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Abstract

Extended culture of neural stem/progenitor cells facilitates in vitro analyses to understand their biology while enabling expansion of cell
populations to adequate numbers prior to transplantation. Identifying approaches to refine this process, to augment the production of all CNS
cell types (i.e., neurons), and to possibly contribute to therapeutic cell therapy protocols is a high research priority. This report describes an
easily applied in vivo “pre-conditioning” stimulus which can be delivered to awake, non-anesthetized animals. Thus, it is a non-invasive and
non-stressful procedure. Specifically described are the procedures for exposing mouse or rat pups (aged postnatal day 1-8) to a brief (40-80
min) period of intermittent hypoxia (AIH). The procedures included in this video protocol include calibration of the whole-body plethysmography
chamber in which pups are placed during AIH and the technical details of AIH exposure. The efficacy of this approach to elicit tissue-level
changes in the awake animal is demonstrated through the enhancement of subsequent in vitro expansion and neuronal differentiation in cells
harvested from the subventricular zone (SVZ). These results support the notion that tissue level changes across multiple systems could be
observed following AIH, and support the continued optimization and establishment of AIH as a priming or conditioning modality for therapeutic
cell populations.

Video Link

The video component of this article can be found at http://www.jove.com/video/52527/

Introduction

The goal of this method is to reproducibly and effectively deliver intermittent bouts of systemic lowered ambient oxygen to neonatal rodents.
The rationale for using intermittent hypoxia (IH) to manipulate stem cell biology originates from in vitro cell culture experiments in which O2
content of the growth media is altered. Specifically, when compared to “standard” conditions of 20% O2, extended culture of stem/progenitor cell
populations cells in 3% O2 results in increased proliferation, decreased apoptosis and increased neuronal yield1,2.

This group has significant experience with the administration of systemic IH, and has conducted extensive studies on the role of IH in respiratory
plasticity3-7. This work, and the recent finding that chronic IH increased neurogenesis in the rodent CNS8-10, forms the basis for the exploration
of acute in vivo hypoxia as a preconditioning stimulus (i.e., prior to tissue harvest) on the subsequent culture of neural stem/progenitor cells
(NPCs)11. Remarkably, when mouse pups were exposed to a brief (<1 hr) period of acute intermittent hypoxia (AIH), cells that were harvested
from the subventricular zone (SVZ) had significantly increased capacity for expansion as neurospheres or adherent monolayer cells. The AIH
protocol was also associated with increased expression of a “neuronal fate” transcription factor (Pax6).

Accordingly, in vivo AIH protocols may provide a means to “prime” NPCs prior to culture. For example, applications for this approach
could include expanding cell populations prior to transplantation into the injured central nervous system, or simply increasing the neuronal
differentiation of cultured cells prior to in vitro experiments. Further, because this is a systemic delivery, any organ, tissue or cell is a candidate for
similar study. Therefore, the protocol as written is potentially applicable to a wide range of studies on intermittent oxygen manipulation in small
mammals.

There are certain advantages to this approach. In other published work, neonates were treated as a litter with the dam in hypobaric chambers,
which allows for chronic dosing, less handling prior to treatment, and maintained maternal contact during treatment9. The current approach
bypasses repeated treatments to a breeding female, or the use of a different dam for each experiment. This protocol also allows study of precise
litter-matched and age-matched neonates. Representative data demonstrate another key strength of this protocol, namely the rapidity with which
AIH, as delivered, elicits a powerful and consistent biological response in neural stem cell biology. This establishes a precedent for this protocol
to elicit tissue- and cellular-level biological changes that alter cell biology.

This report will outline the detailed procedures used for exposing rodent pups to AIH as well as the population analysis of SVZ cells grown as
neurospheres.
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Protocol

NOTE: All animal procedures in this protocol are conducted with the approval of University of Florida Institutional Animal Care and Use
Committee (IACUC) and are in compliance with the 'Guide for the Care and Use of Laboratory Animals'.

1. Basic Experimental Set up Before Intermittent Hypoxia Administration

1. Expose pups12 to the different gas mixes using a whole-body mouse plethysmograph chambers in much the same manner as adult rodents
for other experimental purposes5,13,14. The chambers have a 4 inch diameter (volume = 450 ml), which is of ample size to accommodate 3-4
mouse pups or 1-2 rat pups. Here, AIH protocols are delivered to neonates aged postnatal day 1-8 (P1-P8).

2. Use compressed air gas tanks to deliver the 21% “baseline” gas, which maintains chamber oxygenation at 21%. To achieve “relative
hypoxia”, use a 10% oxygen/90% nitrogen gas tank.
 

NOTE: Plastic tubing (3/16” diameter) connects the gas tanks to a flow meter. Thus, the input to the flow meter consists of one tube each for
baseline and hypoxia airflow.

3. Configure the gas tubing as follows.
1. Run plastic tubing (1/8” diameter) from the flow meter to a bias flow regulator, which enables flows of 1 L/min to each chamber (i.e., 4

L/min if 4 chambers are used).
2. Run plastic tubing (1/8” diameter) from the bias flow regulator to the plethysmography chambers. Airflow at 1 L/min to each chamber

is a predetermined flow rate at which gas exchange is deemed to be non-stress-inducing to the animals based on physiological and
behavioral observations.

4. Seal all unused connections to and from the bias flow unit and all unused openings to the chambers with caps so that no gas flow escapes to
other chambers not in use, or out of the plethysmography chambers during the protocol.

5. Place the chamber(s) into an incubator prior to putting animals in the chamber to allow equilibration to 37 °C, or body temperature.

2. Calibration of Cycle Times for Intermittent Hypoxia

1. Inspect all tubing, between air tanks and flow meter, flow meter and bias flow unit, and bias flow unit and plethysmography chamber(s) for
proper connections. The connections are set up as described in Step 1. Verify the connection by a step-wise check of all described lines and
closures: e.g., checking unused lines out of the bias flow unit and any chamber openings not in use.

2. Connect an ambient O2 sensor with a hand-held O2 meter and then attach the sensor to the plethysmography chamber lid.
3. Open both gas tanks and attach one pair of surgical, long handled hemostats insulated with plastic tubing to clamp the off-cycle flow of gas.

In this way, only one gas tank at a time is delivering the 1 L/min gas flow per chamber. Clamp the “baseline” gas mix while the “hypoxic” gas
mix is delivered to the chamber, and vice versa.

4. Record the time required for the chamber O2 to reach the target levels of 10% and return to 21%. Utilize the recorded times for subsequent
protocol delivery.

3. Administration of Acute Intermittent Hypoxia

1. Inspect all tubing and connections as described in Step 2.1.
2. Place neonates in the plethysmography chamber(s) and house the plethysmography chamber lids into the chamber base. Confirm a proper

seal to the O-ring seal is as well as closure of any unused chamber connections. These steps are critical to ensuring the appropriate delivery
of gas mixes.

3. Place the chambers holding the pups to be treated into the 37 °C incubator and close the door. Allow chamber to equilibrate to 37 °C prior to
starting the protocol. Maintain control animals at 37 °C in the incubator at room air oxygenation.

4. Open both gas tanks and use one pair of surgical, long handled hemostats insulated with plastic tubing to clamp the off-cycle flow of gas. In
this way, only one gas tank at a time is delivering the 1 L/min gas flow per chamber.

5. Use a hand-held timer to precisely time cycles and to indicate the time to switch the hemostats between tubes, thus resulting in the
alternation of gas flow to the chambers.

6. Record the completion of each cycle using a treatment log such as the one provided in Figure 1 to mark off all steps in the 2-step, 20 cycle
protocol.

7. Monitor the incubator temperature at every cycle change to ensure animals are maintained at the designated range (33-35 °C, which is the
setting on the incubator that results in 37 °C).

8. Closely monitor pup activity throughout the protocol to ensure that animals tolerate cycles without visible distress such as vocalizations,
altered level of limb activity or rolling.

4. Isolation and Culture of Stem/Progenitor Cells from the Subventricular Zone

NOTE: The change in neurosphere formation following AIH compared to controls is an example of an endpoint that demonstrates the efficacy of
this protocol to elicit tissue- and cellular-level changes.

1. To isolate neurospheres forming cells, remove mouse or rat pups from the chamber immediately after AIH is completed. Sacrifice the animals
according to IACUC protocols within 30 min of protocol termination.

2. Harvest the SVZ tissue, place into neurosphere culture and conduct standard passage and expansion of derivative neurospheres, as
previously published in methods chapters15,16 and a separate video protocol8.
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Representative Results

The initial experiments, based on historical data, were conducted using 1 min cycle lengths. Based on the subsequent calibrations performed
in Step 2 above, it was determined that the O2 level in the chamber was 13% at 1 min post-hypoxia flushing and, that it took a similar time to
return to the 21% baseline. However, a 2 min cycle was sufficient to both achieve 10% oxygen and a return to 21% during the “baseline” cycle.
Subsequently, 2 min cycle lengths have been used. The protocol duration consisted of 20 cycles alternating between baseline and hypoxia
(80 min overall treatment time). A 20 cycle duration was chosen due to previous work showing that such cycle duration is sufficient to elicit
changes in respiratory outcome measures11. Using the described set up (Figure 2), neonates subjected to AIH had no apparent adverse
events and did not exhibit behaviors suggestive of pain and discomfort during the 80 min protocol. Specifically, no visible apnea was observed,
excessive limb or head movements, or vocalizations. Following AIH, subventricular zone-derived neural stem/progenitor cell populations cultured
as neurospheres for 14 days (and also as adherent monolayer populations, data not shown) exhibit a nearly two-fold increase in diameter,
demonstrating increased expansion within each forming sphere (Figure 3). Cells that are next plated in permissive conditions (i.e., absence
of mitogenic factors) yield significantly more beta-3-positive cells (an increase from <10% to >45%) which indicates more extensive neuronal
differentiation as compared to cells harvested from normoxic treated (control) pups (Figure 4).

 

Figure 1. This acute IH record sheet is used to document animal and experimental details, provide a check list for before starting and
following completion of the IH protocol, and serve as a tracking document for accurate tally of all completed cycles.

http://www.jove.com
http://www.jove.com
http://www.jove.com


Journal of Visualized Experiments www.jove.com

Copyright © 2015  Journal of Visualized Experiments November 2015 |  105  | e52527 | Page 4 of 7

 

Figure 2. Intermittent hypoxia set up for neonatal rodents. (A) Incubator to maintain environment at 37 °C. Plethysmography chamber is
shown within the incubator, and again with the chamber door ajar (B). (C) Right, flow meter adjusted to 1 L/min for each chamber. Gas flow is
directed via the bias flow unit splitter unit (center) to any connected chamber (left, within incubator). (D) Hemostat control of baseline (red tape)
and hypoxia (yellow tape) input lines. Please click here to view a larger version of this figure.
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Figure 3. Control neurospheres (A) demonstrate a smaller diameter than AIH neurospheres (B). Images taken at 10X objective, scale bar = 100
µm. Please click here to view a larger version of this figure.
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Figure 4. Control neurospheres (A) demonstrate fewer beta-3-tubulin-positive neuroblasts than AIH neurospheres (B). Images taken at 20X
objective, scale bar = 50 µm. Please click here to view a larger version of this figure.

Discussion

This work reports the development of a protocol to expose neonatal rodents to AIH. The parameters described here effectively alter in situ
neural stem cell biology, which is observable over several rounds of cell passage. Specifically, AIH increases the number of non-adherent
neurospheres, the expansion of cells within each neurosphere (refected by sphere diameter), the expansion of adherent NPC populations, and
the presence of neuroblasts in both non-adherent and adherent populations. It should be emphasized that the method described herein has been
used in multiple trials, and the impact of AIH on in vitro cell biology is robust and reproducible. Over the last several years, more than 60 mouse
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and rat pups have been exposed to AIH, with increased growth and differentiation observed in each experiment. This is particularly interesting
proof of concept, methodological data when considering the development of AIH protocols as a therapeutic modality, for example following neural
injury and in conjunction with cell therapies.

During the calibration and delivery of this protocol, precision in several steps is critical to achieve the consistent delivery and cycling of O2
conditions. Therefore, a rigorous pre-treatment protocol is performed to ensure ample gas in both air tanks, proper connections in the entire
system—from air tank to plethysmography chamber, precise gas flow into each chamber via air flow regulator checks, and a proper seal on all
chambers. Finally, maintaining treatment chambers at a constant temperature ensures that animals are kept as a comfortable body temperature.

One limitation to this method is the lack of a vacuum-based removal of cycling gas, which would decrease the time for each cycle to achieve
the limits of the exposure range, thus providing a more rapid method of cycling parameters. Another limitation is that the detailed mechanisms
by which this protocol elicit the observed changes is not completely understood, something which this group continues to explore. Prior work
demonstrated that HIF1-alpha target genes, EPO and VEGF, appear to be involved in both expansion and morphological changes in these
cells11. Further, this report outlined that changes in expansion, in particular, become more pronounced with increased time in culture. This
highlights the critical need to carefully document the post-treatment cell culture time course in order to standardize experimental results.

Taken together, these technical results describe a novel application of acute intermittent hypoxia delivered via whole body plethysmography
chambers. A significant future application is the continued development of AIH as a non-invasive and powerful tool to encourage the health of
both injured CNS tissue and regenerative therapeutic tools such as stem cells destined for transplant.
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