scissors. After the adrenal glands were removed the muscle walls and skin were sutured. Sham
operated animals underwent all surgical procedures with the exception that the adrenal glands
were left intact. Animals were treated with Carprofen (5 mg/kg, s.c.) every 12 hours for 48 hours
following surgery. Rats recovered for 10 days before the start of experimental manipulations.
Research has found that adrenalectomy in rats leads to a loss of neurons in the dentate gyrus
(Sapolsky et al., 1991; Sloviter et al., 1993) which can be reversed with a low dose of
corticosterone (Gould et al., 1990). Therefore, after surgery, ADX rats were maintained on rat

chow and 20 ug corticosterone 0.9% saline water available ad libitum.

3.5.3 Behavioral Procedure

Subjects were trained in the NOR task as described previously. Briefly, subjects were
habituated to the NOR apparatus for 3 consecutive days. On Day 4 (training), subjects were
placed in close proximity to a cat for 2 min or given an injection of epinephrine (0.05 mg/kg i.p.)
immediately before training with two identical objects. On Day 5 (memory test) subjects were
placed back into the NOR apparatus and allowed to explore one familiar (encountered the

previous day) and one novel object for 5 min.

3.5.4 Corticosterone Assay

After completion of behavioral testing, subjects underwent 20 min of restraint stress
(decapicone) in order to test for stress-induced increases in corticosterone. Following the 20 min
restraint stress, animals were decapitated and trunk blood was collected for assay of serum
corticosterone. The blood was spun in a centrifuge and the serum was collected and stored at -80

degrees until the time of assay. Assays will be performed by a collaborator at a future date.
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3.5.5 Results and Discussion

| hypothesized that sham operated rats exposed to the cat for 2 min immediately before
NOR training would spend more time with the novel object providing evidence of intact memory
for the familiar object when tested at 24 hours. Indeed, rats that underwent sham operation
procedures did spend significantly more time with the novel object, t (12) = 2.59, p = 0.02,
indicating that the sham operation, itself, did not interfere with predator stress-induced context

memory.

In contrast, | hypothesized that adrenalectomized (ADX) rats would not show preference
for the novel object. That is, the lack of stress hormones (epinephrine and corticosterone) via
adrenalectomy would prevent the memory enhancement as a result of brief predator stress. The
results of this experiment revealed that ADX rats did not spend significantly more time with the
novel object, t (18) = 0.42, p = 0.7, indicating no evidence of memory for the familiar object
when tested at 24 hours. These results provided evidence that removal of endogenous
epinephrine and corticosterone eliminated the memory enhancement produced by brief predator

exposure before training.

Additionally, ADX rats injected with epinephrine immediately before training spent
significantly more time with the novel object t (18) = 2.07, p = 0.05, indicating enhanced
memory for the familiar object when tested 24 h later. These results provided evidence that
replacement of epinephrine, in the absence of circulating corticosterone, resulted in enhanced

memory for context information in ADX rats.
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SUMMARY

Overall this work has provided an important framework in which to further study
flashbulb memory where memory for only those context details that occur close in time to the
onset of an emotional event are well remembered. In my animal model, | have separated, in time
and location, a stressful event from to-be-remembered context information. Therefore, the
conditions in which stress produces memory for context details that would otherwise not be
remembered could be assessed.

The first hypothesis in my study was that memory for context details that occur close in
time (before or after), but independent of location, to the onset of stress would be enhanced. For
example, | hypothesized that brief stress would enhance 24 h NOR memory when training took
place in a in a different location immediately after the onset of stress, because the hippocampus
would theoretically be driven into the Phase | state (according to Diamond et al., 2007). That is,
brief stress occurring just before training would enhance memory for that training experience
that would otherwise not be remembered. For example, cat exposure for a brief period of time or
hormone administration immediately before training in the NOR task would theoretically drive
the hippocampus into the Phase 1 state which would enhance memory for the objects
encountered during training. An additional hypothesis was that the brief stress occurring
immediately after training would enhance hippocampal processing which would also result in
enhanced memory for context information when tested 24 h later. Further, prolonged cat
exposure immediately after NOR training would enhance NOR memory when tested 24 h later

because the onset of cat exposure (occurring immediately after training) would enhance
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hippocampal processing. The duration of post-training stress is not relevant, rather it is the onset
of the stressful experience that is the important factor.

Though the duration of cat exposure immediately after training is not an important factor,
the duration of cat exposure prior to training is important because the onset of stress must occur
close in time to training. Therefore, | hypothesized that prolonged cat exposure immediately
before training would not enhance memory. Prolonged or delayed exposure to the cat before
NOR training would not result in enhanced memory because theoretically, the objects would be
encountered while the hippocampus was in the phase Il state. Finally, I hypothesized that drugs
which block noradrenergic activation or interfere with memory storage processes directly would
also block the cat-induced memory enhancement.

There were several main findings of my experiments examining the effects of predator
exposure on NOR memory. First, rats exposed to brief stress (cat exposure) immediately before
or after an incidental event (exposure to objects), spent more time with the novel object,
indicating enhanced memory for that incidental event compared to control animals which
showed no evidence of memory when tested 24 h later. That is, brief cat exposure occurring
either immediately before or after training enhanced memory for the objects that would
otherwise not have been remembered. These results are consistent with the flashbulb memory
literature in people where memory for incidental context events occurring close in time with an
emotional event is enhanced. It is important to note that exposure to the objects occurred in a
different room than cat exposure. Therefore, time, rather than location, was the critical variable
determining whether context cues would be well remembered.

My results are also consistent with the temporal dynamics model of emotional memory

proposed by Diamond et al. (2007) which hypothesized that memory for events occurring
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immediately after stress would be enhanced because arousal would activate storage processes in
the hippocampus. The results of Experiment 1 revealed that brief predator exposure immediately
before an incidental event (exposure to objects) occurring in a different environment, enhanced
memory for that incidental event in rats because theoretically, the objects were encountered
when the hippocampus was in the activated (Phase 1) state. In addition, brief predator exposure
occurring at a delay before training did not enhance memory because the hippocampus was
theoretically in the Phase 11 state at the time the objects were encountered which is also
consistent with the temporal dynamics model.

As an extension of the temporal dynamics model, I hypothesized that context cues
occurring close in time before the onset of stress would also be well remembered. The results of
Experiment 1 revealed that brief predator exposure immediately after an incidental event (NOR
training) enhanced memory for that event, which is consistent with flashbulb memory literature
in people. The results also provided evidence that prolonged predator exposure immediately after
training enhanced memory in the NOR task. In this case, the duration of predator exposure after
training was irrelevant in that the onset of stress occurred immediately after training which
would theoretically boost hippocampal processing so that context information encountered at the
onset of stress would be well remembered.

In addition to the timing of stress, mechanisms involved in the stress-induced
enhancement of context memory in rats were assessed. Results of other studies of emotional
memory in animals have provided evidence that noradrenergic activation is required for
emotional memory enhancement (Gold & van Buskirk, 1975; Liang et al., 1995; Roozendaal et
al., 2006). Similarly, the results Experiments 2 and 3 revealed that the administration of

epinephrine immediately, but not 30 min, prior to as well as after training in the NOR task
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enhanced memory when rats were tested 24 h later. Additionally, propranolol, a drug that blocks
noradrenergic activation, blocked the memory enhancing effects of epinephrine as well as of
brief predator exposure. These results provide strong evidence that noradrenergic mechanisms
are required for the memory enhancing effects of brief cat exposure and epinephrine
administration occurring before or after training in the NOR task.

Another hormone that plays a role in the formation of stress-induced context memory is
corticosterone. The results of other studies in animals addressing the effects of corticosterone on
emotional memory have revealed that memory is only enhanced when corticosterone
administration occurs in combination with an arousing experience (Sandi et al., 1997; Okuda et
al., 2004). In Experiment 3, dexamethasone, which suppresses endogenous corticosterone via
actions on the pituitary, was administered to examine whether corticosterone is necessary for the
memory enhancing properties of an arousing event (brief cat exposure). Dexamethasone did
block the memory enhancement resulting from brief cat exposure suggesting that corticosterone
secretion (or actions of the ACTH component of the stress response) appears to be a necessary
component of the brief stress-induced memory enhancement. The results of my study are also
consistent with the temporal dynamics model which states that as a delayed component of Phase
1, corticosterone would begin to activate synaptic plasticity mechanisms thereby leading to
memory enhancement of context events occurring during the Phase 1 state. Therefore,
corticosterone appears to be a delayed component involved in the predator stress- induced
memory enhancement in rats.

NMDA receptor function is also a necessary component involved in memory formation.
The NMDA receptor, a subreceptor for glutamate, is a critical receptor for hippocampal-

dependent learning and memory. Because NMDA receptor antagonists have been shown to block
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hippocampal-dependent memory (Morris et al., 1986; Baker & Kim, 2002), it was hypothesized
that NMDA receptor antagonists would also block the memory-enhancing properties resulting
from brief predator exposure or epinephrine administration immediately before training. The
results of Experiment 3 revealed that CPP, an NMDA receptor antagonist which interferes with
memory storage processes in the hippocampus, blocked the memory enhancing effects of pre-
training epinephrine administration as well as pre-training brief cat exposure. Therefore,
activation of NMDA receptors is also required for the memory enhancing effects observed in this
study.

Overall, the results of Experiments 1-3 provided evidence that context cues occurring
close in time prior to or after the onset of stress are remembered independent of the location in
which the stress and context cues occurred. Therefore, timing, rather than location is the critical
variable involved in the stress-induced context memory enhancement. In addition, these results
provided evidence that noradrenergic activation, corticosterone secretion, and NMDA receptor
function all appear to be required for the time-dependent memory enhancement as a result of
brief predator exposure.

Another goal of this work was to extend the findings of Experiments 1-3 by assessing the
role of the amygdala in the brief predator stress-induced memory enhancement of context
information. | hypothesized that temporary amygdala inactivation in rats would block the
formation of memory for context stimuli occurring immediately after exposure to a predator. The
results from the first control group of Experiment 4, which were infused with aCSF into the
BLA, indicated that rats did not show preference for the novel object, suggesting no evidence of

memory for the familiar object.
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One explanation as to why the aCSF infused animals did not show predator stress-
induced memory enhancement was that the cannula or injector position interfered with amygdala
function, thereby disrupting memory formation. Therefore, a second manipulation infusing aCSF
was conducted in which the cannulae were placed just below the cortex (well above the
coordinates for the BLA). The results of this experiment also revealed that animals did not show
preference for the novel object, therefore it is unlikely that the position of the cannulae interfered
with the stress-induced memory formation. An additional explanation was that the infusion
procedure, itself, was stressful. Therefore, a third manipulation was conducted in which the
infusion procedure took place 4 hours prior to cat exposure. The results of this experiment
revealed that animals did not show a preference for the novel object, indicating no evidence of
memory for the familiar object.

An additional explanation for why the aCSF infused animals did not show evidence of
enhanced memory as a result of cat exposure was that the animals were singly housed after
surgery. Therefore, this methodological change could have affected the predator-induced
memory enhancement. Another possibility is that there may be some feature of the surgery,
itself, that has an influence on cannulated animals. These issues should be addressed in future
studies.

A final goal of this work was to assess the effects of adrenalectomy on predator stress-
induced memory for context information. I hypothesized that sham operated animals briefly
exposed to a cat before training would show intact memory for the familiar object. In contrast, |
hypothesized that ADX rats would not show intact memory in the NOR task. The results of
Experiment 5 revealed that sham operated animals exposed to a cat for 2 min immediately before

NOR training did show preference for the novel object which indicated that the surgical

46



procedure, itself, did not interfere with the predator stress-induced memory enhancement. In
contrast, ADX rats exposed to a cat for 2 min immediately before NOR training did not show
preference for the novel object, which indicated that removal of the endogenous source of
epinephrine and corticosterone prevented the predator stress-induced memory enhancement.
These results are consistent with other studies assessing the effects of ADX on memory as well
as previous work from our lab that has shown that ADX prevents memory enhancement in the
RAWM task as a result of brief predator exposure.

It is important to note that adrenalectomy removes the endogenous source of both
corticosterone and epinephrine. Therefore, it is difficult to assess whether the memory
enhancement from brief predator stress is due to a combination of these hormones or if the effect
is due to the action of one hormone individually. There is preliminary evidence from our lab that
corticosterone supplementation in ADX rats does not result in memory enhancement in a
hippocampal dependent task (unpublished data). Therefore, I conducted an additional experiment
in which ADX rats were supplemented with epinephrine immediately before training in the NOR
task. The results of this experiment indicated that in ADX rats, epinephrine injection, which was
the same dose that was given to adrenal intact animals in my previous experiments, enhanced
memory for the familiar object in the absence of the endogenous source of corticosterone.

The results revealing that epinephrine, alone, enhances context memory are intriguing in
that studies assessing the effects of corticosterone on emotional memory suggest that
corticosterone is a necessary component of emotional memory formation. However, many
studies assessing the effects of corticosterone have reported that corticosterone, alone, does not
enhance memory; it only enhances memory when under conditions of arousal (Cahill &

McGaugh, 1996; McGaugh, 2000; McGaugh, 2004; Okuda et al. 2004; Roozendaal et al., 2006)
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Therefore, it appears that noradrenergic activation via the action of peripheral epinephrine is
sufficient for predator-stress induced memory enhancement in the absence of corticosterone.

In summary, this work has provided evidence that predator stress-induced context
memory requires noradrenergic activation that is time-dependent. Brief predator
stress occurring immediately before or after exposure to context stimuli enhances memory for
those stimuli, which would otherwise be forgotten. In addition, epinephrine administered
immediately, but not at a delay, before or after exposure to context stimuli, also enhances
memory for those stimuli indicating that epinephrine administration mimics noradrenergic
activation induced by predator stress. Additional evidence that supports the necessity of
noradrenergic activation is that propranolol, a B-adrenergic antagonist, blocked memory
enhancement of epinephrine injection and brief predator exposure occurring immediately before
exposure to context stimuli. Further, removal of endogenous stress hormones via adrenalectomy
prevented predator stress-induced memory enhancement, and replacement of epinephrine via
systemic injection in ADX rats eliminated the memory deficit due to adrenalectomy. Overall,
this work has provided further insight into the time-dependent, noradrenergic mechanisms

involved in the formation of flashbulb, and potentially traumatic, memories in people.
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Figure 3. Effects of predator exposure before novel object recognition training. Predator exposure
for a 2 min duration immediately before training enhanced 24 h memory relative to control.
Predator exposure for 2 min a duration followed by a delay and predator exposure for a 30 min
duration did not enhance 24 h memory. Solid bars represent time spent with the familiar object.
Open bars represent time spent with the novel object. Asterisks indicate statistical significance (p<
05).
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Figure 4. Effects of predator exposure after novel object recognition training (n range 8-19).
Predator exposure for a 2 min or 30 min duration immediately after training enhanced 24 h
memory relative to control. Predator exposure for a 2 min duration following a delay after
training did not enhance 24 h memory. Solid bars represent time spent with the familiar
object. Open bars represent time spent with the novel object. Asterisks indicate statistical
significance (p<.05).

50



Percentage of Familiar

200 -

150 A

100

50 A

Drug/ Hormone Administration Before Training

H Familiar
L1 Novel

Saline Epi Epi Prop + CPP +
S min 30 min Epi Epi

I 1 | 1 |

Al m— I — IA‘ — O‘

A
Training 24h Test Training 24h Test

2 o

30 min A
e | ‘

I Training 24h Test

ol

Figure 5. Effects of drug or epinephrine administration before novel object recognition
training. Epinephrine administered immediately before training enhanced 24 h memory
relative to saline. Epinephrine administered 30 min before training did not enhance 24 h
memory. Propranolol and CPP blocked the memory enhancement resulting from
epinephrine administration immediately before training. Solid bars represent time spent
with the familiar object. Open bars represent time spent with the novel object. Asterisks
indicate statistical significance (p<.05).
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Figure 6. Effects of epinephrine administration after novel object recognition training.
Epinephrine administered immediately after training enhanced 24 h memory relative to
saline. Epinephrine administered 30 min after training did not enhance 24 h memory.
Solid bars represent time spent with the familiar object. Open bars represent time spent
with the novel object. Asterisks indicate statistical significance (p= .05).
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Figure 7. Effects of drug administration in combination with brief predator exposure
before novel object recognition training. Propranolol, CPP, and Dexamethasone
blocked the 2 min cat-induced memory enhancement. Solid bars represent time spent
with the familiar object. Open bars represent time spent with the novel object.
Asterisks indicate statistical significance (p< .05).
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Figure 8. Effects of aCSF infusion in combination with brief predator exposure
immediately before novel object recognition training. Infusion of aCSF into the BLA
30 min and 4 h prior to cat exposure prevented the 2 min cat-induced memory
enhancement. Infusion of aCSF .3mm below the cortex 30 min prior to cat exposure
prevented the 2 min cat-induced memory enhancement. Solid bars represent time
spent with the familiar object. Open bars represent time spent with the novel object.
Asterisks indicate statistical significance (p<.05).
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Figure 9. Effects of adrenalectomy in combination with brief predator exposure or
epinephrine immediately before novel object recognition training. Sham ADX
resulted in intact 2 min cat-induced memory enhancement. Adrenalectomy (ADX)
prevented the 2 min cat-induced memory enhancement. Epinephrine blocked the
memory impairment produced by adrenalectomy. Solid bars represent time spent with
the familiar object. Open bars represent time spent with the novel object. Asterisks
indicate statistical significance (p<.03).
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http://www.research.usf.edu/cm/: htm

. All costs invoiced to a grant must be all ble to the purpose of the grant [IACUC policies I'V.5 and V.10]. Costs
allocable to one protocol may not be shifted to another in order to meet deficiencies caused by overruns, or for other reasons of
convenience. Rotation of charges among protocols by month without establishing that the rotation schedule credibly reflects the
relative benefit to each protocol is unacceptable.

For more information on IACUC policies and procedures, please visit the Comparative Medicine web site at

tp://wWw / t
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