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Introduction

A hallmark of anxiety-related disorders is difficulties in inhibiting irrational and
excessive fear. Fear and anxiety usually occur as a result of internal or external cues
(Anderson and Adolphs, 2014). For example, panic disorder involves sudden and internal
feeling of impending doom and pounding heart, while arachnophobia involves encountering
spiders or spider-like objects in the environment. However, repeated exposure to fear-
eliciting cue without any threatening results can lead to reduced fear to the cue, referred
to as fear extinction (Maren et al, 2013; Ganella and Kim, 2014). Extinction is the
process underlying exposure therapies to treat anxiety disorders, and it is observed across
species, including in humans and in rodents (Kim and Ganella, 2015). Conservation of
fear extinction across species has allowed numerous discoveries in the past few decades
to promote our understanding of the neurobiology of anxiety-related disorders and their
treatment (Maren et al., 2013; Haaker et al., 2019).

One significant impediment against translation of preclinical findings to clinical research
has been the historical focus on male rodents in neurobiological research into fear extinction.
It is speculated that the male focus has been to avoid potential variability in data due to
the cycling hormones in female rodents, with neuroscience showing the biggest bias (5.5
male to 1 female studies) in biological disciplines (Zucker and Beery, 2010). Consequently,
existing preclinical research fails to capture the demographic of anxiety disorders that are
diagnosed twice more in females than males (Kessler et al., 2005; Zucker and Beery, 2010). To
address this issue, recent studies have examined fear learning and extinction in adult female
rodents. For example, extinction in adult female rats is facilitated during proestrus phase
associated with high levels of estrogen (Milad et al., 2009), with systemic injection of estradiol
following extinction leading to facilitated extinction recall (Zeidan et al., 2011). These reports
of estrogen enhancing extinction is counter-intuitive considering that females have ~5 times
more estrogen than males (Frederiksen et al., 2020) but there is a higher prevalence of
anxiety disorders in females compared to males (McLean et al., 2011). However, sex-specific
findings in adult rodents do not address the human epidemiology adequately. Anxiety-
related disorders are typically developmental in their origin (Mineka and Zinbarg, 2006)
and onset of anxiety disorders is the most prevalent during childhood and adolescence
(Kessler et al., 2007). Notably, high prevalence of anxiety disorders in females over males
is observed as young as 6 years of age (Lewinsohn et al., 1998) and such sex difference
persists into aging (Vasiliadis et al., 2020). Therefore, we seek to provide an overview of sex-
specific rodent research in fear conditioning and extinction processes during the juvenile
period, adolescence, and in aging (see summary of published findings in Figure 1). Male and

01 frontiersin.org


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://doi.org/10.3389/fnbeh.2023.1298164
http://crossmark.crossref.org/dialog/?doi=10.3389/fnbeh.2023.1298164&domain=pdf&date_stamp=2023-12-13
mailto:drjeehyunkim@gmail.com
https://doi.org/10.3389/fnbeh.2023.1298164
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnbeh.2023.1298164/full
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Malik et al. 10.3389/fnbeh.2023.1298164
L
Cued fear R —————— LTt —
conditioning
Low estrogen level
T el T e — ——
Edt . l PRt ST (X -.,,,_‘_\. Male
ued tean B R I EPEPS Female
extinction i -
1 Increasing
ability
LT ST
Relapseof . 4 N
extinguished fear =" /s \
f/ .,
[ o L TP
Juvenile Adolescent Adult Aged
FIGURE 1
Ability in cued fear conditioning, extinction, and relapse of extinguished fear across the lifespan in male and female rodents (Park et al., 2017a,b,
2020a,b; Perry et al., 2020; Drummond et al., 2021; Short et al., 2022). Findings are generally consistent that there are no sex differences in cued fear
conditioning throughout life in rodents. For extinction, there are distinct sex differences between males and females across life, with evidence of
estrogen playing opposing roles in adolescence compared to adulthood. Relapse of extinguished fear is robust in juvenile females but absent in
males. Interestingly, middle-aged rodents do not show reinstatement, suggesting they may revert to juvenile-like behaviors.

female descriptions refer to rodent studies and any reference
to human studies were explicitly stated in this opinion article.
Studies that directly compare or concurrently examine males and
females to report them separately will be prioritized, highlighting
the critical importance of age-specific sex difference research in
translational psychiatry.

Extinction as a new inhibitory learning
that competes with the fear memory

Fear learning or conditioning typically involves the
presentation of a neutral cue (e.g., tone) paired with a threatening
stimulus (e.g., electric shock) (Maren et al, 2013; Ganella
and Kim, 2014). This is repeated till the conditioned cue
alone induces fear responses, such as “freezing”, an absence
of movement other than respiration in rodents (Blanchard
and Blanchard, 1969). Fear responding to the cue is taken
as evidence of fear memory associated with the cue (Maren
et al, 2013; Ganella and Kim, 2014). Fear extinction involves
exposure to such a cue without any threatening outcomes,
which attenuates the cue-induced fear response (Maren et al,
2013; Ganella and Kim, 2014). Extinction is generally a new
memory that interferes with the expression of the fear memory
(Maren et al., 2013; Ganella and Kim, 2014). In support of this
idea are three widely observed phenomena when conditioned
fear after extinction can relapse (Maren et al, 2013; Ganella
and Kim, 2014). Renewal refers to when fear returns upon
conditioned cue exposure in a different context from extinction.
Reinstatement refers to when exposure to a reminder, such
as a mild threatening stimulus, causes fear expression to the
extinguished cue. Spontaneous recovery refers to when the
conditioned fear response is expressed due to the passage of time

since extinction.
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Juvenile sex differences in extinction
of conditioned fear

Cognitively, juvenile period in rodents represent young
childhood in humans before large scale abilities (e.g., physically
navigating a maze rather than a computer screen-based spatial task)
fully emerge (Overman et al., 1996; Madsen et al., 2016). During
this time, there is evidence of stronger contextual conditioned fear
in juvenile males compared to females (Park et al., 2017b, 2020a). In
contrast, cued fear acquisition did not differ between postnatal day
(P) 18 male and female rats (Park et al., 2017a). In that study, fear
retrieval and the rate of reduction in cue-induced freezing during
extinction also did not differ between males and females. When
relapse of extinguished fear was examined, however, male rats did
not show renewal, reinstatement, and spontaneous recovery (Park
etal,, 2017b), which is consistent with previous findings suggesting
that extinction is resistant to relapse in males at this age (Kim and
Richardson, 2007a,b, 2010b; Gogolla et al., 2009), and may even
erase the original fear memory (Kim and Richardson, 2008, 2009,
2010a; Gogolla et al., 2009). In contrast, females showed all three
types of conditioned fear relapse following extinction (Park et al.,
2017b). These findings suggest a resilient period early in life for
males with effective extinction, while females may develop faster
than males to be more vulnerable to persistent fear memory, which
may explain human epidemiology (Kim, 2017).

Previous studies generally demonstrate that the increased
involvement of the amygdala but reduced involvement of the
prefrontal cortex (PFC) and the hippocampus explain the lack of
relapse following extinction in juvenile male rodents compared
to older rodents (Gogolla et al., 2009; Kim et al., 2009; Orsini
et al,, 2011; Ganella et al., 2018b; Li et al., 2018). Of these regions,
the hippocampus in particular may explain the sex differences
in relapse of extinguished fear observed in juvenile rats (Park
et al., 2017a). Renewal, reinstatement, and spontaneous recovery
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are widely conceptualized as context-based relapse in which fear
memory returns due to the physical, internal, and temporal
context change from how extinction occurred (Bouton et al,
2006). Hippocampus is a well-studied region important for context
learning (Kim and Fanselow, 1992; Lee et al., 2023), and its
dysfunction during extinction can cause renewal (Corcoran et al.,
2005). Hippocampus also changes rapidly during development
and show sex-specific effects from infancy (Koss and Frick, 2016;
Griffiths et al., 2019). However, temporary and bilateral inactivation
of the dorsal or ventral hippocampus using an infusion of y-
aminobutyric acid agonist muscimol during extinction did not have
sex-specific effects in P18 rats (Park et al., 2020b). In that study,
dorsal hippocampus inactivation facilitated extinction acquisition
in both sexes, while ventral hippocampus inactivation impaired
extinction recall in both sexes. Renewal in females and the absence
of renewal in males were not affected (Park et al., 2020b). Future
studies assessing the amygdala and the PFC are necessary to
understand the mechanisms driving the sex-specific effects in
extinction in juvenile rodents.

Adolescent sex differences in
extinction of conditioned fear

Observation of impaired extinction recall in adolescent
compared to preadolescent and adult rodents and humans
(McCallum et al., 2010; Kim et al., 2011; Pattwell et al., 2012;
Ganella et al, 2017a, 2018a) was a significant breakthrough
that reflected the epidemiological and clinical characteristics
in humans that report the highest onset of anxiety disorders
and treatment resistance in adolescence (Kessler et al., 2007;
Hartley and Casey, 2013). However, the original findings were
exclusively in male rodents and sex-specific studies in adolescence
are surprisingly scarce. Adolescence is a period of maturation
marked by puberty and the onset of menarche in which estrous
cycling is irregular (Perry et al, 2020). In the rodent brain,
pubertal onset in female rats is marked by significant changes
in cell and synapse numbers in the medial PFC at ~P35 while
in males those changes are marked at ~P45 or more gradual
across adolescence (Juraska and Willing, 2017; Drzewiecki and
Juraska, 2020). In humans, female adolescents are arguably
the most at-risk population to experience an anxiety disorder
(Kessler et al., 2007; Craske et al., 2017). Consistent with such
epidemiology, one study showed that estrous phase associated
with the highest level of estradiol during extinction significantly
impaired extinction in female adolescent rats (Perry et al,
2020). Specifically, females in proestrus or met/diestrus froze
more than males during extinction, and females in met/diestrus
froze more than males at extinction recall. Females in estrus
or females that had not yet undergone menarche at extinction
did not differ from males (Perry et al,, 2020). Sex and estrus
phase on conditioning day generally had no effects during
acquisition and extinction of conditioned fear. Estrus phase
on extinction recall day also had no effects on freezing levels
on any behavioral day. Gonadectomy prior to the onset of
puberty (i.e., at P21) facilitated extinction and improved extinction
recall for female adolescent rats. In contrast to the females,
gonadectomy produced delayed extinction in males, although
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extinction recall was unaffected. Similarly, a mouse study showed
delayed extinction in adolescent females relative to males, with
no sex differences reported for spontaneous recovery and renewal
of extinguished fear (Lawson et al., 2022). In adolescence, there
is a significant cortical reorganization related to sex hormones
in rats that are more dramatic in females compared to males
(Juraska and Drzewiecki, 2020), which may underlie females’
sensitivity to estrous cycling and sex hormones in fear extinction.
Overall, estrogen is detrimental while testosterone enhances
extinction in adolescent rats, which may explain and model human
epidemiology. This adolescent finding is contradictory to research
in adults that estrogen is helpful for extinction (Milad et al., 2009),
demonstrating the importance of age in understanding sex effects
in extinction.

Interestingly, clear sex differences in extinction emerge in
response to lifestyle factors in adolescence (Drummond et al,
2021). In that study, male adolescent rats reared in isolation
showed impaired extinction recall, which was rescued by exercise
during isolation. In adolescent females, isolation transiently
disrupted conditioned fear acquisition, and exercise in isolation
impaired extinction recall. These sex differences in response
to isolation and/or exercise were unrelated to estrous cycling.
Notably, neurogenesis in the ventral hippocampus positively
correlated with extinction recall freezing levels in adolescent
females but not in males, with chronic suppression of neurogenesis
abolishing exercise effects in both sexes (Drummond et al,
2021). However, 4 days of alcohol drinking following extinction
did not sex-specifically affect spontaneous recovery and renewal
of extinguished fear (Lawson et al, 2022). Previous studies
have shown that the balance between dopamine receptor 1
and 2 (D1 to D2) may be unique in adolescent males and
females compared to other ages (Cullity et al., 2019; Bjerke
et al, 2022), with extinction increasing D2 expression in
adolescence and D1 expression in adulthood in PFC of male
rats (Zbukvic and Kim, 2018). These findings strongly suggest
hippocampus and PFC as potential mechanistic regions to explain
sex differences in extinction in adolescence that should further
be explored.

Aging sex differences in extinction of
conditioned fear

The PFC is a critical region for age-specific extinction (Ganella
et al, 2017b; Kim et al.,, 2017; Zbukvic et al., 2017; Zbukvic
and Kim, 2018; Perry et al, 2021). In humans, the PFC is one
of the first to atrophy in aging, which is consistently related to
reduced cognitive flexibility (Armstrong et al, 2019; Cui et al,
2023). Extinction could be considered a test of cognitive flexibility
because it involves the flexible retrieval of the fear memory or
the extinction memory depending on the appropriate circumstance
(Kaczorowski et al., 2012; Short et al., 2022). Sex differences in
aging PFC have been reported in longitudinal studies, with males
showing greater age-related thinning than females when observed
over 10 years (Pacheco et al., 2015), although other studies with
shorter observational periods have reported no sex differences
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(Yuan et al., 2018). These findings suggest that extinction may sex-
specifically change during aging, however, the studies are scarce in
any species.

In rats, extinction recall was impaired in middle-aged (13-18
months old) and aged (22-28 months old) compared to adults (3-
6 months old), which was associated with decreased excitability
in regular spiking neurons in the infralimbic cortex of PFC and
increased excitability in burst spiking neurons in the prelimbic
cortex of PFC (Kaczorowski et al., 2012). These findings are highly
insightful because the infralimbic cortex is generally considered
to drive fear reduction whereas the prelimbic cortex is considered
to drive fear expression (Maren et al., 2013). However, that study
only examined males, and it is only recently that both sexes
were tested for extinction in aging rodents. Specifically, aging
from adulthood (3 months old) to middle-age (11 months old)
increased conditioned fear expression similarly across male and
female mice (Short et al, 2022), which is consistent with the
increased excitability in the prelimbic cortex reported previously
(Kaczorowski et al., 2012). Conditioned freezing remained higher
in aged mice during fear retrieval and extinction recall (Short
et al., 2022). Further, middle-aged males showed higher levels of
conditioned fear retrieval but more rapid extinction acquisition
compared to females. Adult mice showed robust reinstatement
of extinguished fear, whereas middled-aged mice did not show
any reinstatement. There were no sex effects in reinstatement,
however, access to running wheels from 8 months of age rescued
reinstatement in male but not female middle-aged mice. In
that study, hippocampal brain-derived neurotrophic factor (Bdnf)
mRNA levels were measured after reinstatement test. Increased
hippocampal Bdnf expression in freely exercising rodents is a
well-established molecular correlate for neuronal growth and
survival relevant for exercise-associated benefits on brain and
behavior (Neeper et al., 1996; Berchtold et al., 2001; Cotman
et al, 2007). Surprisingly, aging did not affect hippocampal
brain-derived neurotrophic factor (Bdnf) mRNA levels, although
mice with running wheel access showed increased total Bdnf
and Bdnf exon 4 mRNA levels in both sexes (Short et al,
2022).

Taken together, sex effects were only observed during extinction
acquisition or following exercise in aging mice (Short et al,
2022). Therefore, continued exploration of the PFC and the
hippocampus processes, as well as other regions important
for extinction acquisition, such as the amygdala (Li et al,
2009; Madsen et al, 2017), are required to understand the
mechanisms underlying sex effects in aging. In addition, 11
months of age in rodents are considered peri-menopausal and
peri-andropausal (Lu et al, 1979), in which hormone levels
fluctuate not unlike adolescence. Sex hormones assessments of
extinction in aging rodents is critical to understand the biology
underlying fear and anxiety in aging, which may contribute to
the increased duration of anxiety disorders and reduced function
in aging human males (Preville et al., 2010; Vasiliadis et al,
2020).
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Conclusions

Age- and sex-specific preclinical research in extinction is clearly
relevant for effective research translation, with many observations
more clearly corresponding to clinical and epidemiological
characteristics of anxiety disorders than sex effects reported in
adults. For example, juvenile female rodents show relapse of
extinguished fear when males do not and high levels of estrogen
in adolescent female rodents are detrimental to extinction. These
findings can explain the higher prevalence of anxiety disorders
observed in females over males. We recommend researchers not
to only include both sexes but also to analyze and report statistical
findings concerning sex, considering that many studies now include
both sexes but often sex-specific and sex difference analyses are
unreported. The dearth of studies that report sex-specific findings
in extinction, with no information on critical periods such as before
and after menopause/andropause, is a glaring research gap that we
should strive to address.

Author contributions

SM: Visualization, Writing - original draft. CP: Visualization,
Writing - review & editing. JK: Conceptualization, Funding
acquisition, Supervision, Visualization, Writing - original draft,
Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by Australian Research Council Future Fellowship
FT220100351 (JK).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no impact
on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1298164
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Malik et al.

References

Anderson, D. J., and Adolphs, R. (2014). A framework for studying emotions across
species. Cell 157, 187-200. doi: 10.1016/j.cell.2014.03.003

Armstrong, N. M., An, Y., Beason-Held, L., Doshi, ], Erus,
G., PFerrucci, L, et al (2019). Sex differences in brain aging and
predictors of neurodegeneration in  cognitively healthy older adults.
Neurobiol. ~ Aging 81,  146-156.  doi:  10.1016/j.neurobiolaging.2019.0
5.020

Berchtold, N. C., Kesslak, J. P., Pike, C. J., Adlard, P. A.,, and Cotman, C. W.
(2001). Estrogen and exercise interact to regulate brain-derived neurotrophic factor
mRNA and protein expression in the hippocampus. Eur. J. Neurosci. 14, 1992-2002.
doi: 10.1046/j.0953-816x.2001.01825.x

Bjerke, I. E., Cullity, E. R, Kjelsberg, K., Charan, K. M., Leergaard, T. B.,
Kim, J. H,, et al. (2022). DOPAMAP, high-resolution images of dopamine 1 and
2 receptor expression in developing and adult mouse brains. Sci. Data 9, 175.
doi: 10.1038/s41597-022-01268-8

Blanchard, R. J., and Blanchard, D. C. (1969). Passive and active reactions to
fear-eliciting stimuli. J. Comp. Physiol. Psychol. 68, 129-135. doi: 10.1037/h0027676

Bouton, M. E., Westbrook, R. F., Corcoran, K. A., and Maren, S. (2006). Contextual
and temporal modulation of extinction: behavioral and biological mechanisms. Biol.
Psychiatry 60, 352-360. doi: 10.1016/j.biopsych.2005.12.015

Corcoran, K. A., Desmond, T. J., Frey, K. A., and Maren, S. (2005). Hippocampal
inactivation disrupts the acquisition and contextual encoding of fear extinction. J.
Neurosci. 25, 8978-8987. doi: 10.1523/JNEUROSCI.2246-05.2005

Cotman, C. W., Berchtold, N. C., and Christie, L.-A. (2007). Exercise builds brain
health: key roles of growth factor cascades and inflammation. Trends Neurosci. 30,
464-472. doi: 10.1016/j.tins.2007.06.011

Craske, M. G., Stein, M. B,, Eley, T. C.,, Milad, M. R., Holmes, A., Rapee,
R. M, et al. (2017). Anxiety disorders. Nat. Rev. Dis. Primers 3, 17024-17018.
doi: 10.1038/nrdp.2017.24

Cui, D., Wang, D, Jin, J, Liu, X., Wang, Y., Cao, W, et al. (2023). Age- and
sex-related differences in cortical morphology and their relationships with cognitive
performance in healthy middle-aged and older adults. Quant. Imaging Med. Surg. 13,
1083-1099. doi: 10.21037/qims-22-583

Cullity, E. R, Madsen, H. B, Perry, C. J,, and Kim, J. H. (2019). Postnatal
developmental trajectory of dopamine receptor 1 and 2 expression in cortical and
striatal brain regions. J. Comp. Neurol. 527, 1039-1055. doi: 10.1002/cne.24574

Drummond, K. D., Waring, M. L., Faulkner, G. J., Blewitt, M. E., Perry, C. J., Kim,
J. H,, et al. (2021). Hippocampal neurogenesis mediates sex-specific effects of social
isolation and exercise on fear extinction in adolescence. Neurobiol. Stress 15, 100367.
doi: 10.1016/j.ynstr.2021.100367

Drzewiecki, C. M., and Juraska, J. M. (2020). The structural reorganization of
the prefrontal cortex during adolescence as a framework for vulnerability to the
environment. Pharmacol. Biochem. Behav. 199, 173044. doi: 10.1016/j.pbb.2020.173044

Frederiksen, H., Johannsen, T. H., Andersen, S. E., Albrethsen, J., Landersoe, S. K.,
Petersen, J. H., et al. (2020). Sex-specific estrogen levels and reference intervals from
infancy to late adulthood determined by LC-MS/MS. J. Clin. Endocrinol. Metab. 105,
754-768. doi: 10.1210/clinem/dgz196

Ganella, D. E., Barendse, M. E., Kim, J. H., and Whittle, S. (2017a). Prefrontal-
amygdala connectivity and state anxiety during fear extinction recall in adolescents.
Front. Hum. Neurosci. 11, 587. doi: 10.3389/fnhum.2017.00587

Ganella, D. E., Drummond, K. D., Ganella, E. P., Whittle, S., and Kim, J. H. (2018a).
Extinction of conditioned fear in adolescents and adults: a human fMRI study. Front.
Hum. Neurosci. 11, 647. doi: 10.3389/fnhum.2017.00647

Ganella, D. E,, and Kim, J. H. (2014). Developmental rodent models of fear
and anxiety: from neurobiology to pharmacology. Br. J. Pharmacol. 171, 4556-4574.
doi: 10.1111/bph.12643

Ganella, D. E,, Lee-Kardashyan, L., Luikinga, S. J., Nguyen, D. L. D., Madsen, H. B.,
Zbukvig, L. C., et al. (2017b). Aripiprazole facilitates extinction of conditioned fear in
adolescent rats. Front. Behav. Neurosci. 11, 76. doi: 10.3389/fnbeh.2017.00076

Ganella, D. E., Nguyen, L. D., Lee-Kardashyan, L., Kim, L. E., Paolini, A. G., Kim,
J. H., et al. (2018b). Neurocircuitry of fear extinction in adult and juvenile rats. Behav.
Brain Res. 351, 161-167. doi: 10.1016/j.bbr.2018.06.001

Gogolla, N., Caroni, P., Liithi, A., and Herry, C. (2009). Perineuronal nets protect
fear memories from erasure. Science 325, 1258-1261. doi: 10.1126/science.1174146

Griffiths, B. B., Madden, A. M., Edwards, K. A., Zup, S. L., and Stary, C. M. (2019).
Age-dependent sexual dimorphism in hippocampal cornu ammonis-1 perineuronal
net expression in rats. Brain Behav. 9, €01265-01265. doi: 10.1002/brb3.1265

Haaker, J., Maren, S., Andreatta, M., Merz, C. J., Richter, J., Richter, S. H., et al.
(2019). Making translation work: harmonizing cross-species methodology in the
behavioural neuroscience of Pavlovian fear conditioning. Neurosci. Biobehav. Rev. 107,
329-345. doi: 10.1016/j.neubiorev.2019.09.020

Frontiers in Behavioral Neuroscience

10.3389/fnbeh.2023.1298164

Hartley, C. A., and Casey, B. J. (2013). Risk for anxiety and implications
for treatment: developmental, environmental, and genetic factors governing fear
regulation. Ann. N. Y. Acad. Sci. 1304, 1-13. doi: 10.1111/nyas.12287

Juraska, J. M., and Drzewiecki, C. M. (2020). Cortical reorganization during
adolescence: what the rat can tell us about the cellular basis. Dev. Cogn. Neurosci. 45,
100857. doi: 10.1016/j.dcn.2020.100857

Juraska, J. M., and Willing, J. (2017). Pubertal onset as a critical transition for neural
development and cognition. Brain Res. 1654, 87-94. doi: 10.1016/j.brainres.2016.04.012

Kaczorowski, C. C., Davis, S. J, and Moyer, J. R. Jr. (2012).
Aging redistributes medial prefrontal neuronal excitability and impedes
extinction of trace fear conditioning. Neurobiol. Aging 33, 1744-1757.

doi: 10.1016/j.neurobiolaging.2011.03.020

Kessler, R. C., Angermeyer, M., Anthony, J. C., De Graaf, R. O., Demyttenaere, K.,
Gasquet, I, et al. (2007). Lifetime prevalence and age-of-onset distributions of mental
disorders in the World Health Organization’s World Mental Health Survey Initiative.
World Psychiatry 6, 168-176.

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Merikangas, K. R., Walters, E. E.,
et al. (2005). Lifetime prevalence and age-of-onset distributions of DSM-IV disorders
in the National Comorbidity Survey Replication. Arch. Gen. Psychiatry 62, 593-602.
doi: 10.1001/archpsyc.62.6.593

Kim, J. H. (2017). Reducing fear during childhood to prevent anxiety disorders
later: insights from developmental psychobiology. Policy Insights Behav. Brain Sci. 4,
131-138. doi: 10.1177/2372732217719544

Kim, J. H., and Ganella, D. E. A. (2015). Review of preclinical studies to understand
fear during adolescence. Austral. Psychol. 50, 25-31. doi: 10.1111/ap.12066

Kim, J. H., Hamlin, A. S., and Richardson, R. (2009). Fear extinction across
development: the involvement of the medial prefrontal cortex as assessed by
temporary inactivation and immunohistochemistry. J. Neurosci. 29, 10802-10808.
doi: 10.1523/JNEUROSCI.0596-09.2009

Kim, J. H,, Li, S., and Richardson, R. (2011). Immunohistochemical analyses of
long-term extinction of conditioned fear in adolescent rats. Cereb. Cortex 21, 530-538.
doi: 10.1093/cercor/bhql16

Kim, J. H., Perry, C. J., Ganella, D. E., and Madsen, H. B. (2017). Postnatal
development of neurotransmitter systems and their relevance to extinction of
conditioned fear. Neurobiol. Learn Mem. 138, 252-270. doi: 10.1016/j.nlm.2016.10.018

Kim, J. H., and Richardson, R. (2007a). A developmental dissociation in
reinstatement of an extinguished fear response in rats. Neurobiol. Learn Mem. 88,
48-57. doi: 10.1016/j.nlm.2007.03.004

Kim, J. H., and Richardson, R. (2007b). A developmental dissociation of context
and GABA effects on extinguished fear in rats. Behav. Neurosci. 121, 131-139.
doi: 10.1037/0735-7044.121.1.131

Kim, J. H., and Richardson, R. (2008). The effect of temporary amygdala inactivation
on extinction and reextinction of fear in the developing rat: unlearning as a
potential mechanism for extinction early in development. J. Neurosci. 28, 1282-1290.
doi: 10.1523/JNEUROSCI.4736-07.2008

Kim, J. H., and Richardson, R. (2009). The effect of the mu-opioid receptor
antagonist naloxone on extinction of conditioned fear in the developing rat. Learn.
Mem. 16, 161-166. doi: 10.1101/1m.1282309

Kim, J. H., and Richardson, R.
does not involve NMDA receptors. Neurobiol.
doi: 10.1016/j.n1m.2010.05.004

(2010a). Extinction in preweanling rats
Learn Mem. 94, 176-182.

Kim, J. H., and Richardson, R. (2010b). New findings on extinction of conditioned
fear early in development: theoretical and clinical implications. Biol. Psychiatry 67,
297-303. doi: 10.1016/j.biopsych.2009.09.003

Kim, J. J., and Fanselow, M. S. (1992). Modality-specific retrograde amnesia of fear.
Science 256, 675-677. doi: 10.1126/science.1585183

Koss, W. A., and Frick, K. M. (2016). Sex differences in hippocampal function. J.
Neurosci. Res. 95, 539-562. doi: 10.1002/jnr.23864

Lawson, K., Scarlata, M. J., Cho, W. C., Mangan, C., Petersen, D., Thompson,
H. M., et al. (2022). Adolescence alcohol exposure impairs fear extinction
and alters medial prefrontal cortex plasticity. Neuropharmacology 211, 109048.
doi: 10.1016/j.neuropharm.2022.109048

Lee, C,, Lee, B. H,, Jung, H,, Lee, C,, Sung, Y., Kim, H,, et al. (2023). Hippocampal
engram networks for fear memory recruit new synapses and modify pre-existing
synapses in vivo. Curr. Biol. 33, 507-516.503. doi: 10.1016/j.cub.2022.12.038

Lewinsohn, P. M., Gotlib, I. H., Lewinsohn, M., Seeley, J. R., and Allen, N. B.
(1998). Gender differences in anxiety disorders and anxiety symptoms in adolescents.
J. Abnorm. Psychol. 107, 109-117. doi: 10.1037/0021-843X.107.1.109

Li, G., Nair, S. S., and Quirk, G. J. (2009). A biologically realistic network model of
acquisition and extinction of conditioned fear associations in lateral amygdala neurons.
J. Neurophysiol. 101, 1629-1646. doi: 10.1152/jn.90765.2008

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1298164
https://doi.org/10.1016/j.cell.2014.03.003
https://doi.org/10.1016/j.neurobiolaging.2019.05.020
https://doi.org/10.1046/j.0953-816x.2001.01825.x
https://doi.org/10.1038/s41597-022-01268-8
https://doi.org/10.1037/h0027676
https://doi.org/10.1016/j.biopsych.2005.12.015
https://doi.org/10.1523/JNEUROSCI.2246-05.2005
https://doi.org/10.1016/j.tins.2007.06.011
https://doi.org/10.1038/nrdp.2017.24
https://doi.org/10.21037/qims-22-583
https://doi.org/10.1002/cne.24574
https://doi.org/10.1016/j.ynstr.2021.100367
https://doi.org/10.1016/j.pbb.2020.173044
https://doi.org/10.1210/clinem/dgz196
https://doi.org/10.3389/fnhum.2017.00587
https://doi.org/10.3389/fnhum.2017.00647
https://doi.org/10.1111/bph.12643
https://doi.org/10.3389/fnbeh.2017.00076
https://doi.org/10.1016/j.bbr.2018.06.001
https://doi.org/10.1126/science.1174146
https://doi.org/10.1002/brb3.1265
https://doi.org/10.1016/j.neubiorev.2019.09.020
https://doi.org/10.1111/nyas.12287
https://doi.org/10.1016/j.dcn.2020.100857
https://doi.org/10.1016/j.brainres.2016.04.012
https://doi.org/10.1016/j.neurobiolaging.2011.03.020
https://doi.org/10.1001/archpsyc.62.6.593
https://doi.org/10.1177/2372732217719544
https://doi.org/10.1111/ap.12066
https://doi.org/10.1523/JNEUROSCI.0596-09.2009
https://doi.org/10.1093/cercor/bhq116
https://doi.org/10.1016/j.nlm.2016.10.018
https://doi.org/10.1016/j.nlm.2007.03.004
https://doi.org/10.1037/0735-7044.121.1.131
https://doi.org/10.1523/JNEUROSCI.4736-07.2008
https://doi.org/10.1101/lm.1282309
https://doi.org/10.1016/j.nlm.2010.05.004
https://doi.org/10.1016/j.biopsych.2009.09.003
https://doi.org/10.1126/science.1585183
https://doi.org/10.1002/jnr.23864
https://doi.org/10.1016/j.neuropharm.2022.109048
https://doi.org/10.1016/j.cub.2022.12.038
https://doi.org/10.1037/0021-843X.107.1.109
https://doi.org/10.1152/jn.90765.2008
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Malik et al.

Li, L., Gao, X., and Zhou, Q. (2018). Absence of fear renewal and functional
connections between prefrontal cortex and hippocampus in infant mice. Neurobiol.
Learn Mem. 152, 1-9. doi: 10.1016/j.nlm.2018.04.011

Lu, K. H., Hopper, B. R., Vargo, T. M., and Yen, S. S. (1979). Chronological
changes in sex steroid, gonadotropin and prolactin secretion in aging female
rats displaying different reproductive states. Biol Reprod. 21, 193-203.
doi: 10.1095/biolreprod21.1.193

Madsen, H. B., Guerin, A. A,, and Kim, J. H. (2017). Investigating the role of
dopamine receptor- and parvalbumin-expressing cells in extinction of conditioned
fear. Neurobiol. Learn Mem. 145, 7-17. doi: 10.1016/j.nlm.2017.08.009

Madsen, H. B., and Kim, J. H., Ontogeny of memory: an update on 40 years of work
on infantile amnesia. Behav. Brain Res. (2016) 298:4-14. doi: 10.1016/j.bbr.2015.07.030

Maren, S., Phan, K. L., and Liberzon, I. (2013). The contextual brain: implications
for fear conditioning, extinction and psychopathology. Nat. Rev. Neurosci. 14, 417-428.
doi: 10.1038/nrn3492

McCallum, J., Kim, J. H., and Richardson, R. (2010). Impaired extinction retention
in adolescent rats: effects of D-cycloserine. Neuropsychopharmacology 35, 2134-2142.
doi: 10.1038/npp.2010.92

McLean, C. P., Asnaani, A., Litz, B. T., and Hofmann, S. G. (2011). Gender
differences in anxiety disorders: prevalence, course of illness, comorbidity and burden
of illness. J. Psychiatr. Res. 45, 1027-1035. doi: 10.1016/j.jpsychires.2011.03.006

Milad, M. R, Igoe, S. A., Lebron-Milad, K., and Novales, J. (2009). Estrous cycle
phase and gonadal hormones influence conditioned fear extinction. NSC 164, 887-895.
doi: 10.1016/j.neuroscience.2009.09.011

Mineka, S., and Zinbarg, R. (2006). A contemporary learning theory perspective
on the etiology of anxiety disorders: it’s not what you thought it was. Am. Psychol. 61,
10-26. doi: 10.1037/0003-066X.61.1.10

Neeper, S. A., Gomez-Pinilla, F., Choi, J., and Cotman, C. W. (1996). Physical
activity increases mRNA for brain-derived neurotrophic factor and nerve growth factor
in rat brain. Elsevier 726, 49-56. doi: 10.1016/0006-8993(96)00273-9

Orsini, C. A., Kim, J. H,, Knapska, E., and Maren, S. (2011). Hippocampal and
prefrontal projections to the basal amygdala mediate contextual regulation of fear
after extinction. J. Neurosci. 31, 17269-17277. doi: 10.1523/J]NEUROSCIL.4095-11.
2011

Overman, W. H,, Pate, B. J., Moore, K., and Peuster, A. (1996). Ontogeny of place
learning in children as measured in the radial arm maze, Morris search task, and open
field task. Behav. Neurosci. 110, 1205-1228. doi: 10.1037/0735-7044.110.6.1205

Pacheco, J., Goh, J. O., Kraut, M. A., Ferrucci, L., and Resnick, S. M.
(2015). Greater cortical thinning in normal older adults predicts later cognitive
impairment. Neurobiol. Aging 36, 903-908. doi: 10.1016/j.neurobiolaging.2014.0
8.031

Park, C. H. J., Ganella, D. E., and Kim, J. H. (2017a). Juvenile female rats, but not
male rats, show renewal, reinstatement, and spontaneous recovery following extinction
of conditioned fear. Learn Mem. 24, 630-636. doi: 10.1101/lm.045831.117

Frontiersin Behavioral Neuroscience

06

10.3389/fnbeh.2023.1298164

Park, C. H. J,, Ganella, D. E., and Kim, J. H. (2017b). A dissociation between
renewal and contextual fear conditioning in juvenile rats. Dev. Psychobiol. 59, 515-522.
doi: 10.1002/dev.21516

Park, C. H. J., Ganella, D. E,, and Kim, J. H. (2020a). Context fear learning and
renewal of extinguished fear are dissociated in juvenile female rats. Dev. Psychobiol. 62,
123-129. doi: 10.1002/dev.21888

Park, C. H.J., Ganella, D. E., Perry, C.]., and Kim, J. H. (2020b). Dissociated roles of
dorsal and ventral hippocampus in recall and extinction of conditioned fear in male and
female juvenile rats. Exp. Neurol. 329, 113306. doi: 10.1016/j.expneurol.2020.113306

Pattwell, S. S., Duhoux, S., Hartley, C. A., Johnson, D. C,, Jing, D., Elliott, M. D., et al.
(2012). Altered fear learning across development in both mouse and human. Proc. Natl.
Acad. Sci. U. S. A. 109, 16318-16323. doi: 10.1073/pnas.1206834109

Perry, C. J., Campbell, E. J., Drummond, K. D., Lum, J. S., and Kim, J. H. (2021).
Sex differences in the neurochemistry of frontal cortex: impact of early life stress. J.
Neurochem. 157, 963-981. doi: 10.1111/jnc.15208

Perry, C. J., Ganella, D. E,, Nguyen, L. D., Du, X., Drummond, K. D., Whittle, S.,
et al. (2020). Assessment of conditioned fear extinction in male and female adolescent
rats. Psychoneuroendocrinology 116, 104670. doi: 10.1016/j.psyneuen.2020.104670

Preville, M., Boyer, R., Vasiliadis, H. M., Grenier, S., Streiner, D., Cairney, J., et al.
(2010). Persistence and remission of psychiatric disorders in the quebec older adult
population. Can. J. Psychiatry 55, 514-522. doi: 10.1177/070674371005500806

Short, A. K, Bui, V., Zbukvic, I. C, Hannan, A. J, Pang, T. Y., Kim, J.
H., et al. (2022). Sex-dependent effects of chronic exercise on cognitive flexibility
but not hippocampal Bdnf in aging mice. Neuronal. Signal 6, NS20210053.
doi: 10.1042/NS20210053

Vasiliadis, H. M., Desjardins, F., Roberge, P., and Grenier, S. (2020). Sex
differences in anxiety disorders in older adults. Curr. Psychiatry Rep. 22, 75.
doi: 10.1007/s11920-020-01203-x

Yuan, P., Voelkle, M. C., and Raz, N. (2018). Fluid intelligence and gross structural
properties of the cerebral cortex in middle-aged and older adults: a multi-occasion
longitudinal study. Neuroimage 172, 21-30. doi: 10.1016/j.neuroimage.2018.01.032

Zbukvic, 1. C, and Kim, J. H. (2018). Divergent prefrontal dopaminergic
mechanisms ~ mediate  drug-and  fear-associated cue extinction  during
adolescence  versus  adulthood.  Eur.  Neuropsychopharmacol. 28, 1-12.
doi: 10.1016/j.euroneuro.2017.11.004

Zbukvic, I. C., Park, C. H., Ganella, D. E., Lawrence, A. J., and Kim, J. H.
(2017). Prefrontal dopaminergic mechanisms of extinction in adolescence compared
to adulthood in rats. Front. Behav. Neurosci. 11, 32. doi: 10.3389/fnbeh.2017.00032

Zeidan, M. A., Igoe, S. A., Linnman, C., Vitalo, A., Levine, J. B., Klibanski, A.,
et al. (2011). Estradiol modulates medial prefrontal cortex and amygdala activity
during fear extinction in women and female rats. Biological. Psychiatry 70, 920-927.
doi: 10.1016/j.biopsych.2011.05.016

Zucker, I, and Beery, A. K. (2010). Males still dominate animal studies. Nature 465,
690. doi: 10.1038/465690a

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1298164
https://doi.org/10.1016/j.nlm.2018.04.011
https://doi.org/10.1095/biolreprod21.1.193
https://doi.org/10.1016/j.nlm.2017.08.009
https://doi.org/10.1016/j.bbr.2015.07.030
https://doi.org/10.1038/nrn3492
https://doi.org/10.1038/npp.2010.92
https://doi.org/10.1016/j.jpsychires.2011.03.006
https://doi.org/10.1016/j.neuroscience.2009.09.011
https://doi.org/10.1037/0003-066X.61.1.10
https://doi.org/10.1016/0006-8993(96)00273-9
https://doi.org/10.1523/JNEUROSCI.4095-11.2011
https://doi.org/10.1037/0735-7044.110.6.1205
https://doi.org/10.1016/j.neurobiolaging.2014.08.031
https://doi.org/10.1101/lm.045831.117
https://doi.org/10.1002/dev.21516
https://doi.org/10.1002/dev.21888
https://doi.org/10.1016/j.expneurol.2020.113306
https://doi.org/10.1073/pnas.1206834109
https://doi.org/10.1111/jnc.15208
https://doi.org/10.1016/j.psyneuen.2020.104670
https://doi.org/10.1177/070674371005500806
https://doi.org/10.1042/NS20210053
https://doi.org/10.1007/s11920-020-01203-x
https://doi.org/10.1016/j.neuroimage.2018.01.032
https://doi.org/10.1016/j.euroneuro.2017.11.004
https://doi.org/10.3389/fnbeh.2017.00032
https://doi.org/10.1016/j.biopsych.2011.05.016
https://doi.org/10.1038/465690a
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

	Age-specific sex effects in extinction of conditioned fear in rodents
	Introduction
	Extinction as a new inhibitory learning that competes with the fear memory
	Juvenile sex differences in extinction of conditioned fear
	Adolescent sex differences in extinction of conditioned fear
	Aging sex differences in extinction of conditioned fear
	Conclusions
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


