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Abstract

Background—The lateral nucleus of the amygdala (LA) is a crucial part of the neural circuitry
underlying the formation and storage of memories established through fear conditioning. To
investigate corticotropin-releasing factor (CRF) contributions to fear memory in LA, the present
experiments tested the effects of intra-LA infusions on the formation and expression of memory
after Pavlovian fear conditioning.

Methods—In experiment 1, CRF was infused bilaterally into LA of rats one hour before fear
conditioning training. Two days later, rats were tested for conditioned stimulus (CS)-elicited
freezing behavior in a distinct context. In experiment 2 rats were infused with CRF in LA
immediately after auditory fear conditioning and then tested two days later. In experiment 3 rats
were fear conditioned, and then two days later infused with CRF in LA one hour before fear
memory testing to assess effects on the expression of fear memory. Finally, we repeated the pre-
training and pre-testing experiments with the central nucleus of the amygdala (CE) infusions.

Results—Rats given either pre- or post-training CRF infusions in LA showed dose-dependent
suppression of CS-elicited freezing in the fear memory test session. In contrast, rats given pre-
testing CRF showed facilitation of CS-elicited freezing. CRF infusions into the CE had no effect
when given before training or testing.

Conclusions—CREF infusions into LA impair the consolidation of memory for fear
conditioning, but enhance the expression of pre-established fear memaories. These findings may
have important implications for understanding mechanisms underlying contributions of CRF to
fear-related disorders.
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The amygdala is known to be a crucial component of the neural circuitry underlying the
learning and storage of emotional events (1,2). Emotional learning and memory are often
studied using Pavlovian fear conditioning, a procedure that involves pairing an initially
emotionally neutral conditioned stimulus (CS, e.g. a tone) with an aversive unconditioned
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stimulus (US, e.g. footshock). When the CS is later presented on its own, it elicits a
conditioned fear reaction that consists of defensive behavioral responses (e.g. freezing),
autonomic and endocrine activation.

The amygdala is a complex region of the temporal lobe consisting of several subareas (3,4).
Two areas that are particularly important for fear conditioning are the lateral nucleus (LA)
and the central nucleus (CE). LA is an initial site of convergence for CS and US
information, and synaptic changes within the LA are thought to be crucial for the storage of
the CS-US association (4-8). CE receives projections from LA, and sends outputs to
hypothalamic (e.g. paraventricular nucleus and lateral nucleus) and brain stem regions (e.g.
periaqueductal grey) that control the defensive, autonomic and endocrine reactions to fear
(9,10).

Corticotropin-releasing factor (CRF), a 41-amino acid neuropeptide, is not only a first
mediator in hypothalamic-pituitary-adrenal (HPA) axis activation, but also has direct effects
in the brain via widely distributed CRF 1 and 2 receptors (11-16). CRF plays an important
role in behavioral, endocrine and autonomic responses to stress with actions on the
cardiovascular, gastrointestinal and reproductive systems (17,18). In the amygdala, there are
many CRF immunoreactive cells and fibers in CE (19). CRF 1 receptors are more densely
expressed in LA than in CE, but CRF 2 receptors are not evident in either LA or CE (20,21).

The role of CRF in LA or CE in fear conditioning is not well understood. CRF
overexpression in mice attenuates acquisition of auditory fear conditioning (22), and
systemic injection of the CRF receptor antagonist, CP-154,526, also impaired contextual
fear conditioning (23), but these studies provide little information about the locus and
mechanism of the effects. Existing studies of the effects of CRF manipulations in the
amygdala on fear conditioning have focused on infusions in CE (24), which lacks CRF
receptors, and the basolateral amygdala (BLA) (25), which includes the LA but also other
areas (4). We performed the present studies to elucidate the contribution of CRF in LA and
CE to the formation and the expression of memories created by auditory fear conditioning.

Methods and Materials

Subjects

Surgery

Adult male Sprague Dawley rats obtained from Hiltop Laboratories (Scottdale, PA, USA)
were housed individually in plastic Nalgene cages with ad /ibitum food and water and
maintained on a 12 h light/dark cycle (lights on at 7:00a.m.). All experiments were
performed from 9:00a.m. to 5:00p.m.. All procedures were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Experimental Animals and were
approved by the New York University Animal Care and Use Committee.

Rats were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (5 mg/kg), and
buprenorphine-HCI (0.02 mg/kg) was given as an analgesic. Cannulae (22 gauge; Plastics
One Inc., Roanoke, VA), fitted with 28 gauge internal cannulae that extended 1.5 mm
beyond the guides, were surgically implanted bilaterally into the LA [-3.3 mm
anterioposterior (AP), 5.4 mm mediolateral (ML), and 7.8 mm dorsoventral (DV) from
Bregma] or CE (-2.2 mm AP, 4.0 mm ML, and 8.0 mm DV from Bregma) (26). The guide
cannulae were secured to the skull using surgical screws and acrylic dental cement. Twenty-
eight gauge dummy cannulae, cut to extend 0.5 mm from the guides, were inserted to
prevent clogging.
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Context A: The fear conditioning apparatus was constructed of aluminum and Plexiglas
walls (Rat Test Cage, Coulbourn Instruments, Allentown, PA) with metal stainless steel
rod flooring that was attached to a shock generator (Model H13-15; Coulbourn
Instruments). This chamber was enclosed within a sound-isolation cubicle (Model
H10-24A,; Coulbourn Instruments).

Context B: The testing apparatus was changed by inserting smooth plastic floor
covering, and a peppermint scent.

Intra-amygdala infusions

One day before infusion treatments dummy cannulae were removed and injection cannulae
inserted to acclimate rats to the injection procedure, and to minimize new tissue damage at
the time of infusion. On infusion day, rats received bilateral LA or CE infusions (0.25 pl/
side) of either vehicle or CRF (3, 30, or 300 ng/side) at a rate of 0.15 p.I/min through
infusion cannulae attached to 1.0 I Hamilton syringes via polyethylene tubing (A-M
Systems, Inc.). Cannulae were left in place for an additional 80 sec to allow drug diffusion
away from the injection cannula tips, and then the dummy cannulae were replaced. Rats
were returned to their home cages and transferred to the colony room.

Fear conditioning (training)

Rats were habituated to the conditioning apparatus for 15 min one day before training. All
rats were given a single conditioning trial (CS-US pairing) after a 10 min acclimation period
(Context A). The CS was a 30 sec, 5 kHz, 80 dB-SPL sine wave tone that co-terminated
with a footshock US (1 sec, 0.7 mA). One min after the fear conditioning trial rats were
returned to their home cages and to the colony room.

Measurement of freezing behavior (testing)

Drugs

Forty-eight hours after training, rats were replaced in a distinct context (Context B), and
given 5 CS alone (no US) after 5 min. The inter-trial interval was 210 sec. A micro-video
camera was installed for video recording of freezing behavior. Freezing was defined as the
lack of any observable movement of the body and the vibrissae, except for movements
related to respiration (27).

We used CRF (Corticotropin Releasing Factor Human, Rat; Sigma-Aldrich Co.). CRF was
dissolved in artificial cerebrospinal fluid in the morning of the infusion day and kept out of
the light when not in use.

Timing of CRF infusions (Figure 1)

Histology

Pre-training: CRF or vehicle was infused one hour before training.
Post-training: CRF or vehicle was infused immediately (within 5 min) after training.

Pre-testing: CRF or vehicle was infused one hour before testing.

To verify cannula placements, rats were anesthetized with an overdose of chloral hydrate
(25 %, 1.5 ml) and transcardially perfused with 10 % buffered Formalin solution. Brains
were removed and stored in 10 % buffered Formalin with 30 % sucrose. Brains were
blocked and sectioned on a microtome at 50 wm. Sections were stained by Nissl (0.5 %

Biol Psychiatry. Author manuscript; available in PMC 2014 February 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Isogawa et al. Page 4

cresyl violet or 0.25 % thionin), cover-slipped, and examined on a light microscope for
cannula tip locations.

Data analysis

For all experiments a two-way analysis of variance (ANOVA) was used to analyze freezing
scores with one between-subjects factor (Dose), and one within-subjects factor (CS Trial).
For experiments involving multiple doses, follow-up mean comparisons were performed
using Dunnett’s test to compare means for the CRF doses against vehicle.

Results

Cannula tip locations

Figures 2. A—E show cannula tip locations. We excluded subjects with cannula placements
outside of the LA or CE from further analysis. Figure 3. shows the an example of the
injector trace situated within LA (Figure 3A) and CE (Figure 3B).

Effects of Pre-training Infusions in LA

Results from the pre-training LA CRF experiment showed that CRF caused a significant and
dose-dependent reduction in CS-elicited freezing during the drug-free long-term memory
(LTM) test. The LTM test included 5 trials, and we analyzed only the first 2 trials for all
experiments to focus on fear retrieval, apart from within-session extinction across multiple
trials.

Figure 4A shows mean + SEM for percentage freezing averaged across the two test trials for
groups receiving vehicle or CRF infusion into LA at pre-training. Treatment with CRF (3,
30, or 300 ng/0.25 pl/side) one hour before auditory fear conditioning significantly and
dose-dependently reduced CS-elicited freezing when tested 48 hrs later in a distinct context,
with a significant main effect of Dose [F(3,34) = 8.03, p<0.001], and significant differences
between vehicle and the 3ng (p<0.05), 30ng (p<0.001) and 300 ng (p<0.001) doses. There
was no main effect of Trial [F(1,34)=0.19, n.s.], and no Dose x Trial interaction
[F(3,34)=0.36, n.s.].

Effects of Post-training Infusion in LA

Results from the post-training LA CRF experiment showed that CRF caused a significant
reduction in CS-elicited freezing during the drug-free LTM test. Figure 4B shows mean +
SEM for percentage freezing averaged across two test CS presentations for groups receiving
vehicle or CRF (30ng) infusions into the LA immediately after training. Treatment with
CRF 30 ng/0.25p.l/side significantly reduced CS-elicited freezing when tested 48 hrs later in
a distinct context, with a significant main effect of Dose [F(1,11)=10.61, p<0.01]. There was
no main effect of Trial [F(1,11)=0.04, n.s.], and no Dose x Trial interaction [F(1,11)=1.0,
n.s.].

Effects of Pre-testing Infusions in LA

Results from the pre-testing LA CRF experiment showed that CRF caused a significant
increase in CS-elicited freezing during the test. Figure 4C shows mean + SEM for
percentage freezing averaged across two test CS presentations for groups receiving pre-
testing vehicle or CRF (30ng) LA infusions. CRF 30 ng/0.25u.1/side, given 1 hr before the
LTM test in a distinct context 48hrs after training, significantly increased CS-elicited
freezing, with a significant main effect of Dose [F(1,13) = 18.83, p < 0.001]. There was no
main effect of Trial [F(1,13)=1.97, n.s.], and no Dose x Trial interaction [F(1,13)=0.15,
n.s.].
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Effects of Pre-training and Pre-testing Infusions in CE

Results from the CE infusion experiments showed that CRF had no effect on CS-elicited
freezing from either pre-training or pre-testing manipulations. Figure 5A and 5B show mean
+ SEM for percentage freezing averaged across two test tone presentations for groups
receiving vehicle or CRF (30ng) pre-training or pre-testing CE infusions, with no pre-
training main effect of Dose [F(1,14) = 0.01, n.s.], Trial [F(1,14)=0.66, n.s.] or Dose x Trial
interaction [F(1,14)=0.81, n.s.], and no pre-testing main effect of Dose [F(1,9) = 0.23, n.s.],
Trial [F(1,9)=0.072, n.s.], or Dose x Trial interaction [F(1,9)=0.014, n.s.]. Note that the
effect of post-training CE CRF was not tested because there was no pre-training CE CRF
effect, obviating the need to distinguish between effects on acquisition versus consolidation.

Discussion

In the present study we found that pre or post-training infusions of CRF into LA impaired
long-tem memory for fear conditioning. Since post-training infusions produce the same
suppressive effect as pre-training infusions, the findings suggest that memory consolidation
rather than acquisition was affected. In contrast, the expression of pre-established fear
memories was enhanced by pre-test infusions. These findings provide evidence that CRF
exogenously applied in the LA can modulate fear memory formation and expression. Given
the well established role of CRF in stress, this suggests that CRF may be a candidate for
modulation of fear memory processes by stress.

Impaired fear memory formation by CRF infusions targeted to LA

The finding that pre- and post-training CRF impaired fear memory formation is surprising,
considering that previous results from experiments with CRF receptor antagonists resulted in
fear memory impairments. Hikichi et al. (23) reported that systemic injection of the CRF
receptor antagonist, CP-154,526, 30 min before contextual fear conditioning impaired
context-elicit fear memory. Bilateral microinjections of DMP 696, the selective CRF
receptor 1 antagonist, into BLA at 5 min or 3 hrs, but not 9 hrs, after exposure to contextual
fear conditioning reduced contextual freezing in the conditioned fear test (25). However, in
contrast with these results, Tovote et al. (22) reported that CRF overexpressing mice showed
low acquisition of memory for auditory fear conditioning. Thus, interference (23,25) and
enhancement (22, current study) of CRF function both produce impairments of fear memory
consolidation.

One explanation for the similar effects of amygdala CRF receptor blockade and stimulation
could be that receptor stimulation (22, current study) overshadow normal patterns of
endogenous CRF release that are triggered naturally by the fear conditioning experience. US
exposure may trigger endogenous CRF release in the LA as part of a crucial post-
conditioning signal that is needed to support Pavlovian associative learning and memory
formation. CRF1 receptor stimulation is itself able to trigger unconditioned fearful behaviors
(28). Footshock US exposure during fear conditioning leads to CRF release in the amygdala,
as measured by immunocytochemical imaging of CRF (29). And immediate post-training
infusions into the basal and lateral amygdala of the CRF-binding protein ligand inhibitor
CRF 6-33 (0.1p.g, but not 1.0pg or 0.01pg), which increases the concentration of free
endogenous CRF, induced enhancement of 48 hr retention latencies test for inhibitory
avoidance training, which involves both Pavlovian and instrumental conditioning (29).
When CRF receptors are blocked as with an antagonist (23,25) the fear memory may not be
coded with sufficient intensity.

Conversely, when CRF receptors are stimulated with exogenous CRF unrelated to fear
memory consolidation (current study) the signal may not be sufficiently coupled to the
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learning experience to support appropriate learning. Exogenous CRF treatments could
disrupt this endogenous mechanism by interfering with the coupling between the aversive
learning experience and subsequent CRF release. In essence, exogenous CRF could be
overshadowing the endogenous signal that would normally support fear memory formation.

In stress experiments, Blank et al. (30) reported that one hour of immobilization stress
immediately before context-dependent fear conditioning impaired contextual fear memory,
and that systemic injection of CRF receptor 1 antagonist CP-154,526 pretreatment 15 min
before immobilization stress reversed the stress-induced fear memory impairment in mice.
Thus, pre-training stress exposure was found to suppress fear learning via a CRF-dependent
mechanism, similar to the effects of CRF observed in the current study.

In summary, the literature suggests that endogenous CRF activation necessary for fear
memory consolidation appears to have facilitating effects on emaotional learning. In contrast,
exogenous LA CRF (current study) or increased endogenous CRF that is not related to fear
memory consolidation (30,22) may overshadow discrete emotional learning experiences,
with a resulting suppressive effect on memory formation.

Clinical research from Schelling et al. (31) has shown a similar post-training effect. Patients
admitted to the hospital for emergency treatment for trauma (e.g. car accidents) and given
systemic treatment with glucocorticoids showed lower incidence of post-traumatic stress,
suggestive of weaker aversive memory for the traumatic event. It is not known if the current
findings reflect a similar mechanism to the Schelling et al study, but interestingly, CRF in
the amygdala is increased, even though CRF in the paraventricular nucleus is decreased, by
corticosterone treatments (32). If patients receive systemic injection of CRF soon after a
traumatic event, it is possible that aversive memory might be weakened.

Facilitated fear memory expression by CRF infusions into LA prior to testing

CRF infusions into LA one hour before auditory fear memory testing, which occurred 48
hours after training, increased the expression of conditioned fear. In other studies, systemic
injection of CRF receptor antagonist, CP-154,526, 30 min before testing impaired the
expression of contextual fear memory (23). Similarly, the intracerebroventricular (icv)
administration of alpha-helical CRF 20 p.g/rat 20 min before testing attenuated ultrasonic
vocalizations in rats triggered by a fear CS (33). Kumar and Karanth (34) reported that icv
CRF (0.05 pg, 0.1 pg and 0.2 p.g), given 20 min before testing in previously fear
conditioned rats, produced a dose-dependent increase in latencies to enter the previously
shocked goal arm in a T-maze, and alpha-helical CRF reversed this effect. Our results on
fear memory expression are consistent with these findings, and suggest that CRF may
augment aversive emotional responses to pre-potent conditioned fear stimuli. In contrast to
other studies though we use infusions targeted to the LA. Because the role of LA in fear
conditioning is well understood, this paves the way for more mechanistic studies of CRF
contribution to fear and anxiety. Some of the output from the LA will pass through the
remainder of the BLA prior to reaching the CE. If the CRF injected into LA spread to other
BLA areas, there is a possibility that the expression of fear memory could be enhanced (35).
Diffusion to CE is unlikely to be a factor, as described next.

No effect on formation and expression by CRF infusions into CE

CRF infusions into CE one hr before auditory fear training or testing had no effect on
aversive emotional memory. Wilensky et al. (36) reported that CE is not only involved in
fear expression but, like LA, is also involved in the learning and consolidation of Pavlovian
fear conditioning. There are many CRF immunoreactive cells and fibers in CE (19). But
CRF receptor 1 /n situ hybridization studies indicate that density of these receptors is low in
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the CE (12,14,20,21,37,38). Combining these findings with those of the current study
suggests that the LA and other BLA areas are more important than the CE for CRF
modulation of the formation and expression of fear conditioning.

Where dose the endogenous CRF in LA come from?

There are many CRF immunoreactive cells and fibers in CE (19) and CRF release in CE is
increased by stress like single (39,40) or repeated episodes of restraint stress (41). However,
there is no evidence that axon terminals of neurons located in CE might reach LA (3).
Bittencourt and Sawchenko (21) reported that icv CRF spread into the brain and induced Fos
expression in several brain regions. Swiergiel et al. (42) reported that pre-testing infusion of
a CRF antagonist into CE reduced contextual conditioned freezing, and Pitts et al. (24)
showed that fear memory formation was impaired in rats that received CRF antisense into
CE after fear conditioning. Interestingly, Roosendaal et al. (43) showed evidence indicating
that the CRF in the CE may diffuse into LA after footshock administration. Therefore, the
endogenous CRF in LA might come from close proximity to CE by non-synaptic diffusion
(i.e. volume neurotransmission).

Clinical Implications

Post-traumatic stress disorder (PTSD) and major depressive disorder (MDD) patients show
impaired acquisition of new aversive emotional memories, but strong retrieval of pre-
existing aversive emotional memories.

In PTSD patients, CRF in cerebrospinal fluid (CSF) is higher than in control subjects (44),
and amygdala hyperactivity was also reported (45). PTSD patients were also found to have
deficits in the formation of new memories for fear conditioning. However, when PTSD
patients do experience successful fear conditioning, they then show delayed extinction for
the new memories (46).

MDD patients frequently and excessively retrieve aversive memories with anxiety and fear
implications. MDD patients showed visible HPA axis abnormality (47), CRF in CSF was
higher than in control subjects (48), and amygdala hyperactivity was reported (49). Weniger
et al. (50) reported that MDD patients were significantly impaired in learning fearful
emotional facial expression and larger left amygdala volumes were significantly related to
worse memory performance and to higher anxiety score of MDD patients. Thus, similar to
our observed effects of LA CRF on the formation and expression of fear conditioning, PTSD
and MDD patients show impaired formation, and enhanced expression of aversive
memories.

Given the presence of higher CRF levels in the CSF of these patients, there is a possibility
that CRF could contribute to these behavioral symptoms of the disorder. In view of our
findings of persistent individual differences in fear acquisition and extinction in rats (51), it
would be interesting to examine the extent to which endogenous differences in CRF function
could contribute to extreme fear phenotypes, towards advancing understanding of the
potential role of CRF in the etiology of PTSD, MDD and other disorders involving extreme
fear symptoms.

Conclusion

CRF infusion into LA impaired the formation and facilitated the expression of aversive
emotional memories. It is interesting that the primary role of CRF is similar to human
psychopathological phenomena. CRF modulation of aversive memories in LA could be
involved in etiology of emotional symptoms in MDD and PTSD. The detailed understanding
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LA and its role in fear conditioning paves the way for mechanistic studies of the
ntribution of CRF to fear and anxiety.
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Figure 1.

The timing of CRF infusions. Pre-training The CRF effect infused at pre-training. We
infused vehicle or CRF one hour before training (Context A). Two days later, rats were
tested for CS-elicited freezing in a distinct context (Context B). Post-training The CRF
effect infused at post-training. We infused vehicle or CRF immediately after training
(Context A). Two days later, rats were tested for CS-elicited freezing in a distinct context
(Context B). Pre-testing The CRF effect infused at pre-testing. Rats received training

(Context A). Two days later, we infused vehicle or CRF one hour before testing. Rats were

tested for CS-elicited freezing in a distinct context (Context B). CRF: Corticotropin-
releasing factor, CS: conditioned stimulus
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Figure 2. A

Figure 2.B
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Figure 2. C

Figure 2. D
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Figure 2.

The location of injector tips. Vehicle: open circle, CRF 3 ng: cross, CRF 30 ng: closed
circle, CRF 300 ng: closed triangle. (A) LA infusion at pre-training. (B) LA infusion at post-
training. (C) LA infusion at pre-testing. (D) CE infusion at pre-training. (E) CE infusion at
pre-testing. Top to bottom relative to Bregma: (A, B, C)-2.4, -3.0, -3.6, (D, E) -1.8, -2.4,
-3.0; adapted from Paxinos and Watson, 2005. CRF: Corticotropin-releasing factor, LA:
lateral nucleus of the amygdala, CE: central nucleus of the amygdala
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Figure 3. A
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Figure 3. B
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Figure 3.

(A) The example of LA infusion injector trace. (B) The example of CE injector trace. LA:
lateral nucleus of the amygdala, CE: central nucleus of the amygdala
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Figure 4. C Pre-testing
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Figure4.

(A) Pre-training Percent freezing of rats in CS test for vehicle (n=11), 3 ng (n=12), 30 ng
(n=9), 300 ng (n=6) of CRF/0.25 p.I/side infusions into LA at pre-training. Administrations
of CRF (3 ng, 30 ng, 300 ng of CRF/0.25 p.l/side) one hour before auditory fear
conditioning significantly and dose-dependently reduced CS-elicited freezing in a distinct
context. (B) Post-training Percent freezing of rats in CS test for vehicle (n=7) and CRF 30
ng (n=6)/0.25 pl/side infusions into LAat post-training. Administrations of CRF 30 ng/0.25
pl/side immediately after auditory fear conditioning reduced CS-elicited freezing in a
distinct context. (C) Pre-testing Percent freezing of rats in CS test for vehicle (n=7) and 30
ng (n=9) of CRF/0.25 pl/side infusions into LA at pre-testing. Administrations of CRF 30
ng/0.25 pl/side one hour before testing increased CS-elicited freezing in a distinct context.
*P<0.05, **P<0.01, ***P<0.001. CRF: Corticotropin-releasing factor, CS: conditioned
stimulus, LA: lateral nucleus of the amygdala
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Figure. 5 A Pre-raining
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Figure. 5B Pre -testing
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Figure5.

(A) Pre-training Percent freezing of rats in CS test for vehicle (n=8) and 30 ng (n=9) of
CRF/0.25 pl/side infusions into CE at pre-training. (B) Pre-testing Percent freezing of rats
in CS test for vehicle (n=5) and 30 ng (n=5) of CRF/0.25 pl/side infusions into CE at pre-
testing. There was no significant effect on CS-elicited freezing in CRF infusions into CE at
either pre-training or pre-testing. CRF: Corticotropin-releasing factor, CS: conditioned
stimulus, CE: central nucleus of the amygdala
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