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Bone marrow-derived 
mesenchymal stem cells improve 
diabetes-induced cognitive 
impairment by exosome transfer 
into damaged neurons and 
astrocytes
Masako Nakano, Kanna Nagaishi, Naoto Konari, Yuki Saito, Takako Chikenji, Yuka Mizue & 
Mineko Fujimiya

The incidence of dementia is higher in diabetic patients, but no effective treatment has been developed. 
This study showed that rat bone marrow mesenchymal stem cells (BM-MSCs) can improve the 
cognitive impairments of STZ-diabetic mice by repairing damaged neurons and astrocytes. The Morris 
water maze test demonstrated that cognitive impairments induced by diabetes were significantly 
improved by intravenous injection of BM-MSCs. In the CA1 region of the hippocampus, degeneration of 
neurons and astrocytes, as well as synaptic loss, were prominent in diabetes, and BM-MSC treatment 
successfully normalized them. Since a limited number of donor BM-MSCs was observed in the brain 
parenchyma, we hypothesized that humoral factors, especially exosomes released from BM-MSCs, 
act on damaged neurons and astrocytes. To investigate the effectiveness of exosomes for treatment of 
diabetes-induced cognitive impairment, exosomes were purified from the culture media and injected 
intracerebroventricularly into diabetic mice. Recovery of cognitive impairment and histological 
abnormalities similar to that seen with BM-MSC injection was found following exosome treatment. 
Use of fluorescence-labeled exosomes demonstrated that injected exosomes were internalized into 
astrocytes and neurons; these subsequently reversed the dysfunction. The present results indicate that 
exosomes derived from BM-MSCs might be a promising therapeutic tool for diabetes-induced cognitive 
impairment.

Cognitive impairment associated with diabetes mellitus is a worldwide problem, since epidemiological studies 
have reported that the incidence of dementia in diabetic patients is two- to three-fold higher than in non-diabetic 
persons1,2. Various mechanisms have been considered to cause diabetes-associated dementia, including glucose 
metabolism abnormalities such as hyperglycemia and hypoglycemia, insulin action abnormalities such as insu-
lin deficiency and insulin resistance, vascular abnormalities and oxidative stress in the central nervous system 
(CNS)3,4. However similar to other diabetic complications, correcting these abnormalities does not necessarily 
improve the cognitive impairment5. In animal studies, various impairments of the CNS associated with type 1 
diabetes have been reported, including neuronal damage by oxidative stress, decreased hippocampal synaptic 
plasticity, changes in glutamate neurotransmission, and dysfunctional swollen astrocytes that cause abnormal 
neuronal activities6–9. The type 2 diabetic model exhibits mitochondrial dysfunction, decreased synaptic integrity, 
swollen astroglial end-foot processes, and reduced insulin signaling in the hippocampus10–12. Therefore, the most 
important problems causing cognitive impairments in diabetes can be considered to be damaged neurons and 
astrocytes in the hippocampus.
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The functional mechanisms of mesenchymal stem cells (MSCs) in the repair of damaged tissues, suppres-
sion of inflammatory responses, and modulation of the immune system have become the focus for their use in 
treating various diseases13,14. In our previous study, we resolved diabetes-induced hepatocyte damage by intra-
venous administration of bone marrow-derived MSCs (BM-MSCs) to streptozotocin (STZ)- and high fat diet- 
induced diabetic mice15. The results showed that BM-MSC-conditioned medium demonstrated similar effects 
to BM-MSCs themselves, suggesting that soluble factors derived from BM-MSCs might be responsible. Because 
BM-MSC migration and differentiation at target sites are very low and transient, it can be assumed that secretory 
factors, including exosomes derived from BM-MSCs, are the main therapeutic factors affecting damaged tissues.

Exosomes are cell-secreted membrane vesicles, sized 40 to 100 nm, that contain functional messenger 
RNAs (mRNAs) and micro RNAs (miRNAs), as well as proteins16,17. Exosomes are released from various cells 
and exert physiological actions through cell-cell communication16. In the CNS, neuron-derived exosomes play 
roles in regulating astroglial glutamate transporter-1 (GLT1) expression18, and they act on synaptic plasticity19. 
Astrocyte-derived exosomes, on the other hand, play roles in neuroprotection20 and promote neurite outgrowth 
and neuronal survival21. MSC-derived exosomes have been identified as therapeutic agents in MSC secretomes to 
reduce tissue injury and enhance tissue repair in cases of cardiovascular disease, lung injury, acute kidney injury, 
and neurovascular impairment after stroke22–25. In a stroke model, BM-MSC-derived exosomes have been shown 
to improve functional recovery and increase neurite remodeling, neurogenesis, and angiogenesis25. Therefore, it 
is conceivable that BM-MSC-derived exosomes can recover neuronal and astroglial damage induced by various 
causes.

Since, to our knowledge, no previously reported studies have shown the effects of BM-MSCs on 
diabetes-induced cognitive impairment, we investigated whether intravenously injected BM-MSCs can reverse 
neuronal and astroglial damage caused by diabetes and ameliorate cognitive impairment in diabetic mice. 
Furthermore, to examine the underlying mechanism of BM-MSC treatment, exosomes were isolated from the 
media of BM-MSC cultures and injected intracerebroventricularly, and the effects on neuronal and astroglial 
damage caused by diabetes were investigated. The results of the present study may suggest a novel therapeutic 
intervention for diabetes-induced cognitive impairment.

Results
BM-MSC administration ameliorated learning and memory impairment in diabetic mice. No 
learning and memory impairments were observed at 8 weeks after STZ injection of mice (Suppl. Fig. 1a) but were 
observed at 12 weeks after STZ injection (Suppl. Fig. 1b). Therefore, in the present study, intravenous adminis-
tration of 1 ×  104 BM-MSCs/g body weight was performed from 12 weeks after STZ injections, 4 times at 2-week 
intervals. The mice were then subjected to Morris water maze (MWM) tests and morphological analysis (Fig. 1a). 
During these experimental days, from 12 to 20 weeks after STZ injections, almost no changes were found in body 
weight and blood glucose levels between STZ +  vehicle and STZ +  MSC groups (Fig. 1b). In the STZ +  vehicle 
mice, blood insulin levels were not detectable (Suppl. Fig. 2a) and blood glycated albumin levels were significantly 
higher compared to control mice (Suppl. Fig. 2b). In the hidden platform training session of the MWM tests, 
STZ +  vehicle mice showed longer escape latency than control mice on days 2, 3 and 4. In STZ mice with MSC 
injection, the time of escape latency was significantly shortened compared to the STZ +  vehicle group on days  
3 and 4 (Fig. 1c). No difference was found in the swimming speed among the three experimental groups (controls; 
0.1621 ±  0.0059 ms−1, STZ +  vehicle; 0.1434 ±  0.0058 ms−1, STZ +  MSC; 0.1364 ±  0.0091 ms−1). No difference 
was found in muscle endurance between control and STZ mice by the Hanging Wire test (Suppl. Fig. 3). In addi-
tion, no difference was found in the performance of the visible platform training session among the three groups, 
suggesting that sensorimotor function was not altered in STZ mice. During the probe trial, the time spent in the 
target quadrant was reduced in STZ +  vehicle mice. In contrast, STZ +  MSC mice spent longer times in the target 
quadrant, which implies retrieval of spatial memory (Fig. 1c).

We injected BM-MSCs into normal mice, 4 times at 2-week intervals, through the tail vein, and the MWM test 
was conducted. In the hidden training and probe test, there were no differences in escape latency and time spent 
in target quadrant time between the Control +  vehicle and Control +  MSC groups (Suppl. Fig. 4a,b). Further we 
injected BM-MSCs to diabetic mice at 12 weeks after STZ injection for 1 time, and the mice were subjected to 
MWM test at 1 week after BM-MSCs injection (Suppl. Fig. 5a). In the hidden training and probe test, there was 
significant difference in escape latency and time spent in target quadrant time between control and STZ +  vehicle 
group, but no difference was detected between STZ +  vehicle and STZ +  MSC group (Suppl. Fig. 5b).

BM-MSC-derived exosome administration ameliorated learning and memory impairment in 
diabetic miceh. Because a limited number of BM-MSCs was observed in the brain parenchyma after injec-
tion (Suppl. Fig. 6), we hypothesized that humoral factors, especially exosomes released from BM-MSCs, act 
on damaged neurons and astrocytes. To investigate the effectiveness of exosome treatment of diabetes-induced 
cognitive impairment, exosomes were purified from the BM-MSC culture media and injected intacerebroven-
tricularly (icv) into STZ mice.

To examine whether exosomes were successfully purified from culture media of BM-MSCs, Western Blot 
analysis for common protein markers of exosomes and electron microscopic analysis were performed. The pellets 
obtained after 100,000 ×  g centrifugation were positive for both CD 63 and HSP 70 (Fig. 2a), and after further 
purification by a sucrose step gradient followed by re-centrifugation, positive reactions for HSP 70 were detected 
at ranges between 1.11-1.15 g/mL, which is consistent with a previous report26 (Fig. 2b). These positive fractions 
(fractions 4 and 5) were collected as the final products. The cropped images of western blots displayed in the fig-
ure and the full-length blots were shown in Suppl. Fig. 7. Electron microscopic observations of the final products 
showed vesicles with diameters of 40–100 nm, which are characteristic for exosomes (Fig. 2c).
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In the present study, exosomes purified from culture media of BM-MSCs were injected icv for 5 successive 
days at 12 weeks after STZ injection, and the mice were subjected to MWM tests (Fig. 2d). During these exper-
imental days between 12 and 13 weeks after STZ injections, no changes were found in body weight and blood 
glucose levels (data not shown). In the hidden platform training session of the MWM tests, STZ +  vehicle mice 
showed longer escape latency on days 2, 3 and 4 compared to sham-operated mice. In STZ mice with exosome 
injection, the time of escape latency was significantly shorter than for the STZ +  vehicle group on days 2, 3 
and 4 (Fig. 2e). No difference was found in the swimming speed among the three experimental groups (sham; 
0.1657 ±  0.0062 ms−1, STZ +  vehicle; 0.1588 ±  0.0073 ms−1, STZ +  exosomes; 0.1664 ±  0.0053 ms−1). No differ-
ence was found in the performance of the visible platform training session among the three experimental groups. 

Figure 1. Intravenous injection of BM-MSCs into STZ-induced diabetic mice. (a) Experimental protocol. At 
12 weeks after STZ injection, mice are injected iv with 1 ×  104 MSCs/g body weight four times every 2 weeks or 
with PBS for vehicle injection. Two weeks after the last injection, the Morris water maze (MWM) test is carried 
out. (b) Changes in body weight and serum blood glucose levels after MSC injection. ***P <  0.001, STZ +  vehicle 
vs. control; ###P <  0.001, STZ +  MSC vs. control; †P <  0.05, STZ +  vehicle vs. STZ +  MSC, two-way ANOVA, 
Bonferroni post-test. Values are means ±  s.e.m, n =  6–8. (c) MWM test. In the hidden training test, STZ +  vehicle 
mice exhibit longer escape latency on days 2, 3 and 4 than control mice. The escape latency of STZ +  MSC mice 
is shortened on days 3 and 4 compared to STZ +  vehicle mice. *P <  0.05, ***P <  0.001, STZ +  vehicle vs. control; 
†P <  0.05, ††P <  0.01, STZ +  vehicle vs. STZ +  MSC, two-way ANOVA (F(2, 85) =  16.38 P <  0.0001). Values are 
means ±  s.e.m, n =  6-8. In the probe test, the target quadrant occupancy of STZ +  vehicle mice is significantly 
reduced compared with control mice (***P <  0.001, one-way ANOVA, Bonferroni post-test). The target quadrant 
occupancy of STZ +  MSC mice is significantly elevated compared to STZ +  vehicle mice. (†††P <  0.001, one-way 
ANOVA, Bonferroni post-test). Control and STZ +  MSC mice spend significantly more time in the target quadrant 
than any of the other quadrants (§P <  0.0001, unpaired two-tailed t-test). For STZ +  vehicle mice, the time spent in 
the target quadrant is similar to that spent in the other quadrants (P =  0.1406, unpaired two-tailed t-test).
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Figure 2. Isolation of BM-MSC-derived exosomes and intracerebroventricular injection of BM-MSC-
derived exosomes into STZ-induced diabetic mice. (a) Western blot analysis for pellets obtained after 
100,000 ×  g centrifugation. Positive reactions for CD63 and HSP70 are detected. (b) Further purification by 
a sucrose step gradient. HSP70 is detected at ranges between 1.11–1.15 g/mL (fractions 4–5). (c) Electron 
microscopic observation of an exosome. Bar, 50 nm. (d) Experimental protocols. At 12 weeks after STZ 
injection, mice are injected icv with 0.5 μg of exosomes in 2 μL aCSF once a day for 5 successive days, or with 
2 μL aCSF for vehicle injection. Two days after the last injection, MWM tests are carried out. (e) MWM test. 
In the hidden training test, STZ +  vehicle mice exhibit longer escape latency on days 2, 3 and 4 than sham-
operated mice. The escape latency of STZ +  exosome mice is shortened on days 2, 3 and 4 compared to 
STZ +  vehicle mice. **P <  0.01, ***P <  0.001 STZ +  vehicle vs. sham; ††P <  0.01, †††P <  0.001, STZ +  vehicle 
vs. STZ +  exosome; two-way ANOVA (F(2,77) =  23.65, P <  0.0001). Values are means ±  s.e.m, n =  6–7. In the 
probe test, the target quadrant occupancy of STZ +  vehicle mice is significantly reduced (*P <  0.05, one-way 
ANOVA, Bonferroni post-test). The target quadrant occupancy of STZ +  exosome mice is significantly higher 
than of STZ +  vehicle mice. (†P <  0.05, one-way ANOVA, Bonferroni post-test). Sham and STZ +  exosome 
mice spend significantly more time in the target quadrant than any of the other quadrants (§P <  0.0001, 
unpaired two-tailed t-test). For STZ +  vehicle mice, the time spent in the target quadrant is similar to that spent 
in the other quadrants (P =  0.1406, unpaired two-tailed t-test).
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Figure 3. Morphological analysis in the CA1 region. (a,f) The number of NeuN-positive cells in 
STZ +  vehicle mice is significantly decreased compared to control mice, and the number is not recovered in 
STZ +  MSC and STZ +  exosome mice. Bar, 50 μm. (b,g) The staining intensity of 4HNE(4-hydroxynonenal), 
an oxidative stress marker, is significantly increased in the dendrites (labeled with MAP2) of CA1 neurons 
in STZ +  vehicle mice, and the increase is recovered to normal levels in STZ +  MSC and STZ +  exosome 
mice. There is no difference in the MAP2 area among the three groups. Bar, 50 μm. (c,h) The density of 
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During the probe trial, the time spent in the target quadrant was reduced in STZ +  vehicle mice. In contrast, 
STZ +  exosome mice spent longer times in the target quadrant (Fig. 2e).

BM-MSCs and BM-MSC-derived exosome administration does not increase the numbers of 
neurons but inhibits oxidative stress and increases synaptic density. In the next studies, the mech-
anism of how BM-MSCs and BM-MSC-derived exosomes ameliorated diabetes-induced cognitive impairment 
was examined. The numbers of pyramidal neurons in the CA1 region were compared (Fig. 3a,f). The density of 
NeuN-positive cells was significantly lower in the STZ +  vehicle group than in control or sham mice, and the 
density was not recovered in the STZ +  MSC and STZ +  exosomes group (Fig. 3a,f). Therefore, no increase in 
neuronal cell number was detected in mice with MSC and exosome treatments.

In contrast, the staining positive area of 4HNE (4-hydroxynonenal), an oxidative stress marker, was signif-
icantly increased in the dendrites (labeled with MAP2) of CA1 neurons in the STZ +  vehicle group, and the 
increase was recovered to normal levels in the STZ +  MSC and STZ +  exosomes group (Fig. 3b,g). In addition, 
the intensity of synaptophysin, which is expressed at presynaptic membranes and vesicles, and is correlated with 
synapse number and synaptic plasticity27, was significantly decreased in the STZ +  vehicle group, but the decrease 
was recovered by MSC and exosome treatments (Fig. 3c,h). These results suggest that MSC and exosome treat-
ments ameliorated the decrease in synaptic formation in the CA1 region caused by oxidative stress in diabetic 
mice.

Effects of BM-MSC and BM-MSC-derived exosome treatments on microglia and astrocytes.  
Effects of BM-MSC and exosome treatments on microglia and astrocytes were examined by immunohistochem-
istry for microglia marker Iba1 and astrocyte marker GFAP in CA1. The results showed that the number of 
Iba1-positive microglia was significantly increased in the STZ +  vehicle group, and this increase was recovered 
to normal levels in the STZ +  MSC and STZ +  exosomes group (Fig. 3d,i). Although it is known that microglia 
change from the resting state with a ramified shape into the activated state with a round shape by inflammatory 
stimulation, the present results showed no changes in morphology among the three groups, as the ramified shape 
was kept (Fig. 3d,i, enclosed by rectangle). This was confirmed by the quantitative analysis of the degree of ram-
ification (Suppl. Fig. 8).

The number of GFAP-positive astrocytes in the CA1 region was not changed among the three groups, but the 
area of the GFAP-positive reaction was decreased in the STZ +  vehicle group, and this decrease was not recovered 
by MSC or exosome treatment (Fig. 3e,j). To observe more details of the changes in neurons, as well as astrocytes, 
electron microscopic observations were performed in the three experimental groups.

BM-MSC and BM-MSC-derived exosome treatments improve ultrastructural abnormalities 
induced by diabetes. On electron microscopic study, massive abnormalities were found in the cytoplasm of 
pyramidal cells, dendrites and astrocytes in the STZ +  vehicle mice. In the cytoplasm of pyramidal neurons in the 
STZ +  vehicle mice, swollen mitochondria and vacuolization were prominent (Fig. 4aii, bii). In dendrites, dam-
aged mitochondria and fragmentation of microtubules were seen in STZ +  vehicle mice (Fig. 4bv). In late-stage 
STZ mice (20 weeks after STZ injection), damaged neurons with high electron density (dark neuron) were 
observed (Fig. 4aii, v); they were not seen in early-stage STZ mice (13 weeks after STZ injection) (Fig. 4bii, v).  
In the perivascular area of the CA1 region in STZ +  vehicle mice, astrocytic end-foot process swelling was prom-
inent (Fig. 4aviii, bviii). The basement membrane of the blood vessels became irregular (Fig. 4aviii, bviii), and 
pericyte abnormality was found (Fig. 4bviii). Astrocytic end-foot process swelling around axo-dendritic synapses, 
and hypertrophy of the asymmetric synapses were observed in STZ +  vehicle mice (Fig. 4axi, bxi). However no 
change in the ultrastructure of microglia was found among the three groups (Suppl. Fig. 9). Surprisingly, the 
ultrastructural abnormalities in neurons, astrocytes, and blood vessels were completely recovered in mice treated 
with MSCs and exosomes (Fig. 4aiii, vi, ix, xii, biii, vi, ix, xii).

Exosomes are internalized into neurons, astrocytes, and microglia. To visualize the distribution 
of exosomes in the brain parenchyma after intracerebroventricular administration, exosomes were labeled with 
PKH26. Immunohistochemistry of the mouse brain revealed that a number of PKH-labeled exosomes was found 
in the brain parenchyma at the fimbria hippocampi (Fig. 5a), with a relatively small number at other periven-
tricular areas (data not shown). A number of labeled exosomes was found at the plasma membrane, as well as 
in the cytoplasm, of GFAP-positive astrocytes (Fig. 5b). A few labeled exosomes were found in the cytoplasm of 
NeuN-positive neuronal cell bodies (Fig. 5c), neurofilament-positive axons/dendrites (Fig. 5d) and Iba1-positive 
microglia (Fig. 5e). The number of PKH-labeled exosomes within GFAP-positive astrocytes was significantly 
larger than that within NeuN- and neurofilament-positive neurons or Iba1-positive microglia (Fig. 5f).

synaptophysin is significantly decreased in STZ +  vehicle mice, and this decrease is recovered in STZ +  MSC 
and STZ +  exosome mice. Bar, 50 μm. (d,i) The number of Iba1-positive microglia is significantly increased in 
the STZ +  vehicle group, and this increase recovers to normal levels in STZ +  MSC and STZ +  exosome mice. 
Bar, 100 μm. (e,j) The number of GFAP-positive astrocytes is not different among the three groups, but the area 
of the GFAP-positive reaction is decreased in STZ +  vehicle mice. This decrease is not recovered in STZ +  MSC 
mice nor in STZ +  exosome mice. Bar, 100 μm. (a–j) *P <  0.05, **P <  0.01, ***P <  0.001, one-way ANOVA, 
Bonferroni post-test. Values are means ±  s.e.m, n =  3–4.
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Figure 4. Electron microscopic study. (a i–iii) In the pyramidal layer, dark neurons with swollen mitochondria 
(arrowhead) are prominent in STZ +  vehicle mice. These abnormalities have completely disappeared in 
STZ +  MSC mice. Bar, 5 μm. (b i–iii) In the cytoplasm of pyramidal neurons, swollen mitochondria and 
vacuolization (*) are prominent in STZ +  vehicle mice. These abnormalities have completely disappeared in 
STZ +  exosome mice. Bar, 5 μm. (a iv–vi) While dark and shrunk dendrites are seen in STZ +  vehicle mice, 
these abnormalities have completely disappeared in STZ +  MSC mice. Bar, 2 μm. (b iv–vi) In dendrites, 
damaged mitochondria (arrowhead) and fragmentation of microtubules are seen in STZ +  vehicle mice. 
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Discussion
The present study showed that intravenously injected BM-MSCs ameliorated diabetes-induced cognitive impair-
ments and successfully repaired the damaged neurons and astrocytes in diabetic mice. Because a very small 
number of donor BM-MSCs was detected in the brain parenchyma after injection, we hypothesize that exosomes 
derived from BM-MSCs are the main therapeutic factors affecting damaged tissues.

Since learning and memory impairments were detected in diabetic mice at 12 weeks after STZ injection, 
treatment with BM-MSCs or exosomes was started at this time point. Intravenous injections of BM-MSCs were 
given 4 times at 2-week intervals, according to our previous study15, while intracerebroventricular injections of 
exosomes were given for 5 successive days. A previous report has described that IR Dye 800-labeled exosomes 
disappeared from the brain in 24 h after intranasal administration28; therefore, they were repeatedly applied every 
24 h for 5 days to maintain higher concentrations in the brain. We used rat BM-MSCs for treatment of STZ mice 
because BM- MSCs are well known as “off-the-self ” cells because of lack of MHC-II antigen29. The purity of iso-
lated exosomes from culture media of BM-MSCs was examined by Western blotting for the common exosome 
markers CD63 and HSP7030,31. Sucrose gradients were used at ranges of 1.11–1.15 g/mL for exosome isolation, 
which was distinguished from ranges of 1.05–1.12 g/mL for isolation of Golgi body-derived vesicles or ranges of 
1.18–1.25 g/mL for isolation of endoplasmic reticulum-derived vesicles32. HSP70-positive fractions were obtained 
at ranges of 1.11–1.15 g/mL, suggesting that exosomes were successfully purified from BM-MSC culture media. 
Exosomes (0.5 μg) in 2 μL aCSF were injected each day, because in a previous study, 4 μg exosomes derived from 
N2a cells in 5 μL PBS were injected icv in rats to inhibit the disrupting effects of Aβ  on synaptic plasticity33. 
Considering the difference in CSF volume between rats and mice, approximately 90 μL and 10 μL, respectively34,35, 
the 0.5 μg exosomes used in the present study seem to be appropriate for intracerebroventricular injection in 
mice.

Both BM-MSC and exosome injections showed similar effects on the MWM test. STZ diabetic mice took sig-
nificantly longer escape latency to find the platform, indicating a decrease of spatial learning ability. In the probe 
test, STZ mice spent less time in the platform quadrant, which indicates memory dysfunction. It seems obvious 
that the impaired performance of STZ mice is due to cognitive impairment rather than sensorimotor deficits, 
because there was no difference between control/sham and STZ mice in the visible platform test and Hanging 
Wire test which can measure the strength of upper and lower body muscle36. Both BM-MSC and exosome treat-
ments ameliorated learning and memory impairment in STZ mice, even though hyperglycemic conditions 
remained. In experiments using normal mice, BM-MSCs injection showed no effects on cognitive functions. 
Therefore, BM-MSCs treatment can revert cognitive impairment selectively in STZ mice, but not enhance the 
cognitive function in normal mice. Icv-injection of 0.5 μg exosomes per day for 5 successive days reverted cogni-
tive impairment in STZ mice only at 1 week after the injection, however 1 time iv-injection of 2.5 ×  105 BM-MSCs 
per mouse had no effects. Such discrepancy seems to be a difference in volume of exosome, 2.5 ×  105 BM-MSCs 
are estimated to include 0.1 μg of exosomes, and also a difference in injection rout, iv and icv.

The results showed that, in STZ mice, the number of NeuN-positive pyramidal neurons in the CA1 region 
of the hippocampus was decreased, while oxidative damage was increased more in dendrites than in neuropil, 
detected by overlap staining with 4HNE and MAP2. These results were consistent with previous studies37,38. In 
STZ mice, a reduction of the synaptophysin intensity was also observed, which is correlated with the synaptic 
number27,39. BM-MSC and exosome treatments ameliorated oxidative stress and enhanced synaptic number, but 
did not affect the number of pyramidal neurons. The area of MAP2-positive dendrites was not changed in spite 
of a decrease in the number of NeuN-positive neurons. Such discrepancy seems to be due to a compensatory 
increase of dendrites in hyperglycemic conditions40. It is known that MSCs are multipotent progenitors and are 
considered to differentiate into neurons or enhance endogenous neurogenesis41,42. However, in the present results, 
neither BM-MSCs nor exosomes altered the number of NeuN-positive neurons in STZ-diabetic mice, suggesting 
that injected BM-MSC or exosomes may restore the function of the remaining neurons and promote synaptogen-
esis after diabetic tissue damage. These results were consistent with previous studies which showed that memory 
loss correlates with synaptic loss but not with neuronal loss39,43, and therefore recovery of the number of synapses 
by BM-MSCs and exosomes treatments may contribute to improvement of cognitive impairment.

The effects of treatments with BM-MSCs or exosomes on glial cells including microglia and astroglia were 
examined. The number of Iba1-positive microglia was significantly increased in STZ mice compared to controls, 
and this increase was recovered to normal levels in both BM-MSC- and exosome-treated groups, suggesting 
that these treatments may suppress the proliferation of microglia in the brain. Although microglia are known 
to change from a resting state with a ramified shape into an activated state with a round shape by inflammatory 
stimuli including hyperglycemia44,45, the present results in all experimental groups showed that they kept the 
ramified shape. In fact the expression of IL-1β , which is known to up-regulated in activated microglia, was not 
changed between treated and non-treated groups (Suppl. Fig. 10). Therefore damaged neurons in the CA1 region 
seem to stimulate the proliferation of microglia, but after treatment such phenomena ceased in response to the 
decrease in damaged neurons. On the other hand, the number of GFAP-positive astrocytes in the CA1 region 

These abnormalities have completely disappeared in STZ +  exosome mice. Bar, 2 μm. (a vii–ix, b vii–ix) In the 
perivascular area of the CA1 region, astrocytic end-foot swelling (A) are prominent in STZ +  vehicle mice. In 
addition, basement membrane of the blood vessels become irregular (a viii, b viii), and pericyte abnormality is 
found (b viii) in STZ +  vehicle mice. These abnormalities have disappeared in STZ +  MSC and STZ +  exosome 
mice. Bar, 5 μm. (a x–xii, b x–xii) In the synaptic area, astrocytic end-foot swelling and abnormal mitochondria 
(arrowhead) in astrocytes (A) are prominent in STZ +  vehicle mice. In addition, hypertrophy of the asymmetric 
synapses were observed in STZ +  vehicle mice. However these abnormalities have completely recovered in 
STZ +  MSC and STZ +  exosome mice. Bar, 0.5 μm.
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Figure 5. Distribution of icv injected exosomes in the brain parenchyma. (a) A number of PKH-labeled 
exosomes is observed in the brain parenchyma at the fimbria hippocampi. Bar, 50 μm. (b) A remarkable 
number of labeled exosomes is detected at the plasma membrane, as well as in the cytoplasm, of GFAP-
positive astrocytes (arrows). Bar, 10 μm. (c–e) A few labeled exosomes are found in the cytoplasm of NeuN- 
and neurofilament-positive neurons and Iba1-positive microglia (arrows). Bar, 10 μm. (f) The number of 
PKH-labeled exosomes within GFAP-positive astrocytes is significantly larger than those within NeuN- and 
neurofilament-positive neurons or Iba1-positive microglia. ***P <  0.001, one-way ANOVA, Bonferroni post-
test. Values are means ±  s.e.m, n =  4.
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was not changed among the three groups, but the area of the GFAP-positive reaction was decreased in STZ mice, 
and this decrease was not altered in the BM-MSC-treated and exosome-treated groups. It has been reported that 
type 1 diabetes induces hypertrophic changes in astrocytes with up- or down-regulation of GFAP expression45–48. 
In type 2 diabetes, up-regulation of GFAP with synaptic alteration in the hippocampus was shown by Duarte  
et al.49; on the other hand, down-regulation of GFAP in the hippocampus was shown by Amin et al.48. Therefore, 
for further analysis of changes in neurons or astrocytes, electron microscopic observation of the brain paren-
chyma was performed.

Electron microscopic study revealed damaged mitochondria and vacuolation and fragmentation of microtu-
bules in perikarya and dendrites of pyramidal neurons in the CA1 regions of STZ mice. In late-stage STZ mice, 
damaged neurons with high electron density characteristic of dark neurons were seen, and these are known 
to be generated by increased free radicals50. Surprisingly, these morphological abnormalities were completely 
recovered by either BM-MSC or exosome treatment. Because mitochondrial damage is correlated with oxida-
tive stress, these structural abnormalities are consistent with increases in 4HNE immunoreactivity in neurons, 
as shown in the present study. In previous studies, type 2 diabetic mice showed the decrease in the expression 
of NRF2, an antioxidant defense factor in mitochondria, which correlates with the synaptic damage in the hip-
pocampus10. Our treatment successfully normalized the damaged neurons, possibly caused by oxidative stress, 
and such remarkable recovery of CA1 neurons by both BM-MSCs and exosome treatments may lead to improve-
ment of cognitive impairment as assessed by the MWM test. Morphological abnormalities in astrocytes were 
prominent in STZ mice, including mitochondrial damage and swollen end-feet around vessels and synapses. 
These abnormalities were completely restored by both BM-MSCs and exosome treatments in brain. Although 
the decrease in the GFAP-positive area was not recovered by MSC and exosome therapies, electron microscopy 
showed that these therapies improved astrocyte abnormalities. It seems that GFAP did not reflect the swollen 
end-foot, because GFAP is entirely absent from the finely branching astrocyte processes51. Astrocytes are known 
to swell with inflammation, and swollen astrocytes possess less power to take up excess glutamate, which has 
neurotoxic effects at synapses52. The present results suggest that functional impairments in astrocytes caused by 
diabetes were recovered by BM-MSC and exosome treatments.

To assess the mechanism whereby icv-injected exosomes improved neuronal and astroglial damage and 
reversed cognitive impairment, exosomes were labeled with PKH, and the distribution of injected exosomes 
was examined. PKH-labeled exosomes were detected at the fimbria hippocampi, consisting mainly of regularly 
arranged astroglial processes and longitudinal axes of axons53. These axons terminate on target neurons in the 
dentate gyrus and the cornu ammonis54. The present results showed that the majority of PKH-labeled exosomes 
were taken up by GFAP-positive astrocytes, and a few PKH-labeled exosomes were taken up by NeuN- and 
neurofilament-positive neuronal cells and Iba1-positive microglia. A previous study showed that PKH-labeled 
exosomes derived from choroid plexus cell lines penetrated into brain parenchyma and were initially taken up 
by astrocytes and secondarily delivered to neurons55. Another study showed that GFP-labeled exosomes derived 
from BM-MSCs were taken up by astrocytes and neurons after intravenous injection of BM-MSCs in a stroke 
model56.

Astrocytes are more abundant than neurons and form wide networks with each other through gap junctions57, 
and their thin processes contact cerebrospinal fluid to form glia-limitans at the surface of brain parenchyma58. 
Therefore icv-injected PKH-labeled exosomes may be easily taken up by astrocytes. To maintain brain home-
ostasis, astrocytes play important roles, including supplying lactate, an energy source for neurons, controlling 
extracellular K+ levels, and removing excess glutamate, which has neurotoxic effects on synapses51. Astrocytes 
are essential for maintenance of synapses and synaptogenesis59; in fact, individual astrocytes in the hippocampus 
touch up to 100,000 synapses60. In the present study, we detected the internalization of PKH-labeled exosomes 
only in a small area of the brain, because PKH-positive reactions were difficult to detect in expanded area due to 
their low density. However since previous study reported that exosomes can diffuse into a large area once they 
have entered the brain28, we considered that icv-injected exosomes might undergo widespread diffusion into a 
large area of the brain including the hippocampus and be taken up by neurons and astrocytes.

In the presents study, BM-MSCs were administered intravenously in STZ diabetic mice, and exosomes iso-
lated from cultured BM-MSCs were administered icv, and both treatments successfully ameliorated the cognitive 
impairment caused by diabetes. The exosomes were internalized by astrocytes, as well as neurons, which led to 
the recovery of astrocytes and neurons damaged by diabetes. Exosomes secreted by BM-MSCs administered 
intravenously may easily diffuse into brain parenchyma from blood vessels and into the CSF56, then be inter-
nalized into astrocytes and neurons. Although the specific miRNAs or proteins involved in repairing damaged 
cells were not identified in this study, the present results indicate that transfer of exosomes released from intra-
venously administered BM-MSCs into damaged astrocytes and neurons have effects to repair damaged neurons 
and astrocytes. Especially, functionally recovered astrocytes might boost neuronal functions, brain homeostasis, 
and synaptogenesis.

The present results may open a new horizon for the treatment of cognitive impairment caused by not only 
diabetes but also presumably other causes that damage neurons and astrocytes. Systemic administration of 
BM-MSCs or local injection of exosomes obtained from cultured BM-MSCs might be a powerful therapeutic 
agent for diabetes-induced cognitive impairments.

Methods
Animals. All the protocols were carried out in accordance with the approved guidelines. C57BL/6 J mice were 
purchased from Clea Japan Inc (Tokyo, Japan). Hyperglycemia was induced by a single intraperitoneal injection 
(ip) of STZ (150 mg/kg; Wako, Osaka, Japan) dissolved in citrate buffer (pH 4.5) at 13 weeks of age. Controls 
were administered an intraperitoneal (ip) injection of citrate buffer. STZ-diabetic mice with blood glucose levels 
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> 300 mg/dL were used. This study was approved by the animal experiment committee of Sapporo Medical 
University (Sapporo, Japan).

Isolation of bone marrow MSC. Rat BM-MSCs were harvested from bone marrow of 8-week-old SD 
rats (Sankyo Labo Service Corporation Inc, Tokyo, Japan) as described previously15. In brief, after the sacrifice 
of male SD rats, the tibias and femurs were removed and cleaned of connective tissues. Marrow was flushed out 
after removal of the epiphysis and cultured with alpha-minimal essential medium (Gibco, Life Technology Japan, 
Tokyo, Japan) containing 15% fetal bovine serum (CCB, NICHIREI BIOSCIENCE, Tokyo, Japan) and 1% peni-
cillin streptomycin (Pen Strep, Life Technologies, Carlsbad, CA, USA). The medium was changed twice weekly, 
and BM-MSCs harvested in 3-4 passages were used for further study. We followed the procedure of BM-MSCs 
isolation used in our previous study; they were positive for CD90 and negative for CD45, CD11b, and could dif-
ferentiate into osteoblasts, adipocytes and chondrocyte-like cells15.

Intravenous injection of BM-MSCs. At 12 weeks after STZ injection, mice were administered BM-MSCs 
(1 ×  104 BM-MSCs/g body weight per animal suspended in 200 μl of PBS) through the tail vein, 4 times at 
2-week intervals (Fig. 1a). The vehicle injection consisted of 200 μl of PBS. We also injected BM-MSCs (1 ×  104 
BM-MSCs/g body weight) to diabetic mice at 12 weeks after STZ injection for 1 time, and injected to normal mice 
4 times with 2-week intervals from tail vein.

Isolation of bone marrow MSC-derived exosomes. Rat BM-MSCs were harvested as previ-
ously described. To isolate exosomes, conventional culture medium was replaced by a medium containing 
exosome-depleted fetal bovine serum (EXO-FBS-250 A-1, System Biosciences, Mountain View, CA, USA), 
according to a previous report56. When MSCs (passage 4) reached 60–80% confluence, the cells were cultured 
for an additional 48 h. The culture media were then collected, and the following procedures were performed for 
exosome isolation at 4 °C. The collected media were first centrifuged at 1,000 ×  g for 10 min to remove large debris 
and dead cells. Then, the supernatants were centrifuged at 10,000 ×  g for 30 min to remove small debris. To obtain 
pellets that contained exosomes, the supernatants were further centrifuged at 100,000 ×  g for 3 h. After discarding 
the supernatants, the pellets were resuspended in 0.25 M sucrose in 20 mM HEPES, pH 7.4, and loaded onto a 
sucrose step gradient (2.25, 2.0, 1.75, 1.5, 1.25, 1.0, 0.75 and 0.5 M). The sucrose gradient was then centrifuged at 
100,000 ×  g for 16 h, and 9 fractions corresponding to each sucrose step gradient were collected and diluted with 
20 mM HEPES, pH 7.4, and recentrifuged at 100,000 ×  g for 1 h. Each resulting pellet was resuspended in PBS and 
stored at − 80 °C for further use.

Cannulation surgery and intracerebroventricular injection of exosomes. At 10 weeks after STZ 
injection, mice were implanted with stainless steel cannula (0.4 mm diameter) into the right ventricle of the brain. 
Coordinates for cannulation were 0.4 mm posterior from the bregma, 1 mm lateral from the midline, and 2.5 mm 
depth (from the brain surface). For injection of exosomes we used a Hamilton syringe with a needle of 0.17 mm 
diameter. At 12 weeks after STZ injection, mice were injected icv with 0.5 μg of exosome in 2 μL artificial cere-
brospinal fluid (aCSF; 142 mM NaCl, 5 mM KCl, 2 mM CaCl2 ∙2 H2O, 2 mM MgCl2 ∙ 6 H2O, 1.25 mM NaH2PO4,, 
10 mM D-glucose, 10 mM HEPES, pH 7.4) once a day for 5 successive days, or with 2 μL aCSF as the vehicle 
injection. To examine protein concentrations of exosomes, the bicinchoninic acid protein assay (Thermo Fisher 
Scientific, Lafayette, CO, USA) was used.

Morris water maze tests. The task was given at 9:00–13:00. The apparatus consisted of a circular pool 
(1.2 m diameter and 30 cm high) filled to a depth of 18 cm with water (25 ±  1 °C). A variety of visual cues were 
provided in the testing area and kept constant throughout the task process. Data were obtained from a video cam-
era (Logicool, Tokyo, Japan), which was connected to an automated tracking system (Any-maze, Stoelting, Wood 
Dale, IL, USA), fixed 1.7 m above the center of the pool. A transparent acrylic platform (10 cm diameter) was 
placed in the center of one quadrant of the pool. In visible platform training (day 0), the test was performed to get 
mice used to the pool and to assess swimming ability and vision. The platform was placed 1 cm below the surface 
of the water, and a small flag (15 cm in height) was attached for visualization of the platform area. In the hidden 
platform training (day 1–4), the tasks were carried out to evaluate the extent of learning. During the training, the 
platform with no flag remained in the same location and was submerged 1 cm below the surface of the water. Mice 
performed 4 trials a day with a 1-h interval between trials. Each trial had a time limit of 60 sec, and mice had to 
swim until they climbed onto the platform. After reaching the platform, mice were allowed to remain for 15 sec. If 
they failed to find the platform within 60 sec, the test was ended, and the mice were gently placed on the platform 
by the experimenter for 15 sec. At day 5, the platform was removed, and the probe trial was conducted to assess 
the extent of memory. Each mouse was released from the start position opposite to the former platform quadrant. 
They were allowed 60 sec to search for the platform, and the time spent in the quadrant where the platform was 
previously located was recorded.

Immunofluorescence staining. One day after the MWM, the mice were sacrificed for morphological 
studies. The mice were perfused with 0.1 M PBS via the left ventricle to wash out blood, followed by a solution 
of 4% paraformaldehyde (PFA), 0.2% picric acid, and 0.5% glutaraldehyde in 0.1 M phosphate buffer. Brains 
were removed and immersed in a solution of 4% PFA and 0.2% picric acid in 0.1 M phosphate buffer for 24 h 
and then immersed gradually in 5%, 10%, and 15% sucrose solutions. Frozen sections (20 μm) corresponding 
to sagittal coordinates extending 1.4–2.4 mm from the bregma in the left hemisphere were made. The sections 
were incubated in primary antibodies against NeuN (rabbit polyclonal, 1:1000; Millipore, Darmstadt, Germany), 
GFAP (chicken polyclonal, 1:500; Millipore), Iba1 (rabbit polyclonal, 1:500; Wako, Osaka, Japan), MAP2 
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(chicken polyclonal, 1:500; Millipore), 4-hydroxynonenal (4HNE) (rabbit polyclonal, 1:100; Abcam, Cambridge, 
UK), and synaptophysin (rabbit polyclonal, 1:500; Sigma-Aldrich, St. Louis, MO, USA), 200kD phosphorylated 
and non-phosphorylated neurofilament heavy (rabbit polyclonal, 1:500, Abcam), and IL-1β  (hamster mono-
clonal, 1:500, Biolegend, San Diego, CA, USA). For second antibodies, Cy3-labeled anti-rabbit IgG (Jackson 
ImmunoResearch, West Grove, PA, USA), Cy3-labeled anti-chicken IgG (Millipore), Cy-5 labeled anti-hamster 
IgG (Jackson ImmunoResearch), and FITC-labeled anti-rabbit IgG (Millipore) diluted 1:500 were used. Nuclei 
were stained with DAPI (Dojindo, Kumamoto, Japan) and observed under confocal laser scanning microscopy 
(Nikon A1, Tokyo, Japan).

Quantitative analyses for the immuno-positive cells, area, and intensity were performed in three selected 
sections 240 μm apart through the CA1 region in control, sham-operated, STZ +  vehicle, STZ +  MSC, and 
STZ +  exosome mice. A total of 9 different fields (200 ×  200 μm) per mouse (3 fields per section) were analyzed 
by a Nikon software program (NIS Elements AR). To avoid contamination by background staining, we detected 
structures with more than 0.5 μm2 as immune-positive.

Electron microscope observations. After perfusion fixation, the right hemispheres were cut into 
100-μm-thick sections by a vibratome (VT12005, Leica, Tokyo, Japan). The sections corresponding to sag-
ittal coordinates extending between 1.4–2.4 mm from the bregma were fixed with 2.5% glutaraldehyde, then 
post-fixed with 2% osmium tetroxide, and embedded in epon (EPON812, TAAB Laboratories Equipment, Berks, 
UK). Ultra-thin sections (70 nm) were cut with an ultramicrotome (RMT, Tucson, AZ, USA), stained with uranyl 
acetate and lead citrate, and observed under electron microscopy (H7650, HITACHI, Tokyo, Japan).

Statistical Analysis. Data are expressed as means ±  s.e.m. Statistical analysis was carried out using unpaired 
t-test or one-way ANOVA followed by Bonferroni’s test for post hoc comparisons between groups. When two 
factors were assessed, the significance of differences was determined using two-way ANOVA followed by 
Bonferroni’s test for post hoc comparisons between groups. Statistical analysis was performed using GraphPad 
Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA), and differences were considered significant at P <  0.05.
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