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Abstract

Late-gestation transient intrauterine hypoxia is a common cause of birth injury. It can lead to long-term
neurodevelopmental disabilities even in the absence of gross anatomic injury. Currently, postnatal models of
hypoxia—ischemia are most commonly used to study the effect of oxygen deprivation in the fetal brain. These
models, however, are unable to take into account placental factors that influence the response to hypoxia, exhibit
levels of cell death not seen in many human patients, and are unable to model preterm hypoxia. To address this gap
in research, we have developed a protocol to induce transient hypoxia in fetal mice. A pregnant dam at gestational
day 17.5 is placed into a hypoxia chamber. Over 30 min, the inspired oxygen is titrated from 21% (ambient air) to
5%. The dam remains in the chamber for up to 8 h, after which fetal brains can be collected or pups delivered for
postnatal studies. This protocol recapitulates phenotypes seen in human patients exposed to transient in utero
hypoxia and is readily reproducible by researchers.
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Background

Each year, millions of neonates are affected by intrauterine hypoxia, of which the most recognized form is hypoxic
ischemic encephalopathy (HIE) in full-term infants (Lee et al., 2013; Stanaway et al., 2018). Prenatal hypoxia is
one of the leading worldwide causes of long-term brain injury (Lee et al., 2013; Stanaway et al., 2018), and HIE is
characterized by an intrapartum loss of oxygen and nutrients. Approximately 40% of affected children develop a
neurodevelopmental disability (NDD), such as autism or epilepsy (Ferriero, 2004; Lee et al., 2013; Stanaway et al.,
2018). Therapeutic hypothermia is the mainstay of current therapy butis only available to a fraction of children who
have moderate to severe acute HIE and are near a facility capable of initiating it in the immediate perinatal period
(Ahearne et al., 2016). Children initially classified as having mild HIE may still experience adverse outcomes (de
Haan et al., 2006; van Kooij et al., 2010; Eunson, 2015; Reiss et al., 2019; Schreglmann et al., 2020; Finder et al.,
2020). These mildly affected children do not qualify for therapeutic hypothermia. In addition to term infant HIE,
HIE in preterm infants is a poorly understood entity that predisposes children to NDDs (Schmidt and Walsh, 2010;
Gopagondanahalli et al., 2016). Preterm infants with HIE are also not eligible for therapeutic hypothermia. Given
the need for targeted therapies, we must develop animal models that can recapitulate the full spectrum of phenotypes
exhibited by children affected by prenatal hypoxia.

Existing models of transient hypoxia in rodents have focused primarily on its effect on the postnatal brain
(postnatal day 7-10) (Rice et al., 1981; Sun et al., 2016) because this postnatal period is considered to correlate
neuroanatomically to term human infants (Semple et al., 2013). Models such as the Vannucci model involve
unilateral ligation of the carotid artery with subsequent exposure to hypoxia (Rice et al., 1981; Sun et al., 2016). In
addition to recapitulating human neuroanatomy, this postnatal method makes studying the combined effects of
hypoxia and ischemia more technically feasible.

While there are benefits to postnatal rodent models of transient hypoxia, these have limitations. Importantly,
postnatal models do not account for maternal and placental factors that may modulate the fetal response to hypoxia.
The in utero environment is hypoxic at baseline (Trollmann et al., 2008), and many studies investigating the hypoxic
response have revealed complex interactions between oxygen control and injury outcome (Tomita et al., 2003; Chen
et al., 2008; Sheldon et al., 2009; Sheldon et al., 2014; Arthuis et al., 2017; Xu et al., 2019; Peebles et al., 2020;
Zhang et al., 2021). Additionally, postnatal models involving carotid artery ligation followed by hypoxia result in
severe injury, characterized by significant levels of cell death (Rice et al., 1981), and not the milder injury seen in
many human patients (Lee et al., 2013). Finally, while the postnatal rodent brain correlates anatomically with term
human infants, some functional networks mature faster in postnatal rodents than in term infants (Feather-Schussler
and Ferguson, 2016). At birth, mice exhibit neuroanatomy analogous to infants born at 23-26 weeks gestation
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(Semple et al., 2013). However, they do not display respiratory or feeding issues common in children born before
34 weeks gestation (Zhao et al., 2019). Additionally, mice are ambulatory around postnatal day 10, a milestone
human children do not achieve until approximately 12 months old (Feather-Schussler and Ferguson, 2016; Aziz et
al., 2018).

Although previous mouse models of prenatal hypoxia have been described (Baud et al., 2004; Mallard and Vexler,
2015), many are primarily used to study the effects of chronic hypoxia throughout gestation. Other prenatal models
of transient injury are more challenging to execute (such as late gestation uterine artery ligation) (Kubo et al., 2017).
Sheep models of transient and mild hypoxia-only injury require specialized equipment, ample resources, and are
not amenable to genetic manipulation (McClendon et al., 2017; McClendon et al., 2019). Here, we characterize a
protocol to induce transient, mild, hypoxic injury in prenatal mice.

Previously, we have used this model to characterize the effect of late gestation (embryonic day 17.5) transient
prenatal hypoxia (5% FiO,) on long-term neurodevelopmental and anatomical features in mice (Cristancho et al.,
2022). Our studies showed increased levels of hypoxia-inducible factor 1 alpha (a marker of hypoxic exposure) in
the brains of fetal mice exposed to prenatal hypoxia. Mice exposed to hypoxia had decreased weights at postnatal
day 2. Hypoxic exposure also led to decreased seizure threshold in mice. In addition, both male and female hypoxic
mice showed abnormalities in grip strength and repetitive behaviors. Finally, male hypoxic mice had increased
anxiety-like behaviors, while female hypoxic mice showed abnormalities in social interaction. We hope that future
researchers may use this model to investigate the mechanisms underlying mild and preterm HIE and elucidate the
maternal-placental-fetal factors underlying neurodevelopmental outcomes in preterm children exposed to transient
hypoxia.

Materials and Reagents

1. Medical NF grade nitrogen, size 200 cylinder, CGA-580 (Airgas, NINF200). Protect from light and store in a
well-ventilated space; indefinite shelf life.

2. Soda lime, indicating (Thermo Fisher Scientific, catalog number: AA4478636). Store at room temperature;
stored indefinitely in an airtight container (at least 3 years). Use fresh soda lime for each exposure.

3. Hydrogel (clear H,0, 70-01-5022). Store at room temperature; once opened, store in a sealed plastic bag and
discard after one week or when dried out.

4. Laboratory rodent diet 5015 pellets (Lab Diet, catalog number: 001328). Store at room temperature in climate -
controlled conditions; shelf life is at least nine months.

5. Nalgene VERSI-DRY lab table soakers (VWR, catalog number: 52857-104). Store at room temperature;
indefinite shelf life.

6. VWR disposable Petri dishes, 10 ¢cm, semi-stackable (VWR, catalog number: 25384-088). Store at room
temperature; indefinite shelf life.

7. Alcohol 70% (ethyl alcohol), 4 L (Millipore Sigma, catalog number: 65350-85). Store at room temperature in

flammables cabinet; will last multiple years if kept sealed away from light.

C57BL/6NCrl mice at embryonic day 17.5 were used for this protocol (Charles River)

We have also successfully used C57BL6/J (Jackson Laboratories) animals.

b. We have not tested other gestational time points of exposure but believe the protocol could be adapted
depending on the experimental needs.

O 0o

Equipment

1. ProOx 360 versatile high infusion rate O, controller with oxygen sensor (Biospherix, model: E702)

2. Harris model 425-200-580 heavy duty argon, helium, and nitrogen single stage regulator, CGA-580 (Airgas,
model: HCL3000773)

3. Animal cage enclosures with riser platform (Biospherix, A-Chamber)

4. Translucentplastic bins (to house animals during hypoxic exposures) [e.g., BINO plastic storage bins, deep large,
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The Handler Collection (Amazon, 12093-CLR)]
5. Cutting board or similar divider (to visually separate animals when performing two hypoxic exposures in one
chamber) [e.g., Dexas superboard pastry board, 14 in. x 17 in. (Amazon, BOO0063SRL)]

Procedure

A. Oxygen Sensor Calibration

1. Calibrate the oxygen sensor once a month according to the manufacturer’s instructions (using parameters
for low oxygen control).
2. Replace oxygen sensor as necessary (i.e., if calibration is unsuccessful, per manufacturer).

B. Mouse Enclosure Set up

Retrieve one plastic bin and clean it with 70% ethanol.

Wipe down with water on cloth and then with a dry cloth.

Line the bottom of the plastic bin with lab table soakers (shiny side down).

Place 10—15 Lab Diet 5015 pellets and % contents of a Hydrogel cup in a 10 cm Petri dish.
Place the Petri dish in the back right corner of the plastic bin (see Figure 1).

IS IS

Figure 1. Mouse enclosure setup.

Shows appropriate setup of mouse enclosure for hypoxic chamber. Plastic bin previously cleaned with 70%
ethanol is lined with VERSI-DRY lab table soaker. A 10 cm Petri dish is filled with several food pellets and Y4
contents of a Hydrogel cup and placed in the back right corner.

C. Chamber Set up

1. Place the mouse enclosure in the back right corner of the hypoxia chamber (see Figure 2A).
If performing two exposures in the same chamber, place a cutting board to the left of the first mouse
enclosure, then place the second mouse closure to the left of the cutting board to prevent mice from
visualizing each other.

2. Fill a 10 cm Petri dish with a liberal amount of fresh soda lime (around 15 g).
a. Use fresh soda lime in each exposure to maximize its absorptive ability.
b. Soda lime is added to scavenge for expired carbon dioxide (CO,) that may accumulate in the sealed

chamber.

C. We have used this same amount of soda lime for two mice in the same chamber.
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Figure 2. Hypoxia chamber setup.

A. Appropriate setup for hypoxia chamber when one exposure is being performed. The enclosure setup is placed
in the back right corner of the chamber. A liberal amount of soda lime is added to a Petri dish, which is placed
on the floor of the chamber (indicated by red arrow). B. Appropriate setup for hypoxia chamber when two
exposures are being performed. The enclosure setups are placed against the back wall of the chamber, side by
side. A large cutting board is placed between chambers to prevent mice from visualizing each other. A liberal
amount of soda lime is added to a Petri dish, which is placed on the floor of the chamber. C. Zoomed out view
of appropriate setup for hypoxia chamber when two exposures are being performed, with oxygen controller on
top of chamber. D. Oxygen controller. Highlighted are the buttons (1) for adjusting the inspired oxygen levels
and the switch (2) for turning on the flow to the chambers. As pictured, the chamber is currently set to room
air, 21%.

Acclimation

1. Place the mouse in the prepared enclosure within the hypoxia chamber.
2. Close and seal the door to the hypoxia chamber.
3. Allow the mouse to roam freely within the enclosure for 1 min.

Normoxic Control (if performing hypoxia, jump to Section F)

1. Ensure the hypoxia chamber is closed and sealed correctly.

2. Ensure the ProOx 360 controller is powered on. If so, it will display the current percentage of inspired
oxygen, also known as fraction of inspired oxygen (FiO,), in the chamber (it should be approximately
21%).

3. Ensure the switch on the right side of the sensor is set to “OFF,” not “GAS.”

If performing only normoxia, there is no need to open the gas canister; if performing both normoxia and
hypoxia at once, the gas canister will be open. If “OFF” is selected, no nitrogen will flow to the chamber.

4. Start a timer for the desired normoxic exposure duration.

5. After the desired exposure time, continue to section L.

Starting the Hypoxic Exposure

1. Open the nitrogen canister and visualize the kPa nitrogen remaining using the meter on the right side of
the regulator (see Figure 3).
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Approximately 3,000 kPa is necessary for 8 h of 5% FiO, in one chamber; if performing hypoxia in two
chambers, approximately 6,000 kPa is necessary.
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Figure 3. Gas regulator dials.

The right dial (1) is the inlet pressure gauge and shows the amount of nitrogen left in the canister in kPa. The
left dial (2) is the delivery pressure gauge and shows the flow rate, which should stay between 15 and 20 psi
during an exposure.

2. Ensure the ProOx 360 controller is on (if so, it will display the current FiO, percentage in the chamber; it
should be approximately 21%).
3. Ensure the switch on the right side of the sensor is set to “OFF,” not “GAS.”
4. Setinitial FiO,value by holding down the leftmost button labeled “*” under FiO, reading, using the “V¥”
and “ A ” buttons to navigate to the desired value, and then releasing all buttons.
a. Before turning the switch from “OFF” to “GAS,” change FiO, setpoint to 19%.
b.  Current FiO, setpoint can be checked at any point by holding the “*” button.
5. Simultaneously start a timer (counting up) and turn the switch from “OFF”to “GAS.”
a. Nitrogen gas will start flowing:
i.  Ifaloud, high-pitched, whining noise is heard, tighten the connection between the regulator and
the nitrogen canister.
ii. Ifthe tubing is well connected to the canister, there will be a low, intermittent hissing noise when
the controller is using nitrogen to regulate O, levels.
b. Within the first 2 min, check the flow rate on the left meter of the regulator; it should be between 15
and 20 psi (see Figure 3).
i.  Ifthe flow rate is too high, decrease it by turning the gold lever counterclockwise.
ii. Ifthe flow rate is too low, increase it by turning the gold lever clockwise.

G. Titrating Oxygen from 21% to 5%

1. Atthe time points given in Table 1, change the FiO, setpoint to the corresponding value by holding down
the leftmost button labeled “*”” under the FiO, reading, using the “ V¥ to navigate to the desired value, and
then releasing both buttons.

2. Regarding differing FiO, setpoints and actual FiO, readings, see Notes.
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Table 1. Setpoints by time with expected FiO,.

Time after start (min) FiO, setpoint (%) Actual FiO, reading (%)
0 19 20-21

2 17.5 18.5-19
5 Keepat 17.5 17-17.5
7 15 16.5-17
10 Keepat 15 14.5-15
12 12.5 14-145
15 Keepat 12.5 12-12.5
17 10 12-12.5
20 Keepat 10 10.5-11
22 7.5 9.5-10
25 Keepat 7.5 or changeto 5 if notat 7.5 8-8.5
26 5 7.5-8
30 Keepat 5 555
H. Reaching Steady State FiO2 at 5%

After the first 30 min of exposure, the FiO, in the chamber will be around 5%.

The FiO, reading typically fluctuates approximately 0.2% in any direction, i.e., from 4.8% to 5.2%; any

fluctuation greater than 0.2% from the setpoint means the ProOx 360 controller should be recalibrated, or

the hypoxia chamber should be inspected per manufacturer instructions.

Visualize the mouse inside the chamber, ensuring it is breathing.

a. Breaths will appear shallow and quick.

b. The mouse will often choose to sleep near or in the Petri dish for the duration of the exposure,
exhibiting minimal movement.

Stay for an additional 10 min, ensuring that the equipment is working correctly, the flow rate is between

15 and 20 psi, and the FiO, value remains constant (within 0.2% of the setpoint).

Checking on the Mouse During Exposure

1
2.

Approximately 4 h into the exposure, check on the mouse, ensuring it is still breathing.
Check that the flow rate is between 15 and 20 psi (see Figure 3) and that the FiO, reading remains constant
(within 0.2% of the setpoint).

Changing the Nitrogen Canister During Exposure

If necessary, the nitrogen canister can be swapped for a new one during the exposure.

a.  Avoid, if possible. Replace the canister before the exposure when the tank is at or below 3,000 kPa
for one chamber and 6,000 kPa for two.

b. If changing the canister during the exposure, do not open the hypoxia chamber; the FiO, value will
remain relatively constant if the canister is changed quickly.

Change the nitrogen canister out quickly, moving the regulator to a new canister.

The process should not take more than 3—4 min.

After changing the canister, wait for nitrogen to flow into the chamber.

Adjust the flow rate as necessary, so it lies between 15 and 20 psi (see Figure 3).

Ending the Hypoxic Exposure

1

When the desired exposure time is reached, immediately open the door to the hypoxia chamber, allowing
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air to rush in.
2. Remove the mouse enclosure from the chamber and set it on a nearby surface.
3. Tumn off the ProOx 360 controller and close the nitrogen canister completely.

L. Cleaning Up

1. Remove the mouse from the enclosure and place it into a clean new cage.
a. Visualize the mouse periodically while cleaning to ensure it is recovering well.
i. A normoxic mouse will be alert and moving around.
ii. A hypoxic mouse will be cold and move slowly and sluggishly; it will recover within 5 min.
Remove all the materials from the mouse enclosure and discard.
Clean the mouse enclosure with 70% ethanol.

oo

d. Throw out the soda lime.
If the soda lime is excessively purple, it is scavenging a lot of CO,; inspect the hypoxia chamber for
issues and add more soda lime when performing the next exposure.

Notes

The oxygen sensor is calibrated for low oxygen control, as detailed by the ProOx 360 manual. Therefore, at higher
FiO, setpoints near the beginning of the exposure, it is normal and expected for actual FiO, readings to be lower
than the setpoint as one approaches the next setpoint. This discrepancy in setpoint and actual O, reading will
normalize as the setpoint is lowered; the actual FiO, reading approaches the setpoint at lower values. Therefore, at
a setpoint of 5% inspired oxygen, the actual oxygen reading will remain steady from a range of approximately
4.8%—-5.2%.
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