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Abstract—The cerebellum harbors a specialized area on the roof of the fourth ventricle that is composed of glial
cells and neurons that interface with the cerebrospinal fluid. This region includes the so-called ventromedial cord
(VMC), which is composed of cells that are glial fibrillary acidic protein (GFAP)-positive and nestin-positive and
distributes along the midline in association with blood vessels. We hypothesized that these cells should compare
to GFAP and nestin-positive cells that are known to exist in other areas of the brain, which undergo proliferation
and differentiation under hypoxic conditions. Thus, we tested whether cells of the VMC would display a similar
reaction to hypoxic preconditioning (HPC). Indeed, we found that the VMC does respond to HPC by reorganizing
its cellular components before it gradually returns to its basal state after about a week. This response we docu-
mented by monitoring global changes in the expression of GFAP-EGFP in transgenic mice, using light-sheet flu-
orescence microscopy (LSFM) revealed a dramatic loss of EGFP upon HPC, and was paralleled by retraction of
Bergmann glial cell processes. This EGFP loss was supported by western blot analysis, which also showed a loss
in the astrocyte-markers GFAP and ALDH1L1. On the other hand, other cell-markers appeared to be upregulated
in the blots (including nestin, NeuN, and Iba1). Finally, we found that HPC does not remarkably affect the incor-
poration of BrdU into cells on the cerebellum, but strongly augments BrdU incorporation into periventricular cells
on the floor of the fourth ventricle over the adjacent medulla. This article is part of a Special Issue entitled: Honor-
ing Ricardo Miledi - outstanding neuroscientist of XX-XXI centuries. � 2019 IBRO. Published by Elsevier Ltd. All rights

reserved.
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INTRODUCTION

The mammalian cerebellar cortex is composed of three

layers of cells that are regularly distributed, in the same

pattern throughout all ten of its lobules. In all, the

somata of Purkinje neurons and Bergmann glial (BG)

cells occupy the so-called Purkinje cell layer, located

between the outermost molecular layer (formed by

basket and stellate neurons) and the innermost granular
https://doi.org/10.1016/j.neuroscience.2019.09.015
0306-4522/� 2019 IBRO. Published by Elsevier Ltd. All rights reserved.
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layer (formed by granule and Golgi neurons) (Hoogland

et al., 2015; Hibi et al., 2017). The functional organization

of the cerebellum is modular, i.e., determined by connec-

tions with other brain areas in a zone-specific manner,

which has been clearly elucidated (Voogd and

Glickstein, 1998; Witter and De Zeeuw, 2015). However,

the relationships of cerebellar lobules with the central ven-

tricular system of the brain are variable, because lobules

III-VII face the subarachnoid space, while lobules I, II and

X face the fourth ventricle. This gives rise to a situation in

which ciliated ependymal cells cover the surfaces of the

latter lobules and bathe in cerebrospinal fluid (CSF).

Our recent observations on lobules I, II and X on the

roof of the fourth ventricle have shown cellular diversity

amongst the ependymal cells that contact the CSF as

well as the cells that are located just under them, in
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what is known as the subventricular zone (SVZ). Using

patch-clamp electrophysiology and immunofluorescence

microscopy, we have shown that within the SVZ reside

astroglial cells, oligodendrocytes, neurons, and possibly

even glial or neuronal progenitor cells (González-Gonzá

lez et al., 2017, Reyes-Haro et al., 2013). Therefore, the

organization of this area contrasts dramatically with the

homogeneous cytoarchitecture found in the rest of the

lobules of the cerebellum, and represents a unique envi-

ronment in which CSF, blood vessels, and brain parench-

yma all converge. Here, in the SVZ, the cells that form the

wall of the ventricle are in a strategic position to sense

changes in the CSF, which is known to play important

roles in signal transduction and to transport hormones

and other chemical signals throughout the brain, all parts

of maintaining homeostatic control (Del, 1995; Cipolla,

2009; Zhang et al., 2015).

Additionally, on the very roof of the fourth ventricle

exists a unique population of ependymal cells that differ

from all the rest by being only biciliate, and by extending

in a streak-like fashion along the midline (González-Gon

zález et al., 2017). These we call the ventromedial cord

(VMC), which we find also includes certain GFAP+ and

nestin+ cells (usually taken as identifying neural stem

cells), which have a single process that projects towards

the interior of the cerebellum.

Similarly, neuronal progenitor cells in the adult

hippocampus display prominent extensions throughout

the granular cell layer and, unlike other glial cells within

the area, express nestin as well as GFAP in their

intermediate filaments (Kriegstein and Alvarez-Buylla,

2009). Such neuronal progenitor cells are found under

normal conditions and may be activated after injury in sev-

eral regions of the adult nervous system, including the

spinal cord, the SVZ of the lateral ventricles, and the sub-

granular zone of the hippocampus (Lang et al., 2015). In

the latter region, these neuronal progenitor cells resemble

classical glial cells, in that they express nestin and GFAP,

and they proliferate and differentiate under HPC a stereo-

typed method of temporary, mild oxygen deprivation that

does not induce any irreversible cellular damage, but is

widely employed and studied, due to its neuroprotective

and plastic effects (Santilli et al., 2010; Lang et al., 2015).

Many types of mild noxious stimuli are effective in

conferring this sort of protection to a range of tissue

types (including the brain) as part of the innate

tolerance in various organisms. These non-lethal stimuli

include temporary ischemia, hyperthermia, physical

exercise, lipopolysaccharide, glutamate, and most

especially, the use of mild hypoxia (HPC), which has

been used repeatedly and successfully to reduce injury

from a subsequent serious ischemic insult to the brain

(Gidday et al., 2013). Abundant evidence has been pre-

sented for neuronal plasticity and repair in response to

HPC, in areas of the brain as diverse as the spinal cord

and the cerebral cortex, with clear cut indications that

parenchymal cellular neogenesis is involved in this repair

(Bonfanti, 2013). Less well documented, however, is

whether or not the same sort of cell proliferation occurs

in the cerebellum in response to HPC – anything like

which occurs in the cortex in response to HPC – and if
so, whether this response is significant, compared to the

original cellular proliferation that occurs during cerebellar

development (Ponti et al., 2008; Feliciano et al., 2015;

Ahlfeld et al., 2017; Mandalos et al., 2018).

Thus, we sought in this study to determine whether

the GFAP+ cells that form the VMC respond to HPC,

and how they respond. Additionally, we sought to

determine the impact of HPC on the nearby BG cells in

the cerebellum. Here, we focused on BG cells because

it is well known that during cerebellar development,

these cells provide essential scaffolds for the migration

and layering of granular neurons (De Zeeuw and

Hoogland, 2015). Additionally, such BG cells surround

Purkinje neurons and remain critically important through-

out adult life (as has been shown by genetically ablating

their AMPA receptors and achieving a severe impairment

in motor coordination) (Saab et al., 2012). However, even

though BG cells in the region extend their processes

towards the fourth ventricle, they do not contact the cells

in the VMC directly. Instead, their end-feet are covered

with a limiting basal membrane (González-González

et al., 2017). Consequently, we felt it was important to

determine whether BG cells would respond to HPC, and

if so, if their response was anything like that of GFAP+

cells in the VMC.

To evaluate this, we applied a combination of

techniques, including immunofluorescence, CLARITY,

LSFM and BrdU incorporation – all to assess whether or

not cell proliferation occurred in the VMC (and in

Bergman glial cells) in response to HPC.

EXPERIMENTAL PROCEDURES

Ethical statement

All procedures on mice were carried out in accordance

with the regulations of the Society for Neuroscience:

Policies on the Use of Animals and Humans in

Neuroscience Research and on local and international

bioethical guidelines including the NOM-062-ZOO,

which is in accordance with the recommendations of the

National Institutes of Health publication titled ‘‘Guide for

the Care and Use of Laboratory Animals” (National

Research Council (U.S.). Committee for the Update of

the Guide for the Care and Use of Laboratory Animals.

And Institute for Laboratory Animal Research (U.S.),

2011).

Animals

Postnatal 26 (P26) male mice (CD1, GFAP-EGFP and

Pax2-GFP mice) bred at the animal facility of the

Instituto de Neurobiologı́a UNAM, Juriquilla, Querétaro

or at the University of Turin were selected and kept

under a controlled 12 h light/12 h dark cycle at 20

± 1 �C. Mice expressing EGFP under the human GFAP

promoter (Nolte et al., 2001) were kindly donated by Prof.

Helmut Kettenmann (Max Delbrück Center, Berlin). This

transgenic mouse strain was selected for brain clarifica-

tion since EGFP is strongly expressed in the cerebellum.

Water and food ad libitum were provided, and cages were

replaced ad lib to maintain cleanliness and dryness.
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Hypoxic preconditioning

Following the protocols used in earlier reports, HPC was

produced by placing mice inside 50 ml conical tubes and

sealing the caps tightly (Zhang et al., 2011; Liu et al.,

2012; López-Aguilera et al., 2012; Benitez et al., 2014).

As soon as the mice started gasping, they were removed

from the tubes. This we considered to be one cycle of

HPC, and this we repeated three times on every mouse,

with 15 min of recovery in normal oxygen in-between

each cycle. This form of ’auto-hypoxia’ is thus produced

by the animal’s own oxygen consumption and is one of

the earliest methods of HPC (Rybnikova and Samoilov,

2015).

Not surprisingly, the mice’s ability to tolerate anoxia

became longer and longer with each successive trial,

the average time of runs 1, 2 and 3 being 201 ± 22.15,

350 ± 39.16, and 573 ± 64.83 (seconds ± SE,

respectively). Fig. 1 shows the hypoxia tolerance-time of

all the mice exposed to HPC. In other words, the

protocol for HPC used here induces immediate

tolerance and protection to anoxia, as was documented

in Li et al. (2017).

To make sure that this approach to HPC was not

inducing some other form of stress-response – some

sort of response unrelated to anoxia – we applied the

following control. Mice were again placed inside of 50 ml

conical tubes, but with the caps of the tubes left open,

thus allowing the animals to breath normally, even

though they were constrained ‘‘inside a tube” (”I.T.‘‘). To

parallel the HPC treatments above, mice were

restrained in these open-tubes for roughly the same

mean-times as during the sequence of HPC: 200 s, then

350 s, then 600 s.

All mice were utilized at P26 and were randomly

assigned to the various treatment-conditions that we

intended to study. Since we knew from the literature

that the responses elicited by HPC usually last up to

7 days (Emerson et al., 1999; Rybnikova and Samoilov,
Fig. 1. Tolerance is developed after hypoxic exposure. Linear

regression showing that after each run of hypoxic preconditioning

(1–3) the tolerance is consistently increased, n= 9.
2015), we chose to study the response of the VMC in

each mouse, every day for seven days after the HPC.

To do so, their cerebellae were processed as described

below. (The number of animals we used in each experi-

mental procedure is shown in Table 2).
Behavioral tests

To determine the impact of HPC on the animals’

subsequent motor behavior, we performed a battery that

screened motor coordination. This included an

accelerated version of the rotarod test, the statics rod

test, and the horizontal bar test (Brooks and Dunnett,

2009; Deacon, 2013). All equipment was cleaned with

10% alcohol after each trail to prevent any olfactory cues.

CD1 male mice underwent HPC at P26. Eight groups

were tested and compared: Control group (n= 10),

24 h after HPC day 1 (n= 6), 48 h after HPC day 2

(n= 8), 72 h after HPC day 3 (n= 8), 96 h after HPC

day 4 (n= 9), 120 h after HPC day 5 (n= 8), 144 h after

HPC day 6 (n= 9), 168 h after HPC day 7 (n= 9). Each

mouse was tested on every apparatus in a single session.

To determine motor coordination, we used the static-

rods test (Deacon, 2013). Mice were placed on the last

5 cm of various rods, placed high over an overhang.

Faced with this, mice spontaneously turn around and

back up the rod to the fixed end. Mice were tested on var-

ious rods, starting with quite wide rods, but ending up with

a tippy, 9 mm wide rod. The maximum time that each

mouse took to turn around and walk back to the fixed

end of the rod was scored. When a mouse fell off the

rod or could not stay upright, it was assigned the maxi-

mum test time.

After a brief rest, coordination and forelimb-strength

were evaluated with the Horizontal Bar test. This

involved placing mice on the central part of a metal bar,

hanging by their forepaws. Normally, mice can hang like

this for roughly 30 s. So, we recorded if they fell off

before 30 s. (Mice were also considered to have

reached 30 s, if they reached the end columns of the

bar or touched a column with one forepaw). The metal

bar was 38 cm long and was 49 cm above the floor; 3

diameters were tested (2 mm, 4 mm, 6 mm).

Finally, the animals were tested in a Rotarod (Series

8, IITC Life Science) to assess motor coordination. In

the training phase, the animals underwent 3 sessions of

1 min with a fixed rotation of 5 rpm. In the test phase,

the rod started at 5 rpm but gradually increased to

40 rpm, (at an acceleration rate of 20 rpm/min). Each

mouse was subjected to three trials, with 2 min

maximum for each trial. The distance, time and

maximum acceleration of animals on the rod was

recorded for each trail. One-Way ANOVA On Ranks

was performed for the static rod and parallel bars data.

Rotarod data was analyzed using a One-Way ANOVA.

(Table 2).
Light sheet fluorescence microscopy

To generate a high-density map of BG cells distribution,

and to determine the effects of HPC on the organization

of this group of cells, brain clarification was performed
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on brains of transgenic GFAP-EGFP mice that had

undergone HPC, using the CLARITY technique we

described elsewhere (González-González et al., 2017).

Mice were euthanized 4 days after HPC (N= 5) and

compared to control (N= 6). LSFM (Olarte et al., 2018)

was used to image the whole brain. Imaging was per-

formed with a 2� objective as described in Stefaniuk

et al., 2016, using the 488 nm line of a diode laser (Cobolt

06-MLD) for exciting EGFP.

For image reconstruction of the cerebellum, stacks of

2096 � 1705 mm were stitched together with Fiji plugin

(Preibisch et al., 2009). Each stack consisted of a horizon-

tal scan of the cerebellum as shown in Fig. 3A. From each

reconstruction, a three-dimensional region of interest

(ROI) of 2.73 � 107 mm3was selected from (1) the cerebel-

lar vermis and, (2) the cerebellar hemispheres (Fig. 3B). To

determine the number of BG somata, the EGFP signal

expressed under the GFAP promoter was localized by

automated cell counting, using the centroid-localization

function in each ROI with MATLAB software, as follows:

background subtraction of every ROI was done; each

image was binarized by computing a global threshold; cen-

troid calculation was performed, and the number of cen-

troids was displayed. Unpaired t-test was used to

compare each lobule (Crus I, I, X, Crus II and V & VII from

day 4 post-HPC cerebella) against its corresponding lobule

in controls. To compare data obtained from all lobules,

One-Way ANOVA tests were run (Table 2).
Tissue processing

Brain fixation was performed to analyze the EGFP-signal

from the VMC and from cerebellar lobule I in transgenic

GFAP-EGFP mice, HPC was induced at P26 in 7 mice

groups, and each group was euthanized one day after

the next, for a whole week (Table 2). After intraperitoneal

anesthesia with pentobarbital, mice were fixed trans-

cardiac perfusion as previously described (Gage et al.,

2012; González-González et al., 2017). This involved per-

fusion with 4% formaldehyde in phosphate-buffered saline

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM

KH2PO4 in deionized water, pH = 7.4). After perfusion,

whole cerebellaewere excised and transferred to the same

4% PFA fixative at 4 �C for 24 h. For imaging, the surfaces

of lobules I, II and X were exposed, those that were in con-

tact with the CSF of the fourth ventricle (González-Gonzá

lez et al., 2017).
Imaging

Whole brains were imaged with a Zeiss LSM 510 confocal

microscope, utilizing a Zeiss 10X EC Plan-NEOFLUAR,

NA = 0.3, WD= 5.2 mm objective lens. Stacks of

images of lobule I along the VMC were rendered in

ImageJ. To determine the integrated fluorescent signal

from GFAP-EGFP mice, renderings were analyzed after

calibration from the original 10� image, then, renderings

were binarized with Otsu’s algorithm and subtracted

from the original image to measure the integrated

density from lobule I (ROI = 902.70 � 672.60 mm) and

the VMC (ROI = 38.94 � 265.5 mm). One-way ANOVA

was used in both, the lobule I and the VMC to
determine statistically significant differences between

the means of the 7 post-HPC groups plus control group.

For analyzing the EGFP-signal specifically from BG in

lobule I, coronal cerebellar cryo-sections were obtained

after intracardiac perfusion and cryoprotection with

increasing concentrations of sucrose (10%, 20%, and

30% in PBS) (González-González et al., 2015, 2017).

Five consecutive 40 mm coronal slices were collected

from all 7 groups that underwent HPC at P26. Here, the

Zeiss LSM-510 confocal microscope was equipped with

a 20X Zeiss Plan-APOCHROMAT, NA = 0.8,

WD= 0.55 mm objective. This was used to generate

40 mm stacks wherein the EGFP-signal expressed in the

BG somata could be quantified in ImageJ, with the cell

counter plugin and a One-way ANOVA test was run to

compare groups (Table 2).
Rapid Golgi staining

Morphological analysis of Bergmann glial cells was also

performed after rapid Golgi staining. This was

performed on cerebellae that were perfusion-fixed as

indicated above, then subjected to the Golgi procedure

as modified by Rosas-Arellano et al. (Diaz-Cintra et al.,

1981; Shiga et al., 1983; Rosas-Arellano et al., 2007).

This involved post-fixing cerebellar sagittal sections in

4% potassium dichromate in buffered formalin, then trans-

fer to the classical rapid Golgi fixative for 6–11 days, then

impregnation in a 0.75% silver nitrate solution for 18–

48 h, and finally dehydration and embedding in nitrocellu-

lose. From these samples, 120 mm sagittal sections were

obtained with a Leica, VT1000S vibratome. Bergmann

glial cells of lobule I were imaged with an Olympus

Ckx41 light microscope using a 40� objective. Forty-five

cells from each animal were imaged and processed with

ImageJ software. The diameter and area of the soma,

as well as the absolute protrusion-length, were evaluated,

as previously reported (Hanke and Reichenbach, 1987).

Images were processed with the open source ImageJ

software (version 1.51r, Wayne Rasband, National Insti-

tutes of Health, Bethesda). Huang’s algorithm was

applied for thresholding on Bergmann glia in Golgi sam-

ples, and the unpaired t-test was used to compare the

four- and seven-day post-HPC groups.
Western blot

Western blotting was performed to determine the

expression level of GFAP, ALDH1L1, Iba1, NeuN, and

Nestin in GFAP-EGFP and CD1 strains, with actin used

as loading-control. Total protein extracts from cerebellae

(n= 4) were obtained. Tissue was processed and

homogenated in ice-cold 200 mM glycine buffer (with

150 mM NaCl, 50 mM EGTA, 50 mM EDTA, and

300 mM sucrose, and containing a protease inhibitor

(Sigma-Aldrich, USA Cat. No. P8340)). The

homogenate was centrifuged twice at 10,000�g for

15 min at 4 �C, and the supernatants were collected and

stored at �80 �C. Protein concentration was assessed

by Bradford’s method (Bradford, 1976). Equal concentra-

tions (30 mg) of total proteins were resolved on 10% SDS–

polyacrylamide gel and transferred to a polyvinylidene



M. Becerra-González et al. / Neuroscience 439 (2020) 211–229 215
difluoride membrane (Millipore, USA). Then, the mem-

branes were blocked with 5% non-fat milk powder with

1X TBS-T for 3 h. Membranes were incubated at 4 �C
overnight with one of the primary antibodies shown in

Table 1, and actin was used as an internal control for

each sample. Then the membranes were washed with

1X TBS-T three times and incubated for 4 h with the sec-

ondary antibody (see Table 1). Alkaline phosphatase

activity was detected with 5-Bromo-4-chloro-3-indolyl

phosphate disodium salt (BCIP)/nitro blue tetrazolium

chloride (NBT) according to the manufacturer’s instruc-

tions. The Images were acquired with a Molecular Imager

ChemiDoc XRS System (Bio-Rad Laboratories, Inc.,

USA), and optical density of trace quantity for each band

was determined using Image Lab 2 software (Bio-Rad

Laboratories Inc.).
Immunofluorescence
NeuN. We tried to understand whether the changes of

expression of NeuN detected by Western blot (see below)

were related to the response of neurons in the area, thus

we examined the area by immunofluorescence 4 days

after HPC using a NeuN monoclonal antibody (Table 1)

in cryoprotected cerebellar coronal slices of CD1 mice.

An unpaired t-test was used to analyze collected data

for both analyses: cell number and integrated density.

Iba1. The distribution and morphology of microglial

cells from lobule I were assessed 4 days after HPC by

immunofluorescence using an Iba1 polyclonal antibody

(Table 1) in cerebellar coronal slices of CD1 and Pax2-

GFP mice (Parmigiani et al., 2015) followed by the sec-

ondary antibody (Table 1), coronal slices comprising cau-

date putamen, lateral ventricles and corpus callosum

were used as positive control (as microglia is equally

widespread along the entire CNS) and sections incubated

with the antibody diluent alone and no primary antibody,

followed by secondary antibody and detection reagent
Table 1. List of antibodies used in this study. WB = Western blot, IF = Immu

1AB [1AB] Reacts with

Polyclonal rabbit anti-GFAP – Santa Cruz

Biotechnology Inc. – Cat. No. sc-6171

1:2000 Glial Fibrillary Acidic

Monoclonal mouse anti-NeuN – Merck –

Cat. No. MAB377

1:2000 DNA-binding neuron

protein NeuN

Polyclonal rabbit anti-Iba1 – Wako – Cat.

No. 019-19741

1:1000 Calcium-binding pro

specifically found in

Monoclonal mouse anti-nestin – BD

Transduction Laboratories – Cat. No.

611659

1:5000 Intermediate filamen

nestin

Polyclonal rabbit anti-ALDH1L1 – Abcam

– Cat. No. ab87117

1:1000 Astrocytes

Polyclonal goat anti-actin – Santa Cruz

Biotechnology Inc. – Cat. No. sc1616

1:2500 Actin protein

Anti-BrdU – Bio-Rad Cat. No. OBT0030 1:1000 Cell proliferation rate
was used as negative control. A Zeiss LSM 780 confocal

microscope was used to image 15 mm stacks at 1 mm
interval with a 20� objective. We analyzed the microglial

population within the lobule I and the ventromedial cord in

both strains since there were no differences between

them the results were pooled together.

For the analysis of the number of Iba1+ cells, we

divided these cells into two groups: (1) cells with soma

area equal to or less than 50 mm corresponding to

‘‘resting” microglia, and (2) cells with soma larger than

50 mm corresponding to ‘‘activated” microglia (Davis

et al., 2017). Each image stack was analyzed using Fiji

software as follows: (1) The stack was projected in the

Z-axis into a single image using the maximum intensity

projection type. (2) The contrast was enhanced using a

0.1 value in all cases. (3) The resulting image was con-

verted into a binary, 8-bit format. (4) A threshold was

applied using the triangle algorithm. (5) The image was

cropped into a limited area (450 mm � 300 mm) that

included the SVZ and a portion of the granular layer. (6)

A line grid of 1000 mm2 was placed on the projection. (7)

Each cell body labeled by the Iba1 antibody was drafted

by hand with the freehand lasso tool and converted into

a ROI. (8) The area and perimeter of each soma were

obtained after applying the ‘‘Measure” function.

For assessing Iba1+ cell distribution, each confocal

image was divided into two zones based on a line grid

of 1000 mm2: (1) The SVZ, ventrally delimited by the first

2 rows. (2) The supra SVZ that corresponded to the

molecular, Purkinje and granular layers that covered 8

rows above the SVZ. The cell counter plugin was used

to assess the number of Iba1+ cells per zone (SVZ

and supra SVZ).
Bromodeoxyuridine (BrdU) incorporation assay

To test cell proliferation after HPC, we used the thymidine

analog (BrdU, Sigma-Aldrich Cat. No. B5002). Two CD1

mice groups were used: Control (n= 3) and four days

after HPC (n= 3). Lateral ventricles served as a control
nofluorescence

2AB [2AB]

Protein Goat anti-rabbit lgG-AP – Santa Cruz

Biotechnology, Inc. – Cat. No. sc-2034

WB:

1:2500

-specific Goat anti-Mouse IgG (H + L) – Thermo

Fisher – Cat. No. R37121

IF:

1:1000

Goat anti-mouse lgG-AP – Santa Cruz

Biotechnology, Inc. – Cat. No. sc-2058

WB:

1:2500

tein Iba1

microglia

Goat anti-Rabbit IgG (H + L) Superclonal

Alexa Fluor 647 – Invitrogen Cat No. A27040

IF:

1:1000

Goat anti-rabbit lgG-AP – Santa Cruz

Biotechnology, Inc. – Cat. No. sc-2034

WB:

1:2500

t type VI Goat anti-mouse lgG-AP – Santa Cruz

Biotechnology, Inc. – Cat. No. sc-2058

WB:

1:2500

Goat anti-rabbit lgG-AP – Santa Cruz

Biotechnology, Inc. – Cat. No. sc-2034

WB:

1:2500

Rabbit anti-goat lgG-AP – Santa Cruz

Biotechnology, Inc. – Cat. No. sc-2949

WB:

1:2500

Biotinylated Goat Anti-Rat IgG – Vector

Laboratories Cat. No. BA-9400

IF:

1:2000



Table 2. Experimental designs. N = Population size, n = Sample size, Cb = Cerebellum, VMC= Ventromedial cord, BG = Bergmann glia

Experiment Mouse

strain

Experimental

unit

Observational unit N n Statistical analysis

Behavioral tests: CD1 Mice Motor task 67 6–10

Rotarod – One-way ANOVA (rotarod) – Post

hoc: Tukey’s

Static rods Parallel

bars

– One-way ANOVA on Ranks

Light sheet GFAP-

EGFP

Mice Cb lobules 11 55 – Unpaired T-test (Each HPC lobule

vs corresponding control lobule)
– One Way ANOVA – Post hoc:

Tukey’s

Whole-mount GFAP-

EGFP

Mice GFAP- positive cells from the fourth

ventricle surface of Lobule I and VMC

24 3 – One Way ANOVA – Post hoc:

Tukey’s

Cryostat sectioning GFAP-

EGFP

Mice GFAP- positive cells from VMC and

molecular layer

24 3 – One Way ANOVA – Post hoc:

Tukey’s

Ectopic BG GFAP- positive ectopic BG from the

molecular layer

– Unpaired t-test

Rapid Golgi CD1 Mice BG from Lobule I 9 45 – Unpaired t-test

Western Blot (1) GFAP-

EGFP

Mice Cb total protein 36 4 – One Way ANOVA – Post hoc:

Tukey’s

Western Blot (2) GFAP-

EGFP vs

CD1

Mice Cb total protein 54 3 – One Way ANOVA – Post hoc:

Tukey’s

IF- (NeuN) CD1 Mice (NeuN+) from molecular layer 6 3 – Unpaired t-test

IF-microglia (Iba1) Pax2-GFP

and CD1

Mice Microglia (Iba1+) from molecular layer 12 9–15 – Unpaired t-test

BrdU GFAP-

EGFP and

CD1

Mice VMC 6 3 – Unpaired t-test
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since active BrdU incorporation has been widely reported

in the area. Cerebellar slices incubated with the antibody

diluent alone and no primary antibody, followed by

secondary antibody and detection reagent were used as

a negative control.

For each group, two I.P. injections of 50 mg/g BrdU

(10 mg/mL) were administered every 6 h. The first

injection was performed 30 min after HPC, and daily

doses of BrdU were given for 5 days. Mice were

euthanized 2 h after the last injection and brains were

processed as described above. Cryoprotected cerebella

were sliced into 40 mm coronal sections and

observations focused on lobule I.

BrdU was detected using anti-BrdU 1:1000 (Bio-Rad.

Cat. No. OBT0030), followed by the secondary

antibody: Biotinylated Goat Anti-Rat lgG Antibody

1:2000 (Vector Laboratories. Cat. No. BA-9400)

(Table 1). Later, samples were incubated in Avidin-

Biotin Complex (ABC) and revealed using tyramide

signal amplification (TSA) plus coumarin (1:100, Perkin

Elmer. Cat. No. NEL703001KT) according to the

manufacturer’s instructions.
Statistical analyses

Statistical analyses were performed using the following

software: GraphPad Prism version 5.0 for Windows

(GraphPad Software, La Joya, California, USA). All data

were plotted on SigmaPlot (Systat Software, San Jose,

CA). Statistical analysis of each experimental procedure

is detailed in Table 2.
RESULTS

HPC does not significantly alter motor coordination

It is known that extreme hypoxic conditions can impair

motor coordination, likely due to cerebellar damage

(Benitez et al., 2014). To determine whether HPC itself

might also impair motor coordination, we conducted the

following tests: (1) an accelerating version of the rotarod

test, (2) the static rods test, and (3) the horizontal bar test.

None of these tests revealed any significant disturbances

to motor coordination after HPC. Only a very slight dete-

rioration in performance on the rotarod test, 6 days after

HPC, could be gleaned, and only after analyzing the

results with Tukey’s post hoc test (Kim, 2015).

The static rods and parallel bars tests showed no

significant differences, although we noticed that HPC-

treated mice took a bit more time to cross over the rods

and hung onto the bars a bit less tenaciously. In

general, though, it was clear that HPC did not induce

any gross motor-deficits (Fig. 2).
Changes in Bergmann glia (BG) organization and
morphology

A global analysis of EGFP expression in the cerebellum

after HPC was achieved by LSFM in clarified samples of

transgenic GFAP-EGFP mice. No further

immunofluorescence was required, because

endogenous fluorescence from formaldehyde fixations

was well preserved after clarification. This allowed us to

observe the tight palisade that BG processes form,



Fig. 2. HPC does not affect gross motor activity. (A): Static Rods. Performance on the widest (35 mm) and the narrowest rod (9 mm) are displayed;

28 mm, 22 mm, and 15 mm were also tested. Shorter execution times on the rod indicated better motor coordination, the control group maintained a

better execution for both graphs. (B): Horizontal bars. Mice tested 2–5 days after HPC lasted less time hanging on the bars (2–6 mm), suggesting

slight problems in motor coordination and reduced strength in limbs; however, data were not statistically different. (C): Rotarod test. A longer

distance correlates with better motor coordination. Shorter distances were recorded from 1 day after HPC, and the only statistically significant

difference was found at day 6 (F(7,191) = 2.347, P value = 0.024; Tukey’s post-hoc test). Mice recovered at day 7.

M. Becerra-González et al. / Neuroscience 439 (2020) 211–229 217
viewed right through the molecular layer of the cerebellum

(Fig. 3A). Vermis and hemispheres showed statistical

differences in the number of EGFP+ BG somata as

determined by One-Way ANOVA and Tukey as post-

hoc (F(9,62) = 3.263, P value = 0.0026) (Fig. 3C). No

significant differences were found when comparing each

lobule, as determined by the unpaired t-test.
The only difference we could find after HPC was a

reduction in the number of BG somata in the lobules of

the vermis, and a larger number of somata in the

hemispheres, which may be worthy of further analysis.

Fig. 3A, B shows sample images from cerebella of

GFAP-EGFP mouse and Fig. 3C contrasts the number

of EGFP+ cells from diverse areas of the cerebellum

from control and HPC mice. The overall reduction in the

number of EGFP+ cells seen here after HPC should

not be interpreted as an actual loss of GFAP+ cells.
Rather, we will show below that it simply represents a

reduction in the expression of the reporter gene.
EGFP expression in the VMC is decreased after HPC

Since the CSF responds quickly to metabolic changes like

those expected after HPC, we analyzed whether the

VMC, which we showed earlier is an array of GFAP+

and nestin+ ependymal cells that contact the CSF (Gon

zález-González et al., 2017), also displayed a reduction in

EGFP-expression. Our en face preparations exposed the

VMC along lobule I, which is the area we analyzed.

Indeed, we could clearly observe a gradual decrease in

EGFP expression for some days after HPC in the VMC

but also in the GFAP+ ependymal cells lining the lobule

I. In the latter, the lowest expression was reached by

day 4, after which EGFP expression rebounded and held
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steady thereafter (Fig. 4A). Integrated density analysis of

the images supported this observation, since the lowest

pixel density was determined on day 4 (Fig. 4B), which

differed from the control (One-Way ANOVA

(F(7,16) = 4.419, P value = 0.0066). EGFP expression

also decreased in the VMC (Fig. 4C). Also, by day 4,

the VMC appeared disorganized and the GFAP+ cells

that normally reside along the midline of lobule I were

gone, as we showed previously (González-González

et al., 2017). Integrated density analysis showed the low-

est pixel density in the VMC by day 4 and gradual recov-

ery starting on day 5. Data reflected statistically significant

differences as determined by One-Way ANOVA

(F(7,16) = 9.275, P value = 0.0001), (N= 24, n= 3).
EGFP expression is decreased in the BG cells after
HPC

As mentioned above, BG cells of lobule I showed reduced

EGFP expression in coronal slices viewed by confocal

microscopy (Fig. 5A). Image analysis revealed a

significant difference in the number of BG somata that

expressed EGFP, as determined by a one-way ANOVA,

(F(7,112) = 36.04, p< 0.0001 Tukey as post-hoc)

Fig. 5B (n= 3). Other morphological changes in BG

that were notable after HPC included: (1) by day 1, BG

somata were slightly displaced from the Purkinje cell

layer, and did not return to their original positions until

days 5–7; (2) BG processes expressed lower levels of

EGFP until day 4–5, after which they returned to their

normal levels. Coincident with these changes, BG

cellular processes retracted on day 1 and remained

withdrawn until day 4–5 (an observation we could

confirm by rapid Golgi analyses, below). Additionally, we

noted that after HPC, the distribution of EGFP in BG

terminal end-feet, which normally looks diffuse,

temporarily became punctate from day 2 to 6 (Fig. 5C).

During our analyses of coronal sections from lobule I,

we observed some totally ectopic BG cells, both in normal

conditions and after HPC (Fig. 5A, B). These cells were

recently described by Cerrato et al. (2018). To determine

if these ectopic BG cells might respond differently to HPC

than the others described above, we first counted them

manually in slices from GFAP-EGFP mice; but as shown

in Fig. 5D, their numbers and distributions did not change.

We can conclude that majority of BG cells in lobule I of the

cerebellum respond to HPC by changing their morphology

and reducing their expression of EGFP. To further ana-

lyze these changes, we processed cerebella by the rapid
Fig. 3. Distribution of Bergmann glial cells in the cerebellum from GFAP-EGF

light sheet fluorescence microscope. (A): Scanning plane of the light shee

5.44 � 2.30 � 4.19 mm volume of cerebellum. Color squares indicate the RO

in the reduction of the EGFP signal was observed in several areas of the cer

lobule as determined by the unpaired t-test (Crus I: P value = 0.8940

value = 0.6277, 204.0 ± 40.42 (N= 6) vs 167.7 ± 60.33 (N= 6). Lobule V

(N= 8). Lobule X: P value = 0.3236, 380.8 ± 26.07 (N= 5) vs 348.0 ± 1

288.0 ± 50.18 (N= 6) (N= 6, Control), (N= 5, HPC). Values are expre

Enhanced green fluorescent protein, BG: Bergmann glia, HPC: Hypoxic pre
Golgi technique 4 days after HPC, when these cells

showed the most pronounced changes.

BG processes retracts after HPC

The aforementioned differences found among BG cells by

fluorescence microscopy prompted us to observe them

more closely via silver impregnation at 4 and 7 days

after HPC (Fig. 6A). This revealed that as they retracted

their soma into the cerebellar parenchyma, their

processes became commensurately longer. These

morphological changes reached statistical significance,

as determined by an unpaired t-test (P value <0.0001)

(Fig. 6B). At day 4 the area of the soma was reduced

by 31% (SE= 3.25, n= 3, P value <0.0001), and by

day 7 there was a slight recovery in the soma (23%

SE= 2.69, n= 3, P value <0.0001). Absolute

protrusion length of the processes increased 88% by

day 4 (SE = 2.54, n= 3, P value <0.0001) and

persisted to 75% by day 7 (SE = 2.47, n= 3, P value

<0.0001).

Expression of glial and neuronal identity markers
after HPC

To assess changes in expression of selective glial and

neuronal markers after induction of HPC, we isolated

proteins from cerebella before and after HPC and

analyzed the expression of GFAP, ALDH1L1, Iba1,

NeuN, and nestin. Representative blots are shown in

Fig. 7A, n= 4 (for GFAP-EGFP mice) and Fig. 8 for

CD1 mice. To discard the possibility of stress-induced

changes in expression, we considered two control

groups: (1) Control ‘‘inside a tube” (I.T.), in which the

mice’s movements were restrained but they were not

made anoxic, because their snouts were outside the

tube, so they could breathe normally; and (2) control

‘‘outside a tube” (O.T.): true controls of mice never

constrained in any tubes. Astrocyte markers GFAP and

ALDH1L1 expression started to decline one day after

HPC, but by day 4 their expression began to rebound,

and by day 6 it returned to control levels (Fig. 7B, C).

Microglial marker Iba1 and neuronal marker NeuN

increased their expression from day two after HPC and

did not return to control levels even after one week

(Fig. 7D, E). Nestin also showed an increased

expression from day one after HPC and continued to

display increasing expression until day 7 (Fig. 7F).

Statistical analyses included One-Way ANOVA and

Tukey as post-hoc, (N= 36, n= 4).
P mice. Clarified brains of GFAP-EGFP mice were observed under the

t and an example of one 2D optical slice. (B): Reconstruction of a

Is extracted for tridimensional stacks shown below. (C): A consistency

ebellum. No significant differences were found when comparing each

, 299.9 ± 34.08 (N= 9) vs 306.2 ± 32.03 (N= 9). Lobule I: P
& VII: P value = 0.3427, 349.5 ± 26.68 (N= 11) vs 305.5 ± 38.10

7.11 (N= 5). Crus II: P value = 0.1670, 210.9 ± 22.40 (N= 7) vs

ssed as mean ± SEM. GFAP: Glial fibrillary acidic protein, EGFP:

conditioning.



Fig. 4. EGFP expression after hypoxic preconditioning in the VMC of lobule I. The en face preparation exposed the VMC on the surface of the roof

of the ventricle. (A): Confocal images of GFAP-EGFP mice cerebella. White arrowheads point to the VMC, which showed a gradual reduction of

EGFP expression after HPC and recovered after day 4. (B): Image analysis showed that the EGFP signal decreased on the roof of the ventricle

starting one day after HPC, and from days 2 to 5 the reduction was statistically different (F(7,16) = 4.419, P value = 0.0066) as determined by a one-

way ANOVA test (post hoc: Tukey), (N= 24, n= 3). (C): Decreased EGFP signal was also observed in the VMC after HPC with a statistically

significant reduction from days 2 to 6 and recovered by day 7 (F(7,16) = 9.275, P value = 0.0001) as determined by a one-way ANOVA test (post

hoc: Tukey). Values are expressed as mean ± SEM. IDV: Integrated density values, HPC: Hypoxic preconditioning, GFAP: Glial fibrillary acidic

protein, EGFP: Enhanced green fluorescent protein, VMC: Ventromedial cord.
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Given the observed increase in NeuN expression, we

checked to see if there was a change in the number of

NeuN+ cells in the molecular layer of the cerebellum

after HPC, using two completely straightforward image-

analysis techniques: (1) manual cell counting, and (2)

optical density. However, no differences in cell number

were observed after four days of HPC (Fig. 9), so we

can conclude that the increased NeuN in the blots must

have been due to increased expression, not to

production of new neurons.

Enlargement of microglial somata after HPC

The observed increase in Iba1 expression suggested that

microglial cells might be affected by HPC. To evaluate

this, we measured the sizes of microglia, using

immunofluorescence of coronal slices from CD1 and

Pax2-GFP mice cerebella. The data from both strains

were similar and thus were pooled together to show that

Iba1+ cells were mostly distributed in the SVZ and

supra SVZ (Fig. 10A). Although the overall number of

Iba1+ cells did not change in those areas after HPC (P
value = 0.1896, 32.22 ± 3.759 (N= 9) vs 25.80

± 2.810 (N= 15)) (Fig. 10B), we could show by a

closer analysis of the morphology of Iba1+ cells in the

supra SVZ that their somas became slightly bigger
around 4 days after HPC. At least, we observed a

reduction in the number of cells whose soma-areas

were below 50 mm2 (i.e., ‘‘resting state”) (P
value = 0.0003, 15.89 ± 1.711 (N= 9), vs 7.667

± 1.054. (N= 15)) (Fig. 10C, D). No statistically

significant differences were found in the number of cells

whose soma was larger than 50 mm2 (i.e., ‘‘activated

state”) (P value = 0.3402, 7.778 ± 1.854 (N= 9) vs

10.40 ± 1.756 (N= 15)). In all cases, we used an

unpaired t-test (p< 0.05). Values are expressed as

mean ± SEM. Sample images of the Iba1+ cells are

shown in panels of Fig. 10C, D in which the differences

in soma areas are observed and the complexity of the

processes is contrasted. Thus, it appeared that HPC

induced a subtle response in microglial cells exclusively

in the supra SVZ.

Limited incorporation of BrdU after HPC

Cells positive for nestin and GFAP in other areas of the

brain than those studied here have already been shown

to divide and differentiate after hypoxic conditions (Zhu

et al., 2005; Horie et al., 2008). Thus, we were interested

to see whether cells from the VMC would also incorporate

BrdU after HPC. Coronal slices along lobule I were again

used to image the VMC, but unfortunately, we could not



Fig. 5. Effect of HPC on Bergmann glial cells. Coronal slices of lobule I of GFAP-EGFP mice

under the confocal microscope showed (A): a reduction in the number of BG somata that express

EGFP 1 day after HPC and until day 4; the expression recovered by day 7. (B): Image analysis of

the number of EGFP+ BG somata revealed a significant difference from day 1 to 4, with a

subsequent recovery from day five (F(7,112) = 36.04, P value < 0.0001) as determined by a one-

way ANOVA test (post hoc: Tukey) (N= 32, n= 4). Values are expressed as mean ± SEM. (C):
Terminal end-feet of BG as detected by EGFP appeared disorganized after HPC. Yellow

arrowheads in panel day 4 point toward EGFP punctate pattern, which contrasts with the

continuous fluorescence observed in control and after partial recovery at day 7 (red arrowheads).

(D): Ectopic EGFP+ BG were manually counted in coronal renderings of lobule I at day 4 after

HPC. No differences were detected in cell number; red arrowheads point to displaced BG cells.

HPC: Hypoxic preconditioning, GFAP: Glial fibrillary acidic protein, EGFP: Enhanced green

fluorescent protein, GL: Granular layer, PCL: Purkinje cell layer, ML: Molecular layer, EGC:

Ependymal glial cells. BG: Bergmann glia.
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readily demonstrate any BrdU incorporation into this

structure. All we could find was a bit of BrdU incorporation

into the ependymal glial cells (EGC) on the roof of the

ventricle, as well as a few cells in the molecular layer

(Fig. 11B), consistent with our previous work (González-

González et al., 2017). Furthermore, incorporation of

BrdU in the floor of the fourth ventricle, that is in the
medulla, occurred at basal levels in

the EGC and also in deep layers.

Interestingly, BrdU incorporation was

substantially increased four days after

HPC in the medulla.
DISCUSSION

In the cerebellum, the roof of the

ventricle includes two novel

structures that we have named the

subventricular cellular cluster

(SVCC) and the ventromedial cord

(VMC). The VMC is formed by

GFAP+ and nestin+ ependymal

cells whose morphology partially

resembles radial glia (González-Gon

zález et al., 2017). The close contact

of these VMC cells with the CSF, the

choroid plexus, and the underlying

blood vessels, would seem to put

them in an ideal position to sense

variations in this important microenvi-

ronment. However, even though the

VMC has been described in several

mammalian species, such a func-

tional role has never been disclosed

(González-González et al., 2017).

To pursue this possibility, we

sought here to show that cells in the

VMC would respond to relatively mild

biochemical changes in their

environment, like those induced by

HPC, wherein the application of

repeated mild hypoxic episodes

protects animals from later severe

anoxia. We indeed found by image-

analyses of EGFP expression with

LSFM that lobule-specific changes

occurred upon HPC, with clear cut

reductions in EGFP expression in

lobules I and X, which form the roof

of the ventricle and include the VMC.

Additionally, we could show that

HPC induces morphological changes

in the VMC and in the BG cells of

lobule I, and that HPC also leads to

a transient reduction in the

expression of certain astrocyte

markers (GFAP and ALDH1L1), plus

a prolonged, greater than one week,

increase in expression of NeuN,

Iba1, and nestin.

Additionally, we documented here

that microglia become activated for
four days after HPC, specifically in the supra SVZ of

lobule I of the cerebellum. On the other hand, we could

not demonstrate any incorporation of BrdU into cells on

the roof of the fourth ventricle after HPC, although we

were surprised to find a robust incorporation of BrdU

into cells on the floor of the fourth ventricle under all



Fig. 6. Effect of HPC on the morphology of Bergmann glial cells. Golgi staining revealed fine differences: (A): sample images of BG cells 4 and

7 days after HPC. (B): The area of the somata were reduced and did not fully recover after 7 days. Additionally, processes retracted while absolute

protrusion length was substantially increased and did not fully return to normal conditions at day 7 (P value <0.0001, (N= 3, n= 45 for each

group: Control, HPC day 4, HPC day 7). Values are expressed as mean ± SEM. HPC: Hypoxic preconditioning. Bar: 100 mm.
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conditions, which became even more robust 4 days after

HPC, a unique observation that we intend to pursue in

future experiments.

The application of only one behavioral test would not

be adequate to assess global motor dysfunction, so in

order to determine whether HPC induces any motor

disability, we here used a combination of motor tests

after HPC. The rotarod is a commonly used tool for

testing coordination, and deficits with it are particularly

obvious in mice with altered cerebellar function. The

static rods test (also a coordination test) has increased

sensitivity compared to the rotarod, enabling the

detection of more subtle motor deficits. Finally, the

horizontal bars test is ideal for rapid screening of

coordination and strength in the limbs (Mann and

Chesselet, 2014). We employed all three of these tests,

but still could not clearly document any distinct motor def-

icits in our mice after HPC, nothing that was statistically

significant. Nevertheless, we were left with the distinct

impression that our mice did have some subtle difficulties

in performing all of these behavioral tests, for the first few

days after HPC. Clearly though, this mild insult was not

sufficient to permanently and dramatically affect the motor

system and is one more reflection of the cerebellum’s

exquisite and powerful control over bodily movements

(Foerde and Poldrack, 2010).

Regarding the reduced expression of EGFP we

observed in several areas of the cerebellum of GFAP-

EGFP transgenic mice after HPC, we can be confident

that this transgenic mouse line reports with a good level

of fidelity the location of astrocytes and BG cells in the

cerebellum (Nolte et al., 2001); and since EGFP is under

the control of GFAP promoter, we can be certain that the

intensity of fluorescence can properly be taken as evi-

dence of changes in the levels of expression of GFAP,

which forms the unique type of intermediate filaments that
characterize such glial cells (Eng, 1985; Kobayashi et al.,

1986; Sun and Jakobs, 2012). Furthermore, our approach

of using LSFM for high-resolution imaging of clarified mice

cerebella was clearly successful at showing that lobules

of the cerebella respond with different intensity, which is

likely related to the modular organization of the

cerebellum.

The overall reduction in expression of EGFP we

observed in transgenic GFAP-EGFP mice after HPC,

paralleled by the reduced expression of GFAP and

ALDH1L1 on Western blots, is hard to fit with previous

work on other regions of the brain. Generally, it is held

that ischemia activates astroglia, at least in striatum and

cortex, and this activation induces tolerance to further

ischemia, via activation of the purinergic P2X7 receptor

(Hirayama et al., 2015). Also, the increased expression

of Iba1 and the morphological changes that we observed

in microglial cells upon HPC contrasts with earlier obser-

vations made in striatum and cortex (Hirayama et al.,

2015). Further investigations will be needed, to sort out

the meaning of these differences.

Regarding the increased lengths of BG processes we

observed after HPC (Fig. 6), it would be interesting to

determine if this reflects an increase the number of

glutamate receptors in contact with Purkinje neurons. If

so, it might be one more indication that in the

cerebellum, BG cells are dynamic and are deeply

implicated in motor control (Saab et al., 2012). Addition-

ally, it could parallel certain changes seen in other sys-

tems in response to HPC. For example, in the olfactory

bulb, synaptic efficacy appears to be altered for a short

period of time after HPC, possibly due to changes in

synaptic ultrastructure (Liu et al., 2015). Also, HPC has

been described as increasing glutamate receptors and

nitric oxide in ways that may relate to its neuroprotective

effects (Li et al., 2017).



Fig. 7. Reduced expression of glial markers and increased expression in microglial, neuronal and stem cell markers after HPC. (A): Representative
blots of proteins isolated from cerebella before and after HPC. B-F: Density revealed decreased relative expression of (B): GFAP and (C):
ALDH1L1, and increased expression of (D): Iba1, (E): NeuN, and (F): nestin after HPC. Actin was used as internal control. HPC: Hypoxic

preconditioning, I.T.: Inside a tube, O.T.: Outside a tube. Values are expressed as mean ± SEM.
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Regarding our observations of NeuN levels after HPC,

we have the problem that we could not demonstrate any

increase by immunofluorescence, yet we did observe
some increase in NeuN expression by Western blotting.

Regardless, the salient point is that we most certainly

did not observe any increase in the number of NeuN+



Fig. 8. Expression of GFAP after HPC in CD1 and GFAP-EGFP mice. A comparison between the

level of GFAP expression was assessed by Western blot. After HPC there is no difference in the

protein expression from day one until recovery at day seven between the strains (GFAP-EGFP vs

CD1). Values are expressed as mean ± SEM. Comparison of HPC with control groups showed

significant differences. This supports the EGFP loss assessed by image analysis in coronal slices

and en face preparation of transgenic GFAP-EGFP mice cerebella (Figs. 4 and 5).
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cells in the cerebellum after HPC. NeuN label is normally

found in granule neurons and a small population of other

neurons in the lower molecular layer of the adult

cerebellum (Weyer and Schilling, 2003). Finding no

change here was a disappointment, since previous stud-

ies have shown that other sorts of preconditioning para-

digms (like exercise for example, which also confers

neuroprotective effects like the HPC used here), does

appear to induce the differentiation of NeuN positive neu-

rons in the cerebellum, apparently from Sox2+ and Nes-

tin+ cells that reside in the Purkinje cell and internal

granule layers of the cerebellum, which start off lacking

any neuronal and glial differentiation markers (Ahlfeld

et al., 2017). Also, it has been suggested that NeuN

expression levels can be indicative of the physiological

status of a post mitotic neuron (Weyer and Schilling,

2003), so we would have been gratified if we could have

demonstrated changes after HPC.

Regarding our observations on microglial cells in the

cerebellum, it was interesting to find that Iba1+ cells in

the SVZ looked differently than those in the molecular

layer (e.g., appeared less ‘‘activated”), but were

strikingly abundant in both areas (especially as

compared to the density of Iba1+ cells in the Purkinje

cell layer). Also relevant was our finding that microglial

cells in the supra SVZ responded to HPC by increasing

the size of their soma and the complexity of their
processes, putting them more into

their ‘‘activated” state (Noh et al.,

2014; Sandvig et al., 2018). Microglia

are thought to play a major role in the

neuroinflammatory response in neu-

rological diseases, potentiating neu-

ronal recovery and in some cases

regeneration (Noh et al., 2014;

Sandvig et al., 2018). However, acti-

vation of microglia after HPC has not

been reported in other brain areas,

despite the fact that HPC protects

these areas also (Chen et al., 2015).

On the other hand, our results would

suggest that in the cerebellum, and

particularly in areas associated with

CSF, the response of microglia may

be stronger than elsewhere in the

brain, and may synergize with the

changes we observed in BG cells

and cells in the VMC, and thereby

play an important role in protecting

the cerebellum from insult.

Regarding the increases in nestin

protein-levels we observed after

HPC, our first thought is that it may

reflect the onset of some sort of

vascular remodeling, which could be

expected to occur after hypoxic

preconditioning (Calderone, 2018).

We are currently evaluating this pos-

sibility by imaging blood vessels after

DiI staining, and already have the

impression that capillaries are indeed

wider at their branches at 4 days
post-HPC; however, this will be documented in subse-

quent reports.

Regarding the increase in BrdU incorporation we

observed on the floor of the 4th ventricle (when we’d

hoped to find it on the roof), the cells we found to

respond to HPC might correspond to the tanycyte-like

cells recently observed in this area, known as the E2

and E3 cells, which are currently thought to relay

chemical information from the CSF to underlying neural

circuits along the ventral midline (Mirzadeh et al., 2017).

This is the same sort of function that we proposed for

the VMC (González-González et al., 2017), but not finding

any cell proliferation in this area in response to HPC did

not help our proposal very much. In contrast, stem and

progenitor cells have been shown to proliferate in

response to HPC in other species and in other ventricular

zones, such as in the SVZ of the lateral ventricles (Ara &

De Montpellier, 2013; Blaise et al., 2009). All we can say

is that the lack of BrdU we observed in the ependymal

glial cells of the roof of the fourth ventricle is in line with

previous reports, including our own (Grimaldi and Rossi,

2006; Su et al., 2014; Ahlfeld et al., 2017; González-Gon

zález et al., 2017).

In summary, we here describe a broad range of

structural and biochemical responses to HPC among

cells on the roof and floor of the fourth ventricle,



Fig. 9. Number of NeuN positive cells after the HPC. (A): Coronal slices from CD1 mice revealed no significative increase in the number of NeuN+

cells observed in the molecular layer as shown in (B). (C): shows no significative differences in the integrated density of NeuN+ cells. Values are

expressed as mean ± SEM. HPC: Hypoxic preconditioning, GL: Granular layer, PCL: Purkinje cell layer, ML: Molecular layer, EGC: Ependymal

glial cells. ChP: Choroid plexus, IDV: Integrated density values.
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especially among the cells located inwhat we call theVMC,

and especially involving the glial cells located therein.

Broadly speaking, these observations support our original

hypothesis that these cells are strategically placed to

sense and respond to whatever changes may be induced

in the CSF that bathes them. It will be fascinating to

determine in future work, just what changes are occurring

in the CSF, in response to stresses like HPC.
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Fig. 10. Analysis of Iba1+ cells after HPC. Coronal slices from lobule I were analyzed by confocal microscopy after Iba1 immunodetection in GFAP-

EGFP and Pax2-GFP mice. (A): Sample image that shows Iba1+ cell distribution across cerebellar layers of lobule I from control mice. Note the

preferential presence of Iba1+ cells in the SVZ. (B): Total Iba1+ cells along lobule I did not change 4 days after HPC. (C): The number of Iba1+ cells

with area of the soma equal to or less than 50 mm decreased in the supra SVZ 4 days after HPC; in contrast, (D): the number of cells with a soma

larger than 50 mm remained unaltered after HPC. C and D show sample images of Iba1+ cells to contrast the size of the somata. BG: Bergmann

glia, PCL: Purkinje cell layer, ML: molecular layer, SVZ: Subventricular zone, HPC: Hypoxic preconditioning. Bar: in A: 200 mm and in C, D: 35 mm.
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Fig. 11. Limited incorporation of BrdU was detected at the roof of the fourth ventricle after HPC. (A): Two BrdU injections (50 mg/kg) with a 6 h

interval were intraperitoneally administered daily for 5 days after HPC and prior to euthanizing. (B): Control group showed some incorporation of

BrdU in cells of the floor of the fourth ventricle corresponding to the medulla (yellow arrow), which became more evident 4 days after HPC (red

arrow). This contrasted with the cerebellum, where BrdU was scarcely detected in controls but detected 4 days after HPC along the EGC (white

arrow). (C): A statistical significative difference was observed in the integrated density values when comparing the BrdU incorporation in the roof of

the fourth ventricle. HPC: Hypoxic preconditioning, GL: Granular layer, ML: Molecular layer, EGC: Ependymal glial cells, IV: Fourth ventricle, IDV:

Integrated density values.
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