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Research

Limited efficacy of propranolol on the reconsolidation

of fear memories

Elizaveta V. Muravieva' and Cristina M. Alberini'%3
’Department of Neuroscience, Mount Sinai School of Medicine, New York, New York 10029, USA; 2Department of Psychiatry,

Mount Sinai School of Medicine, New York, New York 10029, USA

Previous studies suggested that the B-adrenergic receptor antagonist propranolol might be a novel, potential treatment
for post-traumatic stress disorder (PTSD). This hypothesis stemmed mainly from rodent studies showing that propranolol
interferes with the reconsolidation of Pavlovian fear conditioning (FC). However, subsequent investigations in humans have
produced controversial evidence about the effect of propranolol on fear memories and an effect on PTSD symptomatology
has yet to be reported. Thus, it remains to be established whether propranolol interferes with the reconsolidation of fear
memories at large. To address this question, we tested the effect of systemic injections of propranolol administered before
or after the retrieval of an inhibitory avoidance (IA) memory elicited with different footshock intensities. In parallel, the
same treatment was tested on the reconsolidation of Pavlovian FC. Propranolol showed no effect on the reconsolidation of
IA, although the pre-retrieval administration resulted in a significant retrieval impairment. This impairment was transient,
and memory returned to control levels at later times. In agreement with previous studies, we found that systemic admin-
istration of propranolol disrupts the reconsolidation of Pavlovian FC and that its injection following a retrieval elicited by
cue exposure also interferes with the reconsolidation of contextual FC. Hence, propranolol disrupts the reconsolidation of
Pavlovian FC, but has no effect on the reconsolidation of IA. The results indicate that the efficacy of systemic administration

of propranol in disrupting the reconsolidation of fear memories is limited.

A new memory exists for a limited time in a labile state and
becomes a long-lasting memory through a process of stabilization
known as consolidation (McGaugh 2000). During the labile phase
of consolidation, memory can be disrupted by several treatments
including inhibition of protein and RNA synthesis and blockade
of a number of neurotransmitter and hormone receptors as well
as of downstream molecular pathways (Davis and Squire 1984;
Izquierdo and Medina 1997; Kandel 2001). Over time, memories
become resistant to disruption by these treatments, but they
can again become transiently sensitive if they are reactivated,
for example, by retrievals of the memory (Nader et al. 2000;
Alberini 2005). The reactivated memory, like the new memory
during the post-training consolidation phase, again undergoes a
stabilization process known as reconsolidation (Nader et al.
2000; Sara 2000). Several types of memories in many different
species undergo reconsolidation following their reactivation
(Alberini et al. 2006). Interfering with the reconsolidation process
provides an opportunity for disrupting memories that may
contribute to the development of psychiatric disorders such as
post-traumatic stress disorder (PTSD) or addiction (Dudai 2006;
Diergaarde et al. 2008; Taylor et al. 2009). Recently, several phar-
macological compounds have been tested in animal models
of fear learning in order to identify drugs that can be potentially
relevant for clinical trials of trauma-induced pathologies and, in
particular, PTSD (Debiec and LeDoux 2006; Brunet et al. 2008;
Taubenfeld et al. 2008). Particular attention has been given to
blockers of stress hormones, including antagonists of glucocorti-
coid or B-adrenergic receptors.

We previously reported that the glucocorticoid receptor
antagonist RU38486 persistently disrupts inhibitory avoidance
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(IA) memory retention if administered either in the amygdala
or systemically immediately following retrieval (Tronel and
Alberini 2007; Taubenfeld et al. 2008). Thus, we were interested
in investigating the potential synergistic effect of blocking both
glucocorticoid and B-adrenergic receptors. Several studies from
other laboratories have investigated the effect of the B-adrenergic
receptor antagonist propranolol on fear memories, but reported
conflicting conclusions. Propranolol administered in combi-
nation with memory retrieval disrupts auditory fear conditioning
(FC) (Debiec and LeDoux 2004) and has a modest, although
significant disruptive effect on contextual FC (Abrari et al.
2007). Furthermore, propranolol has been reported to disrupt
Pavlovian reward conditioning (Diergaarde et al. 2006).
Following these animal-based investigations, some clinical and
human studies have shown that pre- or post-retrieval propranolol
administration reduces psycho-physiological responses to mental
imagery of a past traumatic event in PTSD patients (Brunet et al.
2008) and disrupts potentiation of the eyeblink startle reflex,
but not the acquired contingency between the conditioned
(CS) and unconditioned stimulus (US) in healthy human subjects
(Kindt et al. 2009). Thus, propranolol administered in combina-
tion with memory retrieval has been proposed to eliminate fear
responses without affecting declarative memory (Kindt et al.
2009). Other studies found no change of pre-retrieval propranolol
administration on both physiological responses to traumatic
memory (Tollenaar et al. 2009) and verbal emotional memories
(Tollenaar et al. 2008) in healthy human subjects. Furthermore,
an effect of propranolol on PTSD symptomatology has not yet
been reported. Hence, it is still unclear whether systemic treat-
ment of propranolol has a general effect on the reconsolidation
of fear-based memories or whether it affects only some types of
fear memory responses.

Here, we tested whether the reconsolidation of the instru-
mental fear-conditioning IA, which is disrupted by protein
synthesis inhibitors as well as antagonists of glucocorticoid
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2). This dosage of propranolol is one of
the highest previously used in several
studies to interfere with the consolida-
tion or reconsolidation in several dif-
ferent types of memories, including
both aversive and appetitive (e.g., Sara
et al. 1995; Przybyslawski et al. 1999;
Saber and Cain 2003; Debiec and
LeDoux 2004; Diergaarde et al. 2006;
Abrari et al. 2007; Milton et al. 2008;
Rodriguez-Romaguera et al. 2009). All
groups of rats had similar retention
latencies at Test 1 and Test 2. A two-way
analysis of variance (ANOVA) compar-
ing avoidance scores across treatment
and tests (Test 1-Test 2) revealed no
effect of treatment (F(;,4) = 0.006, P=0.94), no effect of test
(F1,24y=0.15, P=0.7), and no test x treatment interaction
(F(1,24) = 1.94, P = 0.18). Bonferroni post-hoc test showed no sig-
nificant differences between propranolol and saline at both Test
1 (P> 0.05) and Test 2 (P > 0.05; Fig. 1A; Table 1).

Because previous studies by Przybyslawski et al. (1999) have
reported that propranolol disrupts an IA memory evoked by
very low shock intensities (0.25 mA footshock), we set out to
determine whether the effect of propranolol is restricted to IA
memories evoked by low footshock intensities. Thus, we used
the same protocol used for the 0.9 mA described above to test
the effect of propranolol on IA elicited by either 0.6 or 0.25 mA
footshock. As depicted in Figure 1B and Table 1, rats trained
with 0.6 mA had similar retention latency at Test 1 and showed
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Propranolol administered systemically impairs IA retrieval but has no effect on reconsolida-
tion. Experimental timelines are shown above each experiment. Values of latencies are expressed in
seconds (s) and shown as means = SEM. (A) Animals were trained in IA with 0.9 mA footshock intensity,
48 h later they were tested (Test 1), and immediately after, they were injected i.p. with propranolol or
saline. Rats were tested again 48 h later (Test 2). No significant effect of treatment was found among
groups. (B) Animals underwent the same experimental protocol as in A, except that 0.6 mA footshock
intensity was used during training. No significant effect of treatment was found among groups. (C)
Animals underwent the same experimental protocol as in A, except that 0.25 mA footshock intensity
was used during training. No significant effect of treatment was found among groups. (D) Animals
underwent the same experimental protocol as in B, except that they received an i.p. injection of pro-
pranolol 30 min before reactivation (Test 1). Compared with saline, propranolol significantly disrupted
IA retention at Test 1 (**, P < 0.01), but not at Test 2.

a tendency toward a decrease in latency after propranolol treat-
ment compared with saline at Test 2. This tendency, however,
was not statistically significant. A two-way ANOVA comparing
avoidance scores across treatment and tests (Test 1-Test 2)
revealed no effect of treatment (F(; 42 = 0.48, P = 0.50), no effect
of test (Fq,42) = 0.55, P=0.46), and no test x treatment interac-
tions (F(1,42) = 2.64, P=0.11). Figure 1C and Table 1 show the
results obtained with 0.25 mA shock intensity. As described in
the Materials and Methods’ section, in all of our studies we used
the full entry into the dark box as a measure of the avoidance
(latency). At both Test 1 and Test 2, our rats showed very low
and similar latencies to enter the shock compartment, which, in
addition, did not significantly differ from the initial acquisition
latencies (saline, 18.8 3.5 sec; propranolol, 15.9 4.2 sec).
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Table 1. Scores indicating the mean latency (seconds) or freezing level (percent) + SEM and
n per each experiment described in the Results section

propranolol impairs the retrieval of 1A
memory, but does not disrupt its
reconsolidation.

Experiments Groups Scores
Figure 1 Test 1 Test 2
A. 0.9 mA shock IA, Saln=7 409.9 £ 46.3 sec 490.2 £+ 46.2 sec . e
propr after RA Proprn=7  476.4+33.0sec  430.6+ 53.3 sec Propranolol administered
B. 0.6 mA shock IA, Saln=10  342.1 £44.0sec  384.8 +52.7 sec systemically after retrieval disrupts
propr after RA Proprn=13 387.4 + 40.7 sec 272.6 £ 52.7 sec
C. 0.25 mA shock IA, Saln==6 16.6 + 5.2 sec 10.6 + 2.6 sec both Cue,d a',]d contextual FC .
propr after RA Propr n=6 27.7 +13.7 sec 14.8 + 5.6 sec reconsolidation: Effect of retrieval
D. 0.6 mA shock IA, Saln=28 379.6 £ 43.5 sec 308.7 £ 46.4 sec modality
= + +
propr before RA Proprn=28 139.3 £43.1 sec 304.9 +40.4 sec Our results showing that propranolol
Figure 2 Reactivation Cue test Context test  fails to affect IA memory reconsolidation
A.FC cue RA Saln=8 83.4 + 4% 56.6 +4.3% 56.6%5.5% are conceptually divergent from pre-
Propr n=8 76.6 +4.3% 17.7 £3.8% 184%4.9%  yious studies, concluding that the same
B. FC contextual RA Reactivation Context test Cue test antagonist and dosage significantly and
Saln=238 42.8+4.2% 58.4 £3.6% 54.1+4.8%  persistently disrupts Pavlovian fear
Propr n=8 49.2+4.9% 31.2+£2.6% 49.9£4.9%  memory reconsolidation. Specifically, it
C.FCnoRA Saln=26 Cue test Contexttest a4 been reported that propranolol
Proprn=1=6 61.1 £7.6% 63.3£6.9% . . R
67.8 +3.8% 65.1 + 7.0% injected elther into the . ba.solateral
amygdala or i.p. after reactivation by a
D. FC novel context Reactivation Cue test Contexttest  tone CS disrupts the reconsolidation of
Saln=6 12.6 £ 4.9% 56.5+3.8% 56.0 £ 3.9% ; ;
an auditory FC (Debiec and LeDoux
= +5.59 +3.99 +5.19
Proprn=6 13.8£5.5% 62.3+3.9% 58.6 £ 5.1% 2004). Thus, to confirm and extend
Figure 3 Test 1 Test 2 Cue test these findings, in the next set of experi-
A. IA + cue Saln=7 372.4 £49.4 sec 321.1 £ 36.1 sec 23.8+3.7%  ments we tested the effect of propranolol
0.6 mA shock Proprn=7 304.8 + 29.2 sec 308.5 +62.1 sec 9.8+ 1.2% s dat
on the reconsolidation of contextual
B. 1A + cue Saln=5 ~ 439.5+456sec  4223+409sec  20.7+3.5% i o 0RO x
0.9 mA shock Propr n=4 388.7+30.2sec  468.7 + 27.1 sec 5.8+1.99 andauditory tt.

In the first experiment, we tested

Two-way ANOVA, comparing scores across treatment and tests,
revealed no effect of test (F;30)=0.95, P=0.39; Fig. 1C), no
effect of treatment (F(,30) = 0.54, P = 0.47), and no treatment x
test interaction (F(5 30) = 0.52, P = 0.60).

Together, these results show that the propranolol adminis-
tered systemically after retrieval induced by a nonreinforced
context exposure has no effect on IA memory reconsolidation.

Propranolol administered systemically 30 min before
retrieval affects retrieval but not reconsolidation of IA
Previous studies have shown that the time window of sensitivity
to the effect of amnesic treatments administered following
retrieval is relatively short (Anokhin et al. 2002). Thus, we inves-
tigated whether propranolol injected 30 min before reactivation
affects IA memory at subsequent tests. Reactivation, as in all
of our IA experiments, consisted of exposure to the context
during testing (Test 1). For these experiments, we used the
0.6 mA footshock intensity, because with this shock intensity
we had found that propranolol resulted in a nonsignificant ten-
dency to decrease IA memory at Test 2 (see Fig. 1B). Groups of
rats were trained and injected i.p. a half-hour before reactivation
(47.5 h after training; Test 1) with either propranolol or saline.
This test reactivated the memory. Forty-eight hours later, the ani-
mals were tested again (Test 2). A two-way ANOVA comparing
avoidance scores across treatment and tests revealed a
significant effect of treatment (F 28 = 7.91, P < 0.01), no effect
of test (F(128)=1.19, P=0.28), and significant effect of test x
treatment interaction (F,28) = 7.42, P < 0.01). Bonferroni post-
hoc test showed that, compared with saline, propranolol dis-
rupted the latencies at Test 1 (P < 0.01). However, at Test 2,
both saline- and propranolol-treated groups had similar and
intact retentions (P > 0.0S5; Fig. 1D; Table 1). We concluded that
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the effect of propranolol administered

following retrieval elicited by a tone

(cue) presentation. Rats were trained in
FC in context A. Forty-eight hours later they were presented
with the tone in a different context (tone in context B), and imme-
diately after they received an i.p. injection of either propranolol or
saline. Forty-eight hours and 96 h later, the animals were tested
for cue and contextual freezing in contexts B and A, respectively
(Fig. 2A; Table 1). During the reactivation, all rats showed similar
freezing levels, which were low before the cue onset (saline,
16.1 £ 2.1%; propranolol, 12.4 £ 3.0%) and high during the cue
presentation. Two-way ANOVA comparing freezing scores across
groups before and after cue exposure revealed a significant effect
of the cue presentation (F 26 = 335.5, P < 0.0001), no effect of
group (F(1,26)=2.03, P=0.17), and no group x cue exposure
interaction (F 26y = 0.17, P = 0.68). Two-way ANOVA comparing
freezing scores across treatment and tests (cue and context)
revealed a significant effect of treatment (F(126) =74.9, P<
0.0001), no effect of test (F(1,26)=0.01, P=0.94), and no test x
treatment interactions (F( 26 = 0.00, P = 0.95). Bonferroni post-
hoc comparison showed that compared with saline, propranolol-
treated rats froze significantly less during both the cue test (P <
0.001) and subsequent contextual test (P < 0.001). Hence, propran-
olol administered immediately after a cue reactivation disrupts
both cue and contextual memory reconsolidation.

In the second experiment, we tested the effect of propranolol
administered after a contextual reactivation on both contextual
and cued fear memories, respectively (Fig. 2B; Table 1). Rats
trained as described above were exposed to the contextual reacti-
vation (in the training context or context A). Immediately after,
they received an i.p. injection of either propranolol or saline.
Forty-eight hours later they were tested for contextual freezing
(in context A) and then, 2 d later, for auditory freezing (in context
B). Student’s t-test comparing freezing scores between groups dur-
ing contextual reactivation (RA context) revealed no significant
differences (P > 0.34). A two-way ANOVA comparing freezing
scores across treatment and test (cue and contextual tests)
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Figure 2. Propranolol administered systemically after reactivation disrupts both cue- and

contextual-FC reconsolidation. Cue reactivation influences contextual memory. Experimental timelines
are shown above each experiment. Freezing scores are expressed as percent of the total time of testing
and shown as means £ SEM. (A) Rats were trained in FC. Forty-eight hours later, they were presented
with the tone in a different context and immediately after, received an i.p. injection of either proprano-
lol or saline. Forty-eight hours and 96 h later, the animals were tested for cue and contextual freezing,
respectively. Propranolol significantly disrupted FC in both cue and context tests (***, P < 0.001). (B)
Rats were trained in FC and exposed to the training context 48 h later. Inmediately after context
exposure, rats received an i.p. injection of either propranolol or saline. Forty-eight hours and 96 h
later, the animals were tested for contextual and cue freezing, respectively. Propranolol significantly dis-
rupted contextual fear memory but did not affect cued fear memory (***, P < 0.001). (C) Rats were
trained and received propranolol or saline injections as in A in the absence of reactivation.
Forty-eight hours and 96 h after the injection, the animals were tested for cue and contextual freezing,
respectively. No significant differences were found among groups. (D) Rats were trained in FC and 48 h
later were exposed to a novel context without any cue presentation and immediately after were injected
with propranolol or saline i.p. Forty-eight hours and 96 h later, the animals were tested for cue and con-
textual freezing, respectively. No significant differences were found among groups.

upon reactivation. In fact, when propran-
olol was injected 48 h after training in
the absence of reactivation, no effect
was found on either cued or contextual
memories. A two-way ANOVA comparing
freezing scores across treatment and test
(cue and context tests) revealed no effect
of treatment (F(; 209 = 0.43, P = 0.52), no
effect of test (F(y,20) = 0.00, P = 0.97), and
no treatment x test interaction (F 20) =
0.14, P = 0.72). Bonferroni post-hoc test
showed that rats from both treatment
groups had no significant differences in
freezing levels either in cue (P > 0.05) or
context test (P > 0.05; Fig. 2C; Table 1).

To test whether the disruption of
contextual fear memory following cue
reactivation and propranolol administra-
tion is due to context generalization, we
tested whether the exposure to an
unpaired context, that is, a context in
which the animals never experienced a
footshock, followed by propranolol
administration, would affect contextual
fear memory retention. As depicted in
Figure 2D and Table 1, rats were trained
in context A, and received propranolol
after exposure to an unpaired context
(context B) without any cue presenta-
tion. Two days later, they were tested
for cued conditioning in context B and
after two more days for contextual FC
in context A. Two-way ANOVA compar-
ing freezing scores across treatment and
test (unpaired context, cue, and context
tests) revealed no effect of treatment
(F1,300=0.73, P=0.4), a significant
effect of test (Fz30)=6595 P<
0.0001), and no test x treatment interac-
tion (F2,30) = 0.14, P = 0.87). Bonferroni
post-hoc test showed no significant dif-
ferences between treatment groups dur-
ing the novel context exposure (P>
0.05). Both groups had intact memory
in both cue (P> 0.05) and contextual
memory (P > 0.05; Fig. 2D).

In conclusion, propranolol disrupts
both auditory and contextual memory
reconsolidation if administered immedi-
ately after a cued reactivation. However,
it selectively affects the contextual mem-
ory if administered immediately after a
contextual reactivation.

Propranolol disrupts freezing but
not inhibitory avoidance memory

revealed a significant effect of treatment (F( g = 14.95, P=
0.0006), no effect of test (F,»5) = 3.14, P = 0.09), and significant
test x treatment interaction (F; 2g) = 8.03, P < 0.008). Bonferroni
post-hoc test showed that compared with saline, the propranolol-
treated rats had a significant impairment in contextual fear mem-
ory (P < 0.001). On the other hand, no effect of propranolol was
found 2 d later on auditory fear memory (P > 0.05; Fig. 2B).

The amnestic effect of propranolol in both groups of rats that
underwent either cued or context reactivation was contingent
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In the last set of experiments, we asked whether propranolol dis-
rupts freezing, but not avoidance memory. We trained rats in IA,
and during the training session presented them with a cue (the
same tone used in FC) for the duration of the exposure to the lit
compartment (14-54 sec). Two days later, rats were placed into
the IA box for testing without the tone. This test reactivated the
IA memory. Immediately after, they received an i.p. injection of
propranolol. Two days later, the animals were tested for IA, and
2 d after this test they were tested for cue memory in a different
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A Training TEST 1 TEST 2 CUE test IA latencies to enter into the dark compart-
ment across treatment and test revealed no
0.6 mA l 8h 8h 48h | effect of treatment (F(; 4 = 0.005, P=
! ! ! ! 0.94), no effect of test (F(y 24 =0.15 P =
/I\O h Propranolol or 0.7), and no test x treatment interactions
vehicle injection (Fa,26) = 1.94, P = 0.18). Bonferroni post-
600 — hoc test showed no significant differences
100 7 [ saline between propranolol- and saline-treated
500 _ groups during IA Test 1 (P > 0.05) and IA
. L 807 B vropranolol Test 2 (P> 0.05). In contrast, although
: 4007 é” 60 the freezing response was moderate, it
2 300 j_'fa was significantly reduced by propranolol
5 5 404 (Student’s t-test P < 0.05; Fig. 3B). Thus,
200 £ in both experiments, compared with
100 4 = 20 1 vehicle, propranolol significantly reduced
freezing levels without affecting IA.
0 0
TEST 1 TEST 2 CUE test Discussion
Since propranolol might be important
B Training TEST 1 TEST 2 CUE test for potential clinical applications that
target the reconsolidation of traumatic
0.9 mA L__%h 8h 8h memories, this study aimed at investigat-
! ! ! | ing the effect of its systemic administra-
0 h Propranolol or tion on the reconsolidation of different
vehicle injection types of fear memories. Our results
show that propranolol administered after
600 - retrieval does not affect the reconsolida-
100 [ saline tion of IA, whereas as also shown by
500 previous authors (Debiec and LeDoux
& 807 B propranolol 2004; Abrari et al. 2007), it disrupts the
24007 2 reconsolidation of auditory and contex-
g 300 - g 607 tual FC. We conclude that the efficacy of
] 5 40 - systemic administration of propranolol
200 1 2 in disrupting the reconsolidation of fear
100 = 50 4 memories is not general, but limited to
| * some types of fear memories.
0 0 Furthermore, our data provide evi-
TEST 1 TEST 2 CUE test dence that, in the classical conditioning
paradigm, the effect of propranolol fol-
Figure 3. Propranolol disrupts freezing but not IA memory. Experimental timelines are shown above

each experiment. Values of latencies are expressed in seconds and shown as means = SEM. Freezing
scores are expressed as percent of the total time of testing and shown as means = SEM. (A) Rats
were trained in IA with 0.6 mA footshock intensity and, during training, presented with a tone.
Forty-eight hours later, they were tested in IA, and immediately after, received an i.p. injection of pro-
pranolol or saline. Forty-eight hours and 96 h later, the animals were tested in IA and cue fear memory,
respectively. Compared with saline, propranolol had no effect on IA retention, but significantly dis-
rupted freezing (Student’s t-test, [**] P < 0.01). (B) Rats underwent the same protocol as in A, except
that a footshock of 0.9 mA was used during training. Compared with saline, propranolol had no
effect on IA retention, but significantly disrupted freezing (Student’s t-test, [*] P < 0.05).

context (tone in context B). Two-way ANOVA comparing IA
latencies to enter to the dark compartment across treatment and
test revealed no effect of treatment (F 6= 0.13, P=0.72), no
effect of test (F,26)=0.26 P=0.62), and no test x treatment
interactions (F,26)=0.36 P=0.55). Bonferroni post-hoc test
showed no significant differences between propranolol and
saline-treated groups during IA Test 1 (P> 0.05), and IA Test 2
(P > 0.05). In contrast, although the freezing response was moder-
ate, it was significantly reduced by propranolol (Student’s t-test,
P < 0.01; Fig. 3A; Table 1).

To test whether a higher freezing level was elicited if the foot-
shock intensity was increased, we repeated the experiment using
0.9 mA footshock. However, similar results were found (Fig. 3B;
Table 1), indicating that the low freezing in the control group is
not related to footshock intensity. Two-way ANOVA comparing
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lowing retrieval by context exposure
results in the selective disruption of
contextual FC with no effect on cued con-
ditioning; whereas propranolol adminis-
tered after retrieval by the tone exposure
results in the disruption of both.

The conclusion that propranolol
fails to affect IA reconsolidation is based
on our results showing no effect of treat-
ment under several different conditions
of shock intensity and propranolol
administration modalities. First, post-retrieval propranolol
administration always failed to affect the reconsolidation of IA
induced by either 0.25, 0.6, and 0.9 mA footshock intensities.
Second, pre-retrieval propranolol administration affected IA
retrieval itself but not reconsolidation, as memory retention was
intact at a subsequent test. Hence, in none of the conditions
probed were we able to find an effect of propranolol on IA
reconsolidation.

A previous study from Przybyslawski et al. (1999), who also
used systemic administration of propranolol similar to that
employed in our experiments (10 mg/kg, i.p. immediately after
reactivation by testing), concluded that propranolol disrupts the
reconsolidation of IA. Several reasons may account for the diver-
gence between this study and ours. First, the authors used very dif-
ferent read-outs to express the avoidance response. The first was
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the latency to place two paws into the dark box, a parameter that
is not commonly used in IA studies. It is unclear whether the rate
of approach to the dark box with the two anterior paws represents
a true avoidance response, because, during IA testing, the animals
may approach the dark box but then avoid it. The second measure
the authors reported to be sensitive to propranolol referred to a
frequency distribution of a selected group of animals. In fact,
they reported an effect on the latency to fully enter the dark
box expressed as the frequency distribution of rats avoiding or
not avoiding for 300 sec among a selected group of rats that had
perfect retention. Moreover, other dissimilarities exist between
our protocol and that used by Przybyslawski et al. (1999), includ-
ing the rat strain and the fact that, at the very weak 0.25 mA
footshock intensity, our paradigm did not elicit a significant
IA response compared to acquisition time. Nevertheless, with
none of the shock intensities employed, from 0.25 to 0.9 mA,
we were able to find an effect of propranolol on memory
reconsolidation.

Two questions that can be raised with regard to the lack
of effect of propranolol in our studies are that we only investigated
systemic administration and only used one dose, that is, 10 mg/
kg. Whereas we cannot exclude that intracerebral administration
of propranolol might affect IA reconsolidation, in the present
study we chose to focus on systemic administrations, because
our goal was to test for effects potentially relevant for clinical
applications. Furthermore, the dose used in our studies is the
same used in the majority of investigations that reported an effect
of propranolol on memory consolidation and reconsolidation
(e.g., Sara et al. 1995; Przybyslawski et al. 1999; Saber and Cain
2003; Debiec and LeDoux 2004; Diergaarde et al. 2006; Abrari
et al. 2007; Milton et al. 2008; Rodriguez-Romaguera et al.
2009). A total of 10 mg/kg appears to be the highest dose that
can be utilized systemically in rat without causing a toxic effect.
In fact, in spontaneously breathing rats, propranolol adminis-
tered at 30 mg/kg i.v. decreases heart rate and mean arterial blood
pressure and causes hypoventilation, serious hypoxaemia, respira-
tory acidosis, and death by respiratory arrest (Toet et al. 1996).

Our data on the effect of propranolol on auditory FC confirm
previous results obtained by Debiec and LeDoux (2004), who
showed that propranolol administered either intra-amygdala or
systemically after tone exposure disrupts auditory FC tested at a
later time. This memory impairment was maintained over time
and following the exposure to a reminder shock, suggesting that
the effect of propranolol likely targets the reconsolidation and
not the extinction of the memory. Similar results were shown
with contextual FC by Abrari et al. (2007). Interestingly, we found
that the reactivation by auditory tone exposure also affected the
contextual trace, as propranolol administered after the reactiva-
tion by the tone in a different context also led to disruption of
contextual fear memory. This result cannot be explained by con-
text generalization and, therefore, reactivation of a generalized
contextual trace for two reasons: First, the animals did not freeze
in the context in which they were tested with tone before receiv-
ing the tone; and second, a reactivation by exposure to a different,
unpaired context without tone did not lead to any memory dis-
ruption when the animals were tested for either cue or contextual
FC. Thus, cue exposure must reactivate, at least in part, the condi-
tioned context-specific trace in order for this to become labile and
sensitive to the propranolol treatment. Given this outcome, we
hypothesize that the hippocampus is, to some extent, critically
implicated in tone memory, a conclusion in agreement with
that of other authors (Maren 2008). In contrast, a reactivation
by exposure to the same context in which the animals were
trained, followed by propranolol administration, selectively
disrupted the contextual memory and did not affect cued
conditioning.

Www.learnmeonrg

Why is FC, but not IA, affected by post-retrieval administra-
tion of propranolol? We speculate that propranolol may affect
only some fear memory responses, like Pavlovian FC, but
may spare more complex types of fear memory responses, such
as those expressed by instrumental FC. Previous studies pointed
out that several differences exist between the two FC paradigms.
In Pavlovian FC the presentation of shock is independent of
the animal’s behavior, whereas in IA the animal must enter the
dark chamber before being shocked. Thus, the involvement of dif-
ferent responses likely affects the neural substrates involved.
Indeed, different circuits have been found to be critically recruited
with the two types of learning (Wilensky et al. 2000; McGaugh
2004; Tinsley et al. 2004). In particular, the role of the amygdala
in classical FC and IA has been shown to differ (for review, see
Tinsley et al. 2004). In addition, data have been provided support-
ing the conclusion that in Pavlovian FC the amygdala is the
site where plasticity underlying fear learning occurs, whereas in
IA learning the role of the amygdala is to modulate the strength
of an aversive memory that is stored elsewhere (Wilensky et al.
2000; McGaugh 2004) or, perhaps, in a more distributed fashion.
If fundamental differences exist in the mechanisms underlying
the consolidation mechanisms/circuits of the two memories
(Wilensky et al. 2000; Kim and Jung 2006), it is not surprising
that differences are also found during the reconsolidation process
of the two memories (Alberini 2005; Alberini et al. 2006). Here,
we propose that these differences include their sensitivity to
propranolol.

In agreement with this interpretation are also our data
showing that tone-evoked freezing following IA-tone condition-
ing is selectively affected by propranolol. Similar data were
found when freezing was recorded during regular IA testing
(data not shown). Although the freezing percent elicited
with this paradigm was relatively modest, a significant disruption
of freezing, but intact IA, was found with propranolol treatment.
It is unclear why propranolol affects freezing following a con-
textual IA reactivation, whereas it does not affect cue-induced
freezing in the Pavlovian FC paradigm following reactivation
by context exposure. Possible explanations, as discussed above,
likely invoke the differences between the two tasks and further
experiments are needed to understand this point.

In conclusion, only some fear memories appear to be sensi-
tive to the effect of propranolol, and these seem to be those
involving a classical conditioning in which the amygdala acts as
storage instead of a modulatory site, but not those that include
more complex or distributed processing. This interpretation is in
line with the results and conclusions of Vazdarjanova and
McGaugh (1998), who reported that lesions of the amygdala com-
plex block freezing, but only attenuate, and do not completely
block a Y arm avoidance induced by shock. Our interpretation is
alsoin agreement with the results reported by several other studies
showing that propranolol significantly affects freezing (Debiec
and LeDoux 2004; Abrari et al. 2007; Rodriguez-Romaguera
et al. 2009) more than other fear responses, and particularly those
involving more cognitive/explicit components (Selden et al.
1991; Parent et al. 1995; Vazdarjanova and McGaugh 1998;
Walker et al. 2005).

Our results add to the controversial findings found with pro-
pranolol on memory reconsolidation. While the reconsolidation
of potentiation of eyeblink conditioning, conditioning to
natural or drug-associated reward, are disrupted by propranolol
(Diergaarde et al. 2006; Milton et al. 2008; Kindt et al. 2009),
the treatment has no effect on the reconsolidation of appetitive
Pavlovian memory in rats (Lee and Everitt 2008) and on neutral
and emotional words in humans (Tollenaar et al. 2008), or on a
declarative measure for the acquired contingency between the
CS and US (Kindt et al. 2009). It is possible that, as suggested
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by Kindt et al. (2009), propranolol targets the fear response and
not the cognitive/explicit components of the fear response.
However, because we did not test this aspect in our experiments,
we cannot support this conclusion, and further studies are needed
to understand this issue.

Our results indicate that the reconsolidation of complex fear
memories, such as those based on instrumental conditioning,
may not be sensitive to propranolol treatment. In conclusion, pro-
pranolol might not be, as expected, a general effective treatment
for the disruption of all types of fear memory reconsolidation.

Materials and Methods

Animals

Long Evans adult male rats (Harlan) weighing between 250 and
350 g at the beginning of the experiments were used. Rats were
housed on a 12-h light-dark cycle with ad libitum access to food
and water. All experiments were conducted during the light cycle
between 9 AM and 6 PM. All protocols complied with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Mount Sinai School of
Medicine Animal Care Committees.

Inhibitory avoidance (IA)

The IA was performed as previously described (Milekic et al. 2007).
Briefly, the IA box (Model ENV-010MC, Med Associates) consisted
of a lit (safe) compartment and a dark (shock) compartment
separated by a door. In the dark compartment the rats received a
footshock of either 0.25, 0.6, or 0.9 mA for 2 sec via a constant
current scrambler circuit delivered through the grid floor, as speci-
fied in each experiment. During the training sessions, rats were
placed in the lit compartment facing away from the door. After
10 sec, the door leading to the dark chamber was opened. Once
the animals fully entered the dark chamber (all four limbs contact-
ing the grid in the dark chamber) the door was closed and, after a
2-sec delay, a footshock was delivered for 2 sec. Ten seconds later,
the rats were returned to their home cage. Forty-eight hours
after training, the animals were tested (Test 1). This testing session
also served as a reactivation session and was identical to the train-
ing sessions, except that no shock was delivered and the session
was concluded after 540 sec. Latency to enter the dark compart-
ment was recorded in seconds. Forty-eight hours after Test 1 the
animals were tested again (Test 2).

Fear conditioning (FC)

Rats were conditioned and tested in FC in two different chambers,
context A and context B, respectively. Rats were trained in context
A, arectangular Plexiglass chamber (30.5 cmx24.1 cmx21.0 cm)
with a metal grid floor (Model ENV-008 Med Associates). The
chamber was washed with mint spray between training and test-
ing of each animal. Context B was used only for reactivation or
testing (Model ENV-515 Med Associates). Context B consisted of
a square chamber (43.2 cmx43.2 cmx43.2 cm) with one trans-
parent and three opaque Plexiglass walls and a Plexiglass flat floor
that was washed with ylang-ylang spray between sessions. All rats
were pre-exposed to both contexts (A and B) for 10 min. On the
next day, during training they were placed in context A for 120
sec and then presented with 30 sec of the auditory cue (CS, con-
sistingofa 5 kHz 75 dB tone) paired with a 1.0-mA 1-sec footshock
(US). Thirty seconds after the footshock they were removed and
returned to their home cages. Forty-eight hours later, rats under-
went a reactivation procedure that consisted of an exposure to
either the cue or the context that they experienced during train-
ing (reminder), as detailed in the Results section. During the cue
reactivation, the rats were placed in context B for 120 sec and
then presented for 30 sec with the same tone they experienced
during the training. During the context reactivation, the rats
were placed again into the training chamber (context A) for
90 sec. Freezing, which was defined as lack of movement
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except for breathing, was videotaped and scored during both reac-
tivation and testing. All rats were tested in both cued and contex-
tual tests, as specified in the Results section. During the cued test,
animals were placed in context B and received four 30-sec cue
presentations separated by a variable intertone interval (120 sec
on average). An average of the four scores for each tone for each
rat was used for the analysis. During the context test, animals
were placed into context A and freezing was recorded and scored
for 3 min.

IA and auditory FC

IA was performed using the same protocols as described above.
During training, the same sound used as an auditory cue during
FC (CS, 5 kHz 75dB tone) was presented from the beginning of
the session to the end of the footshock, thus lasting for 14-54
sec. Rats were tested for latency in the IA chamber without the
tone 48 h later. This test served as a reactivation event (IA reacti-
vation, Test 1). Two days later, the rats were tested again (Test 2)
and latency to enter into the dark compartment was recorded.
Finally, 48 h later, they were tested for cued conditioning in a dif-
ferent context (context B), as described in the fear-conditioning
method.

Pharmacological treatments

Propranolol (Sigma-Aldrich) was dissolved in 0.9% saline and
injected intraperitoneally (i.p.) at 10 mg/kg. This is among
the highest doses used for behavioral effects (e.g., Debiec and
LeDoux 2004; Abrari et al. 2007; Rodriguez-Romaguera et al.
2009). All treatments, including vehicles, were administered at
1 mL/kg.

Statistical analysis
Two-way ANOVA followed by Bonferroni-protected post-hoc test
and Student’s t-test were used as detailed in the Results section.
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