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Abstract

Impaired fear extinction capability is one of the hallmarks of posttraumatic
stress disorder (PTSD). Previous studies have shown that extinction training
conducted shortly after fear acquisition cannot form long-term extinction mem-
ory compared to delayed extinction, a phenomenon known as immediate extinc-
tion deficit. However, it is currently unclear whether this deficit is a one-time
occurrence or whether it continues to affect subsequent re-extinction. In Ex-
periment 1, rats began extinction training at 1 hour (immediate extinction)
or 24 hours (delayed extinction) after fear acquisition, underwent re-extinction
24 hours later, and were tested for extinction memory after another 24 hours.
The results showed that, compared to delayed extinction, immediate extinction
was deficient in efficacy and caused the re-extinction on the following day to
also exhibit efficacy deficits. In Experiment 2, rats were administered saline
or the f-adrenergic receptor blocker propranolol (10 mg/kg, i.p.) immediately
after fear acquisition, and the effects of immediate extinction and re-extinction
were then tested. The results showed that although propranolol did not pre-
vent the deficit in immediate extinction, it prevented the occurrence of deficits
in re-extinction. In summary, immediate extinction after severe trauma not
only fails to effectively suppress fear responses but may also cause secondary
trauma, impairing fear extinction capability, whereas propranolol can repair the
re-extinction deficits caused by immediate extinction. These results will help
deepen our understanding of the pathological mechanisms of PTSD and the
consequences of early intervention.
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Abstract

Impaired fear extinction capacity represents a hallmark of posttraumatic stress
disorder (PTSD). Previous research has demonstrated that extinction training
conducted shortly after fear acquisition fails to form long-term extinction mem-
ory compared to delayed extinction, a phenomenon known as the immediate
extinction deficit (IED). However, it remains unclear whether this deficit is a
one-time occurrence or continues to impair subsequent re-extinction. In Experi-
ment 1, rats underwent extinction training either 1 hour (immediate extinction)
or 24 hours (delayed extinction) after fear acquisition, followed by re-extinction
24 hours later and an extinction memory test after another 24 hours. The results
showed that compared to delayed extinction, immediate extinction not only was
ineffective but also caused a deficit in re-extinction the following day.

In Experiment 2, rats received either saline or the S-adrenergic receptor antag-
onist propranolol (10 mg/kg, i.p.) immediately after fear acquisition, followed
by tests of immediate extinction and re-extinction. The results revealed that
although propranolol did not prevent the immediate extinction deficit, it pre-
vented the deficit in re-extinction. In summary, immediate extinction after
severe trauma not only fails to effectively suppress fear responses but may also
constitute a secondary trauma that impairs fear extinction capacity, while pro-
pranolol can repair the re-extinction deficit caused by immediate extinction.
These findings advance our understanding of PTSD pathological mechanisms
and the consequences of early intervention.

Keywords: conditioned fear, immediate extinction deficit, re-extinction, (-
adrenergic receptor antagonist, propranolol

1 Introduction

Posttraumatic stress disorder (PTSD) is a psychiatric condition that emerges
after individuals experience life-threatening events, typically manifesting as fear,
anxiety, trauma-related intrusive memories, nightmares, and other symptoms
(American Psychiatric Association, 2013). The COVID-19 pandemic in 2020
threatened the lives of tens of thousands of people in China, some of whom may
develop PTSD as a result. Trauma-related fear memories constitute a critical
pathological basis for PTSD (Careaga et al., 2016). Fear conditioning represents
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a crucial paradigm for investigating fear acquisition, expression, extinction, and
relapse (Vervliet et al., 2013). In this paradigm, a neutral stimulus (e.g., a
tone, conditioned stimulus, CS) is repeatedly paired with an aversive stimu-
lus (e.g., electric shock, unconditioned stimulus, US), enabling the organism
to learn that the CS predicts the US, thereby forming a CS-US fear memory.
Subsequently, the CS alone can elicit fear responses, known as conditioned fear.
If the CS is presented repeatedly without the US, the organism’ s fear response
gradually decreases—a process called extinction. In clinical practice, exposure
therapy based on extinction principles constitutes a primary treatment method
for PTSD (Vervliet et al., 2013). However, following extinction training, fear
responses can recover under various conditions, such as after the passage of time
(spontaneous recovery), when the CS appears in a context different from the ex-
tinction context (renewal), or after exposure to stressful events (reinstatement)
(Vervliet et al., 2013). This occurs because extinction training only teaches the
organism that the CS no longer predicts the US, forming a CS-noUS extinc-
tion memory that competes with, rather than erases, the original fear memory.
These fear relapse phenomena indicate that fear memories are strong, persistent,
and easily retrieved, whereas extinction memories are weak, context-dependent,
and difficult to retrieve under stress. Therefore, disrupting fear memories or
enhancing extinction memories would help prevent fear relapse.

Memories are unstable immediately after acquisition and gradually stabilize
through a consolidation process. During this consolidation window, memories
are vulnerable to disruption by behavioral or pharmacological interventions (Mc-
Gaugh, 2000). Some scholars have suggested that conducting extinction learning
during the fear memory consolidation window might permanently replace the
original fear memory with a new, safe memory (Maren & Chang, 2006). How-
ever, studies in humans and rodents have shown that although both immediate
extinction groups (extinction conducted 15 minutes to 6 hours post-trauma)
and delayed extinction groups (extinction conducted more than 24 hours post-
trauma) exhibit gradual decreases in fear responses during extinction training,
the immediate extinction groups show fear response recovery 24 hours (Merz et
al., 2016; Singh et al., 2018; Stafford et al., 2013) or 48 hours (Fitzgerald et al.,
2015; Giustino et al., 2017; Maren & Chang, 2006; Totty et al., 2019) later, with
significantly higher fear responses than the delayed extinction groups. This in-
dicates that the fear suppression effect produced by immediate extinction is less
durable than that produced by delayed extinction, a phenomenon termed the
immediate extinction deficit (IED) (Maren, 2014). During immediate extinc-
tion, individuals show gradually decreasing fear responses during the extinction
training session, and fear responses remain low in a test conducted 15 minutes
after extinction (Chang & Maren, 2009). However, fear responses recover after
longer intervals, such as 24 hours later (Huff et al., 2009; Merz et al., 2016;
Stafford et al., 2013; Woods & Bouton, 2008), suggesting that extinction mem-
ory consolidation is impaired. The current consensus is that IED results from
high stress and emotional arousal levels triggered by the fear acquisition process
(using strong aversive stimuli such as electric shocks) that persist during imme-
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diate extinction, which impairs extinction memory consolidation. Over time,
fear-induced stress and emotional arousal gradually decrease, reaching lower
levels by the time of delayed extinction, leaving extinction memory unaffected
(Giustino et al., 2017; Maren, 2014; Maren & Chang, 2006; Totty et al., 2019).

Although previous studies have identified the immediate extinction deficit phe-
nomenon under high stress levels, they have not further examined whether this
deficit continues to affect subsequent re-extinction under low stress levels. Given
that immediate extinction may be applied as an early intervention after trauma,
and early intervention is widely used in clinical practice and considered an ef-
fective strategy for limiting subsequent psychopathological development (Roth-
baum et al., 2014), it is necessary to investigate whether immediate extinction
after severe trauma merely represents a one-time memory consolidation failure
due to stress, or whether immediate extinction itself constitutes a secondary
traumatic event that continually impairs extinction learning capacity. Since
extinction deficits are associated with PTSD symptoms and considered a robust
clinical endophenotype of PTSD (Giustino et al., 2016; Wicking et al., 2016),
this question holds special significance in the current “Research Domain Criteria
(RDoC)” era (Singewald & Holmes, 2019). Therefore, we conducted Experiment
1 to test this hypothesis. The results showed that immediate extinction after se-
vere trauma produced a deficit, and re-extinction the following day also showed
a deficit and failed to effectively reduce fear responses. However, if immediate
extinction had not occurred previously, the extinction session on the second day
(i.e., the first extinction session in the delayed extinction group) significantly re-
duced fear responses, suggesting that the immediate extinction procedure itself
may be a secondary traumatic event that damages the capacity for fear extinc-
tion, leading to poor re-extinction outcomes.

Stress (such as electric shocks) activates the locus coeruleus-norepinephrine (LC-
NE) system, causing massive NE release (Borodovitsyna et al., 2018; McCall
et al., 2015). NE can dynamically modulate conditioned fear and extinction
learning, either promoting or impairing these processes depending on NE levels.
Under high NE levels (such as shortly after fear conditioning), the LC enhances
amygdala function to promote fear learning while simultaneously impairing pre-
frontal cortex function involved in extinction learning. Under low NE levels, the
LC enhances prefrontal inhibition of the amygdala, promoting fear extinction
(Giustino & Maren, 2018). Studies have found that injecting the S-adrenergic
receptor antagonist propranolol immediately after strong shock fear condition-
ing, either systemically (Fitzgerald et al., 2015) or into the basolateral amygdala
(BLA) (Giustino et al., 2017), can reduce pre-extinction stress levels and rescue
TIED. Activating the LC using chemogenetic methods before weak shock condi-
tioning induces IED, while injecting propranolol into the BLA blocks this effect
(Giustino et al., 2020). Building on Experiment 1, we conducted Experiment
2 to investigate whether propranolol administered before immediate extinction
could rescue IED while simultaneously preventing immediate extinction from
acting as a secondary trauma that continually damages extinction capacity.
We found that propranolol could prevent the damaging effects of immediate ex-
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tinction on extinction capacity. These results will enhance our understanding
of PTSD pathological mechanisms and early intervention outcomes, and help
us apply interventions appropriately and effectively after trauma exposure to
avoid secondary trauma caused by the intervention itself.

2 Methods
2.1 Experimental Animals

Male Sprague-Dawley (SD) rats (purchased from Beijing Vital River Laboratory
Animal Technology) with initial body weights of 240-260 g were group-housed
in stainless steel cages (28.5 cm X 22.5 cm x 50 c¢cm) at four rats per cage with ad
libitum access to water and food. The light cycle was 7:00-19:00. Laboratory
temperature was maintained at 20-22°C with relative humidity of 40%-70%.
After seven days of acclimation, during which animals were regularly handled
to adapt to experimenter manipulation and exclude non-specific stress factors,
all experimental procedures were approved by the Experimental Animal Ethics
Committee of Henan Key Lab of Biological Psychiatry.

2.2 Experimental Apparatus

The rat fear conditioning system and experimental data collection and anal-
ysis system (FreezeFrame Video-Based Conditioned Fear System, Coulbourn)
consisted of a conditioning chamber (30.5 cm x 25.5 cm X 30.5 cm) with a
speaker mounted on one side wall, a floor composed of 18 stainless steel rods
through which electric current could be delivered, and a camera mounted on
top to record animal behavior. Both the speaker and shock generator were
computer-controlled. Two contexts were used: Context A was an unmodified
fear conditioning chamber used for fear acquisition training, while Context B
was modified in visual, olfactory, and tactile aspects to be completely different
from the original training chamber and used for fear extinction. Four condition-
ing chambers were used simultaneously in experiments.

2.3 Experimental Procedures

Experiment 1 randomly divided rats into four groups (n = 8 per group):
Immediate Extinction (tone exposure in Context B 1 hour after fear acquisition),
Immediate No-Extinction (no tone exposure in Context B 1 hour after fear
acquisition), Delayed Extinction (tone exposure in Context B 24 hours after
fear acquisition), and Delayed No-Extinction (no tone exposure in Context B 24
hours after fear acquisition). The timing of immediate and delayed extinction
followed Chang and Maren (2009). All groups underwent three stages: fear
acquisition, extinction, and post-extinction testing. The specific experimental
procedure is shown in Figure 1 [Figure 1: see original paper]A.

Fear Acquisition: Rats were placed in the fear conditioning chamber (Context
A) and allowed to acclimate for 3 minutes, followed by five tone (30 s, 80 dB, 2
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kHz)-shock (1 s, 1.0 mA) pairing trials with inter-trial intervals of 1-3 minutes
(average 2 minutes). Animals were returned to their home cages 2 minutes after
the final shock.

Fear Extinction: Rats were placed in Context B and allowed to acclimate for
2 minutes, followed by 30 tone CS trials (30 s each) with 1-minute inter-trial
intervals. Animals were returned to their home cages 1 minute after the final
tone. Pilot studies showed that 30 CS trials significantly reduced fear responses.

Post-Extinction Test: Rats were placed in the test environment, allowed to
acclimate for 2 minutes, and then presented with four continuous CS tones (80
dB, 2 kHz). Animals were returned to their home cages 1 minute after tone
offset.

Experiment 2 randomly divided rats into two groups (n = 10 per group): Im-
mediate Extinction Saline and Immediate Extinction Propranolol. Except for
receiving an intraperitoneal injection of 10 mg/kg saline or propranolol imme-
diately after fear acquisition, these groups underwent the same fear acquisition,
extinction, and testing procedures as Experiment 1. The specific experimental
procedure is shown in Figure 2 [Figure 2: see original paper]A. The dosage was
selected based on previous behavioral studies using a single dose of 10 mg/kg
propranolol (Fan et al., 2011; Fitzgerald et al., 2015; Khan et al., 2018; Mu-
ravieva & Alberini, 2010; Przybyslawski et al., 1999; Robinson & Franklin, 2010;
Rodriguez-Romaguera et al., 2009; Taherian et al., 2014), which demonstrated
that this dose significantly reduces fear levels without affecting extinction ac-
quisition, consolidation, or retrieval (Rodriguez-Romaguera et al., 2009). Pro-
pranolol was administered immediately after fear acquisition and 1 hour before
immediate extinction (Chang & Maren, 2009, 2011) because previous studies
reported inconsistent effects of propranolol on extinction memory depending
on timing. For instance, systemic propranolol injection (10 mg/kg) 20 minutes
before delayed extinction reduced fear during extinction without impairing ex-
tinction memory acquisition, consolidation, or retrieval (Rodriguez-Romaguera
et al., 2009), whereas Cain et al. (2004) reported that subcutaneous propranolol
(10 mg/kg) 20 minutes before delayed extinction increased fear during extinc-
tion, and Fitzgerald et al. (2015) found that systemic propranolol (10 mg/kg)
30 minutes before immediate extinction reduced fear and promoted extinction,
while the same injection before delayed extinction increased fear and impaired
next-day extinction retrieval. The present study aimed to reduce elevated NE
levels induced by fear acquisition training without affecting the immediate ex-
tinction process itself, so propranolol was administered immediately after fear
acquisition (Fitzgerald et al., 2015) but with a longer 1-hour interval before
immediate extinction (Chang & Maren, 2009, 2011).

2.4 Measurement Indices

The fear conditioning experimental data collection and analysis system automat-
ically analyzed fear behavior. Rat fear behavior was manifested as “freezing” —
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the absence of all movement except breathing, recorded when lasting more than
1 second. The fear level index was calculated as the percentage of freezing time
relative to CS presentation time. All data were analyzed using SPSS 24.0. Re-
peated measures ANOVA was performed on freezing behavior across all stages
(fear acquisition, fear extinction, fear testing), with Bonferroni post-hoc tests
or independent and paired samples t-tests used to compare freezing differences
between stages.

3 Results

3.1 Experiment 1: Immediate Extinction Induced Re-Extinction
Deficit

Fear Acquisition Stage (see Figure 1B): Repeated measures ANOVA showed no
significant main effect of interval (1 h vs. 24 h) (p = 0.68), no significant main
effect of treatment (extinction vs. no extinction) (p = 0.64), and no significant
interval x treatment interaction (p = 0.34). The trial effect was significant,
F(4, 112) = 52.09, p < 0.001, partial 2 = 0.65, with fear levels increasing across
training trials in all groups. The trial x interval interaction was not significant
(p =0.94). The trial x treatment interaction was significant, F(4, 112) = 3.11, p
= 0.02, partial 2 = 0.10, while the trial x interval x treatment interaction was
not significant (p = 0.14). One-way ANOVA revealed no differences between
groups in the final acquisition trial (p = 0.97) or in the mean of trials 2-5 (p =
0.72), indicating equivalent fear acquisition across groups.

Because the extinction chamber was small and monotonous, the extinction stage
lasted 47 minutes (30 trials) and was conducted during the daytime, some rats
showed reduced exploration and transitioned to resting or even sleep behavior
as they became familiar with the extinction environment. According to control
rats that did not receive extinction, resting immobility was already substantial
by the 10th extinction trial (after 17 minutes in Context B) (see Figure 1B).
However, the computer analysis software cannot distinguish between freezing
and sleep behavior (both involve immobility). Therefore, we present only the
first 10 trials of each extinction session and compare only the mean fear levels
across the first four CS trials of extinction 1, extinction 2, and testing (Figure
1D) to exclude interference from resting or sleep behavior. The mean of the first
four CS trials of extinction 1 reflects fear expression after fear conditioning, the
mean of the first four CS trials of extinction 2 reflects retention of extinction 1,
and the mean of the four CS trials during testing reflects retention of extinction
2.

Fear Eztinction 1 Stage (see Figure 1B): Repeated measures ANOVA showed a
marginally significant main effect of interval (1 h vs. 24 h), F(1, 28) =3.91, p =
0.06, partial 2 = 0.12, a significant main effect of treatment (extinction vs. no
extinction), F(1, 28) = 23.01, p < 0.001, partial 2 = 0.45, and no significant
interval x treatment interaction (p = 0.74). The trial effect was significant, F(9,
252) = 1.97, p = 0.04, partial 2 = 0.07. The trial x interval interaction was not
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significant (p = 0.79). The trial x treatment interaction was significant, F(9,
252) = 3.36, p = 0.001, partial 2 = 0.11, while the trial x interval x treatment
interaction was not significant (p = 0.99).

Fear Extinction 2 Stage (see Figure 1B middle): Repeated measures ANOVA
showed no significant main effect of interval (1 h vs. 24 h) (p = 0.34), a significant
main effect of treatment (extinction vs. no extinction), F(1, 28) = 8.06, p = 0.01,
partial 2 = 0.22, and a significant interval x treatment interaction, F(1, 28) =
4.22, p = 0.049, partial 2 = 0.13. The trial effect was not significant (p =
0.16). The trial x interval interaction was significant, F(9, 252) = 2.05, p =
0.03, partial 2 = 0.07. The trial x treatment interaction was significant, F(9,
252) = 4.55, p < 0.001, partial 2 = 0.14, while the trial x interval x treatment
interaction was not significant (p = 0.48).

Fear Testing Stage (see Figure 1B): Repeated measures ANOVA showed a signif-
icant main effect of interval (1 h vs. 24 h), F(1, 28) = 5.55, p = 0.03, partial 2
= 0.17, a significant main effect of treatment (extinction vs. no extinction), F(1,
28) = 7.36, p = 0.01, partial ? = 0.21, and no significant interval x treatment
interaction (p = 0.19). The trial main effect was significant, F(3, 84) = 4.78, p
= 0.004, partial 2 = 0.15. The trial x interval interaction was not significant
(p = 0.12). The trial x treatment interaction was not significant (p = 0.57).
The trial x interval x treatment interaction was not significant (p = 0.20).

Fear Testing Stage (see Figure 1C): Two-way ANOVA showed a significant main
effect of interval (1 h vs. 24 h), F(1, 28) = 5.55, p = 0.03, partial 2 = 0.17,
a significant main effect of treatment (extinction vs. no extinction), F(1, 28)
= 7.37, p = 0.01, partial 2 = 0.21, and no significant interval x treatment
interaction (p = 0.19). Independent samples t-tests showed no significant dif-
ference between the immediate extinction and immediate no-extinction groups
(p = 0.42), but the immediate extinction group showed significantly higher fear
than the delayed extinction group, t(14) = 3.08, p = 0.01, Cohen’ s d = 1.54,
indicating the IED phenomenon. No significant difference was found between
the immediate no-extinction and delayed no-extinction groups (p = 0.54). The
delayed extinction group showed significantly lower fear than the delayed no-
extinction group, t(14) = 3.54, p = 0.01, Cohen’ s d = 1.77, indicating effective
delayed extinction.

Figure 1D shows the mean freezing across the first four CS trials of extinction 1,
extinction 2, and testing for immediate and delayed extinction groups. Repeated
measures ANOVA revealed a significant main effect of interval (1 h vs. 24 h),
F(1, 14) = 6.29, p = 0.03, partial 2 = 0.31, a significant main effect of stage
(extinction 1, extinction 2, and testing), F(2, 28) = 15.50, p < 0.001, partial
2 = 0.53, and no significant interval x stage interaction (p = 0.10). One-way
repeated measures ANOVA showed no significant stage effect in the immediate
extinction group (p = 0.19), indicating no extinction effect and suggesting that
re-extinction under low stress was also impaired. The delayed extinction group
showed a significant stage effect, F(2, 14) = 29.61, p < 0.001, partial 2 = 0.81,
with extinction 1 significantly higher than extinction 2 (p = 0.006) and testing
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(p = 0.001), and a marginally significant difference between extinction 2 and
testing (p = 0.06), indicating significant re-extinction effects.

3.2 Experiment 2: Propranolol Rescued Re-Extinction Deficit In-
duced by Immediate Extinction

Fear Acquisition Stage (see Figure 2B): Repeated measures ANOVA showed no
significant main effect of drug (saline vs. propranolol) (p = 0.96). The trial
main effect was significant, F(4, 72) = 28.26, p < 0.001, partial ? = 0.61, with
fear levels increasing across training trials in both groups. The drug X trial
interaction was not significant (p = 0.81).

Fear Extinction 1 Stage (see Figure 2B): Repeated measures ANOVA showed
no significant main effect of drug (saline vs. propranolol) (p = 0.45). The trial
main effect was significant, F(9, 162) = 6.80, p < 0.001, partial ? = 0.27, with
fear levels gradually decreasing across extinction trials in both groups. The drug
x trial interaction was not significant (p = 0.99).

Fear Extinction 2 Stage (see Figure 2B): Repeated measures ANOVA showed
no significant main effect of drug (saline vs. propranolol) (p = 0.29). The trial
main effect was significant, F(9, 162) = 8.23, p < 0.001, partial ? = 0.31, with
fear levels gradually decreasing across extinction trials in both groups. The drug
x trial interaction was not significant (p = 0.24).

Fear Testing Stage (see Figure 2B): Repeated measures ANOVA showed a sig-
nificant main effect of drug (saline vs. propranolol), F(1, 18) = 24.64, p < 0.001,
partial 2 = 0.58. The trial main effect was not significant (p = 0.54). The drug
x trial interaction was not significant (p = 0.22).

Figure 2C shows the mean freezing across the first four CS trials of extinction 1,
extinction 2, and testing for saline and propranolol groups. Repeated measures
ANOVA revealed a marginally significant main effect of drug (saline vs. propra-
nolol), F(1, 18) = 4.00, p = 0.06, partial 2 = 0.18, a significant main effect of
stage, F(2, 36) = 20.48, p < 0.001, partial 2 = 0.53, and a significant drug x
stage interaction, F(2, 36) = 3.59, p = 0.04, partial 2 = 0.17. Simple effects
analysis showed no significant differences across stages in the saline group, con-
sistent with Experiment 1 results. In the propranolol group, extinction 1 and
extinction 2 were significantly higher than testing (p < 0.001 and p = 0.001,
respectively), while extinction 1 and 2 did not differ (p = 0.11). No differences
were found between propranolol and saline groups during extinction 1 (p = 0.45)
or extinction 2 (p = 0.27). During testing, the propranolol group showed signif-
icantly lower fear than the saline group, F(1, 18) = 11.67, p = 0.003, partial 2
= 0.39. These results indicate that propranolol did not prevent the immediate
extinction deficit but prevented impairment of re-extinction under low stress
conditions the following day.
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4 Discussion

This study investigated whether poor immediate extinction outcomes after se-
vere trauma represent a one-time occurrence or whether immediate extinction
itself acts as a secondary traumatic event that damages extinction learning ca-
pacity, causing deficits in subsequent re-extinction. We found that each extinc-
tion session in the delayed extinction group significantly reduced fear responses,
whereas the immediate extinction group failed to form long-term extinction
memory, and re-extinction effectiveness was also impaired. Systemic propra-
nolol injection immediately after fear acquisition did not prevent the immediate
extinction deficit (IED) but prevented deficits in re-extinction.

The results of Experiments 1 and 2 (Figures 1D and 2D) showed that immediate
extinction produced IED compared to delayed extinction, consistent with previ-
ous findings (Fitzgerald et al., 2015; Giustino et al., 2017; Maren & Chang, 2006;
Merz et al., 2016; Singh et al., 2018; Stafford et al., 2013; Totty et al., 2019).
Research has shown that the infralimbic (IL) region of the medial prefrontal cor-
tex (mPFC), corresponding to the human ventromedial prefrontal cortex, plays
a central role in extinction memory consolidation and retrieval (Giustino et al.,
2019; Siddiqui et al., 2017; Sierra-Mercado et al., 2011). The BLA partners
with the mPFC during fear memory acquisition and extinction, with reciprocal
projections between them. The BLA receives both excitatory and inhibitory
projections from the mPFC, and whether fear can be extinguished depends on
the activity levels of IL-BLA and BLA-IL pathways, which have an inverse rela-
tionship. When the BLA is excited, especially hyperexcited, BLA-IL projections
reduce IL activity, thereby impairing extinction memory. Strong shock fear con-
ditioning causes rapid and persistent reductions in IL neuron firing rates, with
the greatest impairment in IL neuron spontaneous firing occurring within the
first 10 minutes after training (Fitzgerald et al., 2015). Recently, Giustino and
colleagues (2020) found that strong shock fear conditioning causes immediate
and dramatic increases in spontaneous firing of BLA neurons, a phenomenon
that persists for 1 hour after fear training, with some neurons showing even
longer-lasting increases. Immediate extinction occurs during this time window,
which may underlie TED.

If immediate extinction merely represents a memory consolidation impairment
caused by stress rather than simultaneously acting as a traumatic event that
affects subsequent re-extinction, then extinction 2 on the second day should
not show deficits, as stress responses triggered by fear conditioning would have
decreased to low levels by the next day. However, our study showed that af-
ter immediate extinction, re-extinction the following day still exhibited deficits,
whereas extinction on the second day without prior immediate extinction (i.e.,
the first extinction session in the delayed extinction group) significantly reduced
fear levels 24 hours later. This indicates that immediate extinction impairs rats’
capacity for fear extinction, independent of stress effects, suggesting that im-
mediate extinction may be a secondary traumatic event that exacerbates stress-
induced adverse effects. Previous research has found that after acute stress, the
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amygdala is activated, alertness is enhanced, and threat sensitivity is height-
ened, with neutral stimuli activating the amygdala to a degree comparable to
threat stimuli (van Marle et al., 2009). Because immediate extinction occurs
during BLA hyperexcitability, presenting the CS during this period may cause
BLA hypersensitization to the CS, forming stronger CS-US associations (Kyri-
azi et al., 2018), and causing more persistent BLA excitation and IL inhibition,
all of which may render CS-elicited fear responses more resistant to extinction,
creating a maladaptive mechanism (Sah, 2017; Sharp, 2017).

Administering propranolol immediately after fear acquisition and conducting
extinction 1 one hour later produced no difference between propranolol and
saline groups during extinction 1, indicating that propranolol did not affect fear
expression. The mean of the first four CS trials of extinction 2 did not differ
significantly from that of extinction 1 (Figure 2C), with both showing high fear
levels, indicating that propranolol also did not affect fear memory consolidation
and retrieval, consistent with previous research. Meta-analytic studies have
shown that propranolol administered after traumatic events cannot disrupt fear
memory consolidation or reduce PTSD incidence or symptoms (Argolo et al.,
2015; Astill Wright et al., 2019). Therefore, the reduction in fear responses
during the post-extinction test cannot be explained by propranolol impairing
fear memory consolidation and retrieval.

Previous studies have found that systemic propranolol injection (10 mg/kg)
20 minutes before extinction on the day after fear acquisition significantly re-
duces fear during extinction without affecting extinction memory acquisition,
consolidation, or retrieval, and does not prevent subsequent fear reinstatement
(Rodriguez-Romaguera et al., 2009). This suggests that pre-extinction propra-
nolol only acutely reduces fear levels during extinction (perhaps temporarily
inhibiting fear memory retrieval) without permanently affecting fear memory
or extinction memory processes. This conclusion is supported by human studies
(Chalkia et al., 2019). The propranolol in our study did not significantly re-
duce fear levels during extinction 1, possibly because both the timing of admin-
istration and the interval to extinction training differed from previous studies.
We administered propranolol immediately after fear acquisition, with extinction
training occurring 1 hour later.

Notably, the finding that post-stress propranolol did not rescue IED in Exper-
iment 2 differs from Fitzgerald et al. (2015). In their study, propranolol (also
10 mg/kg, i.p.) administered immediately after fear conditioning rescued IED
without impairing fear memory consolidation. Potential reasons for this dis-
crepancy include: (1) Different rat strains—Fitzgerald et al. used Long-Evans
rats, whereas we used Sprague-Dawley rats, which show strain differences in
task-related cognitive abilities (Gokgek-Sarag et al., 2015) and drug sensitivity
(Holscher, 2002). (2) Different experimental parameters—Fitzgerald et al. used
a 30-minute drug-to-extinction interval and 45 extinction trials, whereas our
study used a 1-hour interval and only 30 extinction trials. Therefore, even if
propranolol reduced stress levels, fewer extinction trials resulted in weaker ex-

chinarxiv.org/items/chinaxiv-202011.00011 Machine Translation


https://chinarxiv.org/items/chinaxiv-202011.00011

ChinaRxiv [$X]

tinction memory encoding that could not compete effectively with fear memory,
leading to poor extinction outcomes. The same 30 extinction trials were effec-
tive under low-stress delayed extinction conditions, possibly because immediate
extinction occurs temporally close to fear acquisition, causing fear and extinc-
tion memory consolidation processes to be too close in time, with extinction
memory consolidation subject to proactive interference from fear memory, as
storing fear memory has greater survival value. Additionally, although fear
acquisition and extinction training are temporally close, they occur in different
environments with an event boundary between them. According to Dunsmoor et
al. (2018), event boundaries guide selective consolidation, prioritizing emotional
information (fear memory) at the expense of consolidating related but conflict-
ing information (extinction memory) experienced shortly thereafter. Although
propranolol did not rescue the impaired consolidation process of immediate ex-
tinction, the significantly lower fear levels in the post-extinction test compared
to extinction 2 and the saline group indicate that propranolol rescued the re-
extinction deficit caused by immediate extinction. The mechanism may involve
propranolol stabilizing mPFC neural activity, preventing further mPFC func-
tional impairment by immediate extinction (Fitzgerald et al., 2015), blocking
stress-induced increases in BLA neuron firing (Giustino et al., 2020), and pre-
venting BLA hypersensitization to the CS even when it is presented, thereby
allowing re-extinction-generated extinction memory to be normally acquired and
consolidated, resulting in reduced fear responses during the post-extinction test.

In summary, our study confirms that immediate extinction after severe trauma
is a secondary traumatic event that impairs extinction learning capacity, caus-
ing deficits in subsequent re-extinction under low stress conditions. Systemic
injection of 10 mg/keg propranolol after fear acquisition does not affect fear
memory consolidation and retrieval, nor does it rescue the impaired consolida-
tion of immediate extinction, but it can prevent immediate extinction under
high stress from causing secondary trauma, thereby allowing extinction mem-
ory generated during subsequent re-extinction to be normally consolidated and
retrieved. These findings reaffirm that behaviorally-based extinction interven-
tions are not suitable for immediate implementation after severe stress. However,
this study has several limitations: First, only one dose of propranolol was ad-
ministered at a single time point, without investigating whether shortening the
interval between drug administration and extinction training or increasing the
dose could prevent IED. Second, we only investigated whether high-stress imme-
diate extinction causes secondary trauma, but not whether high-stress delayed
extinction also causes secondary trauma and impairs extinction capacity, as
one study reported that a single unsignaled shock before delayed extinction also
impaired extinction effectiveness (Maren & Chang, 2006). Third, we only exam-
ined re-extinction after a 24-hour interval, without investigating re-extinction
after longer intervals to determine whether time can repair secondary trauma
caused by immediate extinction. Fourth, we did not investigate whether pro-
pranolol administered before re-extinction could also enable normal acquisition,
consolidation, and retrieval of extinction memory when extinction capacity is
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already impaired after immediate extinction. We will explore these questions in
future studies.
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