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Peer Review File



Reviewers' comments: 

 

Reviewer #1 (Remarks to the Author): 

 

This manuscript examined the effects of repeated ketamine anesthesia during PD 16-20 on tolerance, 

locomotion, behavioral sensitization, and CPP in adolescent (PD 28-38) and adult (8 week old) mice. 

The authors also examined the effect of repeated ketamine anesthesia in both male and female mice, 

as well as gene expression and neuronal excitability in the hippocampus of male mice. Lastly, the 

authors measured dopamine and DOPAC levels across several brain regions. The authors demonstrate 

that male mice are susceptible to the effects of repeated ketamine during the late postnatal period as 

they exhibit enhanced drug reward to low doses of ketamine and subthreshold doses of nicotine. 

Interestingly, these effects are not evident in female mice. Moreover, they demonstrate that the 

enhanced effect produced by ketamine is not long-lasting given that 5 weeks after ketamine 

pretreatment, the ketamine and nicotine enhancement of drug reward is no longer evident. 

Interestingly, the authors also demonstrate a corresponding change in gene expression in the 

hippocampus and dysregulated excitability of CA1 hippocampal neurons after repeated ketamine in 

male mice. Overall, the manuscript is well-written, and the experimental design is solid. This study 

contributes to our understanding of the effects of early developmental exposure to ketamine on drug 

reward, of which few studies have been conducted. I also find the inclusion of the adult data (8-week-

old mice) to be a strength of the paper. The statistical analysis is appropriate, and the manuscript 

details enough information to replicate the study. Below I outline my suggestions to improve the 

clarity of the manuscript. 

 

- The authors' behavioral approaches to examine "addiction behavior" included behavioral sensitization 

and conditioned place preference (CPP). However, addictive behaviors are often assessed using the 

self-administration model. CPP, in particular, is a measure of drug reward and not addiction behavior 

(see Bardo and Bevins, 2000 – cited by the authors). The authors should revise their language to 

more directly reflect how CPP data is interpreted (i.e., an animal model of drug reward). Similarly, 

behavioral sensitization has implications for addiction, but it is not an animal model of addictive 

behaviors. This can be discussed as a limitation of the study. The authors should also consider 

integrating a discussion of future directions with the self-administration paradigm after repeated 

ketamine anesthesia during development to address addictive behaviors more directly. 

 

- The abstract should be revised to provide more detail about the purpose and goals of the study, as 

well as more details of the experimental design and results. 

 

- The last paragraph of the introduction should reflect the goals of the experiments, including details 

such as examination of ketamine- and nicotine-induced CPP in adolescent and adult male and female 

mice, behavioral sensitization, etc. 

 

- Minor: Remove “prove” on page 4, line 83. 

 

 

 

Reviewer #2 (Remarks to the Author): 

 

The manuscript by Cui and colleagues reports interesting findings characterizing the neurobiological 

effects of repeated (5 consecutive days) anesthesia, ketamine, during early postnatal development. 

The authors report that mice exposed to ketamine at anesthetic doses show increased preference for a 

test compartment associated (paired) with ketamine and nicotine. They further report, interestingly, 

that the increased responsivity to nicotine remains while that for ketamine attenuates with time. They 

also report changes (enhanced expression) in genes regulating neuronal excitability within the 

hippocampus. Overall, they show that only males are susceptible to these ketamine effects. This is an 

interesting study, however there are a couple suggestions/points of clarification needed. 



 

 

1. Please state the human equivalent age-range when the ketamine injections were given? 

2. Justify the 5 consecutive days of ketamine exposure. 

3. How long were the mice (male and females) remained anesthetized each day of exposure? 

4. The authors need to address and discuss their findings within the context of the body of literature 

indicating that females are much more sensitive to the effects of ketamine (Kabbaj and others). 

5. To claim that females are not susceptible to “drug memory” the authors would need to demonstrate 

that the treatment did not affect any other type of cognitive impairment given the effects that 

ketamine may have on memory. 

6. It is important to show that causative relationship between the gene(s) of interest and behavior. 

Authors may be able to use an inhibitor to show some causality. 

 

 

 

Reviewer #3 (Remarks to the Author): 

 

The current manuscript investigated the effects of anesthetic ketamine during neurodevelopment in 

addictive behaviors in adult life. This manuscript is an important addition to the field; however, there 

are some important points that need to be addressed. 

 

1. The behavioral experiments are somewhat lacking and not performed rigorously. My biggest 

concern is the absence of CPP in the control mice in figure 3. The authors suggested that this might be 

due to the low dose of ketamine at that age. There are papers that used lower doses of ketamine in 

adult mice and were able to induce effects (eg Zanos et al 2015). Considering the no effect in females 

I am a bit skeptical about the findings in Fig 2. Did the authors try to replicate their CPP findings from 

Fig 2? 

2. I am a bit confused on the comparisons for the behavioral sensitization experiment. Are the trials 

the different days of administration? To see if they were able to induce sensitization as expected they 

need to compare their findings within group showing that there was an increase in locomotion on the 

challenge day compare with the previous days. I don’t think the authors did that. Of course, it is 

expected to see an increase in locomotion as they show in Fig 1d, the question is the increase bigger 

than the previous ketamine administration days? I am not sure what panel E shows. If trials are the 

different days of administration, then the sensitization paradigm did not work. 

3. The authors refer to sex differences; however, the experiments were not performed together. I 

would say there are these effects in males but not females but without direct comparison, the authors 

cannot use the term sex differences. Since studies were not performed together and consequently 

performing direct comparisons is not correct, I suggest rephrasing the text. 

4. I would have expected the authors to discuss a bit more the differences between males and 

females. Why is there such a striking difference, especially when there are several papers showing 

that females have stronger antidepressant effects to ketamine compare with males? Is this the 

differences in metabolism or the differences in hormones? I suggest discussing these differences a bit 

more and extrapolate on the possible reasons for such difference. 

5. Also, the authors include the number of cells in the ephys results. This is wrong, the average of 

each animal should be used. Considering the low n of animals, technically authors cannot run 

statistics. As is, my confidence in these data is not very high. 

Minor point: The introduction is very vague. The authors referring to differences but not specifically 

say what the differences are. They need to send a message why this is important but including these 

vague statements it makes the whole premise of the manuscript weak. 



Reviewers' comments: 

Reviewer #1 (Remarks to the Author): 

This manuscript examined the effects of repeated ketamine anesthesia during PD 16-20 on 

tolerance, locomotion, behavioral sensitization, and CPP in adolescent (PD 28-38) and adult 

(8 week old) mice. The authors also examined the effect of repeated ketamine anesthesia in 

both male and female mice, as well as gene expression and neuronal excitability in the 

hippocampus of male mice. Lastly, the authors measured dopamine and DOPAC levels across 

several brain regions. The authors demonstrate that male mice are susceptible to the effects 

of repeated ketamine during the late postnatal period as they exhibit enhanced drug reward 

to low doses of ketamine and subthreshold doses of nicotine. Interestingly, these effects are 

not evident in female mice. Moreover, they demonstrate that the enhanced effect produced by 

ketamine is not long-lasting given that 5 weeks after ketamine pretreatment, the ketamine and 

nicotine enhancement of drug reward is no longer evident. Interestingly, the authors also 

demonstrate a corresponding change in gene expression in the hippocampus and 

dysregulated excitability of CA1 hippocampal neurons after repeated ketamine in male mice. 

Overall, the manuscript is well-written, and the experimental design is solid. This study 

contributes to our understanding of the effects of early developmental exposure to ketamine 

on drug reward, of which few studies have been conducted. I also find the inclusion of the 

adult data (8-week-old mice) to be a strength of the paper. The statistical analysis is 

appropriate, and the manuscript details enough information to replicate the study. Below I 

outline my suggestions to improve the clarity of the manuscript. 

Response:  

We thank the reviewer for the summary and constructive comments/suggestions. 

 

1. The authors' behavioral approaches to examine "addiction behavior" included behavioral 

sensitization and conditioned place preference (CPP). However, addictive behaviors are often 

assessed using the self-administration model. CPP, in particular, is a measure of drug reward 

and not addiction behavior (see Bardo and Bevins, 2000 – cited by the authors). The authors 

should revise their language to more directly reflect how CPP data is interpreted (i.e., an 

animal model of drug reward). Similarly, behavioral sensitization has implications for addiction, 

but it is not an animal model of addictive behaviors. This can be discussed as a limitation of 

the study. The authors should also consider integrating a discussion of future directions with 

the self-administration paradigm after repeated ketamine anesthesia during development to 



address addictive behaviors more directly. 

Response:  

We thank the reviewer for correcting our interpretation of the CPP results. We have revised 

our manuscript to properly reflect our CPP data (an animal model of drug reward). We also 

discussed the need for additional studies using the self-administration paradigm to investigate 

the association between early ketamine exposures and addiction behavior later in life (page 

14, 1st paragraph).  

“Lastly, although we discovered significant changes in place preference, the CPP test is not a 

direct animal model for addiction behavior. The CPP test is an animal model of drug reward, and 

the drug is passively administered.1 In contrast, during the self-administration test, the subject 

must learn a task that produces acute effects from self-drug administration. Thus, the self-

administration paradigm is considered a more direct measurement of drug reinforcement and 

addiction.1 Future studies using the self-administration paradigm are necessary to address the 

effects of early repeated ketamine anesthesia regarding addictive behavior.” 

 

2. The abstract should be revised to provide more detail about the purpose and goals of the 

study, as well as more details of the experimental design and results. 

Response:  

We thank the reviewer for the comment. We have provided more details in the abstract. 

Although we also agree that more details are needed, unfortunately, the submission guidelines 

states that the abstract should be 150 words or fewer. 

“Early exposures to anesthetics can cause long-lasting changes in excitatory/inhibitory synaptic 

transmission (E/I imbalance), an important mechanism for neurodevelopmental disorders. Since 

E/I imbalance is also involved with addiction, we further investigated possible changes in 

addiction-related behaviors after multiple ketamine anesthesia in late postnatal mice. Postnatal 

day (PND) 16 mice received multiple ketamine anesthesia (35 mg·kg-1, 5 days), and behavioral 

changes were evaluated at PND28 and PND56. Although mice exposed to early anesthesia 

displayed normal behavioral sensitization, we found significant increases in conditioned place 

preference to both low-dose ketamine (20 mg·kg-1) and nicotine (0.5 mg·kg-1). By performing 

transcriptome analysis and whole-cell recordings in the hippocampus, a brain region involved 

with CPP, we also discovered enhanced neuronal excitability and E/I imbalance in CA1 

pyramidal neurons. Interestingly, these changes were not found in female mice. Our results 

suggest that repeated ketamine anesthesia during neurodevelopment may influence drug 

reward behavior later in life.” 



3. The last paragraph of the introduction should reflect the goals of the experiments, including 

details such as examination of ketamine- and nicotine-induced CPP in adolescent and adult 

male and female mice, behavioral sensitization, etc (page 4, last paragraph). 

Response:  

We thank the reviewer for comment. We have modified the last paragraph of the Introduction 

to include more details regarding the study (goals and experiments). 

“To test our hypothesis, late postnatal mice (postnatal day 16 [PND16]) received multiple 

anesthetic treatments with ketamine (35 mg·kg-1, i.p.) for five consecutive days. Long-term 

changes in addiction-related behaviors were evaluated by measuring behavioral sensitization 

and conditioned place-preference (CPP) to low-dose ketamine (20 mg·kg-1, i.p.) and nicotine 

(0.5 mg·kg-1 s.c.) in adolescent (PND28) and adult (8 weeks old) mice. Although there was no 

change in behavioral sensitization, we discovered significant increases in place preference for 

both ketamine and nicotine in male mice who had received early ketamine anesthesia. 

Interestingly, such behavioral changes did not occur in female mice. To further identify possible 

mechanisms underlying the changes in drug reward but not sensitization, we performed 

transcriptome analysis and whole-cell recordings in the hippocampus, a brain region deeply 

involved with CPP.2, 3, 4 Our results suggest that exposures to ketamine during 

neurodevelopment can cause long-lasting changes in drug reward, and that sex must be 

regarded as a significant biological variable when studying the early effects of anesthesia.” 

 

4. Minor: Remove “prove” on page 4, line 83.  

Thank you for the correction.  



Reviewer #2 (Remarks to the Author): 

The manuscript by Cui and colleagues reports interesting findings characterizing the 

neurobiological effects of repeated (5 consecutive days) anesthesia, ketamine, during early 

postnatal development. The authors report that mice exposed to ketamine at anesthetic doses 

show increased preference for a test compartment associated (paired) with ketamine and 

nicotine. They further report, interestingly, that the increased responsivity to nicotine remains 

while that for ketamine attenuates with time. They also report changes (enhanced expression) 

in genes regulating neuronal excitability within the hippocampus. Overall, they show that only 

males are susceptible to these ketamine effects. This is an interesting study, however there 

are a couple suggestions/points of clarification needed. 

Response:  

We thank the reviewer for the excellent summary and constructive comments/suggestions. 

 

1. Please state the human equivalent age-range when the ketamine injections were given? 

Response:  

We thank the reviewer for the comment and stating the importance of the age of animals.  

1) Initial ketamine injections for anesthesia were performed at postnatal day 16 to 20. Based 

on a model that integrates important neural events to translate neurodevelopment time across 

mammalian species (www.translatingtime.org), this age is comparable from a 

neurodevelopmental standpoint to a 6 - 9 months human infant. This age was selected as 

most clinical studies also focus on infants or very young children. We described this in the 

Discussion (page 13, 2nd paragraph).  

“Although the majority of preclinical studies have been performed at PND7, it has been 

suggested that this age is comparable to a third-trimester human fetus from a neurodevelopment 

standpoint (www.translatingtime.org).5, 6 This may cause discrepancies between preclinical and 

clinical studies since the majority of clinical studies focused on infants or very young children. 

Our study performed ketamine anesthesia at PND16-20, an age that has been suggested to be 

comparable to a 6 to 9 months-old human infant.” 

2) To measure the long-lasting changes in reward behavior, the CPP was performed at 

postnatal day 28 and 56. Based on the same model (www.translatingtime.org), PND28 and 

PND56 mice are comparable from a neurodevelopmental standpoint to a 16 month-old and 2 

year-old child.5, 6 Thus, although considered adolescent and adult mice, these ages may not 



be sufficient to evaluate the long-term effects of early ketamine exposures. We have added 

this as a limitation in the Discussion (page 13, last paragraph).  

“Thirdly, the interval between early ketamine anesthesia and the CPP tests may not have been 

sufficient to evaluate long-term changes in drug reward. CPP tests were performed at PND28 

and PND56. However, these ages may be comparable to a 16-month infant and a 2-year-old 

child from a neurodevelopmental standpoint.5, 6 Thus, although considered adolescent and adult 

mice, these ages may not be sufficient to evaluate the long-term effects of early ketamine 

anesthesia.” 

 

2. Justify the 5 consecutive days of ketamine exposure. 

Response:  

We thank the reviewer for the comment. Although there is no standard for studying the 

neurotoxic effects of multiple anesthetic exposures, most preclinical studies exposed young 

animals to 3 episodes of anesthetic exposures. Clinically, it is extremely uncommon for a child 

to experience more than 3 exposures of general anesthesia during childhood. However, 

ketamine can be used outside the operating room for more frequently repeated short-term 

procedures or radiographic examinations. Thus, we increased the number of injections (total 

5 injections). We have mentioned this in the Methods (page 15, 2nd paragraph). 

“Mice in the Anesthesia group received daily intraperitoneal injections of ketamine (35 mg·kg-1) 

for 5 consecutive days.7 Although the majority of preclinical studies exposed young animals to 

3 episodes of anesthesia, ketamine is often used outside the operating room for more frequently 

repeated short-term procedures or radiographic examinations.8, 9 Thus, we increased the 

number of daily injections to 5 days.” 

 

3. How long were the mice (male and females) remained anesthetized each day of exposure? 

Response:  

We thank the reviewer for the comment. The anesthetic dose of ketamine was based on our 

previous study, where we found that higher doses occasionally caused prolonged anesthesia 

or mortality (> 40 mg·kg-1, i.p).7 Anesthesia duration was defined as the time from 

intraperitoneal injection to the regaining of the righting reflex,10 and was measured in a subset 

of male and female mice. We described anesthesia durations in Fig 1A, Suppl Fig 6, and Suppl 

statistics. Intraperitoneal injection of ketamine induced a relatively short duration of anesthesia 

(loss of righting reflex [LOR] duration) on day 1 in both male and female mice (male = 230 ± 



203.4 s, female = 252.5 ± 153.1 s). However, we also discovered that anesthesia duration 

rapidly declined after repeated ketamine injections (acute tolerance). In fact, LOR did not occur 

in most male mice after ketamine injection from the third day. Although it may be reasonable 

to have increased the dose of ketamine to induce loss of righting reflex (anesthetic state) in 

these mice, this would have caused significant differences in the total amount of ketamine for 

each mouse. Thus, after careful consideration, we injected mice with an identical dose of 

ketamine (35 mg/kg) regardless of the development of acute tolerance. However, we also 

acknowledge that this resulted in mice receiving several injections of ketamine at a sub-

anesthetic concentration. We have added this in the Results and Discussion (page 5, 1st 

paragraph & page 14, 1st paragraph).  

“Although ketamine induced a short duration of anesthesia on day 1 (230 ± 203.4 seconds), the 

duration of anesthesia significantly declined with following injections (Fig. 1a). In fact, due to the 

development of acute tolerance, LOR did not develop in most mice after day 3 (Fig. 1a).” 

“Fourthly, the use of a fixed ketamine dose (35 mg·kg-1) for repetitive anesthesia despite the 

development of acute tolerance may also act as a limitation. As the purpose of the study was to 

evaluate the long-term consequences of early ketamine anesthesia, it may have been 

reasonable to increase the dose of ketamine when LOR did not occur. However, this could 

complicate data analysis, since each mouse would have received different doses of ketamine” 

 

4. The authors need to address and discuss their findings within the context of the body of 

literature indicating that females are much more sensitive to the effects of ketamine (Kabbaj 

and others). 

Response:  

We thank the reviewer for the comment and highlighting Dr. Kabbai’s research. As stated by 

the reviewer, previous studies have reported sex-differences in the sensitivity to the effects of 

ketamine. We agree that this is of significantly importance, and have addressed previous 

studies with our results in more detail (page 11, last paragraph).  

“Although sex is recognized as an important biological factor,11 we did not initially perform 

experiments in female mice. This was based on our recent study, where we reported non-sex-

dependent changes after repeated ketamine anesthesia (two-way ANOVA).7 However, another 

recent study reported conflicting results by showing that repeated ketamine treatment in young 

mice enhanced place preference to cocaine only in male mice.12 Interestingly, we also 

discovered increased drug reward behavior and enhanced hippocampal activity only in male 

mice. Our results, however, are in contrast with other preclinical studies reporting enhanced 



sensitivity to ketamine in female rodents. For instance, studies have reported that the dose-

response threshold for ketamine’s antidepressant effect was lower in female mice.13, 14, 15, 16, 17 

One study also reported that the level of sensitization to low-dose ketamine (5 mg·kg-1) was 

significantly higher in female rats.14 However, the same study also reported that the difference 

in sensitization no longer existed when applying a higher dose of ketamine (10 mg·kg-1), and 

that ketamine-induced CPP occurred only in male rats.14 Other studies also using ketamine (10 

mg·kg-1) have reported longer antidepressant effects in male mice,16 and that prolonged 

injections induced antidepressant effects only in male mice.18 Based on these results, sex 

differences in ketamine sensitivity may be dose-dependent. Another possibility is that sex 

differences depend on the behavioral assay. A previous study reported that ketamine 5 mg·kg-

1, a dose that induced antidepressant effects and behavioral sensitization in female mice, 

induced conditioned place aversion rather than inducing CPP.13 Another study showed that 

while ketamine 10 mg·kg-1 induced sensitization in both male and female mice, CPP only 

developed in male mice.14 Since distinct brain regions are involved with the diverse effects of 

ketamine (antidepressant, behavioral sensitization, and drug reward [CPP]), the sex-dependent 

changes in multiple brain regions after ketamine injection(s) may be involved.13, 14, 15, 16, 17, 18” 

 

5. To claim that females are not susceptible to “drug memory” the authors would need to 

demonstrate that the treatment did not affect any other type of cognitive impairment given the 

effects that ketamine may have on memory. 

Response:  

We thank the reviewer for the important comment. By performing the Barnes maze and fear 

chamber test in female mice, we further showed that contextual learning and memory were 

not affected by early ketamine anesthesia. Together, our results suggest that female mice are 

resistant to the increase in drug reward behavior induced by early ketamine anesthesia. We 

have added this in the Results (page 9, 2nd paragraph). 

“While our results suggest that early ketamine anesthesia does not enhance drug reward 

behavior in female mice, it is important to recognize that CPP measures drug reward by 

evaluating the association of a specific context and drug stimulus. Thus, to imply that female 

mice are resistant to the increase in drug reward induced by early ketamine anesthesia, it is 

necessary to confirm that non-drug-associated memory is also not affected. By performing the 

Barnes maze and fear chamber test, we further confirmed that non-drug-associated learning 

and memory were not affected in female mice (Supplementary Fig. 8).” 

 

6. It is important to show that causative relationship between the gene(s) of interest and 



behavior. Authors may be able to use an inhibitor to show some causality. 

Response:  

We thank the reviewer for the comment and agree that the lack of experiments showing a 

direct causative relationship acts as a significant limitation of the study. Although our 

transcriptome analysis and electrophysiology data suggest that increased hippocampal 

excitability may be involved, additional studies specifically inhibiting hippocampal activity are 

necessary to confirm the causative relationship. While this may be possible through direct drug 

treatment after surgical implantation of cannulas19 or optogenetic/chemogenetic inhibition,20, 21 

we were unable to perform such studies due to lack of expertise and equipment. We have 

added this as a significant limitation in the Discussion (page 13, 3rd paragraph).  

“The first limitation is the lack of evidence confirming a direct causative relationship between the 

increased hippocampal excitability and changes in reward behavior. Although this can be 

achieved using direct drug treatment through surgically implanted cannulas19 or 

optogenetic/chemogenetic inhibition,20, 21 we were unable to perform such studies due to lack of 

expertise and equipment.” 

  



Reviewer #3 (Remarks to the Author): 

The current manuscript investigated the effects of anesthetic ketamine during 

neurodevelopment in addictive behaviors in adult life. This manuscript is an important addition 

to the field; however, there are some important points that need to be addressed. 

Response:  

We thank the reviewer for the constructive comments/suggestions. 

 

1. The behavioral experiments are somewhat lacking and not performed rigorously. My biggest 

concern is the absence of CPP in the control mice in figure 3. The authors suggested that this 

might be due to the low dose of ketamine at that age. There are papers that used lower doses 

of ketamine in adult mice and were able to induce effects (eg Zanos et al 2015). Considering 

the no effect in females I am a bit skeptical about the findings in Fig 2. Did the authors try to 

replicate their CPP findings from Fig 2? 

Response:  

We thank the reviewer for the comment and highlighting Dr. Zanos’s research. However, 

previous studies have also reported inconsistent results regarding ketamine-induced CPP in 

adult rodents. For instance, several studies have shown that CPP does not develop when 

using relatively low doses of ketamine (≤ 5mg/kg).13, 14 Another study also reported that CPP 

did not develop at ketamine doses between 0 – 15 mg/kg.22 Based on these reports, it is 

possible that ketamine-induced CPP may not be as robust as other addictive drugs such as 

cocaine. Also, unlike most studies that used various visual and tactile cues to distinguish 

chambers, we used a more simplified CPP apparatus. Such simplicity may have suppressed 

the development of place preference in the present study. We have added this in the Results 

(page 7, 1st paragraph & page 12, 1st paragraph).  

“Another possibility is that ketamine-induced CPP is not as robust as other addictive drugs, since 

previous studies have also reported negative results.13, 22 The simplicity of our CPP apparatus 

may also be involved. While most CPP tests use various visual and tactile cues to distinguish 

chambers, we used a more simplified version (black and white chambers).” 

“Our results, however, are in contrast with other preclinical studies reporting enhanced 

sensitivity to ketamine in female rodents. For instance, studies have reported that the dose-

response threshold for ketamine’s antidepressant effect was lower in female mice.13, 14, 15, 16, 17 

One study also reported that the level of sensitization to low-dose ketamine (5 mg·kg-1) was 

significantly higher in female rats.14 However, the same study also reported that the difference 



in sensitization no longer existed when applying a higher dose of ketamine (10 mg·kg-1), and 

that ketamine-induced CPP occurred only in male rats.14 Other studies also using ketamine (10 

mg·kg-1) have reported longer antidepressant effects in male mice,16 and that prolonged 

injections induced antidepressant effects only in male mice.18 Based on these results, sex 

differences in ketamine sensitivity may be dose-dependent. Another possibility is that sex 

differences depend on the behavioral assay. A previous study reported that ketamine 5 mg·kg-

1, a dose that induced antidepressant effects and behavioral sensitization in female mice, 

induced conditioned place aversion rather than inducing CPP.13 Another study showed that 

while ketamine 10 mg·kg-1 induced sensitization in both male and female mice, CPP only 

developed in male mice.14 Since distinct brain regions are involved with the diverse effects of 

ketamine (antidepressant, behavioral sensitization, and drug reward [CPP]), the sex-dependent 

changes in multiple brain regions after ketamine injection(s) may be involved.13, 14, 15, 16, 17, 18” 

 

We would also like to mention that all behavioral experiments were rigorously performed in a 

sound attenuated room by a blind experimenter (Dr. Cui) under the direct supervision of the 

corresponding author (Dr. Chung), who has considerable experience in behavioral 

experiments.23, 24, 25, 26, 27 However, we also understand the reviewer’s concern and agree that 

replicating our CPP findings in Fig 2 would significantly enhance the credibility of our data. 

Thus, we repeated the ketamine-induced CPP test at PND28 and was able to replicate our 

findings. We have added the results in Supplementary Figure 1 (page 6, 2nd paragraph).  

 

2. I am a bit confused on the comparisons for the behavioral sensitization experiment. Are the 

trials the different days of administration? To see if they were able to induce sensitization as 

expected they need to compare their findings within group showing that there was an increase 

in locomotion on the challenge day compare with the previous days. I don’t think the authors 

did that. Of course, it is expected to see an increase in locomotion as they show in Fig 1d, the 

question is the increase bigger than the previous ketamine administration days? I am not sure 

what panel E shows. If trials are the different days of administration, then the sensitization 

paradigm did not work. 

Response:  

We thank the reviewer for the comment and apologize for the confusion. Behavioral 

sensitization was induced by injecting ketamine (20 mg/kg) five times at a 4-day interval (5 

trials). To provide a more concise description of our results, we modified Figure 1 (page 6, 1st 

paragraph). Fig 1e shows that early multiple ketamine anesthesia did not affect baseline 



activity (Control-Saline vs Anesthesia-Saline). Fig 1f, g shows that the level of sensitization 

(increases of activity after identical ketamine injections) was comparable between the Control 

and Anesthesia group (page 5, last paragraph). 

“After confirming that the baseline activity was not affected by multiple ketamine anesthesia 

(Control-Saline group vs. Anesthesia-Saline group, Fig. 1e), mice were repeatedly injected with 

ketamine in a 4-day interval (Fig. 1d). Behavioral sensitization occurred in both groups, as total 

activity significantly increased after five identical ketamine injections (Fig. 1f). We also found 

that the level of sensitization was comparable between the two groups (Fig. 1f, g).”  

We would also like to inform the reviewers that we have modified the y axis of Fig 1e-g due 

to errors during our initial submission (‘0’ was added, (ex) 10  100).  

 

3. The authors refer to sex differences; however, the experiments were not performed together. 

I would say there are these effects in males but not females but without direct comparison, the 

authors cannot use the term sex differences. Since studies were not performed together and 

consequently performing direct comparisons is not correct, I suggest rephrasing the text. 

Response:  

We thank the reviewer for the correction. We have modified (rephrased) the text and avoided 

using the term ‘sex-dependent’ differences, since the experiments were not performed 

together.  

 

4. I would have expected the authors to discuss a bit more the differences between males and 

females. Why is there such a striking difference, especially when there are several papers 

showing that females have stronger antidepressant effects to ketamine compare with males? 

Is this the differences in metabolism or the differences in hormones? I suggest discussing 

these differences a bit more and extrapolate on the possible reasons for such difference. 

Response:  

We thank the reviewer for the comment. As stated by the reviewer, previous studies have 

reported sex-differences regarding ketamine which should have been discussed in detail. Thus, 

we have addressed previous studies and our results in the Discussion (page 11, last 

paragraph).  

“Although sex is recognized as an important biological factor,11 we did not initially perform 

experiments in female mice. This was based on our recent study, where we reported non-sex-



dependent changes after repeated ketamine anesthesia (two-way ANOVA).7 However, another 

recent study reported conflicting results by showing that repeated ketamine treatment in young 

mice enhanced place preference to cocaine only in male mice.12 Interestingly, we also 

discovered increased drug reward behavior and enhanced hippocampal activity only in male 

mice. Our results, however, are in contrast with other preclinical studies reporting enhanced 

sensitivity to ketamine in female rodents. For instance, studies have reported that the dose-

response threshold for ketamine’s antidepressant effect was lower in female mice.13, 14, 15, 16, 17 

One study also reported that the level of sensitization to low-dose ketamine (5 mg·kg-1) was 

significantly higher in female rats.14 However, the same study also reported that the difference 

in sensitization no longer existed when applying a higher dose of ketamine (10 mg·kg-1), and 

that ketamine-induced CPP occurred only in male rats.14 Other studies also using ketamine (10 

mg·kg-1) have reported longer antidepressant effects in male mice,16 and that prolonged 

injections induced antidepressant effects only in male mice.18 Based on these results, sex 

differences in ketamine sensitivity may be dose-dependent. Another possibility is that sex 

differences depend on the behavioral assay. A previous study reported that ketamine 5 mg·kg-

1, a dose that induced antidepressant effects and behavioral sensitization in female mice, 

induced conditioned place aversion rather than inducing CPP.13 Another study showed that 

while ketamine 10 mg·kg-1 induced sensitization in both male and female mice, CPP only 

developed in male mice.14 Since distinct brain regions are involved with the diverse effects of 

ketamine (antidepressant, behavioral sensitization, and drug reward [CPP]), the sex-dependent 

changes in multiple brain regions after ketamine injection(s) may be involved.13, 14, 15, 16, 17, 18” 

 

5. Also, the authors include the number of cells in the ephys results. This is wrong, the average 

of each animal should be used. Considering the low n of animals, technically authors cannot 

run statistics. As is, my confidence in these data is not very high. 

Response:  

We thank the reviewer for the comment. The statistical approach we used for our 

electrophysiology results in the present study was based on our previous experience,23, 24, 25, 

26 and is also commonly used in the published literature regarding electrophysiological 

recordings. Thus, we considered the present approach reasonable for the purposes of the 

current study. However, we also understand the reviewer’s concern and performed additional 

tests in order to perform statistics using the average of each animal (at least 2 cells per animal). 

We have changed all the figures using the average of each animal (Fig 4,5 & Suppl Fig 9, 10). 

The results were identical with our previous data which used the number of cells.  

 

6. Minor point: The introduction is very vague. The authors referring to differences but not 



specifically say what the differences are. They need to send a message why this is important 

but including these vague statements it makes the whole premise of the manuscript weak. 

Response:  

We thank the reviewer for the comment. We have modified the Introduction to include more 

detailed information and stress the importance of the present study (page 3, 1st 2nd paragraph). 
“As millions of children receive anesthesia for surgical or diagnostic procedures every year, 

anesthesia-induced neurotoxicity in the developing brain has received significant research 

interest in recent decades.28 Preclinical studies have shown that anesthetics commonly used in 

clinical settings may act as neurotoxins during neurodevelopment, inducing widespread 

neuronal cell death or excitatory/inhibitory (E/I) imbalance.24, 29, 30, 31 The disruption of E/I balance 

during the critical neurodevelopmental period is of considerable concern, since E/I imbalance is 

an important mechanism for neurodevelopmental disorders.32, 33, 34 In line with such concerns, 

studies that reported anesthesia-induced E/I imbalance also found long-term behavioral 

changes in activity, anxiety, sociability, learning, and memory.26, 27, 31, 35, 36  

Based on preclinical studies, clinical studies have attempted to identify long-term negative 

effects of anesthesia in young children. While recent prospective clinical studies suggested that 

a short anesthetic exposure does not affect general intelligence,37, 38, 39 the same studies also 

reported increased behavioral problems based on parental reports.40 Other studies have 

reported possible associations between early anesthetic exposures and neurodevelopmental 

disorders (autism, ADHD).41, 42 However, it is important to note that anesthesia-induced 

neurotoxicity was first identified in animal models without direct clinical evidence, making it 

difficult to speculate how this might manifest in children. Recent studies have acknowledged this 

fact and performed a wide range of tests to evaluate diverse cognitive and behavioral aspects. 

While these studies discovered changes in specific behaviors (motor and social linguistic 

performance, emotions) and executive functions,40, 43 many behavioral aspects remain 

unstudied. One possible, but less evaluated, disorder is addiction. Previous studies have shown 

that changes in E/I synaptic transmission are deeply involved with addiction.44, 45 A single 

cocaine exposure has been shown capable of affecting AMPA/NMDA receptor currents,46 and 

morphine exposure and withdrawal have been shown to affect GABA signaling.47 Thus, it is 

possible that the synaptic changes due to early anesthesia exposures may also affect addiction 

behavior.” 
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REVIEWERS' COMMENTS: 

 

Reviewer #2 (Remarks to the Author): 

 

The authors have addressed my comments/concerns to satisfaction. The manuscript reads much 

better and the authors have added careful caveats for the reader to be aware of the context from 

which the results should be interpreted it. 

 

 

Reviewer #3 (Remarks to the Author): 

 

I thank the authors for their responses. They have addressed the majority of my concerns. However, I 

want to point out that when the authors cite papers to support their findings, they should cite papers 

that used similar protocol as they did. I am referring to my first point about the CPP. Reference 13 did 

conditioning sessions every 3 days and the test was performed 3 days after the last conditioning day 

so by no means this is comparable to what the authors did. In Ref 14 they actually showed 

development of CPP using 10 mg/kg which is lower than what the authors used. Those 2 papers are 

from the same lab (Kabbaj) which also supports my previous point that what they did on ref 13 was 

way different to compare it with the regular CPP protocol. The only ref that supports the authors 

findings is ref 22, however, by the look of the graph at 0mg/kg the rats demonstrated aversion which 

indicates something fundamentally wrong with the control. In the author’s manuscript, I suggest to 

only leave ref 22 to support their findings. I strongly encourage the authors to have a carefull read of 

the manuscript and check whether the citations support their statements. Other than that, I am happy 

with the rest of the additions and answers. 



REVIEWERS' COMMENTS: 

 

Reviewer #2 (Remarks to the Author): 

The authors have addressed my comments/concerns to satisfaction. The manuscript 

reads much better and the authors have added careful caveats for the reader to be 

aware of the context from which the results should be interpreted it. 

We would like to thank the reviewer for providing important comments and 

suggestions that have immensely improved our manuscript. 

 

Reviewer #3 (Remarks to the Author): 

I thank the authors for their responses. They have addressed the majority of my 

concerns. However, I want to point out that when the authors cite papers to support 

their findings, they should cite papers that used similar protocol as they did. I am 

referring to my first point about the CPP. Reference 13 did conditioning sessions every 

3 days and the test was performed 3 days after the last conditioning day so by no 

means this is comparable to what the authors did. In Ref 14 they actually showed 

development of CPP using 10 mg/kg which is lower than what the authors used. Those 

2 papers are from the same lab (Kabbaj) which also supports my previous point that 

what they did on ref 13 was way different to compare it with the regular CPP protocol. 

The only ref that supports the authors findings is ref 22, however, by the look of the 

graph at 0mg/kg the rats demonstrated aversion which indicates something 

fundamentally wrong with the control. In the author’s manuscript, I suggest to only 

leave ref 22 to support their findings. I strongly encourage the authors to have a carefull 

read of the manuscript and check whether the citations support their statements. Other 

than that, I am happy with the rest of the additions and answers. 

We thank the reviewer for providing important insights that have immensely improved 

our manuscript, and also apologize for not carefully checking the references. We very 

much agree that only references relevant to the present should be used. Thus, as the 

reviewer has suggested, we have carefully read the manuscript and made several 

modifications (marked in blue). We would like to thank the reviewer again for looking 



at our manuscript in great detail, and hope the modifications are acceptable.  


