effect of MSC treatment on cognitive function

To determine whether MSC' treatment improves HI-induced
cognitive impairment, we used the social discrimination test at 7
weeks post-HI. This test uses the preference for social novelty as a
measure of cognitive function ze. the ability to discriminate
between known or unknown conspecific.

As anticipated, sham-control mice showed preference for the
novel mouse at 5 min and 3 h after the training session (Figure 5A
and B). Vehicle-treated HI mice lost the capability to discriminate
between the novel and familiar mouse at both time points.
Interestingly, performance in the social discrimination test
normalized in the groups treated with MSCs at 10 days or 3+10
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Figure 1. Dose effect of MSCs on motor performance and lesion volume at 35 days post-HI. Mice received 0.25x10° 0.5x10°, 1x10°
MSCs or Vehicle (Veh) treatment at 10 days after induction of HI. (A) Paw preference to use the unimpaired forepaw in the cylinder rearing test (CRT)
was assessed at 5 weeks post-HI. Sham-operated littermates (Sham) were used as controls. Quantification of ipsilateral MAP2 (B) and MBP(C) area loss
measured as 1- (ipsi-/contralateral MAP2- or MBP-positive area) at 5 weeks post-HI. (D) Representative sections of MAP2 loss. Insets show higher
magnification of corresponding MAP2 sections. Scale bar=100 um. (E) Representative sections of MBP area loss. Data represent mean = SEM. Sham
n=8; Veh n=10; 0.25x10° MSC n=11; 0.5x10° MSC n=10; 1x10° MSC n=13. *p<<0.05; **p<0.01 vs Veh. Data presented in this figure are results
from pooled experiments out of 8 different litters. Treatment groups were randomly distributed between litters.
doi:10.1371/journal.pone.0051253.g001

days following HI. During the training session we did not observe and PKH-26+ cells were now present in cortical layers 5 and 6
group differences in social interaction times (Figure 5C). (Figure 6B; ipsilateral) and in the dorsal and epithalamic regions
(data not shown). Interestingly, hardly any MSCs could be
MSC migration towards lesion site detected in the brain when given 17 days post-HI (Figure 6C;
To determine whether MSCs migrate from the nose to the ipsilateral).
lesion site, we used PKH-26 labeled MSCs and analyzed brain No labeled MSCs were present in the contralateral hemisphere,
sections 24 h after intranasal administration. PKH-26+ MSCs although MSCs were given in both nostrils (Figure 6A to C). In
administered 3 days post-HI are present predominantly in the addition, no PKH-26+ cells were observed in brains from sham-
damaged hippocampus (Figure 6A; ipsilateral). operated mice (Figure 6D; sham 3 d and 10 d). Furthermore, we
MSCs given 10 days after HI localize in the area surrounding found no evidence for tissue autofluorescence after HI either 3 or

the lesion site. At this time point, the entire hippocampus was lost 10 days following the insult (Figure 6D; vehicle).
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Figure 2. Therapeutic window for MSC treatment. Mice received 0.5x10° MSCs or Veh at 3, 10 or 17 days post-HI. Because no significant
difference was found between Veh groups treated at different time points we pooled all animals into one group. (A) Unimpaired forepaw preference
in the CRT at 5 weeks post-insult. Quantification of ipsilateral MAP2 (B) and MBP (C) area loss measured as 1- (ipsi-/contralateral MAP2- or MBP-
positive area) at 5 weeks post-insult. Insets show representative examples of MAP2 or MBP staining. Data represent mean = SEM. Sham n=8§; Veh
n=19;MSC3 dn=12,MSC 10 d n=17; MSC 17 d n=9; *p<<0.05; **p<0.01; ***p<<0.001 vs. Veh. Data presented in this figure are results from pooled

experiments out of 12 different litters. Treatment groups were randomly distributed between litters.

doi:10.1371/journal.pone.0051253.9002

Discussion

In the present study we show that intranasally administered
MSCs reach the brain within just 24 h after intranasal adminis-
tration. Interestingly, the MSCs migrate specifically towards the
lesion site. We determined the dose response relationship of MSC
administration and demonstrate that one single intranasal MSC
administration is sufficient to induce maximal improvement of
functional outcome and reduction in brain damage. A single
intranasal dose of MSC has long-lasting effects on motor, cognitive
and histological outcome up to 9 weeks following HI injury.
Moreover, we are the first to show that intranasal MSC treatment
also improves cognitive function, which holds significant clinical
relevance.

To determine whether the beneficial effects of intranasal MSC
application are associated with migration of MSCs from the nasal
mucosa to the lesion site, we used the cell tracking dye PKH-26. In
contrast to other commonly used cell tracking dyes, PKH-26 does
not have any adverse effects on cell proliferation or survival.
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Furthermore, no significant cell to cell transfer or dye leakage from
cells was measured [21]. No PKH-26+ MSCs were observed at the
hippocampal level of sham-operated mice treated at 3 or 10 days
post-HI. Interestingly, we clearly detected PKH-26 labeled MSCs
at the HI lesion site, but not in the contralateral hemisphere of
mice subjected to HI that were treated with MSCs via both the
ipsilateral and contralateral nostril. MSCs given at 3 days post-HI
migrate specifically to the damaged hippocampus. At 10 days the
damage has evolved into an extensive lesion site, including the
entire hippocampus and part of the cortex. When MSCs are
administered intranasally at 10 days following injury, 24 h later
MSCs are located in the remaining regions of the cortex and
thalamus. In contrast, when MSCs were administered at 17 days
post-HI, only a sporadic PKH-26+ MSC was detected in the
lesion, although there is still substantial injury at 17 days post-
insult. Notably, MSC treatment at this time point did not have any
effect on lesion size nor on sensorimotor function. Combined,
these findings indicate that the loss of effect of MSCs given at 17
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Figure 3. Effect of two MSC treatments on sensorimotor function and lesion size. Mice received 0.5x10° MSCs or Veh at 3, 10 or 3+10 days
post-insult. Because no significant difference was found between Veh groups treated at different time points we pooled all animals into one group.
(A) Unimpaired forepaw preference in the CRT at 5 weeks post-HI. Quantification of ipsilateral MAP2 (B) and MBP (C) area loss measured as 1- (ipsi-/
contralateral MAP2- or MBP-positive area) at 5 weeks post-HI. Insets show representative examples of MAP2 or MBP staining. Data represent mean *=
SEM. Sham n=7; Veh n=19; MSC 3+10 d n=13; MSC 10+17 d n=11; MSC 10 d n=17. ***p<0.001 vs. Veh., n.s. = non-significant. Data presented in
this figure are results from pooled experiments out of 14 different litters. Treatment groups were randomly distributed between litters.
doi:10.1371/journal.pone.0051253.g003
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Figure 4. Long-term effect of MSC treatment on sensorimotor function and lesion volume. Mice received 0.5x10° MSCs or Veh at 3, 10 or
3+10 days post-HI. Because no significant difference was found between Veh groups treated at different time points we pooled all animals into one
group. (A) Unimpaired forepaw preference in the CRT at 8 weeks post-HI. Quantification of ipsilateral MAP2 (B) and MBP (C) area loss measured as 1-
(ipsi-/contralateral MAP2- or MBP-positive area). Insets show representative examples of MAP2 or MBP staining at 9 weeks post-insult. Data represent
mean = SEM. Sham n=23; Veh n=23; MSC 10 d n=23; MSC 3+10 d n=12. *p<<0.05; **p<<0.01 vs. Veh. Data presented in this figure are results from
pooled experiments out of 13 different litters. Treatment groups were randomly distributed between litters.
doi:10.1371/journal.pone.0051253.g004

days after the insult will be due to reduced migration of MSC to treated group to form and/or store new information. Intranasal
the lesion site when cells are given at this time point. MSC treatment significantly reduces loss of cortical and hippo-
The social discrimination test was used to assess cognitive campal areas, which are both important in memory formation and
performance following HI. This test was chosen as it is a very storage.
sensitive measure for short-term and long-term recognition Our present and previous findings [14] indicate that there is no
memory function [19]. This type of memory describes the ability further increase in lesion size after day 10 post-HI. Therefore, we
to discriminate between familiar and unfamiliar stimuli. The social propose that the major effect of MSC treatment is not mediated by
discrimination test exploits the natural interest of an adult mouse inhibition of injurious processes, but rather by stimulating repair.
to explore an unknown conspecific over a known conspecific. The We indeed have evidence from earlier studies in which we applied
molecular mechanisms and neuro-anatomical structures underly- MSC intracranially that formation of new cells and differentiation
ing this behavioural paradigm remain elusive. Studies have shown of these new cells into neurons and oligodendrocytes is promoted
that performance on the social discrimination test requires by MSC treatment [14,15]. Moreover, we showed that only a very
functional olfactory bulb, bed nucleus of the stria terminalis and small proportion of cells of donor origin survived in the brain [16].
amygdalo-hippocampal network [22,23]. The hippocampus is Therefore, it is highly likely that MSC treatment restores cognitive
known to be important in memory consolidation, which is essential as well as motor circuitries in the brain through stimulation of
for long-term memory storage in other cortical areas [24]. We are endogenous regenerative processes.. However, it may well be
the first to establish that intranasal MSC treatment not only possible that inhibition of injurious processes contributes to the
improves sensorimotor but also cognitive behavior. observed beneficial effects of MSC treatment. If so, this will
The exact mechanisms underlying MSC-induced improvement especially be the case when MSC are administered early after the
of short-term memory after neonatal HI brain damage have yet to insult. In our experiments this is 3 days after the insult as at this
be clarified. HI injury leads to extensive unilateral loss in cortical time point the damage has not yet fully developed.

and hippocampal areas, which explains the inability of vehicle-
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Figure 5. Effect of MSC treatment on cognitive behavior. Mice received 0.5x10° MSCs or Veh at 10 or 3+10 days post-Hl. Because no
significant difference was found between Veh groups treated at different time points we pooled all animals into one group. Animals were tested for
cognitive function using the social discrimination test at 7 weeks post-HI. Preference for novel conspecific is expressed as exploratory ratio. The total
social interaction time did not differ between groups. (A) Preference for novel mouse after a 5 min interval. (B) Preference for novel mouse after a
3 hour interval. (C)Training session to measure preference for social novelty as an indication for social avoidance. Sham n=23; Veh n=23; MSC 10 d
n=23; MSC 3+10 d n=12. *p<0.05; **p<<0.01 in relation to 50% (no discrimination); #p<0.05; ##p<0.01 vs. Veh. Data presented in this figure are
results from pooled experiments out of 13 different litters. Treatment groups were randomly distributed between litters.
doi:10.1371/journal.pone.0051253.9005
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Figure 6. Presence of MSCs in the brain. PKH-26 labeled 1.0 x10° MSCs were administered intranasally at 3, 10 and 17 days post-HI. Because no
significant difference was found between Veh groups treated at different time points we pooled all animals into one group. (A, B, C) Notice the severe
HI-induced damage, as the layer structure of the ipsilateral cortex and hippocampus are lost. (A) MSCs (red) in the ipsilateral hippocampus (see arrow
heads) 24 h after administration at 3 days post-HI. (B) MSCs (see arrow heads) in the ipsilateral damaged cortex 24 h after administration at 10 days
post-HI. (C) Lack of MSCs (see arrow heads) in the ipsilateral cortical areas surrounding the lesion site when MSCs are given at 17 days post-HI.
Contralateral pictures depict hippocampal area (in A) and cortical area (in B and C). (D) Control groups showing lack of MSCs in the hippocampal area
and cortical area at 3 and 10 days, respectively, after MSC administration in sham-operated animals and HI-Vehicle treated brain without MSC
treatment. Asterisk = lesion site. Blue = Dapi staining. Scale bar 50 um. Data presented in this figure are results from pooled experiments out of 10

different litters. Treatment groups were randomly distributed between litters.

doi:10.1371/journal.pone.0051253.9g006

We also propose that beneficial effects of MSC transplantation
are cell-specific, because intracranial fibroblast (3T3) administra-
tion did not affect performance in the CRT as well as on lesion size
(unpublished observations). Although we now studied the effect of
intranasal administration, we anticipate that the same cellular
specificity will apply for intranasal administration, give an effect on
repair, it should anyhow occur when cells are given directly at the
lesion site.

In preparation for clinical translation of our finding that nasally
administered MSCs improve cognitive as well as sensorimotor
outcome and reduce lesion size, we investigated the therapeutic
window, the treatment dose and frequency. We report here that

PLOS ONE | www.plosone.org

sensorimotor function improves and lesion size reduces signifi-
cantly when 0.5x10° cells are administered via the nasal route.
Decreasing the dose to 0.25x10° MSCs had no significant effect
on either the CRT performance or MAP2 and MBP outcome,
while increasing the dose to 1.0x10°% did not further improve
sensorimotor function or reduce lesion size. Thus, a minimum of
0.5x10° MSCs per mouse is required to have a long-lasting
beneficial effect on behavior and lesion size in our model of HI-
induced brain damage.

In the present study, we demonstrate that multiple doses at
3+10 days via the intranasal route did not have an additional effect
on sensorimotor performance and brain damage compared to a
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single dose. This finding is clinically important as it would mean
that only one intranasal dose of MSCs will be sufficient for optimal
therapeutic benefit in the neonate. In contrast, we showed earlier
that when MSCs are administered intracranially, two gifts of MSC
have a stronger beneficial effect on outcome than one gift. One
possible explanation for the finding that one intranasal MSC
treatment already provides optimal effects is that intranasally
administered MSCs may perform better as migration from the
nasal mucosa towards the lesion may allow adaptation to the
detrimental milieu in the brain. In contrast, intracranially
administered cells were directly injected adjacent to the lesion
size, consisting of an apoptotic/inflammatory milieu which may
partially impair the functionality of MSCs.

Conclusions

In conclusion, this study shows that intranasal MSC treatment
has a wide therapeutic window, leads to long-term improvement in
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sensorimotor and cognitive function and decreases gray and white
matter damage after HI. MSC migrate specifically to the site of
injury, despite contralateral administration. Our results clearly
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