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ABSTRACT

BACKGROUND: Context fear memory can be reliably reduced by subsequent pairings of that context with a weaker
shock. This procedure shares similarities with extinction learning: both involve extended time in the conditioning
chamber following training and reduce context-elicited fear. Unlike extinction, this weak-shock exposure has been
hypothesized to engage reconsolidation-like processes that weaken the original memory.

METHODS: We directly compared the weak-shock procedure with extinction using male and female Long Evans rats.
RESULTS: Both repeated weak-shock exposure and extinction resulted in decreased context freezing relative to
animals that received context fear conditioning but no subsequent context exposure. Conditioning with the weak
shock was not enough to form a persistent context-shock association on its own, suggesting that the weak-shock
procedure does not create a new memory. Weak-shock exposure in a new context can still reduce freezing
elicited by the training context, suggesting that it reduces responding through a different process than extinction,
which does not transcend context. Finally, reduced fear behavior produced through both extinction and weak-
shock exposure was mirrored by reduced zif268 expression in the basolateral amygdala. However, only the weak-
shock procedure resulted in changes in lysine-48 polyubiquitin tagging in the synapse of the basolateral
amygdala, suggesting that this procedure produced long-lasting changes in synaptic function within the
basolateral amygdala.

CONCLUSIONS: These results suggest that the weak-shock procedure does not rely on the creation of a new
inhibitory memory, as in extinction, and instead may alter the original representation of the shock to reduce fear

responding.
https://doi.org/10.1016/j.bpsgos.2023.01.001

Fear-based anxiety disorders are the most prevalent class of
neuropsychiatric conditions in the United States (1), yet
treatments for them consistently fail to reduce symptoms in
the long term (2,3). Associative learning is at the root of
these disorders (4-6), and fear and anxiety can occur
because of the similarity between present circumstances
and situations that were previously paired with aversive
outcomes (4). Extinction-based exposure therapies reduce
fear symptoms. In such therapies, patients are repeatedly
presented with cues (conditional stimulus [CS]) that were
previously paired with aversive events (unconditional stim-
ulus [UCS]) (7-9).

In extinction, fear responding decreases with repeated
presentations of an unreinforced CS. Extinction is the basis of
exposure-based therapies (4,10-17) and results in the creation
of an inhibitory memory that competes with the original
memory for expression (18,19). Reductions in fear regulated by
the basolateral amygdala (BLA) following extinction rely on
retrieval of inhibitory learning acquired during extinction.
Several factors can lead to a return of extinguished
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responding, including removal from the extinction context,
UCS re-exposure, or passage of time (20,21). This suggests
that original learning remains intact throughout extinction and
will readily return if circumstances change. Relapse phenom-
ena are the most significant hurdle to treatment of neuropsy-
chiatric diseases associated with maladaptive fear responding,
including specific phobias and posttraumatic stress disorder
(20,22).

Behavior can also be reduced by targeting the original
memory, taking advantage of a brief time period following
memory retrieval during which memory becomes sensitive to
disruption known as reconsolidation. Amnesiac events (23,24)
or pharmacological assaults (25) that occur during reconsoli-
dation will weaken the original memory. Recent applications
have used behavioral manipulations during reconsolidation to
bidirectionally change the content of the memory to be either
more (26) or less (27-30) aversive. These effects are dependent
on calcium-permeable AMPA receptors within the amygdala
(29), suggesting targeting the original memory instead of
creating a new memory.
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UCS Deflation Is Distinct From Extinction

Following conditioning, the CS controls behavior through its
ability to activate a representation of the UCS (31). This has
been confirmed through UCS deflation studies, in which a CS
is paired with food, leading to conditional responding to that
CS alone. Later, the food outcome is paired with iliness. This
decreases CS-elicited responding relative to groups with no
UCS-illness pairings (32). Thus, animals flexibly gauge
responding to the CS based on the current value of the UCS
that the CS predicted.

Activity and plasticity in the BLA is critical for formation,
storage, and retrieval of fear memories (33-36). During
retrieval, memory is made labile through degradation of syn-
aptic connections (37) mediated by the ubiquitin-proteasome
system. Lysine-48 (K48) polyubiquitin tags specific proteins
for degradation. Changes in synaptic K48 are crucial for both
memory retrieval and destabilization in the amygdala and
hippocampus (38-41). The dorsal hippocampus (DH) encodes
contextual information and interacts with the BLA during fear
memory formation and retrieval (42,43). During retrieval, hip-
pocampal activity gates the ability to modify fear memory in
the amygdala (44,45).

Memory can be bidirectionally modulated by presenting
either few or many weak versions of the UCS. Animals
exposed to a brief updating procedure (two 0.3-mA shocks)
following contextual fear conditioning (with five 1.0-mA
shocks) showed increases in fear responding (26). Somewhat
paradoxically, ten 0.3-mA shocks reduced fear to the condi-
tioning context. Similar behavioral results were obtained using
an auditory fear conditioning procedure to reduce fear to a
discrete CS (28), suggesting that this method is robust across
behavioral paradigms. Increased fear following 2 weak shocks
resulted in increased cellular activity and synaptic destabili-
zation within the BLA, but the molecular processes associated
with behavior following 10 weak shocks are unclear.

Several possible explanations exist for the behavior-
weakening effect produced by 10 weak shocks (26). First, it
is possible that this 10-shock procedure could have engaged a
reconsolidation-like mechanism, which would reduce fear to
the context by updating the context-shock association to
reflect the weak shock. Alternatively, this procedure may
engage an extinction-like mechanism, which would reduce fear
to the context through prolonged exposure to that context in
the absence of the fear-provoking 1.0-mA shock, but lower
fear would be context dependent (11,16) and especially prone
to relapse. The procedure with 10 weak shocks could also
have engaged a UCS deflation-like process (32) that would
reduce behavioral responding by changing the UCS value. The
current experiments were designed to directly compare the 10-
shock deflation procedure with extinction and examine
changes in retrieval-induced molecular processes within the
BLA and DH.

METHODS AND MATERIALS

Subjects

Subjects were age-matched female (175-199 g) and male
(250-274 g) Long Evans rats from Envigo. The colony was
maintained on a 12-hour light/dark cycle. Behavior occurred
during the light cycle. Animals were acclimated to the colony
for 7 days prior to experimentation. Animals were handled for 2
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days prior to behavioral training. Male and female rats were run
in separate experimental sessions.

Apparatus

Behavior occurred in Colbourn conditioning chambers, each
housed in its own sound-attenuating cubicle. Each chamber
consisted of plexiglass front, rear, and top walls with brushed
stainless steel side walls. The floor consisted of a shock grid
with 18 rods (0.4-cm diameter) spaced 1 cm apart. A fan
produced continuous 65-dB noise. Chambers were lit with a
white light-emitting diode houselight. Between each animal,
chambers were thoroughly cleaned with water. For experi-
ments using 2 contexts, a second set of chambers was
introduced. In these chambers, no noise was played, the light-
emitting diode light was red, and the chambers were cleaned
with bleach between animals. White- and red-lit chambers
were counterbalanced as context A and context B.

Training

Animals were assigned to one chamber and placed inside on
the first day. After 2 minutes, animals received five 1-second
1.0-mA footshocks with an interstimulus interval of 1 minute.
Animals were removed 2 minutes following the final footshock.
In one experiment (Figure 1F), a 0.3-mA footshock was used
for fear conditioning.

Day 2 (Weak Shock or Extinction)

Twenty-four hours later, the animals were split into 3 experi-
mental conditions. Animals in the weak-shock condition were
placed in the conditioning chamber and after 1 minute, ten 1-
second 0.3-mA footshocks were delivered with an interstim-
ulus interval of 1 minute. Animals were removed from the
chamber 15 seconds following the final footshock. Animals in
the extinction condition were placed in the chamber for an
equivalent amount of time (615 seconds), but no footshocks
were delivered. Animals in the no-exposure condition remained
in their homecages.

Testing

The next day, animals were tested for fear elicited by the
conditioning chamber for 10 minutes.

Tissue Processing

Animals from the experiment depicted in the top half of
Figure 1 were sacrificed 60 minutes following the test along
with a control group of rats that arrived at the same time but
never received any behavioral training or testing. Animals were
deeply anesthetized with isoflurane, and brains were removed
and immediately flash frozen. Tissue was later sliced and
dissected for immunofluorescence and Western blotting.

Immunofluorescence

Immunofluorescence proceeded similarly to previous work
(46-48). The tissue was sliced in 40-pum sections and mounted
onto charged slides. Slides were fixed in a 10% buffered
formalin before being rehydrated in wash buffer (phosphate-
buffered saline [PBS] + 0.05% Tween 20) and permeabilized
(PBS + 0.3% Triton X) for 15 minutes and incubated in blocking
solution (PBS + 0.7% normal goat serum). Slides were
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Figure 1. Weak-shock presentations following context fear conditioning reduce freezing but are not enough to create a persistent fear memory on their own.
(A) Behavioral design. All animals received 5 context-shock pairings during training. The next day, animals received either 10 weak-shock presentations (weak
shock), exposure to the context alone (extinction), or remained in the home cage (no exposure). On the final day, all animals were returned to the training
context for testing. Group sizes were as follows: weak shock, n = 10 (5 female, 5 male); extinction, n = 9 (4 female, 5 male); no exposure, n = 10 (5 female, 5
male). (B) All groups increased their freezing throughout training. (C) Both groups reduced their freezing throughout the day 2 session, although overall
responding was higher in the weak-shock group. (D) Both weak-shock and extinction groups showed reduced freezing relative to the no-exposure control
group. (E) Both weak-shock and extinction groups showed reduced freezing relative to their freezing on day 2, but this was more pronounced in the weak-
shock group. (F) Behavioral design. All animals received 5 context-weak shock pairings during training. The next day, animals received either 10 weak-shock
presentations (weak shock), exposure to the context alone (extinction), or remained in the home cage (no exposure). On the final day, all animals were returned
to the training context for testing. Group sizes were as follows: weak shock, n = 6 (3 female, 3 male); extinction, n = 6 (3 female, 3 male); no exposure, n = 6 (3
female, 3 male). (G) All groups increased their freezing throughout acquisition. (H) Both groups reduced their freezing throughout the day 2 session. (I) All
groups showed similarly low levels of freezing during the test. (J) Both weak-shock and extinction groups showed reduced freezing relative to their freezing on
day 2. *p < .05, **p < .01, **p < .001. UCS, unconditional stimulus.

activity was normalized as a proportion of DAPI present in the
same section. Groups showed no difference in DAPI levels in the
DH (F=1.61,p =.188) or BLA (F = 1.11, p = .347).

incubated in zif268/EGR-1 antibody (1:400; Cell Signaling) so-
lution (PBS + 0.3% Triton X + 5% normal goat serum) overnight
at 4 °C. The next day, tubes were placed at room temperature 2
hours before incubation in a secondary antibody solution for 2

hours. Slides were rinsed with wash buffer, a DAPI counterstain Synaptosomal Preparation

was applied, and coverslipped. Images were captured fromthe K48 polyubiquitin tagging within the synaptic compartment is
CA1 region of the DH and the BLA on the Leica THUNDER  associated with memory reconsolidation-like processes (49).
imager system using a 20X objective using LAS-X (Leica). Im-  Crude synaptosomal fractions were obtained as previously

ages were exported as 12-bit TIFF files and convertedtoabinary  described (45). The amygdalae were homogenized in TEV
image via Gaussian filtering (sigmas: 6, 3) and then quantified  protease buffer with 320 mM sucrose and centrifuged at 1000g
using the Analyze Particles plugin in ImageJ (imagej.net). zif268 for 10 minutes. The supernatant was removed and centrifuged

758 Biological Psychiatry: Global Open Science October 2023; 3:756-765 www.sobp.org/GOS


http://www.sobp.org/GOS

UCS Deflation Is Distinct From Extinction

at 10,000g for 10 minutes, and the remaining pellet was de-
natured in lysis buffer (all in 100 mL DDH,0O; 0.605 g Tris-HCl,
0.25 g sodium deoxycholate, 0.876 g NaCl, 1 pg/mL phenyl-
methylsulfonyl fluoride (PMSF), 1 ng/mL leupeptin, 1 pg/mL
aprotinin, 10 mL 10% SDS [sodium dodecy! sulfate]).

Western Blotting

Following synaptosomal preparation, proteins were loaded
onto a 7.5% SDS-PAGE (SDS-polyacrylamide gel electro-
phoresis) gel and then to a membrane using a transfer
apparatus (Trans-blot Turbo Transfer System; Bio-Rad).
Membranes were incubated in blocking buffer (50% TBS
blocking buffer [LI-COR Biosciences], 50% TBS + 0.1%
Tween 20) for 1 hour and then incubated in K48 (1:500; Cell
Signaling) or B-actin (1:1000; Cell Signaling) primary solu-
tions overnight at 4 °C. Membranes were rinsed and washed
3 times for 5 minutes in wash buffer (TBS + 0.1% Tween 20)
and then incubated in appropriate secondary (1:15,000;
IRDye 800CW goat anti-rabbit, IRDye 680RD goat anti-
mouse; LI-COR) antibody for 1 hour at room temperature.
Images were captured using the Odyssey Fc near-infrared
system (LI-COR). Densitometry was performed using Image
Studio. K48 was first normalized to actin (in which no group
differences were observed) (F = 1.14, p = .279).

Al immunofluorescent and Western blot data were
expressed as a percentage relative to naive animals that
arrived in the colony at the same time, were housed and
maintained the same way, and were sacrificed at the same
time as experimental rats (n = 9; 4 female, 5 male). These
animals were never given any behavioral experience or
removed from the colony prior to tissue collection.

Data Analysis

All data were analyzed with analyses of variance (ANOVAs) or t
tests (alpha = 0.05) using SPSS (version 29; IBM). Planned
comparisons assessed between- and within-group differences
following main effects or interactions. Data are presented as
group means and stratified by sex in Figures S1-S5.

RESULTS

Weak-Shock Exposure and Extinction Reduced
Context Fear Responding

We first compared the weak-shock procedure with extinction
following contextual fear conditioning (design in Figure 1A).
Groups were compared with a no-exposure control group that
received training and testing but remained in their homecage
during day 2.

Training. All animals similarly increased their freezing during
training (Figure 1B). This was confirmed by a 3 (group) X 3
(time period) ANOVA that found a main effect of time period
(Fo52 = 261.27, p < .001) but no main effect of group or an
interaction (Fs < 1).

Day 2 (Weak Shock or Extinction). To assess responding
throughout this session (Figure 1C), a 2 (group) X 11 (minute)
ANOVA was conducted. This found main effects of group
(F1,17 =5.05, p =.038) and minute (F1o,170 = 9.25, p < .001) but
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no interaction between the two (F < 1). The extinction group
froze less than the weak-shock group, but both groups
decreased freezing throughout the session.

Test. A one-way ANOVA compared freezing during the test
session (Figure 1D) and found an interaction (F, 26 = 6.27, p =
.006). While the no-exposure group froze more than the weak-
shock (p = .007) and extinction (p = .004) groups, the weak-
shock and extinction groups did not differ from each other
(p = .720). To examine how responding changed within the
group between phase 2 and the test, a 2 (group) X 2 (session)
ANOVA was conducted (Figure 1E). This found a main effect of
session (Fy 47 = 27.66, p < .001) and an interaction (Fy 17 =
5.69, p = .029) but no main effect of group (Fy 17 =2.35, p =
.14), demonstrating that while both groups decreased
responding from day 2 to testing, this decrease was larger
following weak shock. Planned comparisons demonstrated
that while the weak-shock group showed a significant
decrease during this time (p < .001), this was only a trend in
the extinction group (p = .064).

Rats were then designated as having either decreased or
increased responding between these days. If animals did not
change responding by more than 5% in either direction, they
were designated as no change. Ninety percent of the weak-
shock condition animals reduced their freezing between ses-
sions, and 56% of the extinction group did so (Figure 3A).

Exposure to the Weak Shock Resulted in
Unconditional Freezing to the Context Without
Creating a Persistent Fear Memory

Next, we aimed to test whether the weak shock itself was
enough to support a fear memory. All animals were first
conditioned with the weak (0.3 mA) shock (design in Figure 1F).
As before, both the weak-shock and extinction groups were
compared with a group that did not receive behavioral ma-
nipulations between training and testing.

Training. Fear conditioning with the 0.3-mA shock increased
freezing throughout the training session (Figure 1G), which was
confirmed by a 3 (group) X 3 (time period) ANOVA that found a
main effect of time period (F230 = 109.09, p < .001) but no
effect of group or interaction (Fs < 1). This suggests that weak
shock can produce unconditional freezing.

Day 2 (Weak Shock or Extinction). A 2 (group) X 11
(minute) ANOVA assessed responding throughout this session
(Figure 1H). This found a main effect of minute (F10 100 = 5.30, p
< .001) and an interaction (F1g100 = 2.10, p = .031) but no
effect of group (F < 1), suggesting that the weak shock sus-
tained more consistent levels of freezing during this session.

Test. A one-way ANOVA found no differences between the
groups during testing (Figure 11). All 3 groups showed low
freezing to the context, suggesting that conditioning with the
0.3-mA shock failed to create a persistent fear memory. A 2
(group) X 2 (session) ANOVA was conducted to assess
behavioral decreases between day 2 and testing (Figure 1J).
This found a main effect of session (F1 10 = 17.30, p = .002) but
no effect of group or interaction (Fs < 1). Both weak-shock (p =
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.018) and extinction (p = .012) groups decreased their freezing
between day 2 and testing. One hundred percent of the weak-
shock group and 83% of the extinction group decreased their
freezing between day 2 and testing (Figure 3B).

Effects of Weak-Shock Exposure Transferred
Across Contexts

UCS Deflation Is Distinct From Extinction

Training. Animals increased their freezing throughout
training (Figure 2B). This was confirmed by a 2 (group) X 3
(time period) ANOVA that found a main effect of time period
(F228 = 60.73, p < .001) but no main effect of group or an
interaction (largest F = 1.42, p = .259).

Weak Shock. A 2 (group) X 11 (minute) ANOVA assessed
responding throughout the session (Figure 2C). Both groups

decreased their responding throughout the session, which was
indicated by a main effect of minute (F10,140 = 6.36, p < .001).
There was no effect of group or interaction (Fs < 1). During the
first minute of the session before any shocks were introduced,
animals in the alternate context froze less than animals in the

Extinction learning is characterized by its context dependency.
However, contextual novelty has been shown to facilitate
reconsolidation-like  processes (45,50). Therefore, we
compared weak shock in either the same or an alternate
context (design depicted in Figure 2A).
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& 5x 1.0mA Weak Shock
Training \X 10 X 0.3mA Test
Weak Shock
100
100 O Same 180 O Same
80 -O- Alternate 80 o0 **-O- Alternate
o 2 2
S 60 N 60 N 60
8 8 8
w40 w40 w40
ES R R
20 20 20
[ e s S S L e 0 0
123456789101 Day 2 Test
Minute
Q\ 5x 1.0mA Extinction
Training Test
Extinction
100
1007 = same %Do o 100 -O- Same 100 O *% O same
=3 Atemate & O Alternate 80 80 -O- Alternate
o ©) [eX ] =
2 2 w0 £ 60 00 5 60
N N 5] O P
8 8 o - 3
L i w40 w40
= = *kk 2 58 ® =
20 20 20
0 T T T T T T T T T T T O (l) Q 0
123456789101 Same Alternate Extinction Test
Minute

Figure 2. Weak-shock exposure conducted outside the training context can reduce behavior in the training context. (A) Behavioral design. All animals
received 5 context-shock pairings during training. The next day, animals received 10 weak shocks in either the same context as training (same) or in a novel
context (alternate). Group sizes were as follows: same, n = 8 (4 female, 4 male); alternate, n = 8 (4 female, 4 male). (B) Both groups increased their freezing
throughout the training session. (C) Groups did not differ during the weak-shock phase. (D) Groups did not differ during the testing phase. (E) Both groups
decreased their freezing between day 2 and testing. (F) Behavioral design. All animals received 5 context-shock pairings during training. The next day, animals
received exposure to either the same context as training (same) or a novel context (alternate). Group sizes were as follows: same, n = 8 (4 female, 4 male);
alternate, n = 7 (3 female, 4 female). (G) Both groups increased their freezing throughout the training session. (H) While both groups gradually decreased their
freezing throughout the second day, overall, animals in the same context froze more than animals in the alternate context. (I) Groups did not differ during the
testing phase. (J) While animals that received extinction in the same context decreased their responding between day 2 and the test, the opposite pattern was
observed in animals that received exposure to the alternate context. *p < .05, *p < .01, **p < .001. UCS, unconditional stimulus.
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Figure 3. Within-subject changes between day 2 and testing demon-
strate unique behavioral outcomes of extinction and weak shock. (A) Ninety
percent of animals in the weak-shock group and 56% of animals in the
extinction group showed a decrease in responding between day 2 and
testing. (B) One hundred percent of animals in the weak-shock group and
83% of animals in the extinction group showed a decrease in responding
between day 2 and testing. (C) Eighty-eight percent of animals that received
weak shock in the same context and 62.5% of animals that received weak
shock in an alternative context showed a decrease in responding between
day 2 and testing. (D) Seventy-five percent of animals that received
extinction in the same context showed a decrease in responding between
day 2 and testing. For the first and only time in this set of experiments, a
majority of animals (57%) in the alternative group showed an increase in
responding between day 2 and testing.
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acquisition context (p = .055), suggesting that animals could
discern the contexts prior to the first shock.

Test. An independent-samples t test found no difference be-
tween the groups during testing (t;4 = 0.261, p = .798)
(Figure 2D). A 2 (group) X 2 (session) ANOVA conducted to
assess within-group differences between weak shock and
testing (Figure 2E) found a main effect of session (F,14 = 11.64,
p = .004) but no effect of group or interaction (Fs < 1). Planned
comparisons showed that both same (p = .021) and alternate
(o = .043) groups decreased freezing over this time. Eighty-eight
percent of animals in the same context reduced their freezing
between sessions, and 62.5% of animals that received weak
shock in the alternative context did so (Figure 3C).

Exposure to a Second Context in the Absence of the
Weak Shock Increased Between-Session Freezing

Next, we wanted to confirm that exposure to the alternate
context in the absence of the UCS did not have the same effect
as weak-shock exposure in the alternate context (design
depicted in Figure 2F), akin to an ABA renewal-like design.
However, given that the alternate context should not elicit a
fear response, exposure to the second context does not
necessarily constitute extinction.

Training. Animals increased their freezing throughout
training (Figure 2G). A 2 (group) X 3 (time period) ANOVA found
a main effect of time period (F, 26 = 86.31, p < .001) but no
effect of group or interaction (Fs < 1).

Extinction. A 2 (group) X 11 (minute) ANOVA assessed
responding throughout the session (Figure 2H) and found main
effects of both time (F10,130 = 4.91, p < .001) and group (F1,13 =
20.50, p < .001) but no interaction (F < 1). Overall responding
was higher in the same context than in the alternate context,
and both groups decreased freezing over time.

Test. While groups showed no differences in overall freezing
during the test session (Figure 2I) (13 = 0.739, p = .473), a 2
(group) X 2 (session) ANOVA conducted to examine within-group
differences between the extinction and the test session
(Figure 2J) found an interaction (F1 13 = 12.87, p = .003) and an
effect of group (F1.13=5.71, p =.033) but no effect of session (F <
1). Planned comparisons demonstrated that the same group
decreased freezing throughout this time (o = .006) and that a
nonsignificant trend was observed in the opposite direction in the
alternate group (p = .091). Seventy-five percent of animals that
received exposure to the same context showed reduced freezing
between sessions, but only 29% of the animals that had exposure
to an alternate context did so. This was the only group run within
this series of experiments in which a majority (57 %) of the animals
increased their responding between sessions (Figure 3D).

Amygdala Molecular Profiles Differed Following
Behavioral Reduction Achieved Through Either
Weak Shock or Extinction

Animals were sacrificed 60 minutes following the test shown in
Figure 1D, and tissue was collected for immunofluorescence
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and Western blotting. Activity in the DH has been associated
with context learning, such that placement in a context alone is
enough to drive zif268 expression in the CA1 region (51).
Furthermore, immediate early gene zif268 is elevated in the
BLA following fear conditioning, and increased fear is associ-
ated with higher BLA zif268 expression (36,52-54). It was
previously demonstrated that with K48, a polyubiquitin chain
involved in proteasomal degradation, tagging was upregulated
in the synapse following memory retrieval but not memory
formation (49). This polyubiquitin chain is an essential
component for the synaptic changes underlying persistent fear
memory modifications. Furthermore, the presentation of a few
lower-intensity shocks following context fear learning that re-
sults in elevated fear increases zif268-K48 coexpression (26).
Collectively, this evidence suggests that BLA activity and K48
tagging might be associated with interference during retrieval
when reconsolidation-like, but not consolidation-like, effects
occur.

zif268 Activity Was Generally Elevated in the DH in
Groups That Received Testing. zif268 was quantified as
a proportion of DAPI in that same section and then expressed
as a percentage of the control group, which received no
behavioral training or testing (Figure 4A). A one-way ANOVA
was significant (F3 2s5 = 4.15, p = .007). The no-exposure (p <
.001) and extinction (p = .008) groups showed increased
zif268, whereas the weak-shock group only showed a trend
(o = .074). This result might be attributable to the context
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independency of the behavioral reduction produced by the
weak shock.

Both extinction and weak shock reduced zif268 expression in
the BLA. Total zif268 present in each section was quantified as
described above (Figure 4C; representative images in
Figure 4D). A one-way ANOVA was significant (F3 296 =7.91, p <
.001). Every group showed increased zif268 activity relative to
the control group (no-exposure p < .001; weak-shock p = .003;
extinction p = .005). While animals in the no-exposure group had
more zif268 expression than the animals in the weak-shock
group (p = .031), this was only a trend relative to extinction
(p = .059), suggesting that both extinction and weak-shock
exposure can reduce BLA activity in addition to decreasing
freezing. In both the extinction (r = 0.713, p = .031) and no-
exposure (r = 0.666, p = .035) groups, DH activity was corre-
lated with BLA activity. This was not the case in either the weak-
shock (r = 0.429, p = .215) or control (r = 0.192, p = .619) group.
This suggests that coordinated activity between the DH and
BLA that occurs in context fear expression both before and after
extinction is disrupted following the weak-shock procedure,
likely due to the context independency of this effect.

Exposure to the weak shock produced a long-lasting
upregulation in BLA K48 polyubiquitin tagging. We next
examined K48 within the synaptic compartment of the BLA. All
experimental groups were again compared with a naive control
group that received no behavioral training or testing. A one-
way ANOVA found group differences (Fz 29 = 2.82, p = .057)
(Figure 5B; representative lanes in Figure 5C). The weak-shock

Figure 4. (A) zif268 in the dorsal hippocampus
expressed as a proportion of total DAPI relative to
the naive control group 60 minutes following testing.
Elevated zif268 activity in the dorsal hippocampus
was observed in the no-exposure and extinction
groups relative to a naive control group but not in the
weak-shock group. (B) Representative images from
the dorsal hippocampus in each group, with DAPI
staining in blue and zif268 staining in green. (C)
zif268 in the basolateral amygdala expressed as a
proportion of total DAPI relative to the naive control
group 60 minutes following testing. While all 3
groups showed elevated zif268 activity in the baso-
lateral amygdala relative to a naive control group,
both weak shock and extinction reduced zif268. (D)
Representative images from the basolateral amyg-
dala in each group, with DAPI staining in blue and
zif268 staining in green. *p < .05, *p < .01, **p <
.001, ***p < .0001. Scale bar = 100 uM.

No Exposure

Extinction

No Exposure

Extinction
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group showed elevated K48 polyubiquitination relative to both
no-exposure (p = .017) and extinction (p = .020) groups and
slightly elevated K48 relative to the control group (p = .051).
Memory retrieval impacted synaptic function differently in this
group relative to both the no-exposure group and the extinc-
tion group despite showing behavioral responding similar to
the extinction group (Figure 1D).

DISCUSSION

We found that both weak shock and extinction reduced
freezing relative to a group that received fear conditioning with
no behavioral manipulation between training and testing. We
then found that while a weak shock resulted in a small increase
in contextual freezing the day following training, this memory
was not persistent as evidenced by low levels of freezing in the
no-exposure group during testing. Finally, we found that weak-
shock exposure in a novel context reduced responding to the
training context. While zif268 was generally elevated in all
experimental groups relative to naive controls in both the DH
and BLA, behavior reduced through either extinction or weak-
shock exposure corresponded with reduced zif268 expression
in the BLA, suggesting that the amygdala was the key site of
plasticity related to behavioral change. We found increased
synaptic K48 polyubiquitin tagging only in the weak shock
group in the BLA, demonstrating that this procedure produced
long-term changes within the synapse of the BLA to promote
behavior change.

When rats received the weak-shock exposure in the same
or alternate context as training, we found that while animals
initially discriminated between the 2 contexts, presentation of
the weak shock led to freezing similar to that seen in the group
that received the weak shock in the original context. This is
particularly interesting because extinction, by contrast, is
constrained to the extinction environment. This context de-
pendency of extinction learning suggests that extinction re-
sults in the formation of a new inhibitory memory. This may be
partially explained by the pattern of results examining cellular
activity in the DH. zif268 expression was elevated in all but the
weak-shock group. Together, these results suggest that the
weak-shock effect does not rely entirely on new inhibitory
memory like that created in extinction and instead acts on the
original representation of the UCS to reduce fear responding.
However, we should note that the procedure here did not
directly compare UCS deflation in an alternative context with
simple exposure to that context. Future work directly
comparing UCS deflation to extinction in an alternative context
will be especially fruitful for understanding how each proced-
ure affects behavioral relapse.

Biological
Psychiatry:
GOS

Figure 5. (A) Schematic of the basolateral amyg-
dala region where tissue was collected when animals
were sacrificed 60 minutes following testing. (B)
Mean levels of synaptic Lysine-48 expression
normalized to actin relative to a naive control group.
Lysine-48 polyubiquitin tagging was upregulated
only in the weak-shock group following the test. (C)
Representative blots from each group. *o < .05. C,
PR control; E, extinction; NE, no exposure; WS, weak
C

_4 shock.
E

These effects share similarities with previous work (55) in
which a light predicted a loud noise, resulting in fear of the
light. Following this conditioning, animals received pre-
sentations of the loud noise alone. Following this UCS habit-
uation, animals responded less to the light relative to animals
that received no habituation. However, that experiment used
the same stimulus in both the training and the habituation
phase. It is unlikely that using the same intensity of UCS on
day 2 in our experiments would have reduced freezing
behavior, and instead it would likely have resulted in enhanced
fear conditioning given that we observed strong contextual
fear conditioning with just 5 context-strong shock pairings.
Instead, the theoretical account that can explain the current
findings most completely is a UCS deflation account that
suggests that rats modulate their responding to the context
based on the updated value of the UCS (32). Under this ac-
count, the rats flexibly gate their responding to the context to
represent the less aversive 0.3-mA shock that they experi-
enced following fear conditioning with the strong shock.

This work is the first to directly test how reducing behaviors
through presentations of a less intense UCS directly compares
with behavioral reduction achieved through extinction. Future
work should investigate how weak-shock exposure affects
relapse effects, including spontaneous recovery and rein-
statement. While the current experiments show that context
fear conditioning can be reduced with weak shocks in a novel
context, it has yet to be determined whether this same process
will work with cued-fear conditioning. While a similar procedure
was previously employed (28), this involved several short
reactivations, which likely depend on reconsolidation-like
mechanisms—at least at first (26). Interestingly, several short
reactivations with a weak UCS functioned to reduce relapse,
including renewal and spontaneous recovery (28). Systematic
work directly comparing the weak-shock UCS deflation with
extinction as it pertains to relapse effects will therefore need to
be conducted. The current results and others (28) suggest that
this procedure may be a promising avenue to mitigate relapse.
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