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Dear Dr. Berard,

Please find attached our revised manuscript entitled “A Ferret Model of Inflammation-Sensitized Late Preterm Hypoxic-Ischemic Brain Injury”.

We thank the editorial staff and reviewers for their time and input, and have revised the manuscript accordingly. A number of critical components to reproducing the model were rightly requested by the reviewers, and these have been added to the protocol and discussion. Comments are repeated in the following pages, along with responses and details of associated edits made to the text of the manuscript. All authors have approved the version submitted. 
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Editorial Comments:

• Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammatical errors.

• Please print and sign the appropriate Author License Agreement, then scan and upload it with your manuscript files.

• Protocol Language: Please ensure that all text in the protocol section is written in the imperative voice/tense as if you are telling someone how to do the technique (i.e. “Do this”, “Measure that” etc.) Any text that cannot be written in the imperative tense may be added as a “Note”, however, notes should be used sparingly and actions should be described in the imperative tense wherever possible. Please edit sections 13 and 14 as much as possible to use complete sentences in the imperative voice. Section 14 should be re-written to have a few steps under it.
Authors’ response: The protocol has been edited to minimize the use of notes, combine short steps, and ensure all steps are written in the imperative tense. Sections 13 and 14 have also been re-written in the imperative.

• Protocol Detail:
1) 12.1: unclear how and when the brain was excised.
Authors’ response: More details have been added to steps 11.3 and 12.1.

• Protocol Highlight: Please edit the highlighting to make it <2.75 pages.
1) Will animals be available for filming?
2) Some of your shorter protocol steps can be combined so that individual steps contain 2-3 actions and maximum of 4 sentences per step.
3) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow from one highlighted step to the next.
4) Notes cannot be filmed and should be excluded from highlighting.
5) Please do not highlight anesthetization as it will not be filmed.
Authors’ response:
1) Animals will be made available for filming.
2) This has been done.
3) The highlighted region is <2.75 pages, though these are non-continuous in the protocol. It includes the main experimental methods involved in the injury protocol (minus anesthesia), followed by gross brain measurements after sacrifice to determine gross pathology. This is the best combination of approaches that can all be filmed in a single day, as each of the behavioural tests requires differing periods of survival.
4) and 5) These are no longer highlighted.

• Results: Please limit/avoid the subheadings within this section.
Authors’ response: Subheadings have been removed from the results.

• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion should be similarly focused. Please ensure that the discussion covers the following in detail and in paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance with respect to existing methods, 4) future applications and 5) critical steps within the protocol.

Authors’ response: The discussion has been expanded slightly to address reviewer comments. We believe we have done this in accordance with the guidance above.

• Figure/Table Legends: Mention statistical test used and sample size. Define all error bars.

Authors’ response: This has been done.

• References: Please spell out journal names.

Authors’ response: The journals appeared in the way that automatically resulted from the JoVE EndNote style, but this has been edited.

• Table of Materials: Please include animal strain.

Authors’ response: Ferrets are outbred with no specific strain. This has been added to the Table of Materials.

• Please define all abbreviations at first use (e.g. LPS)

Authors’ response: This has been done.

Comments from Peer-Reviewers: 

Reviewer #1:
Manuscript Summary:
In this study, the authors established a ferret model of inflammation-sensitized late preterm hypoxic-ischemic brain injury to mimic infants with the neurological sequela of prematurity. The objective of this study is clear and the results are interesting. However, there are some concerns:

Major Concerns:

The authors stated "intermittent iatrogenic hyperoxia is commonplace in the neonatal intensive care unit (NICU). These combined factors are thought to contribute to developmental and physiologic vulnerability of the brain, and result in or exacerbate the encephalopathy associated with poor developmental outcomes in preterm infants". As we known, chorioamnionitis and perinatal insults such as hypoxia-ischemia are the major causes of neonatal brain injury. Moreover, intermittent iatrogenic hyperoxia is not commonly used in NICU in many countries. Most of animal models of neonatal brain insult were conducted using inflammation and/or ischemia-hypoxia methods, but combining with hyperoxia process wasn't very common. I wondered whether only inflammation and/or ischemia-hypoxia alone are enough to perform this model.

Authors’ response: We agree with the reviewer that the background information could be improved, and we have changed the first paragraph of the introduction, and added a sentence to the discussion to discuss processes of injury more specifically than the exposures themselves. Hyperoxia was introduced due to the fact that oxidative stress is believed to be central to both susceptibility of and injury to the preterm brain. This was added as part of an iterative model development process that has been described in a previous publication (Wood et al., Developmental Neuroscience, 2019).

At the step of sequential hypoxia, hyperoxia, and hypoxia, why the hypoxia process was divided into two period? Furthermore, the authors said "If intra-hypoxic mortality is seen, the second hypoxia should be terminated early". Was there a criterion to decide when to terminate hypoxia? It would be better to specify it.

Authors’ response: As mentioned above, the second hypoxia period was added as part of a previous iterative model development process – a single hypoxia period resulted either in death or survival with no significant injury. As ferrets are able to tolerate long periods of acute hypoxia or bilateral carotid artery ligation without showing significant brain injury, our current hypothesis is that the period of hyperoxia results in elevated metabolism and vasodilatation that facilitates brain ischemia during the second hypoxia period. These details have been added to the discussion.

Behavioral test data is presented only from surviving animals with visible gross injury. Was there no difference between injured animals without visible gross injury and controls? Or the behavioral assessments were not conducted in animals without visible gross injury?

Authors’ response:  This is an important point. We initially focussed on the animals with gross visible injury because these animals are part of a therapeutic study that will be published separately. However, we appreciate that this then raises multiple questions about behavioural testing in animals without visible gross injury. All injured animals display behavioural deficits, therefore we have expanded the results and associated figures to include all injured animals. 

What is the standard of the behavioral testing of ferrets?

Authors’ response: The behavioral tests described were largely developed within the laboratory, with some basis in reflex tests previously described in the developing ferret, with catwalk and open field tests adapted from adult rodents to be used in juvenile ferrets. Other groups have also described open field, maze, and gait testing in adult ferrets after traumatic brain injury, as well as the effect of in utero inflammation on social interaction in adult ferrets. This information has been added to the discussion.

Minor Concerns:

P17 kits considered to be equivalent to an infant of 32-36 weeks' gestation. I think it would be better to delete "and term infants" at the part of short abstract.

Authors’ response: That phrasing has been removed.

At the step of sequential hypoxia, hyperoxia, and hypoxia, animals were placed in the chamber before the concentration of oxygen reached 9% or 80%. Considering that the size of chambers or equipments used for modeling may be varied among different labs, thus the time cost in adjusting the concentration of oxygen from normal oxygen to 9% or 9% to 80% varied. It might be more rigorous if a predetermined break time was suggested, or putting the animals in the chamber rafter the aiming concentration of oxygen has reached.

Authors’ response: With the equipment commonly used to expose neonatal animals to hypoxia, placing the animals in the chamber after it has reached the required oxygen concentration is not possible. However, we do appreciate that this is an important factor, and have added a sentence in the first step saying that the required flow rate should be calculated based on chamber size to ensure that the target oxygen concentration is achieved in 8-10 minutes, which is what we saw with our equipment.

It seems that the damages in both hemispheres were the same in figure 1. Did the damage in left hemispheres was equal to the right?

Authors’ response: No difference was seen in injury between the right and left hemispheres. A sentence has been added to the results to say this explicitly.

In recent years, mild to moderate brain injury is more common than severe brain injury in neonates. It is important to test putative neuroprotective therapies for brain injury in neonates with mild and moderate brain injury. In this protocol, animals without significant gross injury may have mild to moderate injury which can be detected using MRI or histopathology. Verifying the degree of brain damage is suggested in the further study.

Gender-related difference in vulnerability to brain injury exists in humans. Is this difference investigated in ferrets?

Authors’ response: We completely agree with the reviewer with regards to injury severity, assessment with MRI, and sex differences in outcomes. We have previously published sex-based differences in neuropathology in the ferret (Wood et al., Developmental Neuroscience, 2019), and all of those procedures will be included in upcoming therapeutic studies using the model. This has been added to the final sentence of the discussion.

Reviewer #2:
Manuscript Summary:
This article described a ferret model of LPS-sensitized hypoxic-ischemic brain injury at late preterm (P17) that is relevant to study and therapy of human encephalopathy of prematurity caused by maternal infection combined with hypoxia-ischemia. The description is clear and the text provided enough detailed protocol for other scientists to follow.

Major Concerns:

1. It would be helpful if the authors provide a timeline of the experimental procedure starting from P17 LPS injection to the ages of various behavioral tests till animal sacrifice at the end.

Authors’ response: This is an excellent suggestion. A new Figure 1 has been added with a timeline for both the insult and follow-up period.

2. In discussion, the authors stated that "each litter of animals should be exposed to hypoxia within their own chamber", what is the average litter size of ferret and how many animals were placed in one same chamber during the sequential hypoxia-hyperoxia-hypoxia period? This is important because if two many animals were placed in one chamber, some of them might be overheated and die during hypoxia or hyperoxia, and also increase variability of injury.

Authors’ response: Ferrets are born in litters of 4-12; however, we purchased sex-balanced litters of 8 to minimize variability, as suggested. The following has been added to the discussion: “To minimize variability in the model, we used pre-ordered sex-balanced litters of 8 ferrets that arrived in our facility on P15. In each litter, 6-7 animals underwent surgery followed by hypoxia within a single chamber.”

3. Are there any changes in the height, length, width and weight of the brains following the procedure as the authors made these measurements in 12.2-12.5?

Authors’ response: Yes, significant differences are seen in all of these parameters. The following has been added to the results: “Median (IQR) brain weight was 8.1g (7.9-9.7g, n=6) in control animals, and 7.0g (6.5-7.7g) in injured animals (n=26, p=0.005). In control animals, median (IQR) brain length was 28.9mm (27.8-29.6mm, n=6) compared to 27.5mm (25.5-38.0mm, n=26) in injured animals (p=0.007). Similar patterns are seen across the brain, with median width and height 5-7% smaller in injured animals.”

4. In 13.1, according to the text, the width of the longitudinal fissure was measured and used for the gross injury scoring, while in Fig. 2D legend, it appears that the length of the longitudinal fissure was presented (shortening of the longitudinal fissure, also on page 12, second paragraph), please clarify.

Authors’ response: This is correct. The width of the longitudinal fissure is visually examined in the pathology score, and the length is measured and presented separately as a quantitative test. Step 13 and associated sub-steps have been re-written for clarity.

5. It seems that reversal of right carotid ligation did not make any differences between left and right hemisphere in regards to the gross injury (Figure 2B, 2C, 2E, 2F), but maybe more tissue loss on the right side (Fig. 1), is this a necessary procedure?

Authors’ response: The right carotid artery ligation reversal was initially used in order to increase reperfusion injury; however, the injury is uniformly bilateral. We are unsure whether permanent bilateral carotid artery ligation would be feasible from a long-term survival standpoint, but this is planned for future iterations of the model. A sentence has been added to the discussion saying this.

Minor Concerns:
Page 9: under 11. Fixation-perfusion, the sub-steps should be changed to 11.1-11.10, accordingly, in 13.1, first line, change 10.9 to 11.9 and brain measurements from step 12

Authors’ response: These have been adjusted based on the revised steps.


Reviewer #3:
Manuscript Summary:

In this study, the authors established a ferret model of inflammation-sensitized late preterm hypoxic-ischemic (HI) brain injury. Postnatal day 17 ferrets underwent lipopolysaccharide administration followed by bilateral cerebral ischemia, hypoxia and hyperoxia. Injured animals displayed a range of gross injury severity, reflex development, slower and more variable speed of locomotion on the catwalk and decreased exploration in open field tests.

This manuscript describes a novel ferret model which provides a platform to test putative therapies for infants with neonatal encephalopathy associated with inflammation and HI and to study mechanisms of injury that affect neocortical development. I only have a couple of comments that will only require minor revisions by the authors.

Major Concerns:
None.

Minor Concerns:

1. In the Protocol, the authors mention a procedure that combines hypoxia, hyperoxia and then hypoxia again. Please provide the rationale for including the hyperoxia and second hypoxia exposure. Is this a clinically relevant and if so, when?

Authors’ response: We agree that these are important questions regarding model development and clinical relevance. As with any preclinical model, the goal was not to accurately reproduce the exposures encountered by preterm infants clinically, but to provide a confluence of the mechanistic factors thought to be involved in premature brain injury. These include inflammation, hypoxia, and oxidative stress. Hyperoxia was introduced due to the fact that oxidative stress is believed to be central to both susceptibility of and injury to the preterm brain. This was added as part of an iterative model development process that has been described in a previous publication (Wood et al., Developmental Neuroscience, 2019). The second hypoxia period was also added as part of a previous iterative model development process – a single hypoxia period resulted either in death or survival with no significant injury. As ferrets are able to tolerate long periods of acute hypoxia or bilateral carotid artery ligation without showing significant brain injury, our current hypothesis is that the period of hyperoxia results in elevated metabolism and vasodilatation that facilitates brain ischemia during the second hypoxia period. These details have been added to the discussion.

2. The second hypoxia was terminated early if intra-hypoxic mortality was seen. Please describe more objective measures that other users can implement to establish when to terminate the hypoxia, for example, measures of heart rate, blood oxygenation, carbon dioxide levels, cerebral blood flow, etc. Also, please indicate whether resuscitation was performed.

Authors’ response: Monitoring in the chamber is performed visually, with particular attention paid to respiratory rate. If any intra-hypoxic mortality is seen (as suggested by respiratory arrest), the second hypoxia period is terminated. These details have been added to step 5.4.. Previous attempts at resuscitation (oxygen, chest compressions) have not been successful in the ferret model, so they are not routinely performed.

3. In the Results where the behavioral assessments were described the authors only included the animals with visible gross injury in the injured group. It would be useful to provide a strong explanation for excluding those animals without visible gross injury and to perhaps provide the results that would be obtained were those animals not excluded.

Authors’ response:  This is an important point. We initially focussed on the animals with gross visible injury because these animals are part of a therapeutic study that will be published separately. However, we appreciate that this then raises multiple questions about behavioural testing in animals without visible gross injury. All injured animals display behavioural deficits, therefore we have expanded the results and associated figures to include all injured animals. 
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