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Abstract
Oligodendrocyte fusion with neurons in the brain cortex is a part of normal ontogenesis and is a possible means of neuroregen-

eration. Following such fusion, the oligodendrocyte nucleus undergoes neuron-specific reprogramming, resulting in the formation

of binuclear neurons, which doubles the functional capability of the neuron. In this study, we tested the hypothesis that the

formation of binuclear neurons is involved in long-term adaptation of the brain to intermittent hypobaric hypoxia, which is

known to be neuroprotective. Rats were adapted to hypoxia in an altitude chamber at a simulated altitude of 4000 m above

sea level for 14 days (30 min increasing to 4 h, daily). One micrometer sections of the left motor cortex were analyzed by light

microscopy. Phases of the fusion and reprogramming process were recorded, and the number of binuclear neurons was counted

for all section areas containing pyramidal neurons of layers III–V. For the control group subjected to sham hypoxia, the density of

binuclear neurons was 4.49� 0.32 mm2. In the hypoxia-adapted group, this density increased to 5.71� 0.39 mm2 (P< 0.04). In a

subgroup of rats exposed to only one hypoxia session, the number of binuclear neurons did not differ from the number observed in

the control group. We suggest that the increased content of binuclear neurons may serve as a structural basis for the neuropro-

tective effects of the adaptation to hypoxia.
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Introduction

Adaptation to hypoxia (AH) has been shown to improve
cognitive function1 and to be neuroprotective in experimen-
tal epilepsy,2–4 alcohol withdrawal,5 Alzheimer’s disease,6

experimental7 and clinical parkinsonism,8 and clinical
schizophrenia.3 However, the molecular and cellular mech-
anisms of these protective effects are poorly understood.

Earlier, we observed fusions of neurons with oligo-
dendrocytes in the rat cortex during normal ontogenesis.9,10

In the heterokaryons formed by this process, the oligo-
dendrocyte nucleus undergoes neuron-specific reprogram-
ming.10 This reprogramming results in the transformation
of heterokaryons to dikaryons, i.e., binuclear neurons. We
suggested that the formation of binuclear neurons could
contribute to regeneration, due to the increased number of
processes and synapses and, thus, higher communicative
capability of binuclear cells.10 The emergence of binuclear
cells may compensate for the loss of neurons and synapses
in the process of ontogenesis or disease. The role of binuc-
lear neurons in brain regeneration was demonstrated by

studying experimental hemorrhagic stroke in the motor
cortex. Rats with the shortest time for recovery of motor
function had the highest content of binuclear cells in the
cortex surrounding the lesion.10

The aim of the current study was to investigate hypoxia-
induced neuronal fusion as a potential neuroprotective
effect of adaptation to intermittent hypoxia. Specifically,
we tested the hypothesis that the neuroprotective program
of AH stimulates the formation of binuclear neurons in the
rat brain cortex.

Materials and methods
Animals

Experiments on male Wistar rats aged 2 months and weigh-
ing 280–310 g at the beginning of the study were performed
according to the current standards (National Standard of
Russian Federation GOST P 53434-2009 and the National
Research Council Guide for the Care and Use of
Laboratory Animals). The protocol of the study was
approved by the Institute of General Pathology and
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Pathophysiology Animal Care and Use Committee. The rats
were divided into two groups, the adaptation group (n¼ 7)
and the control group (n¼ 7) that was subjected to sham
hypoxia.

Adaptation to hypoxia

The adaptation group of rats was adjusted to hypoxia in an
altitude chamber at a simulated altitude of 4000 m above sea
level. The total duration of the adaptation was 14 days. On
the first day, rats were ‘‘elevated’’ to 1000 m and the session
lasted for 30 min; on the second day—2000 m for 1 h; on the
third day—3000 m for 1.5 h; on the fourth day—4000 m for
2 h; on the fifth day—4000 m for 3 h; and on the sixth and
subsequent days—4000 m for 4 h. The velocity of the
‘‘elevation’’ to the simulated altitude did not exceed
15 m/s. All experiments were performed at the same time
of day, starting at 10 : 00. The rats were anesthetized and
sacrificed on day 15 of the study, 24 h after the last hypoxic
or sham session.

The altitude chamber was equipped with an external
compressor which evacuated air from the chamber to
reduce the chamber pressure. The simulated altitude was
measured by an altimeter and the chamber pressure was
manually adjusted. The chamber was large enough to allow
rats to move freely.

The control group (n¼ 7) was sham-adapted in the
chamber at atmospheric pressure. During AH or sham con-
ditioning sessions, the rats did not show any signs of dis-
tress and often slept. For sham AH, the 14-day AH protocol
was followed, except that the chamber was maintained at
atmospheric pressure. AH was not associated with weight
loss or any visible changes in appearance and behavior of
adapted or sham-adapted rats.

Morphological analysis

The rats were anesthetized with ether. A catheter was intro-
duced into the left ventricle for transcardial infusion of
15 ml of isotonic sodium chloride followed by 10 ml of 4%
paraformaldehyde solution in phosphate-buffered saline
(PBS) to fix the brain. The skull was opened and the brain
was isolated and stored in 4% solution of paraformalde-
hyde in PBS. Three 1–1.5 mm3 tissue samples from the left
motor cortex (S1FL) were embedded in epoxy resin and
studied morphologically. One micrometer sections were
cut with an ultramicrotome (Leica EM UC6, Austria) and
analyzed with an Olympus BX51 light microscope
equipped with a Color View II camera (Olympus, Japan).
Photography and image analysis were performed using
Imaging Software for Life Science Microscopy Cell F
(Olympus, Japan). Six to nine nonserial sections of each
sample were studied. The cortex structure was examined,
and cortical binuclear cells were counted. The number of di-
and heterokaryons was counted over the entire section area
containing pyramidal neurons of layers III–V, and the sec-
tion area was measured with the Cell F software. The motor
cortex was studied since we had previously observed
fusions of neurons with oligodendrocytes in the rat motor
cortex,1,9,10 and because many of the reported benefits of
AH likely involve this region of the brain.2–8

For each rat, the numbers of binuclear cells observed in
all sections were summed and divided by the sum of all
areas to compute the density of binuclear cells. These
values were subjected to statistical analysis to determine
whether AH affected the density of binuclear cells. The
density of binuclear cells in each section was also computed
by dividing the number of binuclear cells by the section
area. From these data, a coefficient of variation was com-
puted, and these coefficients were averaged to yield a meas-
ure of overall intra-animal variability. When the number of
binuclear neurons was counted in another nine sections
from the same animal, this value did not differ from that
from the first nine sections by more than 10%.

Statistical analysis

Density of binuclear neurons in control and AH rats were
analyzed with an unpaired t-test (SigmaPlot 11.0), after
having passed tests for normality and equal variance.
Values are presented as means� SEM. P values <0.05
were considered statistically significant.

Results

No histological differences, other than the number of binuc-
lear neurons, were found between cortex samples from the
control and the AH groups. All found binuclear cells were
pyramidal neurons, based on the fact that these cells were
the largest, were pyramidal in shape, and usually had
apical dendrites.

Binuclear pyramidal neurons with morphologically dif-
ferent nuclei (heterokaryons) were observed in cortex sec-
tions from both groups. One heterokaryon nucleus was
always the nucleus of the neuron, but the structure of the
other nucleus in the heterokaryon was variable (Figure 1).
When difference between nuclei was the greatest, the
second nucleus was considerably smaller than the neuronal
nucleus, did not have a nucleolus, and did not contain
almost any euchromatin. This second nucleus was similar
to the oligodendrocyte nucleus in its dimensions, shape,
and chromatin structure (Figure 1a,b). In other instances,
this similarity was less obvious. Then the second nucleus
had distinct hetero- and euchromatin zones (Figure 1c).
Often this second heterokaryon nucleus was more sharply
divided into hetero- and euchromatin zones with a consid-
erably larger euchromatin zone than the oligodendrocyte
nucleus. Such nuclei did not contain a nucleolus, and
their chromatin structure was intermediate between oligo-
dendrocyte and neuron nuclei (Figure 1d). Frequently,
binuclear neurons with two identical neuronal nuclei
(dikaryons) were observed (Figure 2).

For the control group, the density of binuclear neurons
was 4.49� 0.32 mm2. In the hypoxia-adapted group, this
density increased to 5.71� 0.39 mm2 (P< 0.04). Binuclear
cells were distributed unevenly in brain sections of both
groups (Figure 3). The average coefficient of variation for
density of binuclear cells among intra-animal sections was
0.42� 0.02 for control rats and 0.32� 0.03 for AH rats
(P< 0.05).

A separate group of five similar rats was studied after
exposure to only one hypoxia session. The number of
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cortical binuclear neurons counted in these rats did not
differ from the number observed in the control group.

The actual number of fusions was certainly greater than
was visible in the semi-thin sections analyzed here, because
binuclear neurons were identified only when both nuclei of
a dikaryon or a heterokaryon were observed in the section
plane. If one nucleus of a binuclear cell was below or above
the section plane, that cell would have been classified erro-
neously as mononucleate. Figure 4 illustrates this case. The
section shows a neuron containing a non-neuron nucleus.
Therefore, this cell is not a mononuclear neuron but, in fact,
is a heterokaryon with the neuronal nucleus lying outside
the section plane.

Discussion

The major finding of this study was that AH was associated

with the increased formation of binuclear neurons. Cells

can become binuclear in two ways: (a) nuclear division

without cytoplasmic division and (b) cell fusion. Nuclear

division cannot explain the increase in binuclear cells after

AH since neurogenesis is absent in the cortex.11–13

Furthermore, in many binuclear cells, the nuclei were

clearly different (Figure 1), indicating that they originated

from different cells, i.e., a neuron and an oligodendrocyte.

The presence of two differing nuclei in the same neuron can

only be explained by cellular fusion.10

Figure 1 Variations of oligodendrocyte nucleus structure in heterokaryons. The scale bars are 15 mm. (a) The oligodendrocyte (arrow) is located next to the neuron.

The oligodendrocyte nucleus is small and contains evenly hyperchromic chromatin; separation of hetero- and euchromatin is not pronounced. (b) Heterokaryon. The

oligodendrocyte nucleus (arrow) is located in the neuronal cytoplasm. This oligodendrocyte nucleus is identical to the nuclei of unfused oligodendrocytes in size and

chromatin structure. (c) Heterokaryon. The nucleus indicated by the arrow does not differ from oligodendrocyte nuclei in the size. However, as distinct from (a) and (b),

chromatin is visibly separated into hetero- and euchromatin. (d) Heterokaryon. The nucleus indicated by the arrow is significantly larger than oligodendrocyte nuclei. In

this nucleus, heterochromatin is visible as a narrow belt along the nuclear membrane with three clusters in the center. Euchromatin is darker than in the neuronal

nucleus, and it occupies a significant part of the nuclear space
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No predictive signs of forthcoming cell fusion were seen.
Fusion became evident only after the appearance of a
second nucleus in the neuronal cytoplasm. For this
reason, we could not use cytoplasmic or membrane markers
to identify the cellular parent of the second nucleus. It was
only possible to identify the second cell participating in the
fusion by morphological features of the second nucleus
after the fusion has occurred. In cases of maximum mor-
phological difference, the second nucleus of a heterokaryon
could be identified with certainty as an oligodendrocyte
nucleus since nuclei of two other potential candidate par-
ticipants in the fusion, astrocytes14 and synantocytes,15–17

differ from the oligodendrocyte nucleus by the presence
of nucleolus and lower heterochromatin content.

When a heterokaryon nucleus differed from an oligo-
dendrocyte nucleus, the most likely explanation is pro-neu-
ronal reprogramming of the oligodendrocyte nucleus
within the neuron. The morphological similarity between
the former oligodendrocyte nucleus and the neuronal
nucleus as well as the presence of neuronal markers in
and around the former oligodendrocyte nucleus10 supports
this explanation. Similar reprogramming of a small cell
nucleus after the fusion with a large Purkinje neuron was
reported by Weimann et al.18

In the current study, AH produced an increased number
of cortical binuclear neurons. Reprogramming of the
nucleus from the fused cell would improve the ability of
the cortex to withstand ischemic insult.10 Importantly, AH
has been shown to reduce brain ischemic damage19,20 as
well as to improve cognitive function1,21 and to be

Figure 3 Distribution of binuclear neurons in rat cortex. (a) Cortical section from a control rat. The arrow indicates a single binuclear neuron (heterokaryon). (b) Cortical

section from a rat adapted to intermittent hypoxia. The arrows indicate five binuclear neurons (two dikaryons and three heterokaryons). The scale bars are 30 mm

Figure 2 Structure of a dikaryon. The binuclear neuron contains two nuclei,

which are similar in size and identical in nuclear chromatin structure. The scale

bar is 15mm

Figure 4 Heterokaryon. The arrow shows a non-neuronal nucleus which

appeared in the section of binuclear pyramidal neuron. The scale bar is 15mm
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neuroprotective in experimental epilepsy,2–4 alcohol with-
drawal,5 Alzheimer’s disease,6 experimental7 and clinical
parkinsonism,8 and clinical schizophrenia.3 It is tempting
to ascribe these benefits, at least in part, to increased func-
tional potential, i.e., formation of an increased number of
cortical binuclear neurons and additional neuronal spines
and synapses, of an increased number of cortical binuclear
neurons, but proof of this theory requires more definitive
research.

Not only was the density of binuclear neurons increased
by AH, the intra-animal distribution of binuclear cells was
more uniform in the AH group than in the control group, as
indicated by a lesser coefficient of variation. We speculate
that AH stimulates the formation of binuclear neurons pref-
erentially in regions of the cortex that had fewer such cells
pretreatment. This response could account for the more uni-
form intra-animal distribution of binuclear neurons we
observed, and this may amplify the neuroprotective
action of AH.

In our previous study in a model of cortical stoke, ische-
mia stimulated neuronal fusion and increased number of
binuclear neurons.10 The question remains, why should AH
stimulate neuronal fusion? AH is clearly a lesser insult than
acute ischemia, but this insult has been shown to cause
structural and molecular changes in the brain. For example,
synaptogenesis22 and angiogenesis5,23 are stimulated by
AH. Increased synthesis of heat shock proteins is also sti-
mulated by AH.24,25 The results of the current study dem-
onstrate that the insult of AH was sufficient to stimulate
neuronal fusion and increased numbers of binuclear
neurons.

In the current experiments, we used a hypoxia condition-
ing program which has been proven protective against neu-
rodegeneration23,26 and nerve cell apoptosis.27 It is true that
more prolonged and severe intermittent hypoxia generally
used for modeling sleep apnea may induce neurodegenera-
tion28 and apoptosis.29 Increased numbers of binuclear cells
could, at least in part, account for beneficial neuronal func-
tion in previously reported studies of adaptation to inter-
mittent hypoxia.

Findings of dikaryons or heterokaryons with nuclei dif-
ferent from the oligodendrocyte nucleus could be formally
explained by neuron fusion with each other or with some
cells other than oligodendrocytes. However, a much more
likely explanation of our findings is pro-neuronal repro-
gramming of the oligodendrocyte nucleus captured by the
neuron. The neuron cytoplasm is many times larger than
the oligodendrocyte cytoplasm. The small oligodendrocyte
cytoplasm is invisible in histological preparations; electron
microscopy shows that the amount of oligodendrocyte cyto-
plasm is much less than the size its small nucleus.30,31 After
the fusion, concentrations of oligodendrocyte epigenomic
regulators in the combined cytoplasm of binuclear cell shar-
ply decrease. Therefore, after entering in the neuron, the
influence of oligodendrocyte transcription regulators on
the oligodendrocyte nucleus greatly declines, and oligo-
dendrocyte nucleus increasingly comes under the influence
of neuronal regulators. Under these conditions, the oligo-
dendrocyte nucleus cannot remain an oligodendrocyte
nucleus; it will inevitably change its transcription program

consistent with the action of local, neuronal regulators. Also
demonstrated here is the progressively increasing morpho-
logical similarity between the oligodendrocyte nucleus and
the neuronal nucleus. The third argument is the appearance
of specific neuronal markers, NeuN and MAP2, in and
around the oligodendrocyte nucleus along with the
increased transcription rate in the oligodendrocyte nucleus
similar to the neuronal nucleus.10

In summary, increased numbers of binuclear cells in rat
cortex were observed following exposure of the rats to inter-
mittent, hypobaric hypoxia. These dikaryons or heterokar-
yons were formed most likely by fusion of oligodendrocytes
with neurons. Reprogramming of the oligodendrocyte
nucleus and its transformation into the second neuronal
nucleus would be neuroprotective and would enhance the
functional capacity of these binuclear neurons. Thus,
increased numbers of binuclear cells could, at least in
part, account for beneficial neuronal function in previously
reported studies of adaptation to intermittent hypoxia.

Author contributions: All authors participated in the
design, interpretation of the studies, analysis of the data,
and review of the manuscript. AVG, IPD, and SVK con-
ducted the experiments, AAP and EBM wrote the manu-
script. HFD analyzed data, edited, and revised the
manuscript. AAK directed the work and edited the
manuscript.

ACKNOWLEDGEMENT

The study was supported by Russian Foundation for Basic
Research (grant 07-04-00650).

REFERENCES

1. Paltsyn AA, Kolokol’chikova EG, Konstantinova NB, Romanova GA,

Shakova FM, Kubatiev AA. Heterokaryon formation as a mode for

neuron regeneration in postischemic injury to cerebral cortex in rats. Bull
Exp Biol Med 2008;146:485–8

2. Ryasina TV, Koshelev VB, Krushinsky AL, Lozhnikova SM,

Sotskaya MN, Lyudkovskaya IG. The role of short-term hypobaric hyp-

oxia in prevention of disorders of the cerebral circulation in rats during

acoustic stress. Brain Res 1988;473:153–6

3. Meerson FZ. Essentials of adaptive medicine: protective effects of adaptation.

Moscow: Hypoxia Medical Ltd, 1994

4. Koshelev VB, Savina NA, Kuzenkov VS, Krushinskii AL, Firsov NN,

Shakhnazarov AA, Sokolova IA. Effect of short-term pulse adaptation to

hypobaric hypoxia on epileptiform seizures and rheological blood

properties in KM rats. Dokl Biol Sci 2000;373:367–9

5. Jung ME, Simpkins JW, Wilson AM, Downey HF, Mallet RT. Intermittent

hypoxia conditioning prevents behavioral deficit and brain oxidative

stress in ethanol-withdrawn rats. J Appl Physiol 2008;105:510–17

6. Manukhina EB, Goryacheva AV, Pshennikova MG, Malyshev IYu,

Mallet RT, Downey HF. Protective effects of adaptation to hypoxia

in experimental Alzheimer’s disease. In: Xi L and Serebrovskaya TV

(eds). Intermittent hypoxia and human disease. London: Springer-Verlag,

2012: 155–71.

7. Gulyaeva NV, Stepanichev MV, Onufriev MV, Sergeev IV, Mitrokhina OS,

Moiseeva Yu V, Tkatchouk EN. Interval hypoxia training prevents oxi-

dative stress in striatum and locomotor disturbances in a rat model of

parkinsonism. In: Fisher A, Hanln I, Yoshida M (eds). Progress in
Alzheimer’s and Parkinson’s diseases. New York, NY: Plenum Press,

1998:717–23

Paltsyn et al. Hypoxia stimulates formation of binuclear neurons 599
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



8. Kolesnikova EE, Serebrovskaya TV. Parkinson’s disease and intermit-

tent hypoxia training. In: Xi L and Serebrovskaya TV (eds). Intermittent
hypoxia: from molecular mechanisms to clinical applications. New York:

Nova Science, 2009, 549–60.

9. Paltsyn AA, Konstantinova NB, Romanova GA, Shakova FM,

Kvashennikova YN, Kubatiev AA. The role of cell fusion in physio-

logical and reparative regeneration of the cerebral cortex. Bull Exp Biol
Med 2009;148:825–8

10. Paltsyn A, Komissarova S, Dubrovin I, Kubatiev A. Increased cell fusion

in cerebral cortex may contribute to poststroke regeneration. Stroke Res
Treat 2013;2013:869327. DOI: 10.1155/2013/869327. Epub 2013 April 3

11. Spalding KL, Bhardwaj RD, Buchholz BA, Druid H, Frisén J.

Retrospective birth dating of cells in humans. Cell 2005;122:133–43

12. Ackman JB, Siddiqi F, Walikonis RS, LoTurco JJ. Fusion of microglia

with pyramidal neurons after retroviral infection. J Neurosci
2006;26:11413–22

13. Nakagomi T, Taguchi A, Fujimori Y, Saino O, Nakano-Doi A, Kubo S,

Gotoh A, Soma T, Yoshikawa H, Nishizaki T, Nakagomi N, Stern DM,

Matsuyama T. Isolation and characterization of neural stem/progenitor

cells from post-stroke cerebral cortex in mice. Eur J Neurosci
2009;29:1842–52

14. Nishiyama A, Yang Z, Butt A. Astrocytes and NG2-glia: what’s in a

name? J Anat 2005;207:687–93

15. Montgomery DL. Astrocytes: form, functions and role in disease. Vet
Pathol 1994;3:145–67

16. Krawczyk A, Jaworska-Adamu J. Synantocytes: the fifth type of glia? In

comparison with astrocytes. Folia Histochem Cytobiol 2010;48:173–7

17. Butt AM, Kiff J, Hubbard P, Berry M. Synantocytes: new functions for

novel NG2 expressing glia. J Neurocytol 2002;31:551–65

18. Weimann JM, Johansson CB, Trejo A, Blau HM. Stable reprogrammed

heterokaryons form spontaneously in Purkinje neurons after bone

marrow transplant. Nat Cell Biol 2003;5:959–66

19. Tsai YW, Yang YR, Chen GH, Chang HC, Wang RY. The time window of

intermittent hypoxia intervention after middle cerebral artery occlu-

sion. Chin J Physiol 2008;51:324–8

20. Stowe AM, Altay T, Freie AB, Gidday JM. Repetitive hypoxia extends

endogenous neurovascular protection for stroke. Ann Neurol
2011;69:975–85

21. Basovich SN. The role of hypoxia in mental development and in the

treatment of mental disorders: A review. Biosci Trends 2010;4:288–96

22. Tsai Y-W, Yang Y-R, Sun SH, Liang K-C, Wang R-Y. Post ischemia

intermittent hypoxia induces hippocampal neurogenesis and synaptic

alterations and alleviates long-term memory impairment. J Cereb Blood
Flow Metab 2013;33:764–73

23. Goryacheva AV, Barskov IV, Viktorov IV, Downey HF, Manukhina EB.

Adaptation to intermittent hypoxia prevents rarefaction of the brain

vascular net in rats with experimental Alzheimer’s disease. FASEB J
2011;25:669.3

24. Malyshev IY, Zenina TA, Golubeva LY, Saltykova VA, Manukhina EB,

Mikoyan VD, Kubrina LN, Vanin AF. NO-dependent mechanisms of

adaptation to hypoxia. Nitric Oxide 1999;3:105–13

25. Wang X, Xu C, Wang X, Wang D, Wang Q, Zhang B. Heat shock

response and mammal adaptation to high elevation (hypoxia). Sci China
C Life Sci 2006;49:500–12

26. Manukhina EB, Goryacheva AV, Barskov IV, Viktorov IV, Guseva AA,

Pshennikova MG, Khomenko IP, Mashina SY, Pokidyshev DA,

Malyshev IY. Prevention of neurodegenerative damage to the brain in

rats in experimental Alzheimer’s disease by adaptation to hypoxia.

Neurosci Behav Physiol 2010;40:737–43

27. Vavilova G, Shimanskaya T, Strutynska N, Talanov S, Sagach V. Role of

mitochondrial permeability transition pores in intermittent hypoxia-

induced cardiac and neuronal protection. In: Xi L and Serebrovskaya

TV (eds). Intermittent hypoxia and human disease. London: Springer-

Verlag, 2012, 59–69.

28. Zhang JH, Fung SJ, Xi M, Sampogna S, Chase MH. Apnea produces

neuronal degeneration in the pons and medulla of guinea pigs.

Neurobiol Dis 2010;40:251–64

29. Tan X, Guo X, Liu H. Melatonin attenuates hippocampal neuron

apoptosis and oxidative stress during chronic intermittent hypoxia via

up-regulating B-cell lymphoma-2 and down-regulating B-cell lym-

phoma-2-associated X protein. Saudi Med J 2013;34:701–8

30. Stefanova N, Kaufmann WA, Humpel C, Poewe W, Wenning GK.

Systemic proteasome inhibition triggers neurodegeneration in a trans-

genic mouse model expressing human a-synuclein under oligo-

dendrocyte promoter: implications for multiple system atrophy. Acta
Neuropathol 2012;124:51–65

31. Tremblay M-E, Zettel ML, Ison JR, Allen PD, Majewska AK. Effects of

aging and sensory loss on glial cells in mouse visual and auditory

cortices. Glia 2012;60:541–58

(Received July 7, 2013, Accepted January 15, 2014)

600 Experimental Biology and Medicine Volume 239 May 2014
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .


