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Abstract

The present review examines the role of perirhinal cortex (PRC) in Pavlovian fear conditioning.
The focus is on rats, partly because so much is known, behaviorally and neurobiologically, about
fear conditioning in these animals. In addition, the neuroanatomy and neurophysiology of rat PRC
have been described in considerable detail at the cellular and systems levels. The evidence
suggests that PRC can serve at least two types of mnemonic functions in Pavlovian fear
conditioning. The first function, termed "stimulus unitization," refers to the ability to treat two or
more separate items or stimulus elements as a single entity. Supporting evidence for this
perceptual function comes from studies of context conditioning as well as delay conditioning to
discontinuous auditory cues. In a delay paradigm, the conditional stimulus (CS) and unconditional
stimulus (US) overlap temporally and co-terminate. The second PRC function entails a type of
"transient memory." Supporting evidence comes from studies of trace cue conditioning, where
there is a temporal gap or trace interval between the CS offset and the US onset. For learning to
occur, there must be a transient CS representation during the trace interval. We advance a novel
neurophysiological mechanism for this transient representation. These two hypothesized functions
of PRC are consistent with inferences based on non-aversive forms of learning.
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The present review brings together contemporary data and hypotheses pertinent to the role
of perihinal cortex (PRC) in Pavlovian fear conditioning to cues and contexts. The focus is
on rodents, partly because so much is known, behaviorally and neurobiologically, about fear
conditioning in these animals (LeDoux, 2000; Maren, 2001; Kim & Jung, 2006). In addition,
the neuroanatomy and neurophysiology of rat PRC have been described in considerable
detail at the cellular and systems levels (Burwell, Witter, & Amaral, 1995; Liu & Bilkey,
1996; Brown & Xiang, 1998; Cousens & Otto, 1998; Faulkner & Brown, 1999; Beggs et al.,
2000; Burwell, 2001; Moyer et al., 2002; McGann, Moyer, & Brown, 2001; Moyer &
Brown, 2007; Furtak, Allen, & Brown, 2007a; Furtak, Moyer Jr, & Brown, 2007b; Furtak,
Wei, Agster, et al., 2007c; Allen et al., 2007; Massey et al., 2008; Seoane et al., 2009; Kealy
& Commins, 2011; Navaroli et al., 2012).

The experiments reviewed below suggest that PRC serves two types of mnemonic functions
in Pavlovian fear conditioning. The first function, termed "stimulus unitization," refers to the
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ability to treat two or more separate items or stimulus elements as a single entity. Stimulus
unitization is proposed to be necessary for fear conditioning to complex stimuli (Kholodar-
Smith, Allen, Brown, 2008a; Bang & Brown, 2009a). The second suggested PRC function
entails "transient memory" (Kholodar-Smith et al., 2008b; Bang and Brown, 2009b;
Navaroli et al., 2012). We use this term rather than "working memory" because the latter has
additional connotations (Baddeley, 1992). This transient-memory function is discussed at
the molecular, cellular, and systems levels. Before proceeding to the evidence for these dual
functions, we first introduce some pertinent terms, paradigms, and stimuli that will be used
in describing the conditioning paradigms.

Fear conditioning terms, paradigms, and stimuli

The data reviewed here are based on both cue and context conditioning. In cue conditioning,
the onset of a previously-neutral stimulus (the conditional stimulus or CS) precedes and
predicts the onset of an aversive event (the unconditional stimulus or US; Fig. 1).
Neurobiological studies of cued fear conditioning in rats usually employ auditory rather than
visual CSs, for several reasons. Rats are nocturnal and, not surprisingly, their visual
perception is limited (Prusky et al., 2002). For this reason, visual tasks might not illuminate
high-level PRC functions in rats. Furthermore, some of the most extensively-studied strains
of rats are albinos, which have extremely poor vision (Prusky et al., 2002).

In contrast, hearing in albinos seems normal and, like pigmented rats, includes an impressive
frequency range (Heffner et al., 1994). Importantly, rat PRC receives a major input from
auditory cortex and it has reciprocal connections with the amygdala (Deacon et al., 1983;
Burwell & Amaral, 1998; Shi & Cassell, 1999; Pitkanen et al., 2000; Burwell, 2000; Furtak
et al., 2007¢). Furthermore, auditory communication plays an absolutely-essential role in the
social organization of rodents (Brudzynski, 2007; Wohr & Schwarting, 2007).

Cue-conditioning paradigms are defined in terms of temporal relationships between the CS
and US. In a typical "delay” cue-conditioning paradigm, the CS onset precedes the US onset,
the CS and US briefly overlap (co-occur), and they co-terminate (Fig. 1A—C). By contrast,
in a "trace” cue-conditioning paradigm, a stimulus-free interval always separates the offset
of the CS from the onset of the US (Fig 1 D). In trace conditioning, unlike delay
conditioning, there is no time period during which the CS and US co-occur. Trace
conditioning therefore requires some type of transient memory to bridge the temporal gap
between the CS offset and the US onset. Studies of humans lead to the conclusion that trace,
but not delay, conditioning engages cognitive processes and requires conscious awareness of
the conditioning paradigm (Clark & Squire, 1998; Manns, Clark, & Squire, 2000; Smith et
al., 2005). Subsequent evidence, however, shows that awareness can play a decisive role in
both delay and trace conditioning (Lovibond et al., 2011).

Using either a delay or trace paradigm, cue conditioning typically involves several pairings
of the CS and US. Representative time scales for these CS-US pairings are illustrated in
Figure 1. Following these pairings, successful cue conditioning is revealed by showing that
the presentation of the previously-neutral CS elicits a fearful conditional response (CR),
typically measured in terms of freezing behavior. Several fear-related CRs are highly
correlated with freezing behavior, both within and across experimental conditions (Lee et al,
2001; Choi & Brown, 2003). The CS-US inter-stimulus interval (ISI) is the time between the
onset of the CS and the onset of the US. Figure 1 illustrates two representative ISls (14.6 s
and 26 s).

Cue conditioning is normally evaluated in a shifted context because the cue-conditioning

procedure also causes context conditioning, which entails fear of the context in which the
cue conditioning occurred. The shifted context may include changes in visual, tactile,
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auditory, and olfactory stimuli. Context conditioning is evaluated by returning the animals to
the original cue-conditioning context without presenting the cue. The sequence of testing
cue and context conditioning is normally counterbalanced. Context conditioning can also be
induced in the absence of cue conditioning simply by presenting the US in a particular
context. In the studies reviewed below, the US is always a shock, usually to the feet.

Figure 2 shows six examples of auditory CSs that have been used to study fear conditioning.
Synthetic cues are usually continuous tones, traditionally within the frequency-range of
human hearing (Fig. 2A), but sometimes at ultrasonic frequencies (Fig. 2B). Recent
experiments have also examined fear conditioning to rat ultrasonic vocalizations (USVs;
Allen, Furtak, & Brown, 2007; Endres et al., 2007; Furtak, Allen, & Brown, 2007a; Bang &
Brown, 2009ab; Kholodar-Smith et al., 2008ab; Kim et al., 2010; Parsana et al., 2012ab),
which are ethologically-essential social signals (Brudzynski, 2007; Wohr & Schwarting,
2007, 2010). Parts C—F of Figure 2 show frequency spectrograms and amplitude plots of
four different USVs. Three of these are "22 kHz USVs" (Fig. 2 C-E) and one is a "50 kHz
USV" (Fig. 2F). The illustrated USVs are typical in that they contain temporal
discontinuities and frequency and amplitude modulations. Discontinuous tones (termed
"pips") have also been used as CSs. A schematic example of a 15.6 s discontinuous tone is
shown in Figure 1B.

PRC role in unitizing complex stimuli

In what follows, we trace the evolution of our current perspective that PRC plays an
important role in stimulus unitization. We begin with the "complexity hypothesis" and end
with the "unitization hypothesis." Along the way, we consider a series of experiments that
were designed to probe the complexity hypothesis. These two hypotheses differ in focus, but
the perspectives are not mutually-exclusive. The complexity hypothesis attempts to identify
the class of stimuli that cause conditioning to be PRC-dependent, whereas the unitization
hypothesis focuses on the nature of the operation that PRC performs on such stimuli.

At the start of the 215! century, rat PRC was seen to be essential for normal fear conditioning
to "complex™ stimuli but not "simple” stimuli (Yaniv et al., 2004; Lindquist et al., 2004).
Supporting evidence comes from the finding that PRC damage severely impairs fear
conditioning to contexts (see Corodimas & LeDoux, 1995; Sacchetti et al., 1999; Bucci,
Phillips, Burwell, 2000; Lindquist et al., 2004; Kholodar-Smith, Boguszewski, & Brown,
2008b; Kholodar-Smith, Allen, & Brown, 2008a; Bang & Brown, 2009a; Albrechet-Souza
et al., 2011), while sparing delay fear-conditioning to continuous tones. This last claim is
based on studies of delay fear conditioning to continuous tones at 0.8kHz (Romanski &
LeDoux, 1992), 2 kHz (Campeau & Davis, 1995), 4 kHz (Lindquist et al., 2004; see Fig.
2A), 10 kHz (Bucci, Phillips, & Burwell, 2000), ~22 kHz (Kholodar-Smith, Allen, &
Brown, 2008a; Lindquist et al., 2004), and 53 kHz (Bang & Brown, 2009a). In almost all of
the fear-conditioning studies discussed here, the CR was freezing behavior.

The complexity hypothesis is appealing because it follows naturally from the fact that there
are two neuroanatomical pathways through which information about the CS can reach the
amygdala (AM), which is well-known to be essential for Pavlovian fear conditioning (Maren
& Quirk, 2004; Poulos et al., 2009; Pape & Pare 2010; Johansen et al., 2011). One pathway
entails a direct projection to AM from the thalamus (LeDoux, Farb, & Ruggiero, 1990;
Bordi & LeDoux, 1994; Sacchetti et al., 1999; LeDoux, 2000). Obviously, complex percepts
cannot be communicated through this subcortical route. For example, the thalamus cannot
create unitized representations of contexts. There is general agreement that context
conditioning requires cortical processing. However, the subcortical pathway is sufficient for
fear conditioning to continuous tones at frequencies ranging from 800 Hz to 53 kHz.
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A different interpretation of these same facts is that PRC supports context conditioning but
not cue conditioning. This possibility was tested by examining the effects of PRC damage
on delay fear conditioning to a 22 kHz ultrasonic social signal (Lindquist et al., 2004;
Kholodar-Smith et al., 2008a). Ultrasonic vocalizations (USVs) can be regarded as
"complex," relative to continuous tones, in that they consist of frequency modulations,
amplitude modulations, and frank discontinuities (Fig. 2C—F). Twenty-two kHz USVs have
been termed "alarm signals" (Blanchard et al., 1991) and are emitted in association with
negative affective states (Brudzynski, 2007; Wohr & Schwarting, 2010; Parsana et al.,
2012a,b).

USVs were selected as cues both because they are relatively complex and because they are
natural social stimuli. It is easy to imagine that rat brains have evolved specialized
neurophysiological circuitry to process these essential social signals. One potential
complication is that these natural stimuli might not be "neutral” prior to fear conditioning.
However, it is now clear that 22 kHz USVs do not elicit freezing in naive laboratory rats
(Endres et al., 2007; Bang et al., 2008; Wohr & Schwarting, 2010; Kim et al., 2010; Parsana
et al., 2012a,b). Furthermore, 22 kHz USVs are no more effective than continuous tones in
supporting delay fear conditioning (Endres et al., 2007; Bang et al. 2008; Parsana et al.,
2012a). Fear of 22 kHz USVs was recently hypothesized to be acquired through a novel
learning mechanism termed "autoconditioning” (Kim et al., 2010; Parsana et al., 2012b),
discussion of which is beyond the scope of this review. For reasons outlined elsewhere
(Parsana et al., 2012b), autoconditioning is predicted to depend on PRC function.

Returning to the argument regarding stimulus complexity, if PRC is only important for
context conditioning, then PRC damage should spare conditioning to USVs. On the other
hand, if PRC is essential for conditioning to "complex" stimuli, then conditioning to a 22
kHz USV should also be impaired by PRC damage. Using freezing as a CR, two studies
found that PRC damage severely impairs delay fear conditioning to 22 kHz USVs without
affecting conditioning to a matched continuous tone (Lindquist et al., 2004; Kholodar-Smith
et al., 2008a). Altogether, three different 22 kHz USVs were tested. In the first of these
studies (Lindquist et al., 2004), aspirative PRC lesions were made through an opening in the
lateral skull. Tissue was removed using a curved and blunted hypodermic needle that was
attached to a vacuum pump. PRC removal impaired both context conditioning and delay
conditioning to USVs, but had no significant effect on delay conditioning to continuous
tones. Unfortunately, the lesions were larger than desired.

To improve on the precision of the lesions, the second study (Kholodar-Smith et al., 2008a)
used neurotoxic lesions, which were produced by NMDA injections (8/side) into PRC, again
using a lateral surgical approach. This method causes the most complete and selective PRC
damage. During the procedure, PRC was directly visualized, which made it possible to
position the injection needle accurately into PRC and to avoid damage to some of the larger
blood vessels. Because of the short travel distances, there is no need for a guide cannula. A
similar lateral approach has also been used for single-unit recordings from PRC (Allen et al.,
2007; Furtak et al., 2007a). Three-dimensional reconstructions revealed extensive damage
along the full anterior-posterior extent of PRC, including areas 35 and 36, with relatively
little damage to nearby structures (Kholodar-Smith et al., 2008a). Control animals received
comparable injections of the saline vehicle.

In addition to the goal of improving the size and shape of the PRC lesion, this study also
evaluated which spectrotemporal sub-features of USVs determine whether fear conditioning
is PRC-dependent. In principle, this could be any combination of principle frequency,
amplitude modulations, frequency modulations, temporal discontinuities, or unidentified
features. In agreement with the previous study, PRC damage significantly impaired
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conditioning to the USV (Kholodar-Smith et al., 2008a; Fig. 3A, labeled "USV"). As
expected, the same lesions had no significant effect on conditioning to a continuous tone that
matched the USV in terms of duration, loudness, and principle frequency (Fig. 3A, labeled
"Tone"). The lesion effect size (Cohen's @, Cohen, 1988) for conditioning to the USV was
1.4. Predictably, PRC damage also severely impaired context conditioning (Fig 3B; mean d
= 1.8). Thus, the results of both studies supported the complexity hypothesis.

Perhaps surprisingly, conditioning to the discontinuous tone was also severely impaired by
PRC damage (Fig. 3A, Pips; d=1.8). In fact, the effect of PRC damage on conditioning to
the discontinuous tone was statistically indistinguishable from the effect on conditioning to
the parent USV. This outcome left two possible interpretations. The first was that temporal
discontinuity is the key stimulus attribute that causes conditioning to USVs to be PRC-
dependent. The second possibility was that PRC is specifically required for fear conditioning
to 22 kHz USVs and similar stimuli. PRC might house a "neural template™ for 22 kHz USV-
like stimuli (Wohr & Schwarting, 2010).

This second interpretation was tested by comparing conditioning to a 50 kHz USV, a
frequency-matched continuous tone, and a frequency-matched discontinuous tone with the
same on/off pattern as the USV (Bang & Brown, 2009a). In contrast to 22 kHz USVs, 50
kHz USVs are emitted in association with positive emotional states (Brudzynsky, 2007;
Panksepp, 2007). They have been referred to as "rat laughter" (Panksepp, 2007). Figure 2F
shows the spectrogram and amplitude plot of the 50 kHz USV that was used in this study.
This 50 kHz USV s typical in that, compared to a 22 kHz USV (see Figs. 2C, D and E), the
duty cycle is much smaller, the bandwidth is much larger, and, of course, the principle
frequency is more than two-fold higher. In spite of these considerable physical differences,
the results were the same. Neurotoxic PRC damage severely and comparably impaired fear
conditioning to both the 50 kHz USV (d'= 2.1) and the 50 kHz discontinuous tone (d'= 1.9),
but had no significant effect on conditioning to the 50 kHz continuous tone.

Thus, temporal discontinuity of the CS causes fear conditioning to require intact PRC
function. Sub-features of the CS that seem unimportant in terms of this requirement include
the principle frequency, bandwidth, duty cycle, amplitude modulations, and frequency
modulations. These results immediately raise the question of why, in conceptual or
computational terms, temporal discontinuity should determine the requirement for PRC
function. What PRC-dependent operation could be pertinent to fear conditioning to
temporally discontinuous sounds?

The proposed answer (Kholodar-Smith et al., 2008a; Bang & Brown, 2009a) was that PRC
supports stimulus “unitization™” or stimulus "binding," an experience-dependent form of
perceptual learning. Specifically, PRC was suggested to be necessary for fusing
discontinuous auditory segments into a unitary representation. The idea was that these
discontinuous cues need to be unitized in order for effective fear conditioning to occur.
Unitized representations of chunks of natural sounds have been termed "auditory objects"
(see Griffiths & Warren, 2004). PRC-damaged rats were hypothesized to treat the
discontinuous CSs as a set of statistically-unrelated, sub-second, sound segments; a
circumstance that was argued to be unfavorable for fear conditioning (Bang & Brown,
2009a).

Because all natural sounds contain discontinuities and modulations, mechanisms have
evolved to recognize and classify chunks of spectrotemporal patterns. Our interpretation is
that rat PRC functions as an advanced stage in this auditory pattern analysis, at a point when
certain spectrotemporal patterns are represented as auditory objects (Kholodar-Smith et al.,
2008a; Bang and Brown, 2009a). In terms of auditory fear conditioning, PRC may serve as
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the most advanced stage in the ventral auditory stream (see Murray & Bussey; 1999; Bussey
& Saksida, 2007; Murray and Wise, this volume). Of course, it is possible that auditory
unitization occurs, partly or completely, in auditory cortex. In either case, PRC is proposed
to play a pivotal role in maintaining and distributing this information to the amygdala and
other structures that are essential for certain aspects or types of fear conditioning. Since PRC
is a high-level polymodal cortex, one expects some integration of auditory and non-auditory
stimuli, along with contextual representations. Indeed, some PRC neurons may encode an
object in a particular place (Burke et al., this volume).

Recall that PRC damage reliably and severely impairs context conditioning (see Figs. 3b and
4b), a fact that was previously discussed in relationship to the stimulus-complexity
hypothesis. However, in terms of understanding PRC function, the deficits in context
conditioning are better understood in terms of stimulus unitization. Fear conditioning to a
context is presumed to require a unitized representation that distinguishes that particular
context (Fanselow, 1986; Rudy & O’Reilly, 1999; Anagnostaras, Gale, & Fanselow, 2001;
Rudy, Huff, & Matus-Amat, 2004; Kholodar-Smith et al., 2008a).

The well-known "immediate-shock deficit" (Fanselow, 1986; Landeira-Fernandez et al.
2006) is generally interpreted in terms of stimulus unitization or a related concept. The basic
finding is that rats do not show contextual fear conditioning if they are shocked immediately
after being placed in a context. By contrast, if the shock is delayed sufficiently, context
conditioning reliably occurs. The theory is that context conditioning requires a unitized
representation of the context, the creation of which takes time. Our conclusion is that the
effect of PRC damage on fear conditioning to both cues and contexts can be easily
accommodated by the stimulus unitization hypothesis.

This conclusion accords with a leading hypothesis that has emerged from studies that have
used non-aversive paradigms. This hypothesis proposes that PRC is responsible for
encoding conjunctions among sensory features (Bussey & Saksida, 2007; Murray et al.,
2007; Murray & Wise, this volume). Indeed, numerous studies have shown that PRC is
essential for tasks, such as object recognition, that require a unitized stimulus representation
(Eichenbaum et al., 1996; Murray & Bussey, 1999; Brown & Aggleton, 2001; Petrulis &
Eichenbaum, 2003; Norman & Eacott, 2004; Barense et al., 2005; Buffalo, Bellgowan, &
Martin, 2006; Taylor et al., 2006; Winters, Saksida, & Bussey, 2006; Bartko et al., 2007;
Murray, Bussey, & Saksida, 2007; Haskins et al., 2008; Brown & Eldridge, 2009; Parsana &
Brown, 2010; Murray & Wise, this volume). Interestingly, individual PRC neurons in
macaques have been reported to abstract a unitized representation of paired stimuli
(Fujimichi et al., 2010). Murray and Wise (this volume) have recently written an excellent
review of the evolution of current thinking regarding the perceptual functions of PRC.

PRC role in transient memory

The second suggested PRC function in fear conditioning involves the ability to maintain a
neural representation of a stimulus after that stimulus is no longer physically present. This
transient-memory function was identified using a "trace" fear-conditioning paradigm, an
example of which is shown in Figure 1 (part D). In this Pavlovian paradigm, a temporal gap
or "trace interval" separates the offset of the CS from the onset of the US (Fig. 1D). In the
example illustrated in Figure 1D, the trace interval is 16 s. Successful trace fear conditioning
requires that a neural representation of the CS persist until the onset of the US. Otherwise,
there is no known mechanism by which an associative modification can occur.

The effects of neurotoxic PRC lesions, performed using the lateral surgical approach, were
examined using a 16 s trace interval (Kholodar-Smith et al., 2008b), shown in Figure 1D.
Three CSs were examined: a 10-call 22 kHz USV (USV group), a matched discontinuous
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tone (Pips group), and a matched continuous tone (Tone group). The neurotoxic lesions were
relatively complete and selective. PRC removal caused a severe impairment in trace fear
conditioning, measured by CS-elicited freezing behavior, in all three cue groups (Fig. 4A).
The lesion effect sizes for the three cue groups were as follows: USV (d= 1.7); Tone (d=
1.9); and Pips (d'= 4.6). There were no significant differences among the cues in terms of
elicited freezing. As anticipated from the previous results, the lesions also impaired context
conditioning (Fig. 4B; mean d= 3.9).

The concept of stimulus unitization is not useful in explaining the PRC lesion-produced
deficit in trace conditioning. Trace conditioning is not conceived as causing the CS and US
to become unitized. An intense flash of lightning may reliably predict subsequent thunder,
but the two events remain distinct in perception and memory. The explanation of the deficit
presumably involves the disruption of a PRC-dependent transient-memory function. We
suggest that this function is not localized within PRC, but is supported by a spatially-
distributed system that includes several, reciprocally-connected, brain regions.

Diverse ideas exist regarding the neurophysiological basis of transient memory (Durstewitz
et al., 2000; Major & Tank, 2004; Teramae & Fukai, 2005; Fransen et al., 2006; Mongillo et
al., 2008). Most of these can be broadly divided into two types, which are not mutually
exclusive (Navaroli et al, 2012). The most common theory imagines that transient memory
is supported by re-circulating activity within recurrent networks of neurons. Other theories
have emphasized non-synaptic mechanisms that are intrinsic to individual neurons.

In the latter category, one interesting candidate mechanism is the phenomenon known as
"endogenous persistent firing" (EPF), which was first described in brain slices of the
entorhinal cortex (EC; Egorov et al., 2002; Fransen et al., 2006; Tahvildari et al., 2007) and
the lateral nucleus of the amygdala (LA; Egorov et al., 2006). EPF neurons continue to fire
action potentials long after the termination of the original, spike-eliciting, current. In some
neurons, the capacity to exhibit EPF depends on the activation of muscarinic cholinergic
receptors (MAChRS). The sustained, depolarizing, current responsible for mAChR-
dependent EPF is produced by non-selective cation channels whose opening depends on
agonist binding to extracellular mAChRs and elevated intracellular Ca2* (Egorov et al,
2002; Fransen et al., 2006). The ion pores responsible for this persistent current are thought
to be comprised of subunits of TRPC channels (Robereda et al., 2011; Zhang et al., 2011).

mAChR-dependent EPF was recently also discovered in pyramidal neurons from layer 11/111
of rat PRC (Navaroli et al., 2012). When these PRC brain slices were bathed in a cholinergic
agonist, EPF occurred in 85% of the sampled cells. Note that the agonist did not cause
spontaneous firing. Instead, repetitive firing only occurred after the cells were stimulated
with a suprathreshold current. By contrast, in the absence of a cholinergic agonist, EPF has
never been observed in PRC neurons of any type and from any layer.

An example of persistent firing in a layer 11/111 pyramidal neuron is shown in Figure 5. As
illustrated, a brief, supra-threshold, current injection caused repetitive firing that lasted for a
minute, at which time firing was experimentally terminated by a hyperpolarizing current
step. Under natural conditions, firing might be stopped by a decrease in the local
concentration of acetylcholine (ACh), which can change on a second-by-second basis,
depending on the task (Sarter, et al., 2009; Hasselmo and Sarter, 2011).

As in LA and EC, the occurrence of persistent firing in PRC neurons does not depend upon
recirculating synaptic activity. Instead, persistent firing can be elicited even after fast
synaptic transmission has been pharmacologically blocked by antagonists for ionotropic
glutamate and GABA receptors. Figure 5A (top trace) shows a large excitatory postsynaptic
potential (EPSP) that was evoked in a layer 1I/111 pyramidal neuron, by extracellular
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stimulation, before adding the receptor antagonists. The middle trace in Figure 5A shows
that the antagonists completely blocked the postsynaptic response. During this block of
synaptic transmission, EPF was readily elicited by a depolarizing current injection (Fig. 5B),
which is why this phenomenon is termed "endogenous" persistent firing. The EPSP returned
following a washout of the antagonists (Fig. 5A, bottom trace), demonstrating that the
synaptic input remained intact. Of course, the fact that EPF can be elicited after blocking
fast synaptic transmission does not imply that recurrent circuitry normally plays no role in
supporting persistent firing. In fact, we assume just the opposite.

The results in Figures 5 and 6 show that EPF can be elicited by injecting a suprathreshold
depolarizing current. An example of synaptically-triggered persistent firing in PRC is shown
in Figure 7. Using extracellular stimulation, the synaptic input was stimulated at 20 Hz for 2
s, resulting in repetitive firing in the postsynaptic cell. After the synaptic stimulation ended,
there was a brief pause in repetitive firing. However, repetitive firing quickly resumed and
continued for the next 44 s, at which time a hyperpolarizing current was injected into the
neuron.

The hyperpolarization completely blocked repetitive firing, which then resumed after the
hyperpolarization ended. Whether a hyperpolarization permanently terminates repetitive
firing depends on its size and duration. In every PRC neuron that was studied, a sufficiently
large and prolonged hyperpolarization always terminated EPF. Once persistent firing has
been initiated, subsequent depolarizations and hyperpolarizations can, respectively, increase
or decrease the rate of persistent firing, as in EC (Egorov et al., 2002; Fransen et al., 2006;
Tahvildari et al., 2007) and LA (Egorov et al., 2006). This effect is termed "graded
persistent firing," indicating that persistent firing is not an all-or-nothing event. Thus far,
everything that is known about EPF in PRC matches what is known in EC and LA (Navaroli
etal., 2012).

If trace conditioning is supported by EPF in PRC, then infusion of this structure with a
broad-spectrum mAChR antagonist, such as scopolamine, would be expected to impair trace
conditioning, possibly without affecting either delay or context conditioning. This is exactly
what was found (Fig. 8). In the trace-conditioning paradigm (shown in Fig. 1D), the CS was
a 10 s 22 kHz tone and the US was a 1 s grid shock. The ISI was 26 s and the trace interval
was 16 s. As indicated, scopolamine infusion into PRC greatly impaired trace conditioning
(Fig. 8D; d= 1.2). By contrast, the infusion had no significant effect on short-delay
conditioning to a 22 kHz tone (Fig. 8A), short-delay conditioning to 22 kHz pips (Fig. 8B),
or long-delay conditioning to a 22 kHz tone (Fig. 8C). The temporal relationships between
the CS and US in these last three groups are shown in Figure 1 (parts A-C). The infusion
had no significant effect on context conditioning.

There was some concern that the drug might have spread into LA. In fact, a subsequent
study found that scopolamine infusion directly into LA greatly impairs trace fear
conditioning but has no significant effect on delay or context conditioning (Kent, Baysinger,
& Brown, 2011). The possible extent of drug spread in either direction, from LA to PRC or
the reverse, is somewhat uncertain.

However, the amount of drug spread between PRC and LA might not be a critical issue.
According to one theory (Navaroli et al., 2012), trace fear conditioning is supported by EPF
in a spatially-distributed memory system that minimally includes LA, PRC, EC, and the
hippocampus (HC). Surprisingly, persistent firing was only recently observed in HC
(Jochems & Yoshida, 2012; Knauer et al., 2012; Yoshida et al., 2012). Lesions of ventral
HC (Yoon & Otto, 2007; Czerniawski et al., 2009, 2011; Esclassan et al., 2009b) also impair
trace but not delay conditioning. Similarly, EC lesions severely impair trace fear
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conditioning without affecting delay conditioning (Esclassan et al., 2009a). Injecting EC
with an M1 muscarinic receptor antagonist (pirenzepine), impairs trace conditioning without
affecting delay conditioning. In brain slices, pirenzepine blocks EPF in both EC (Egorov et
al., 2002) and PRC (Navaroli et al. 2012).

Persistent-firing neurons have also been observed in anterior cingulate cortex (ACC; Zhang
& Sequela, 2010) and, importantly, ACC lesions impair trace but not delay fear conditioning
(Han et al., 2003). Still unknown is whether mAChR blockade in ACC selectively impairs
trace fear conditioning. Persistent-firing neurons have also been discovered in the
postsubiculum, where they have been hypothesized to support sustained activity of head-
direction neurons in the absence of exteroceptive spatial cues (Yoshida & Hasselmo, 2009).

The effects of lesions and drug infusions show that the transient memory system that enables
trace fear conditioning can be disrupted at multiple sites. Thus it seems that there is
relatively little redundancy in this memory buffer. This conclusion naturally leads to the
question, What kind of spatially-distributed memory buffer might behave in this manner?
An obvious possibility is that the buffer depends on re-circulating activity among several
structures. Several decades ago, Donald Hebb (1949) theorized that reverberating signals in
ensembles of neurons furnish temporary memory storage. A new twist on this old idea is
that EPF helps drive and maintain this re-circulating activity. One important goal will be to
understand the computational implications of the prospect that EPF supports reverberating
circuits.

The EPF hypothesis makes numerous predictions that have not yet been tested. The most
obvious one is that there should exist, in multiple parts of this memory system, CS-elicited
neural activity that persists during the trace interval of trace fear-conditioning trials. Firing
during the trace interval might only exist during the first few conditioning trials, making it
difficult to detect. Ultimately, it will be important to demonstrate directly that EPF occurs in
vivo. Obviously, it will be technically challenging to duplicate /n vivo the essential
neurophysiological and neuropharmacological manipulations that have thus far defined EPF
in brain slices. Additional tools for testing the EPF hypothesis should become available as
more is learned about the underlying mechanisms. One would certainly welcome the
development of soluble agents that can selectively modulate subtypes of TRPC receptors.
Another potentially valuable approach might entail transfecting PRC so as to inhibit the
production of sub-types of TRPC receptors in adult animals. The lateral surgical approach,
described earlier, is perfectly suited for selective transfection.

In closing this section, we note that studies using non-aversive behavioral paradigms have
also suggested a role for PRC in transient memory. For example, PRC lesions are known to
impair object recognition in a delay-dependent fashion (Mumby & Pinel, 1994; Wiig &
Bilkey, 1995; Ennaceur et al., 1996; Norman & Eacott, 2005; Winter & Bussey, 2005;
Cowell, Bussey, & Saksida, 2006). At the cellular level, PRC neurons in both rats and
monkeys have been observed to show stimulus-selective firing during the delay period of
recognition tasks (Nakamura & Kubota, 1995; Young et al., 1997). Firing during the delay
period has been suggested to reflect EPF (Hasselmo & Stern, 2006).

Conclusions regarding PRC role in fear conditioning

The simplest conclusion is that rat PRC participates in two types of mnemonic operations in
conjunction with Pavlovian fear conditioning. The first of these functions, which we termed
unitization, may be localized to some extent within PRC. This can be conceived as a form of
perceptual plasticity that can become enduring. The second function, transient memory,
clearly is not localized within PRC. To the contrary, this memory system is supported by
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cooperative activity in multiple structures, minimally including HC, EC, LA, and PRC. The
phenomenon of EPF, exhibited by neurons in all four structures, is a fascinating candidate
mechanism for supporting transient memory. We speculate that EPF may furnish the needed
drive to maintain Hebbian "reverberating circuits."

Whereas these dual functions of PRC were inferred from studies of auditory fear
conditioning and context conditioning in rats, they dovetail nicely with an earlier theory
(Murray & Bussey, 1999) that emerged from studies of visually-guided, instrumental,
behaviors in primates, based on non-aversive incentives. This well-established theory
(reviewed in Murray & Wise, this volume) explicitly proposes that PRC has a perceptual-
mnemonic function. We suggest that the perceptual-mnemonic theory be expanded to
include perception of auditory and other stimuli.
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Figure 1.

Representative examples of temporal relationships between the conditional stimulus (CS)
and the unconditional stimulus (US). A. Short-delay conditioning to a continuous tone CS.
The CS duration is 15.6 s, the interstimulus interval (ISI) is 14.6 s, and the US duration is 1
s. Note that the CS and US overlap temporally. B. Short-delay conditioning to a
discontinuous tone (termed "Pips™). The only difference from A is that the CS is
discontinuous. C. Long-delay conditioning to a continuous tone. The CS duration is 27 s, the
ISI is 26 s, and the US duration is 1 s. Again, the CS and US overlap temporally. D. Trace
conditioning to a continuous tone. The CS duration is 10 s, the ISI is 26 s, and the US
duration is 1 s. The CS and US do not overlap temporally. Instead, a 16 s "trace interval"

Hippocampus. Author manuscript; available in PMC 2013 October 01.



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

1duasnuey Joyiny vd-HIN

Kent and Brown

Page 18

separates the CS offset from the US onset. Note that the ISI is the same in parts C and D.
Modified from Bang and Brown (2009b).
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Figure 2.

Spectrograms and amplitude plots of six stimuli that have been used as CSs in fear
conditioning. (A) Continuous 4 kHz tone (7.91 s). (B) Continuous 22 kHz tone (7.91 s). (C)
19 kHz USV (7.91 s, 11 calls). (D) 22 kHz USV (8.13 s, 4 calls). (E) 23 kHz USV (5.71 s,
10 calls). All of these are conventionally termed "22 kHz USVs" even though the principle
frequency may not be exactly 22 kHz. (F) 53 kHz USV (6.74 s, 26 calls). This is termed a
"50 kHz USV" even though the principle frequency is slighter higher. The four USVs were
recorded from different rats. From Bang et al. (2008).
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Figure 3.

Neurotoxic PRC lesion effects on delay cue conditioning and context conditioning. Mean
levels of freezing are shown in PRC-lesioned rats (solid bars) and sham operated controls
(open bars). Asterisks denote significant differences between the sham-operated and PRC-
lesioned rats (p < 0.05). Upward lines on the bars represent the standard error of the mean.
A. Animals were conditioned to one of three CSs: a 19 kHz continuous tone (labeled Tone),
a 19 kHz USV, or a 19 kHz discontinuous tone (labeled Pips). The USV is the one shown in
Fig. 2C. After multiple CS-US pairings, all three cues elicited robust freezing in control
animals. As expected, PRC damage had no significant effect on delay conditioning to the
continuous tone. However, PRC damage significantly impaired conditioning to both the
USV (Cohen's d= 1.4) and the discontinuous tone (¢'= 1.7). There were no significant
differences between the USV and Pips groups. B. PRC damage profoundly impaired context
conditioning in all three cue groups (mean &= 1.8). There were no significant differences
among cue groups. Modified from Kholodar-Smith et al. (2008a).
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Neurotoxic PRC lesion effects on trace cue conditioning and context conditioning. Mean
levels of freezing are shown in PRC-lesioned rats (solid bars) and sham operated controls
(open bars). Asterisks denote significant differences between the sham-operated and PRC-
lesioned rats (p < 0.05). Upward lines on the bars represent the standard error of the mean.
A. Animals were conditioned to one of three CSs: a 23 kHz continuous tone (labeled Tone),
a 23 kHz USV, or a 23 kHz discontinuous tone (labeled Pips). Following multiple CS-US
pairings, all three cues elicited robust freezing in control animals. However, PRC lesions
significantly impaired conditioning to all three cues (mean &= 2.7). The type of cue had no
significant effect on freezing. (B) PRC damage profoundly impaired context conditioning in
all three cue groups (mean o= 1.8). There were no significant differences among cue
groups. From Kholodar-Smith et al. (2008b).
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Elicitation and termination of persistent firing. (Top) Voltage responses showing repetitive
spiking and current steps used to elicit or terminate firing. Persistent firing was ended after
one minute by a hyperpolarizing current step. (Bottom) The histogram shows the number of

spikes in successive 1-s time bins. From Navaroli et al. (2012).
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Figure6.

Persistent firing in the absence of fast synaptic transmission. (A) Top trace shows a large
excitatory postsynaptic potential (EPSP). Middle trace shows that the EPSP was completely
blocked by the addition of APV, DNQX, and picrotoxin. Bottom trace shows that the
synaptic input was still intact after washing out the three drugs. Each of the traces is the
average of five synaptic stimulations. (B) Persistent firing elicited by a depolarizing current
step during the time when the EPSP was blocked. From Navaroli et al. (2012).
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Persistent firing elicited by synaptic stimulation. (Top) Synaptic stimulation (at 20 Hz for 2
s) caused repetitive firing during and after the stimulation. Firing is shown on two different
time scales. A hyperpolarizing current step temporarily blocked repetitive firing, which
resumed as soon as the hyperpolarization ended. (Bottom) Histogram showing the number
of spikes in successive 1-s time bins. From Navaroli et al. (2012).
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Figure8.

Effects of PRC infusions with scopolomine on delay and trace cue conditioning. The
infusion had no effect on short-delay conditioning to a continuous tone (A, Tone), short-
delay conditioning to a discontinuous tone (B, Pips), or long-delay conditioning to a
continuous tone (C, Tone). By contrast, the infusion significantly impaired trace
conditioning to a tone (D, Tone). Black and white circles correspond to groups receiving
PRC infusions with scopolamine or a saline vehicle, respectively. Shading represents the 6
min CS presentation period. From Bang & Brown (2009b).
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