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The amygdala sends a strong projection to the prefrontal cortex (PFC) and both
brain regions are critical for high order cognitive processes. This pathway may convey
emotional and incentive-value related information to the PFC where it could be used to
guide behaviors such as decision making and working memory. Behavioral studies have
shown that both the amygdala and PFC are important for emotional processing and
learning, but the underlying neural correlates remain unclear. Anatomy studies show that
the basolateral amygdala (BLA) sends an excitatory projection to the medial PFC
(mPFC). Paradoxically, electrophysiologic evidence indicates that most mPFC neurons
are inhibited by BLA stimulation. This apparent incongruence could be explained if
mPFC interneurons are considered mediators of BLA to mPFC neurotransmission. In this
thesis, I tested the hypothesis that the BLA-mPFC projection includes a feed-forward

inhibition mechanism with several experiments using electrophysiological approaches.
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Chapter 1: General Introduction

The amygdala and the prefrontal cortex (PFC) are functionally linked. Although
interactions between these brain regions are critical for many cognitive functions, the
circuitry and connectivity underlying them is not well understood. The PFC is important
for decision making and working memory, while the amygdala is commonly known to be
involved in learning, especially as it relates to fear and other emotions (Blair et al., 2005;
Roozendaal et al.,, 2009). BLA-PFC interactions are important for instrumental
responding (e.g. lever pressing) to learned associations of aversive and appetitive
environmental stimuli (i.e. lever-pressing to receive a food reward or to avoid a foot-
shock) (Gaffan and Murray, 1990). Fear conditioning studies highlight the importance of
the functional link between the BLA and PFC. For example, fear conditioned mice had
increased activity in the amygdala during presentation of the conditioned stimulus with a
simultaneous decrease in medial PFC (mPFC) firing (Garcia et al., 1999). Furthermore,
population data showed that freezing behavior was inversely correlated with mPFC
activity. Within this same study, bilateral and unilateral (ipsilateral to mPFC recordings)
lesions of the BLA restored mPFC firing and freezing behavior to control levels (Garcia
et al.,, 1999). Additionally, BLA neurons that are activated by fear conditioned stimuli
may be part of a distinct neural circuit which preferentially targets the mPFC (Herry et
al., 2008). Thus, in situations in which the BLA is highly activated (i.e. fear

conditioning), BLA activity may suppress mPFC firing.

Behavioral studies in rodents have implicated a strong role for BLA-PFC

interactions in models of drug abuse, specifically in the extinction and reinstatement of



drug seeking behavior (Wolf et al., 1995; Weissenborn et al., 1997; McLaughlin and See,
2003; McFarland et al., 2004; Miller and Marshall, 2004; Stalnaker et al., 2006; Fuchs et
al., 2007; Stalnaker et al., 2007; Peters et al., 2008a; Peters et al., 2008b). Historically,
many behavioral studies have assumed that transmission between BLA and PFC was
excitatory (e.g. BLA activation would coincide with PFC activation). However, a recent
study found that pharmacological inactivation of the ventral mPFC (i.e. infralimbic
cortex) potentiated the spontaneous recovery of drug seeking while inactivating the BLA
had the opposite effect (Peters et al., 2008b). According to this study, the BLA seems to
be important for the reinstatement of drug seeking, while the mPFC seems to play a
prominent role in the extinction of such behavior. This finding parallels findings on fear
conditioning as outlined above (i.e. BLA activation coincided with freezing behavior
while mPFC activity coincided with fear extinction). Drug abuse and extinction studies
indicate that BLA-PFC interactions may not be as simple as a direct excitatory projection

would predict.

Human studies have also implicated a functional link between the PFC and BLA.
Both structures were found to be involved in fear conditioning and extinction
experiments (Phelps et al., 2004) and frontal lobe injuries have often been associated with
social and emotional impairment (Damasio et al., 1994; Rolls et al., 1994). The majority
of human imaging studies on BLA and PFC function seem to have focused on patients
with anxiety and mood disorders (Drevets et al., 1992; Mayberg et al., 1999; Drevets,
2000, 2003; George et al., 2004; Heinz et al., 2005; Drevets, 2007; Drevets et al., 2008),
PTSD (Gilboa et al., 2004; Shin et al., 2004), schizophrenia (Herbener et al., 2007;

Whitfield-Gabrieli et al., 2009) or amygdala lesions (Hampton et al., 2007). Several other



studies have looked at activation patterns in healthy individuals (Bechara et al., 1999;
Hariri et al., 2003; Kim et al., 2003; Popa et al., 2009). Virtually all of these studies
investigated changes in regional cerebral blood flow during a cognitive task. While many
of the above studies reported increased blood flow to both the amygdala and prefrontal
cortex, several of them reported a reciprocal pattern of “activation” (i.e. increased blood
flow in one structure accompanied by a decrease in the other) (Bechara et al., 1999;
Mayberg et al., 1999; Hariri et al., 2003; Kim et al., 2003; George et al., 2004; Popa et
al., 2009). These studies highlight the complex nature of BLA-PFC communication in
health and disease. Investigating the neurotransmission between these two structures at

the synaptic level can only enhance our understanding in the field.

1.1 Amvgdala Anatomy

The amygdala can be divided into two main areas: the basolateral complex
consisting of the basal and lateral nuclei, and the centromedial, which is divided into the
central and medial nuclei. When considered as parts of a functional circuit the basolateral
(BLA) and centromedial (CeM) can be seen as a rudimentary motor circuit; neurons of
the BLA nucleus project to the CeM, which then projects to downstream targets such as
the hypothalamus, periaqueductal gray and brainstem nuclei (Sah et al., 2003). The intra-
nuclei composition of these divisions supports the rudimentary motor circuit idea as well.
The BLA is cortical-like in that it contains many pyramidal-like neurons, few local circuit
GABAergic interneurons (McDonald, 1985a, b; Washburn and Moises, 1992; McDonald
and Betette, 2001; Sah et al., 2003). In addition, the BLA contains a handful of large cell
bodied non-pyramidal projection neurons which may be peptidergic (McDonald, 1987).

In this rudimentary non-layered cortex, pyramidal-like neurons are not arranged with



their apical dendrites in parallel (McDonald, 1992). The CeM is striatal-like, containing
medium spiny-like GABAergic projection neurons (Sah et al., 2003). Another similarity
to corticostriatal systems is that the BLA is extensively interconnected with the cerebral
cortex while the CeM receives but does not reciprocate cortical input (Sah et al., 2003).
In addition to intra-amygdala connections, the BLA also projects to other areas, including

the mPFC.

1.2 Medial Prefrontal Cortex Anatomy

The mPFC occupies the medial wall of the frontal cortex with pyramidal neuron
apical dendrites oriented towards the pial surface at the midline. It includes the
infralimbic, prelimbic and anterior cingulate cortices as well as the dorsal aspect of the
dorsal peduncular nucleus (Paxinos and Watson, 1998) it should be noted that this area is
designated as the infralimbic cortex in another atlas (Swanson, 1996). The mPFC consists
of agranular or dysgranular cortex that lacks a layer IV in rats. While the dorsally located
prelimbic and anterior cingulate cortices have clearly defined layers, the layering of the
more ventral infralimbic cortex is less well defined, with layers II and III appearing to
merge in Nissl stained sections (Krettek and Price, 1977; Swanson, 1996). Like most
cortical areas, the majority (roughly 90%) of cells are pyramidal projection neurons. In
the rodent medial prefrontal cortex the remaining cells are comprised of local circuit

interneurons.

mPFC interneurons use the inhibitory neurotransmitter GABA, and may also
release various neuropeptides such as cholecystokinin, somatostatin neuropeptide Y or
vasoactive intestinal peptide (Kawaguchi and Kubota, 1997). Many interneurons also

typically contain only one calcium binding protein such as parvalbumin (PV), calbindin,
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or calretinin, however some do express more than one (Markram et al., 2004). In addition
to these molecular markers, interneurons have diverse morphological and physiological
characteristics. In the rodent cortex PV-immunoreactive neurons may account for as
many as 50% of GABAergic interneurons (Markram et al., 2004; Gonzalez-Burgos and
Lewis, 2008). This marker is typically associated with the fast-spiking
electrophysiological profile as well as basket cell or chandelier neuron morphology
(Kawaguchi and Kubota, 1997; Kawaguchi and Kondo, 2002; Zhu et al., 2004). The
axons of basket cells form synapses on the soma proximal dendrites of pyramidal
neurons, usually forming a basket-like shape around the soma (Kawaguchi and Kubota,
1997). Chandelier neuron axons form cartridges along the axon initial segment of
pyramidal neurons (Kawaguchi and Kubota, 1997). It has been proposed that some PV
positive interneurons may make synaptic contacts upon 300 or more pyramidal neurons
(Somogyi et al., 1985). The placement and number of synaptic contacts PV positive
interneurons make, and the fact that their action can be coordinated through gap junctions
(Galarreta and Hestrin, 1999, 2001; Traub et al., 2001; Galarreta and Hestrin, 2002;
Hestrin and Galarreta, 2005) suggests that these neurons have enormous potential to
control pyramidal cell firing. Indeed, gamma oscillations in cortex, thought to be
functionally relevant due to their ability to induce synchronous firing in principal
neurons, can be shaped by PV positive interneuron activity (Traub et al., 2001). Though

small in number interneurons are important in the regulation of cortical activity.



1.3 Anatomical basis of the BLA to mPFC pathway

Evidence of a direct projection from the amygdala to the prefrontal cortex has
been shown in rats (Leonard and Scott, 1971; Krettek and Price, 1974, 1977; Llamas et
al., 1977; Gerfen and Clavier, 1979; McDonald, 1982; Sarter and Markowitsch, 1983;
Sripanidkulchai et al., 1984; McDonald, 1987; Cassell et al., 1989; Gaffan and Murray,
1990; Kita and Kitai, 1990; Granato et al., 1991; McDonald, 1991, 1992; Shinonaga et
al., 1994; Bacon et al., 1996; McDonald, 1996; Verwer et al., 1996; Groenewegen et al.,
1997; Bouwmeester et al., 2002; Cunningham et al., 2002; Vertes, 2004; Gabbott et al.,
2006), cats (Krettek and Price, 1974, 1977; Llamas et al., 1977; Krettek and Price, 1978;
Llamas et al., 1985), and non-human primates (Nauta, 1961, 1962; Pandya and Kuypers,
1969; Nauta, 1972; Porrino et al., 1981; McDonald, 1998). Axonal fibers travel rostrally
from the BLA through the ventral amygdalofugal pathway and the stria terminalis
(Leonard and Scott, 1971; Krettek and Price, 1974, 1977; Llamas et al., 1977; Porrino et
al., 1981). Moving rostrally, BLA efferents surround the ventral striatum and enter the
ventral aspects of the mPFC (Orozco-Cabal et al., 2006). Amygdalofugal fibers then
branch dorsally and terminate in two thick bands within the medial PFC. A superficial
band of terminals is located at the border of layers I and II and a thicker and heavier band
is found across layers V and VI (Krettek and Price, 1977; McDonald, 1987; Kita and
Kitai, 1990; McDonald, 1991, 1992; Bacon et al., 1996; Bouwmeester et al., 2002;
Cunningham et al., 2002; Gabbott et al., 2005). In the rat these bands extend along the
dorsal-ventral axis from the ventral infralimbic cortex, extending dorsally through the
prelimbic and into the anterior cingulate region. The posterior region of the BLA
projects most heavily to the mPFC, and sparsely to the agranular insular cortex (Krettek

and Price, 1977; McDonald, 1987). In contrast, the anterior BLA sends a heavy
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projection to the lateral agranular insular cortex while sending a weaker input to the
mPFC (McDonald, 1987). Thus the mPFC receives a direct projection from the BLA that

is heaviest from the posterior BLA.

BLA

Figure 1. Schematic of the BLA to mPFC pathway.
The BLA sends direct projections to the mediodorsal
thalamus (MD) and the mPFC. Synaptic connections
within the mPFC are represented inside the grey box.
Most synaptic contacts are on spines which are
assumed to be on pyramidal neurons (PYR), but a
small number are made onto parvalbumin containing
GABAergic interneurons (INT) which contact the
soma and initial segment of pyramidal neurons.
These interactions likely affect the output of the
mPFC to its target structures.

VTA

NAcc

Anatomy studies have also described a possible indirect BLA to PFC pathway
through the mediodorsal (MD) nucleus of the thalamus (Fig. 1). The PFC is the main
projection field of the MD thalamus and as such the two are heavily interconnected
(Leonard and Scott, 1971; Gerfen and Clavier, 1979; McDonald, 1987; Groenewegen,
1988; Gaffan and Murray, 1990; Hoover and Vertes, 2007). The BLA also shares a heavy
bi-directional projection with the MD thalamus (Krettek and Price, 1974, 1977; Porrino et
al., 1981; McDonald, 1987; Gaffan and Murray, 1990). Under light microscopy, BLA
efferent fibers have been seen in close proximity to PFC projecting neurons within the

MD thalamus (Groenewegen, 1988), and many have assumed logically that information



could be relayed through the thalamus from the BLA to the mPFC and vice-versa. Also,
MD thalamus sub-regions that project to the mPFC receive input from the BLA (Porrino
et al., 1981; McDonald, 1987) but as yet a direct connection from BLA projection
neurons onto MD thalamus neurons that project to the mPFC has not been demonstrated

with either anatomical or electrophysiological data.

1.4 BLA to mPFC projections are likely excitatory

There is ample evidence indicating that the direct BLA to mPFC pathway is
excitatory. BLA projection neurons contain high levels of the excitatory amino-acid
neurotransmitters glutamate and aspartate (McDonald et al., 1989; Carnes et al., 1990;
McDonald, 1996). Since glutamate is not just a neurotransmitter but also a key player in
basic cell metabolism, special care was taken to show that the levels of these compounds
were significantly greater within BLA pyramidal neurons compared to the surrounding
neuropil (McDonald, 1996). Additionally the glutamatergic cell marker
calcium/calmodulin-dependent protein kinase II has been used to identify pyramidal
neurons of the BLA (McDonald et al., 2002), and BLA pyramidal neurons have been
shown to express high levels of the vesicular glutamate transporter vGlutl (Sosulina et
al., 2006). These data suggest that BLA projection neurons are glutamatergic and

therefore excitatory.

BLA neurons that specifically target the mPFC have excitatory characteristics.
BLA projection neurons retrogradely labeled from the mPFC can be co-labeled with high
levels of aspartate, glutamate or both (McDonald, 1996). Also, synaptic contacts made by
amygdalofugal fibers in the mPFC have been found to be asymmetric (Bacon and Smith,

1993; Bacon et al., 1996) and though this arrangement may not be exclusive, to date there
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is no evidence to the contrary (Gabbott et al., 2006). Asymmetric or Gray type I synapses
are generally thought of as excitatory (Gray, 1959; Colonnier, 1968). Asymmetric
synapses appear asymmetric in electromicrographs due in part to the aggregation of many
proteins in the post-synaptic density, many of which are commonly associated with
glutamatergic synapses such as PSD-95 (Kennedy, 1997). Additionally the majority of
synaptic contacts made by amygdalofugal fibers within the mPFC occur upon dendritic
spines (Bacon et al., 1996; Cunningham et al., 2002; Gabbott et al., 2006; Cunningham et
al., 2008). It has been estimated that ~95.7% of synaptic contacts have been found on
dendritic spines and the remaining contacts on dendritic shafts (~3.3%) and cell somata
(~1.0%) (Gabbott et al., 2006). Since pyramidal neurons are rich in dendritic spines while
interneurons lack spines or are sparsely spiny, this suggests that most BLA to mPFC
fibers make synaptic connections upon pyramidal neurons. Overall, this combined
evidence suggests a direct glutamatergic excitatory projection from the BLA to the
mPFC, and this arrangement would appear to favor direct excitation of pyramidal

neurons.

1.5 Up and down states as a feature of in vivo intracellular recordings of neocortical

pyramidal neurons

Pyramidal neurons are the principal output neurons of most cortical structures and
the mPFC is no exception. /n vivo intracellular recordings from these cells have revealed
spontaneous membrane potential fluctuations known as up and down states. The
hyperpolarized down state is periodically interrupted by a more depolarized up state, and
action potentials occur only during the upstate (Cowan et al., 1994; Cowan and Wilson,

1994). The difference in membrane potential between up and down states is typically in
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the range 5 to 20 mV (Wilson, 1993; Cowan and Wilson, 1994; Wilson and Kawaguchi,
1996; Lewis and O'Donnell, 2000; Bazhenov et al., 2002; Kasanetz et al., 2002; Petersen
et al., 2003; Peters et al., 2004; Brady et al., 2005), but 25 mV transitions have been
reported (Valenti and Grace, 2009). These transitions are common during sleep (Steriade
et al., 2001) and under anesthesia such as urethane (Kasanetz et al., 2002) and chloral
hydrate (Lewis and O'Donnell, 2000), but they are also observed in awake behaving
animals during quiet wakefulness (Steriade et al., 2001; Petersen et al., 2003; Crochet and
Petersen, 2006; Poulet and Petersen, 2008). In neostriatal medium spiny neurons, up
states can be driven by excitatory inputs (O'Donnell and Grace, 1995; Wilson and
Kawaguchi, 1996), modulated by Ca2+ and Na+ currents (Wilson, 1993), while down
states can be maintained by an inwardly rectifying K+ current (Wilson, 1993). Similar
processes may underlie up and down states in mPFC pyramidal neurons. However, in
mPFC pyramidal neurons neither hippocampal nor thalamic inputs are sufficient to drive
cells into the up state (Lewis and O'Donnell, 2000). Additionally, a 20 Hz five pulse train
stimulation to the VTA mimicking burst firing in dopamine neurons evokes a prolonged
up state which can be shortened by a DI receptor antagonist (Lewis and O'Donnell,
2000). Whatever their origin, up and down states are important elements that guide

responses of pyramidal neurons to afferent stimulation.
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1.6 Electrophysiology of the BLA to mPFC pathway

Despite overwhelming evidence that the BLA-mPFC projection is glutamatergic,
electrophysiological recordings from mPFC neurons have shown that the majority of
responses evoked by BLA stimulation are inhibitory in nature (Perez-Jaranay and Vives,
1991; Ishikawa and Nakamura, 2003; Floresco and Ghods-Sharifi, 2007; Floresco and
Tse, 2007). In the earliest study of this type, 63.5% of mPFC neurons were inhibited,
8.5% excited while the remainder (28%) showed no response to BLA stimulation (Perez-
Jaranay and Vives, 1991). Recent studies have also shown that most mPFC neurons had a
decrease in firing rate following BLA stimulation (Ishikawa and Nakamura, 2003;
Floresco and Ghods-Sharifi, 2007; Floresco and Tse, 2007). All of these studies were
conducted using extracellular recording techniques, and cell types were not identified. In
another study in which the BLA to mPFC pathway had been investigated, no attempt was
made to quantify inhibitory responses (McGinty and Grace, 2008). This may have been
due in part to limitations of the extracellular recording technique, in which neuronal
spiking is usually the only measure. Indeed the authors of these papers have remarked on
the difficulty of quantifying an inhibition since many neurons had very low baseline
firing rates (Floresco and Tse, 2007; McGinty and Grace, 2008). It is conceivable that the
high occurrence of inhibitory responses involves the activation of local inhibitory

Interneurons.

1.7 The role of interneurons

Although data from the literature suggests that BLA fibers overwhelmingly target
mPFC pyramidal neurons, evidence exists that mPFC interneurons are targets of BLA

input as well. An electron microscopy study found that approximately 5% of BLA
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efferent axonal varicosities innervated parvalbumin (PV) positive post-synaptic targets in
the mPFC, suggesting that fast-spiking interneurons receive BLA innervation (Gabbott et
al., 2006). Data from a separate sample within the same publication showed a similar
number of aspiny synaptic targets, suggesting that among interneuron subtypes, BLA
axons may preferentially innervate the PV containing fast-spiking subtype. However,
BLA efferents may also innervate other interneuron subtypes, such as CCK or calbindin
containing interneurons. Synaptic contacts with GABAergic interneurons could provide a

route for BLA generated inhibitory influence upon mPFC activity (Fig. 1).

The synaptic arrangement of PV interneurons with neighboring pyramidal cells is
such that these interneurons are uniquely poised to have a profound effect upon
pyramidal cell firing. Specifically, the PV positive neurons known as basket and
chandelier neurons make perisomatic synaptic connections. Basket cell axon terminals
encapsulate the soma of pyramidal neurons, while the terminals of chandelier neurons
form cartridges upon the initial segment of pyramidal cell axons (Somogyi, 1977;
Williams et al., 1992; Kawaguchi and Kubota, 1997). Both of these PV containing
interneuron subtypes form multiple synaptic connections per target and are known to
have fast spiking electrophysiologic characteristics. This arrangement may allow for tight
regulation of pyramidal cell firing. Parvalbumin containing interneurons are the largest
subtype of interneurons, comprising approximately 40% of the total (Gabbott and Bacon,
1996b, a). But since interneurons themselves only comprise 5-10% of neurons in cortex,
parvalbumin containing neurons are relatively few compared to pyramidal neurons.
Nevertheless, a single parvalbumin interneuron can make synaptic connections with

hundreds of pyramidal neurons (Somogyi et al., 1983; Sik et al., 1995). Indeed these local
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circuit interneurons are capable of quickly influencing the activity of a large number of
distributed pyramidal neurons (Kawaguchi and Kubota, 1997; Thierry et al., 2000; Zhu et
al., 2004; Gonzalez-Burgos et al., 2005). Thus, activation of a few of these interneurons
could influence the membrane potential and firing properties of a large number of

pyramidal neurons.

1.8 Feed-forward inhibition

Cortical afferent fiber pathways that innervate both pyramidal neurons and local
circuit interneurons can produce feed-forward inhibition. Feed-forward circuitry
inherently decreases the activity of pyramidal neurons, and can increase the temporal
precision of pyramidal cell firing by reducing the window in which the cell can fire
(Buzsaki, 1984; Pouille and Scanziani, 2001; Buzsaki et al., 2004). Afferent fiber
stimulation produces excitation in both interneurons and pyramidal neurons, but
interneurons respond more strongly to the input resulting in the suppression of activity in
pyramidal neurons. Recently a mouse thalamocortical slice preparation demonstrated
how greater activation of interneurons may be due to synaptic mechanisms rather than
intrinsic membrane properties (Cruikshank et al., 2010). In simultaneous dual-whole cell
recordings, excitatory conductances were 7.7-fold greater on average in interneurons than
pyramidal neurons. Additionally, the rise time of excitatory conductances was faster in
interneurons, but slower and overlapping with inhibitory conductances in pyramidal
neurons (Cruikshank et al., 2007). Thus, inputs to cortical regions are likely to activate
both pyramidal neurons and GABAergic interneurons, but with a stronger impact on
interneuron activity, which in turn may impact on pyramidal cell responses via a feed-

forward inhibition mechanism.
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Feed-forward inhibition has been demonstrated in thalamocortical projections to
the visual (Douglas and Martin, 1991; Anderson et al., 2000; Bruno and Simons, 2002;
Cruikshank et al., 2010) and somatosensory cortices (Parthasarathy and Graybiel, 1997;
Swadlow et al., 1998; Miller et al., 2001), as well as intrahippocampal circuitry (Fox and
Ranck, 1981; Buzsaki, 1984; Pouille and Scanziani, 2001; Takita et al., 2007; Ferrante et
al., 2009). It may also play a role in prefrontal cortical information processing. Consistent
with the feed-forward model, stimulation the CA1 area of the ventral hippocampus in
vivo evokes multiple action potentials in putative interneurons, and a suppression of
spontaneous activity in pyramidal neurons of the mPFC (Tierney et al., 2004).
Additionally, the neuromodulators dopamine and serotonin can alter mPFC neuronal
responses to afferent pathway stimulation (Floresco and Tse, 2007; Takita et al., 2007;
Tierney et al., 2008). Some groups proposed that feed-forward inhibition has been altered
in these pathways, but a clear demonstration of feed-forward inhibition has not been
shown. Specifically, along the BLA to mPFC pathway, several groups have shown that
few neurons are excited, and more than half are inhibited by BLA stimulation, but as no
attempts were made to correlate responses with cell type, evidence for feed-forward
inhibition is still lacking (Perez-Jaranay and Vives, 1991; Ishikawa and Nakamura, 2003;
Floresco and Tse, 2007). In this thesis I have explored the possibility that BLA to mPFC

transmission involves a feed-forward circuit within the mPFC.
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1.9 Hypothesis

The experiments of the following chapters were designed to test the hypothesis
that stimulation of BLA projections to the mPFC triggers both monosynaptic excitatory
responses and polysynaptic feed-forward inhibitory responses. Predictions stemming
from this hypothesis include the following: a) BLA stimulation will evoke action
potentials in GABAergic interneurons and suppress firing in identified pyramidal
neurons; b) BLA evoked synaptic responses in mPFC pyramidal neurons contain a
component that reverses at values consistent with a chloride conductance, and c¢) blocking
GABA, receptors will unmask excitatory drive onto pyramidal neurons. Chapter 2
explores the BLA evoked response as recorded juxtacellularly from mPFC pyramidal
cells and interneurons. Chapter 3 explores the BLA evoked response as recorded
intracellularly from pyramidal neurons with and without a GABA, receptor blocker. In
both chapters recording techniques are combined with anatomical methods that assist the

matching of cell type with responses.
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Chapter 2: Juxtacellularly recorded, BLA-evoked responses in mPFC pvyramidal

neurons and interneurons

2.1 Introduction

Previous studies on the BLA to mPFC pathway have yielded a conflicted view.
Anatomical evidence points towards an excitatory pathway (Bacon et al., 1996;
McDonald, 1996), while physiological data shows that a small number of mPFC neurons
are excited but that the activity of most neurons is suppressed following BLA stimulation
(Perez-Jaranay and Vives, 1991; Ishikawa and Nakamura, 2003; Floresco and Tse, 2007).
However, these previous studies are limited in that cell types were not identified and
subsequently could not be associated with physiological responses. Direct glutamatergic
innervation of mPFC pyramidal neurons by BLA fibers could be responsible for the
excitation. However, a recent anatomy study has shown that parvalbumin positive
interneurons also receive direct input from the BLA (Gabbott et al., 2006). Together with
the physiological evidence, this finding suggests these local mPFC interneurons may be a
source of inhibition which may lead to suppression of mPFC activity. The experiments in
this chapter utilized the juxtacellular method (Pinault, 1996), in order to record
extracellular activity and identify recorded neuron types for analysis using histological

methods.

Extracellular recording with juxtacellular filling is useful for recording single unit
activity because it allows a recorded neuron to be filled and histologically detected in a
manner very similar to sharp electrode intracellular methods (Pinault, 1996; Tierney et
al., 2004; Mallet et al., 2005; Tseng et al., 2006; Brischoux et al., 2009; Brown et al.,

2009; Hartwich et al., 2009). By closely monitoring the activity of the unit throughout the
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experimental protocol and the juxtacellular filling procedure, one can be fairly confident
that a neuron found labeled was the same that was recorded from, as has been
demonstrated by Pinault (1996). Additionally, this technique tends to have a much higher
yield than intracellular recording, making it an attractive technique for recording from
interneurons. Once a neuron is filled with neurobiotin it can be stained and identified
morphologically, and by double labeling tissue with antibodies against parvalbumin (PV),
morphological data can be combined with immunoreactive data to determine interneuron
subtype. PV positive interneurons are of note since they make up a large population of
interneurons in cortical tissue and they form synapses located in places that can have
great influence over pyramidal neuron membrane potential, action potential firing and
synchrony (Williams et al., 1992; Sik et al., 1995; Gabbott and Bacon, 1996b; Pauls et
al., 1996; Gabbott et al., 1997; Kawaguchi and Kubota, 1997; Freund, 2003; Buzsaki et
al., 2004; Klausberger et al., 2005; Tseng et al., 2006). The axon of the PV-positive
basket cell encapsulates pyramidal cell bodies, and terminals of PV-positive chandelier
neurons form cartridges along the initial segment of pyramidal neuron axons (Williams et
al., 1992; Gabbott and Bacon, 1996b; Gabbott et al., 1997; Kawaguchi and Kubota,
1997). Terminals from both types of PV containing interneurons are poised to regulate
critical neuronal functions such as the integration of post-synaptic potentials and action
potential initiation, potentially giving them great control over membrane potential states

and output (Buzsaki, 1984; Buzsaki et al., 2004; Buzsaki et al., 2007; Ascoli et al., 2008).

Juxtacellular recordings were used to test the hypothesis that BLA stimulation
excites both pyramidal neurons and interneurons of the mPFC, but that most pyramidal

neurons are inhibited through a feed-forward inhibition mechanism. Juxtacellular
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recordings from mPFC neurons are expected to show that the activity of most pyramidal
neurons is suppressed by BLA stimulation, and a small number of pyramidal neurons are
excited, consistent with the literature. Additionally, mPFC interneurons are predicted to
be excited at short latency consistent with a feed-forward inhibitory mechanism. If mPFC
interneurons are not excited at short latency then the feed-forward hypothesis can be

rejected.

2.2 Methods

2.2.1 Animals: Adult (300-450 g) male Sprague-Dawley rats were obtained from Charles
River Laboratories (Wilmington, MA) and housed in a dedicated animal facility with a 12
hour light/dark cycle, and food and water available ad libitum. All experiments were
done in accordance with guidelines published in the United States Public Health Service
Guide for the Use and Care of Animals, and all of the procedures were approved by the

University of Maryland, Baltimore Institutional Animal Care and Use Committee.

2.2.2 Recordings: Rats were initially anesthetized with an intraperitoneal bolus injection
of chloral hydrate (400 mg/kg i.p.), followed by continuous supplemental anesthesia
(chloral hydrate, 24-30 mg/kg/hr i.p.) through a constant infusion pump (Bioanalytical
Systems, West Layfayette, IN) during the recording session. Animals were then placed in
a stereotaxic frame (David Kopf Instruments, Tujunga, CA) and core body temperature
was maintained at 37.5 C with a heating pad and thermal probe (TR-100, Fine Science
Tools). A longitudinal incision was made over the midline of the skull and the scalp was
retracted. Burr holes were drilled in the skull over the medial prefrontal cortex (mPFC)
and the basolateral amygdala (BLA). Stereotaxic coordinates for these sites were taken

from The Rat Atlas and are presented in mm from bregma unless otherwise noted
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(Paxinos and Watson, 1998; mPFC = +3.20 to +2.70 anterior-posterior [AP], +0.8 to +1.0
mm lateral [L], -2.5 to -5.5 ventral [V] from the surface of the cortex; BLA = -2.8 [AP],
+4.8 [L], -7.6 [V] from the dura). A concentric bipolar stimulating electrode (NE-100X,
0.5 mm diameter, 0.5 mm pole separation, Rhodes Medical Instruments Inc.,

Summerland, CA) was lowered into the BLA.

The stimulating electrode was connected to an Isoflex stimulation isolation box (AMPI,
Jerusalem, Israel), which was driven by a Master-8 stimulator (AMPI). Recording
micropipette electrodes were pulled from 1.5 mm diameter borosilicate glass with
filament (model 1B150F-4, World Precision Instruments, Sarasota, FL) on a vertical
micro electrode puller (No. 51217Stoelting Company, Wood Dale II). Under
magnification, electrode tips were gently broken against a glass slide to a tip diameter of
approximately 1 pum. Recording electrodes were filled with 0.5 M sodium chloride
containing 2% neurobiotin (SP-1120, Vector Laboratories, Burlingame, CA) and
lowered into the prelimbic and infralimbic divisions of the right mPFC with a hydraulic

wheel drive (Trent Wells, Coulterville, CA).

Electrical signals were transmitted from a headstage to an Neurodata IR-283 intracellular
amplifier (Cygnus Technologies, Delaware Water Gap, PA) and filtered through a Hum
Bug 50/60 Hz Noise Eliminator (Quest Scientific, Vancouver, Canada) to reduce
background noise. Signals were constantly monitored on a digital oscilloscope (8840A,
Fluke, Everett, WA), a multimeter (TDS 220, Tektronix, Beaverton, OR), and an audio
monitor (AMS, Grass, W. Warwick, RI). Extracellular signals were digitized at 10 kHz

through a Digidata module (1322A, Axon Laboratories) and band-pass filtered (300 — 2
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kHz) through Axoscope 9.0 software (Axon Laboratories). Signals were then recorded

and saved on a Dell workstation for offline analysis.

2.2.3 Experimental Protocol: A 200 ms, 0.5 nA rectangular current pulse was delivered
to the recording electrode at 2 Hz just dorsal of the beginning of the recording track
(approximately 2.4 mm below the surface of the brain). The bridge circuit was balanced
to this current pulse in situ to give a ballpark measure of electrode resistance (15 - 25
MQ). The electrode was then advanced into the recording area, until extracellular spikes
were observed. The electrode was then advanced and retracted carefully to isolate and
maximize spike amplitude. Cells were considered well isolated if spikes were observed at
near constant amplitude. Cells with spike amplitudes less than 3 times the noise were
discarded. The spontaneous activity (fig. 2c) was then recorded for 5 minutes and
carefully monitored for changes in spike amplitude and the appearance of additional
units. The BLA was stimulated for 0.3 ms at an intensity of 1.0 mA, repeated 100 times
at 0.1 Hz (one pulse every ten seconds) and responses recorded for offline analysis. The
stimulation intensity was set to 1.0 mA to allow a direct comparison of these results with

the intracellularly recorded data in Chapter 3.

After stimulation, cells were filled using the juxtacellular filling technique described by
Pinault (1996). Constant current (+0.25 to 1 nA) and a current pulse (250 ms on, 250 ms
off; +1.5 to 6 nA) were injected through the bridge circuit of the recording amplifier. This
typically resulted in the juxtacellular cell configuration within 1 minute at which point
action potential firing was increased during the current pulse (Fig. 2b). Just before the
juxtacellular configuration was achieved the background noise of the recording would

typically increase, in agreement with Pinault (1996). The constant current was then
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decreased to 0 — 0.25 nA and the current pulses decreased to 0.6 to 2 nA so as not to
damage the cell. Current pulses were continued for several minutes and typically resulted
in the labeling of a single neuron (Fig. 2a). On occasions when more than one cell was
labeled, recordings typically had more than one unit present (Fig 2d). These cells were

not included in BLA response analysis.
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Figure 2. Traces of juxtacellular filling and extracellular recordings of single and multiple units. (B)
Square current pulses injected through the recording electrode elicit action potential firing in the
cell(s) being filled (A). (C) Spontaneous activity of the cell shown in A, which resulted in a single
pyramidal neuron being filled. (D) Spontaneous activity of multiple units. Filling in this case led to
the recovery of two pyramidal neurons. This pattern was consistent throughout the recordings.
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2.2.4 Imunohistochemical double-labeling of neurobiotin and parvalbumin: Following
the stimulation protocol, neurobiotin was injected into the cell by positive current pulses
(100 ms, 0.5 to 1.2 nA, 2Hz) for 5 to 20 minutes. The animal was given an overdose of
chloral hydrate and transcardially perfused with cold saline immediately followed by 4%
paraformaldehyde in phosphate buffered saline (PBS, pH = 7.4). Brains were post-fixed
for 24 hours in the same fixative, rinsed in PBS placed in 30% sucrose w/ PBS until no
longer buoyant for cryoprotection. Brains were then cut using a coronal matrix (ASI
instruments, RBM-4000C) into separate blocks containing stimulating and recording
electrode tracks. 30 um thin sections were cut from tissue blocks on a freezing
microtome. BLA sections were then mounted on gelatin coated slides, Nissl-stained for
verification of stimulating electrode placement, cleared in xylenes, cover-slipped with
Permount and examined under a microscope. Neurobiotin labeled neurons with a clearly
visible apical dendrite were included as pyramidal neurons. mPFC sections were
immunohisotchemically labeled for parvalbumin (1:10,000 dilution, mouse anti-
parvalbumin; Swant, Switzerland). Parvalbumin antibodies and neurobiotin molecules
were fluorescently tagged with Cy2 (1:600, anti-mouse secondary) and Cy3 (1:600,
streptavidin conjugated to Cy3) respectively (Jackson Immunoresearch, West Grove,
PA). mPFC sections were then mounted in anti-photo-bleaching media (a gift from Dr.

Adam Puche) cover-slipped and examined using confocal imaging.

2.2.5 Analysis: Only neurons which were positively identified with neurobiotin staining
were analyzed. Raster plots and cumulative peri-stimulus time histograms (PSTH) were
constructed from BLA stimulation data files. Most neurons exhibited a cessation of

action potential firing following BLA stimulation. In these cells, measures of “inhibition”
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were carried out on the PSTH of each neuron, similarly to the methods used by Floresco
& Tse (2007). The first of these measures was the “duration” of the inhibition, defined as
the length of time during which action potential firing was completely suppressed which
began during the first 200 ms following the stimulus artifact. The “onset” of this period
of suppression was quantified as the first 1 ms bin in which no action potentials were
found and was followed by at least 50 ms of silence. The “percentage inhibition of
spontaneous firing rate” was calculated by taking the ratio of the firing rate in the 200 ms
immediately following BLA stimulation to the firing rate 200 ms immediately preceding
BLA stimulation. Firing rates for these time periods (dubbed the post-stimulus firing rate
and pre-stimulus firing rate, respectively) was calculated with the following formula [(the
number of spikes + the number of sweeps) + 200 ms]. The percentage of change in firing
rate was calculated in this way: [(post-stimulus firing rate — pre-stimulus firing rate) +
pre-stimulus firing rate] x 100%. A value of -100% would be a complete cessation of
firing, while a value of 0% would be no change in firing rate. These equations were
adopted from Floresco & Tse (2007). See figure 3e for a graphical representation of the

preceding measures.

Other neurons exhibited an excitatory-like response to BLA stimulation followed by a
period of suppressed action potential firing. The percentage of firing rate change was
quantified in these neurons as well. Using the formula described in the last paragraph, a
value of 100% would be a doubling of the firing rate over baseline. The onset of
excitatory responses was quantified as the average time to the first spike after the
stimulation artifact but before the cessation of firing. The percent firing probability was

quantified as [(the number of sweeps in which BLA stimulation elicited 1 or more action
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potentials + the total number of sweeps) x100%. Data are presented as mean + standard

deviation unless otherwise noted.
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2.3 Results

Juxtacellular recordings were gathered from 12 pyramidal neurons, 6 putative
interneurons (4 parvalbumin positive and 2 parvalbumin negative) from 15 Sprague
Dawley rats. All neurons included in this study were histologically identified as
pyramidal or putative interneurons on the basis of whether a clearly visible apical
dendrite could be followed to superficial layers. For the sake of brevity ‘putative
interneurons’ are referred to as ‘interneurons’ throughout this chapter. The average firing
rate of pyramidal neurons was 1.4 = 1.6 Hz, while interneurons had a firing rate of 4.4 +
4.9 Hz. Of the interneurons, those positive for parvalbumin had a firing rate of 6.1 £ 5.3

Hz while parvalbumin negative cells had a firing rate of 1 Hz + 0.6 Hz.

2.3.1 Juxtacellularly recorded BLA evoked responses in pyramidal neurons

BLA stimulation generally resulted in a pause in spontaneous firing in most
pyramidal neurons (n = 10 of 12; ~83%). This pause in firing had an onset of 16.3 £ 8
ms, lasted 284 + 124 ms and the change in firing rate was -59 + 29% (Fig. 3e). The
remaining pyramidal neurons (n = 2; 17%) displayed short latency excitation (9.7 and
14.5 ms), typically consisting of a single action potential, followed by a pause in spike
firing. Firing reliability (percent of stimulations that resulted in an action potential) was
72 + 2.8%. In excited cells, the change in firing rate was 574 + 305%, the onset of the

pause in firing rate was 18.5 + 2.1 ms and the duration was 337 &+ 78 ms.
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Figure 3. Pyramidal neuron responses to BLA stimulation. (A) A juxtacellularly labeled pyramidal
neuron (neurobiotin in red, parvalbumin in green, scale bar is 100 pm). The apical dendrite is oriented
towards the medial wall of the mPFC. (B) 100 overlain traces of a pyramidal neuron which was
excited by BLA stimulation. (C,E) A typical pyramidal neuron response including a pause in spike
firing. (B,D and F) One of two pyramidal neurons that had an excitatory response to BLA stimulation
with short latency. In the raster plots (C,D) each dot represents an action potential. 100 consecutive
sweeps are stacked. Peri-stimulus time histograms (E,F) show the same data collapsed into 5 ms and 1
ms bins (E and F respectively). Traces in B are aligned to graphs D and F, and the red vertical lines
represent the stimulation artifact.
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2.3.2 Juxtacellularly recorded BLA evoked responses in interneurons

BLA stimulation typically produced a short latency excitation in all interneurons
recorded (n=6) which consisted of several action potentials per stimulation followed by a
gap in firing (Fig. 4). Action potentials were elicited on almost every BLA stimulation
(firing reliability = 94 + 4.2%). The mean latency to the 1% spike was 20.4 + 3.6 ms and
the average latency for all spikes between the stimulation artifact and the pause in firing
was 24.1 £ 6.6 milliseconds. The excitation was followed by a pause of action potential
firing lasting several hundred milliseconds, similar to that seen in pyramidal neurons. The
pause had an onset of 45 + 20 ms and a 225 &+ 30 ms duration. These measurements were
similar among parvalbumin positive and negative interneurons, therefore these data were

pooled.
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Figure 4. Interneuron responses to BLA stimulation. (A) A neurobiotin filled interneuron co-labelled
with parvalbumin. Neurobiotin is shown in red and parvalbumin in green so that co-localization
results in a yellow filled cell body. (B) Overlain traces of the response to BLA stimulation in a

parvalbumin positive interneuron. Note these traces contain a second smaller unit which was
excluded from the analysis and was not filled with neurobiotin. (C-F) Raster plots and PSTH’s from
the same neuron showing the response to BLA stimulation at two different time scales. This neuron
fired at least one action potential following each stimulation. The red vertical lines represent the time

of stimulation.
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2.3.3 mPFC pyramidal neuron response to stimulation of caudal striatum

from 2 animals in which the stimulating electrode was placed outside of the BLA. Using
the same anterior-posterior and lateral coordinates as used for BLA stimulation, the
electrode was lowered 3.8 mm below the dura, into the caudal striatum. This site was
chosen because it is directly superior to BLA but is not known to send fibers to or receive
fibers from the mPFC. mPFC pyramidal neurons were unresponsive to caudal striatal
stimulation, including intensities as high as 1.5 nA. The mean change in firing rate at 1.0

mA stimulation intensity was -7.0 £ 12%. Figure 5 shows an example of mPFC

As a control for specificity of the BLA stimulation site, 4 neurons were recorded

pyramidal neuron activity during caudal striatal stimulation.
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Figure 5. Typical recording of a mPFC
pyramidal neuron recording with no
response to caudal striatal stimulation
(1.0 mA). (A) Cumulative histogram of
spikes from 100 sweeps. (B) Raster plot
of the same neuron showing the
individual spikes by sweep. Graphs are
aligned to the stimulation artifact (red
vertical line) at time 0.




2.3.4 Suppression of spontaneous activity following BLA stimulation

In response to BLA stimulation, pyramidal neurons and interneurons had similar
suppression durations, but suppression onset was earlier in pyramidal neurons (16.3 ms)
than interneurons (45.2) (p = 0.001; Student’s t-test). This indicates that interneurons
were firing action potentials at latencies at which firing had been suppressed in pyramidal
neurons. Additionally, pyramidal neurons that were excited by BLA stimulation fired
action potentials with relatively short latencies compared to firing in interneurons (12.7
vs. 24 ms respectively), suggesting that pyramidal neurons might be driven to fire by an

early, excitatory synaptic event.
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2.4 Discussion

Juxtacellular recordings of BLA-evoked responses in mPFC neurons revealed an
inhibition or suppression of spike firing in most pyramidal neurons (n = 10), and an
excitation in all interneurons (n = 6), and a small number of pyramidal neurons (n = 2).
By contrast, all interneurons were excited by BLA stimulation regardless of whether they
were immunoreactive for parvalbumin (n = 4). Measures such as response latency were
similar to other extracellular recording studies done on the BLA to mPFC pathway
(Perez-Jaranay and Vives, 1991; Ishikawa and Nakamura, 2003; Floresco and Tse, 2007).
Interneuron responses typically consisted of multiple action potentials which is consistent
with other studies looking at interneuron responses to mPFC afferent stimulation
(Tierney et al., 2004). These results suggest the BLA might drive interneuron activity.
Whether BLA stimulation can directly excite interneurons cannot be determined from
this data. Additionally, strong interneuron recruitment could explain how excitatory BLA
efferents might lead to a suppression of firing in the majority of mPFC neurons as
observed here and in the literature (Perez-Jaranay and Vives, 1991; Ishikawa and

Nakamura, 2003; Floresco and Tse, 2007).

Whether the responses seen here are monosynaptic or not cannot be truly
determined since extracellular recordings measure action potential firing but not the post-
synaptic potentials which precede them. Despite this, the extracellular recordings show
that BLA stimulation is capable of producing action potential firing in mPFC
interneurons at a latency (20.4 ms) that is slightly longer than response latencies reported
in previous studies for antidromic activation of BLA neurons from the mPFC (16.2 ms

and 16.9 ms) (Ishikawa and Nakamura, 2003; McGinty and Grace, 2008). These latencies
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are not inconsistent with a monosynaptic excitation of interneurons since the orthodromic
latency is several milliseconds longer than the antidromic latency allowing for synaptic
delay. Therefore it is possible that BLA evoked action potentials in interneurons are due
to direct monosynaptic transmission. This finding is consistent with the overall

hypothesis that the BLA pathway may activate feed-forward inhibition in the mPFC.

Consistent with previously reported work from other labs (Perez-Jaranay and
Vives, 1991; Ishikawa and Nakamura, 2003; Floresco and Tse, 2007), a small number of
pyramidal neurons are excited, while most are inhibited. While this is not inconsistent
with feed-forward inhibition, within circuit feed-back inhibition may also contribute to
inhibition of pyramidal neuron firing. Feed-back inhibition would involve the recruitment
of mPFC interneurons by BLA evoked action potentials in pyramidal neurons which did
occur but rarely. Pyramidal neurons that were excited had a mean action potential latency
of 10 ms, which is a much faster latency than seen previously and argues in favor of a
feed-back mechanism. However, feed-forward inhibition has not been ruled out as the
exact timing of sub-threshold events following BLA stimulation remains unclear.
Additionally, the disparity between the mean onset latency for excited interneurons (20
ms) and suppressed pyramidal neurons (16 ms) suggests that interneurons may not be
responsible for the initiation of the suppression of pyramidal neuron activity. However,
data presented in the following chapter will show that a putative interneuron may be
activated at a very short latency, consistent with feed-forward inhibition. Additionally,
there is always the possibility of an overlooked (or alternative but as yet unknown) source
of inhibition. Further experiments using intracellular recordings from mPFC pyramidal

neurons and interneurons could shed light on these issues.
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Chapter 3: Basolateral amygdala stimulation produces complex synaptic responses

in pvramidal neurons of the medial prefrontal cortex

3.1 Introduction

In the previous chapter, extracellular recordings revealed that, consistent with the
literature, BLA stimulation evoked a suppression of spontaneous activity in most
neurons, including 83% of pyramidal neurons, while excitation was observed in a small
number of pyramidal neurons. However, a short latency excitation was observed in all
interneurons recorded from, many of which were immuno-positive for parvalbumin.
These findings are consistent with our hypothesis that BLA stimulation activates feed-
forward inhibition within the mPFC. In this chapter we will test predictions that stem
from this idea by stimulating the BLA and recording intracellularly from mPFC
pyramidal neurons. I predict that a) the post-synaptic potential will consist of multiple
components, b) one or more of these components will have a reversal potential at or near
the resting membrane potential, ¢) the GABA-A receptor blocker picrotoxin will reveal

an underlying excitatory drive.

In addition to the evidence of a direct BLA to mPFC pathway, reciprocal
projections between the BLA and MD thalamus, and the mPFC and the MD thalamus
predict an indirect route for BLA-mPFC interaction. It is possible that the MD thalamus
may act as a relay station for signaling between the BLA and mPFC, thus I predict that
lidocaine injection into the MD thalamus will disrupt this signaling which may be

revealed by a decrease in the amplitude of the evoked response.
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Furthermore, mPFC pyramidal neurons project to the VTA, controlling dopamine
cell activity (Gariano and Groves, 1988; Carr and Sesack, 2000). It is possible that VTA
projecting mPFC pyramidal neurons also respond to BLA stimulation. This would allow
the BLA to indirectly regulate dopamine levels in VTA downstream targets such as the
mPFC and nucleus accumbens. I predict that several BLA-responsive mPFC pyramidal

neurons will also be antidromically activated by VTA stimulation.

3.2 Methods

3.2.1 Animals: Adult (300-450 g) male Sprague-Dawley Rats were obtained from
Charles River Laboratories (Wilmington, MA) and housed in a dedicated animal facility
with a 12 hour light/dark cycle, and food and water available ad libitum. All experiments
were done in accordance with guidelines published in the United States Public Health
Service Guide for the Use and Care of Animals, and all of the procedures were approved
by the Albany Medical College or University of Maryland, Baltimore Institutional

Animal Care and Use Committee.

3.2.2 Recordings: Rats were initially anesthetized with an intraperitoneal bolus injection
of chloral hydrate (400 mg/Kg i.p.), followed by continuous supplemental anesthesia
(chloral hydrate, 24-30 mg/Kg/hr i.p.) through a constant infusion pump (Bioanalytical
Systems, West Layfayette, IN) during the recording session. Animals were then placed in
a stereotaxic frame (David Kopf Instruments, Tujunga, CA) and core body temperature
was maintained at 37.5 C with a heating pad and thermal probe (TR-100, Fine Science
Tools). A longitudinal incision was made over the midline of the skull and the scalp was
retracted. Burr holes were drilled in the skull over the medial prefrontal cortex (mPFC)

and the basolateral amygdala (BLA). Stereotaxic coordinates for these sites were taken
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from The Rat Atlas (Paxinos and Watson, 1998) and are presented in mm from bregma
unless otherwise noted (mPFC = +3.20 to +2.70 anterior-posterior [AP], +0.8 to +1.0 mm
lateral [L], -2.5 to -5.5 ventral [V] from the surface of the cortex; BLA = -2.8 [AP], +4.8
[L], -7.6 [V] from the dura). A concentric bipolar stimulating electrode (NE-100X, 0.5
mm diameter, 0.5 mm pole separation, Rhodes Medical Instruments Inc., Summerland,
CA) was lowered into the BLA. In some experiments an additional burr hole was drilled
over the ventral tegmental area (VTA = -6.0 [AP], -0.5 [L], -7.4 [V]) and a second
stimulating electrode was lowered. Stimulating electrodes were connected to an Isoflex
stimulation isolation box (AMPI, Jerusalem, Israel), which was driven by a Master-8
stimulator (AMPI). In some experiments an additional burr hole was drilled over the
mediodorsal thalamus (MD = -2.8 [AP], -0.5 [L], -3.4 [V]) and a 30-gauge infusion
cannula was lowered into the MD. Recording micropipette electrodes were pulled from 1
mm diameter borosilicate glass with filament (model 1B100F-4, World Precision
Instruments, Sarasota, FL) on a Flaming Brown horizontal puller (model P-97, Sutter,
Novato, CA) to a resistance of 59 to 170 MQ and filled with 2 M potassium acetate
containing 2% neurobiotin (SP-1120, Vector Laboratories, Burlingame, CA). Recording
electrodes were then lowered into the prelimbic and infralimbic divisions of the right

mPFC with a hydraulic wheel drive (Trent Wells, Coulterville, CA).

All recordings were made in current clamp mode (holding current = 0 nA unless
otherwise stated). Electrical signals were transmitted from a headstage to an intracellular
amplifier (Neurodata IR-283, Cygnus Technologies, Delaware Water Gap, PA). Signals
were constantly monitored on an analog (PM 3337, Philips, Holland) or digital

oscilloscope (8840A, Fluke, Everett, WA), a multimeter (TDS 220, Tektronix,
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Beaverton, OR), and an audio monitor (AMS, Grass, W. Warwick, RI). Intracellular
signals were acquired and digitized at 10 KHz through an interface board (DAP-3215,
Microstar labs, Bellevue, WA) and Neuroscope custom made software, or acquired and
digitized through a Digidata module (1322A, Axon Laboratories) and Axoscope 9.0
software (Axon Laboratories). Signals were recorded and saved by a Dell workstation

for offline analysis.

3.2.3 Experimental Protocol: A 200 ms, 0.5 nA rectangular current pulse was delivered
to the recording electrode at 2 Hz during cell searching. The bridge circuit was balanced
to this current pulse in situ to give a ballpark measure of electrode resistance. In some
cells the bridge was balanced again after a stable cell recording was obtained, in others
post-hoc adjustment for electrode resistance from voltage deflections was performed.
Following penetration of a cell, neurons were recorded for 5 minutes before the
stimulation protocol was begun. Neurons used in this study had a resting membrane
potential more negative than -64 mV and action potentials that were either overshooting 0
mV (19 of 21) or with amplitudes > 52 mV from threshold (20 of 21). Positive and
negative current pulses (100 ms, £0.05 to 0.3 nA) were administered through the
Master-8 stimulator to an auxiliary input to the amplifier. Membrane potential deflections
to injected current pulses were used to determine the input resistance and time constant
(t: estimated as the time to reach 63% of maximum voltage deflection in response to a
0.1 or 0.2 nA negative current pulse). Post-hoc adjustments were made to these measures
to accommodate changes in electrode resistance during the recording if the bridge circuit
was not properly balanced. After passive membrane property assessment, the BLA was

stimulated at least 15 times, once every ten seconds (0.1 Hz, 1.0 mA). Some neurons
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were stimulated with a range of current intensities (0.2 - 1.5 mA). The holding current
was adjusted in several neurons to estimate the reversal potential and the conductance of
post-synaptic potentials. In some cases (n=3) the GABA-A antagonist picrotoxin (P-
1675, Sigma) was used in the recording pipette at 200 uM to attenuate GABAergic

responses.

In the experiments in which a VTA stimulating electrode was included, following
BLA stimulation protocols, a series of 5 pulse, 20 Hz trains were delivered to the VTA
(1.0 mA). Trains were repeated every 10 seconds while recording membrane potential

responses in pyramidal neurons.

A separate group of rats had a cannula implanted in the MD thalamus filled with
2% lidocaine in saline (Abbott labs; Chicago, IL) with Chicago Sky Blue (C-8679,
Sigma) added to verify the infusion site. After stable cell penetration and baseline
recordings, the BLA was stimulated with a single pulse every 30 seconds for up to 30
minutes. After 15 repetitions, an infusion pump delivered 100 nl of 2% lidocaine over 10

seconds to the MD thalamus while the stimulation protocol continued.

3.2.4 Analysis: Post-synaptic potentials were quantified using the following measures.
Response latency was measured as the time from the stimulation artifact to first
deflection of the membrane potential (Vm). Amplitude was quantified as the difference in
membrane potential measured at the stimulation artifact and the peak of the synaptic
potential. Response duration was measured as the time to decay to 2 the amplitude. In
some neurons a brief ‘quiescent’ period followed the synaptic response during which the

neuron did not fire action potentials. The duration of this quiescent period was quantified
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as the time between the stimulus artifact and the first depolarization following the decay

of the initial response.

In cells in which the holding current was adjusted, a reversal plot was constructed
wherein the amplitude of the response was plotted as a function of the membrane
potential at the time of stimulation, the y-intercept of a linear fit of the data being the
reversal potential of the response. In order to calculate the conductance during the
response a second plot was constructed in which the membrane potential at rest as well as
at the peak of the synaptic response was plotted against the current injected and a linear
functions were fitted to the data. A linear fit of the current-voltage relationship of the cell
at rest (which was used above to help estimate input resistance) was plotted on the same
axes as the response. The intersection of the two functions was calculated by solving the
equations for each other. The y-value of the solution (i.e. the membrane potential at
which the response amplitude would be zero) was used as an estimate of the reversal
potential of the response. This estimate was similar to the estimate found using the first
reversal plot explained above. The conductance was calculated by taking the inverse of
slope of each function. The conductance at rest (i.e. leak conductance) was subtracted
from the total conductance during the response (i.e. leak conductance + response

conductance) to yield the response conductance.

3.2.5 Cell Labeling and Histology: Following the stimulation protocol, neurobiotin was
injected into the cell by positive current pulses (100 ms, 0.5 to 1.2 nA, 2Hz) for 10 to 20
minutes. The animal was given an overdose of sodium pentobarbital or chloral hydrate

and transcardially perfused with cold saline immediately followed by 4%
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paraformaldehyde in phosphate buffered saline (PBS, pH = 7.4). Brains were post-fixed
for 24 hours in the same fixative, rinsed in PBS placed in 30% sucrose w/ PBS until no
longer buoyant for cryoprotection. Brains were then cut using a coronal matrix (ASI
instruments, RBM-4000C) into separate blocks containing stimulating and recording
electrode tracks. 30 um thin sections were cut from tissue blocks on a freezing
microtome. mPFC sections were processed with avidin-biotin complex (Vectastain ABC,
Vector Laboratories, Burlingame, CA) for neurobiotin signal amplification followed by
diaminobenzidine (Sigma, D0426) for visualization of neurobitin filled neurons. BLA
and mPFC sections were subsequently stained for Nissl for verification of stimulating
electrode placement and neuron localization respectively. Sections were mounted on
gelatin coated slides, cleared in xylenes, cover-slipped with Permount mounting media

(Fisher Scientific, SP15-100) and examined under a microscope.

All measurements are presented as mean + standard deviation unless otherwise

noted.
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3.3 Results
3.3.1 Histological identification of mPFC pyramidal neurons and BLA stimulation

sites

After recording, mPFC neurons were identified by morphological examination.
Filled neurons were identified as pyramidal if they fit the classic description; a triangular
shaped soma, a long apical dendrite extending towards the pial surface, basilar dendrites
extending from the cell soma and dendritic spines (Fig. 6). If a filled cell was not clearly
filled or did not have an apical dendrite it was not analyzed as a pyramidal neuron.
Twenty-four neurons from layers III to V were identified as pyramidal neurons. Most
were found in the prelimbic cortex (n = 15), others were located in the infralimbic cortex
(n = 8), or at the ventral border of the anterior cingulate cortex (n = 1; Figs. 6b and 8a).

Several additional neurons were found just beyond the border of layer VI in the
forceps minor of the corpus callosum; these were spiny non-pyramidal cells with
dendrites that extended several hundreds of microns along the edge of layer VI but did

not appear to enter the cortex. These neurons were excluded from further analysis.
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Figure 6. Example of a mPFC neuron that was recorded from and filled with neurobiotin. This
pyramidal neuron is located in layer V of the prelimbic cortex (PL). (A) Neutral Red stained coronal
section with DAB stained neuron and (B) similar section from The Rat Atlas (Paxinos & Watson, 1998)
2.70 mm anterior of bregma. Nissl section is slightly anterior of the atlas section. Low power (4x
objective lens, C) and high power (40x objective lens, D) images of the same filled neuron as above. In
addition to the apical dendrite oriented towards the pial surface, spines can be seen on basal dendrites.
(AC: anterior cingulate cortex; PL: prelimbic cortex; IL: infralimbic cortex)
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The BLA was electrically stimulated through a bipolar concentric electrode. BLA
placement was verified by histology and inspection under a light microscope (Fig. 7).
Serial sections were scrutinized and the section containing tissue damage at the most
ventral point along the electrode track was used to estimate electrode placement.
Stimulating electrode tracks ended in the anterior subdivision of the BLA (BLAa; n =
10), posterior BLA (BLAp; n = 11) or on the border between these divisions (n = 3; Fig.
8b). Several stimulation sites were found at the border of the BLAa and the central
nucleus of the amygdala (CeA, n = 3; Fig. 8). Data from these animals was included since
there is no evidence that the CeA projects to the mPFC, and the BLA was almost
certainly excited by stimulation. Several other stimulation sites were clearly within the
CeA but very close to the BLA (n = 2), or in the ventral endopiriform cortex (n = 1).
Although cells recorded from these animals did show responses to stimulation, the data
was not included in the analysis as it pertains to BLA stimulation. One additional
stimulation site in the lateral ventricle, adjacent to the BLA (see plate 31 of Swanson,

1996) produced no response.
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Figure 7. Example of a stimulating electrode site located in the BLAa. (A) Neutral Red stained coronal
section showing the ventral end of the stimulating electrode track in the BLA. (B) Atlas drawing
(Paxinos & Watson, 1998) 2.80 mm posterior of Bregma, at a similar anterior-posterior level as the
stained section in A. (C) Blow up of the boxed area in A. This example electrode placement was in the
anterior subdivision of the BLA. The dashed circle indicates the basolateral amygdala and the
arrowhead points to the end of the electrode track.

44




+370 +3.20 +2.70

Figure 8. Summary of recorded cell locations and stimulation sites, mapped onto consecutive
coronal sections from the Rat Atlas by Paxinos and Watson (1998). (A) mPFC sections with black
circles indicating cell bodies of recorded pyramidal neurons. (B) BLA sections with black circles
indicating the end of the stimulating electrode track. Below each section is the distance from
bregma in mm. Atlas sections which were closest to the actual placement of the electrode were used
to approximate stimulation locations.
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3.3.2 Baseline measurements of mPFC pyramidal neurons

Basic electrophysiological measurements of mPFC pyramidal neurons are shown
in table 1. Neurons of the prelimbic and infralimbic areas were similar in all of these
measures except for the down state resting membrane potential, which was more
hyperpolarized in prelimbic neurons (p = 0.01, student’s t-test). An example of an input-
output curve is shown in figure 9B, and the traces from which it was generated are shown
in figure 9A. Action potentials of all cells were at least 50 mV in amplitude and in many
cases overshot 0 mV. Measures of membrane resistance and tau (time to 63% of steady
state deflection) were estimated from the smallest negative current pulse injection.
Membrane resistance was estimated from the steady state. Half of the neurons (n = 12)
exhibited a bimodal membrane potential consisting of a hyperpolarized down state, and a
depolarized up state (Fig. 9 C, D). Action potentials occurred only during the up state.
Cells were considered bimodal if the membrane potential could be fit to a two-term
Gaussian distribution (fig. 9D) and the up and down states were separated by> 5 mV.
Neurons that did not meet bimodal criteria had a resting membrane potential similar to
the down state of bimodal neurons (-77.1 £ 4.1 mV, n = 12). Not all of these neurons
were spontaneously active throughout the recording. Those that did not fire
spontaneously during the recording could be induced to fire action potentials with a
positive current pulse (250 ms, minimum current = 0.25 and 0.9 nA). All neurons fired

action potentials immediately following penetration.
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potential
Firing . .
Vm  Down Up rate Rm T Threshold Amplitude Width
(mV) (mV) (mV) (Hz) MQ) (ms) (mV) (mV) (ms)
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PL 44 41 73 22 150  3p 136 612270 oy
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Table 1. Basic electrophysiological measures for of mPFC pyramidal neurons. Data area presented
from all neurons (n = 24) including one found in the cingulate cortex and broken down between the
prelimbic (PL; n = 15) and infralimbic (IL; n = 8) cortices. Vm is the average membrane potential for
those cells which did not have a bimodal distribution with peaks separated by 5 mV or greater (n = 12;
see fig 4d). The down state membrane potential in PL neurons was more hyperpolarized than IL
neurons but no other differences were found. (Values are represented as mean = S.D.)

47



-80 mv/

0.20

0.15

I (nA) 5]
0.104

Normalized time at Vm

0.05+

25] V(M) 0004
75 70 65 -60 -55 50 45 40
Membrane Potential (mV)

Figure 9. Passive membrane properties and spontaneous activity of mPFC pyramidal neurons.
(A) Membrane potential traces of an example neuron responding to injection of positive and
negative 100 ms current pulses. The spiking pattern seen in the most depolarized trace is typical
of a regular spiking pyramidal neuron of the cerebral cortex including spike frequency
adaptation. (B) Current-voltage plot of the traces in A. A linear function was fit to the
membrane potential deflections to the two smallest negative current pulse injections, the slope
of which is used to estimate input resistance. (C) Spontaneous activity of pyramidal neurons
often displays up and down state transitions. The down state is hyperpolarized and relatively
quiet, while the up state is more depolarized and has action potentials. (D) The membrane
potential during these spontaneous oscillations can be fit to a two-term Gaussian function.
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3.3.3 Multiple-component BLA evoked synaptic responses in mPFC pyramidal neurons

Electrical stimulation of the BLA (1.0 mA) evoked a complex depolarizing post-
synaptic potential (dPSP) in mPFC pyramidal neurons with two or three depolarizing
peaks (fig. 10B). The mean onset latency was 11.9 £+ 2.8 ms, peak amplitude was 7.1 £ 3
mV and time to peak was 29.4 + 10.7 ms. The Pythagorean theorem was used to estimate
the pathway length of 8.2 mm, which was then used to calculate a conduction velocity of
0.7 m/s. However, the true conduction velocity is likely slower since the pathway was
assumed to be a straight line between stimulation and recording sites. The distribution of
onset latencies for all histologically verified pyramidal neurons is shown in figure 10C
and a comparison of prelimbic vs. infralimbic latencies is shown in figure 10D. The dPSP
duration (time to half maximum amplitude) was 41.0 = 16.4 ms (see fig 10B). Action
potentials were not seen during the dPSP. Most neurons (21 of 24) also exhibited a long-
lasting hyperpolarization (LLH) following the dPSP during which action potentials were
absent and the membrane potential was similar to the down state (figure 10E). The
average duration of the LLH was 280 + 71 ms (time from stimulation to %2 the amplitude
of the first up state immediately following the decay of the dPSP) and was highly
variable within and between cells; it could last from 100 to 1000 ms. BLA stimulation did
not appear to affect up and down transitions otherwise, but these data were not quantified.
BLA response measures were not different between cells recorded from the prelimbic and
infralimbic cortex, or between anterior and posterior BLA stimulation sites (Table 2).
BLA evoked dPSP’s had several components which were revealed as multiple peaks

suggesting that several separate synaptic events contributed to the response.
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Amplitude Time to Hyperpolarization
Onset (ms) P Decay (ms) M rp

(mV) peak (ms) duration (ms)
All 11.9+£28 7.1+£3.0 29.4+10.7 41.0+16.4 280.4+70.5
Prelimbic 12.7+£28 6.8+2.5 31.0+12.3 40.6 £ 15.8 293.3+78.9
Infralimbic 10.7+2.3 7.7+4.0 264+7.1 423 +19.6 243.8 +36.4
BLAa 12624 75+3.5 27.2+438 44.0+16.8 309.8 £ 69.1
BLAp 11.4+3.2 73+£22 33.2+14.1 40.8 +£16.6 262.7+73.9

represented as mean + S.D.)

Table 2. Measurements of BLA evoked synaptic responses. All measurements were similar across cell
locations and stimulation sites, although there was a slight tendency for the time to peak to be longer
in prelimbic neurons (vs. infralimbic) and posterior BLA stimulation sites (vs. anterior). (Values are
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Figure 10. Multiple components in BLA evoked synaptic responses. A and B: In this representative
example BLA stimulation evokes a complex multiple component synaptic response. The red arrows
indicate the stimulation artifact. The dashed blue lines indicate the approximate down state membrane
potential value for this neuron (-70 mV). The black arrows indicate two of the components of the
evoked response. Onset latency of BLA evoked responses from intracellularly recorded mPFC
pyramidal neurons. (C) The onset latencies of all neurons are represented in this histogram (mean =
11.9 ms). (D) Onset latencies broken down by cell location. Prelimbic and infralimbic responses were
not different. (E) Overlain traces showing a long lasting hyperpolarization during which action
potentials were not seen and membrane potential was hyperpolarized (blue arrows, fading as traces
transition back to the upstate).
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The amplitude of the response was affected by the membrane potential when the
BLA was stimulated (fig. 11). Responses recorded during the up state were significantly
smaller in amplitude than those recorded during the down state (up =5 + 2.2 mV, down =
10.5 £ 3.3 mV; student’s t-test, p < 0.0002; n = 12). This could be interpreted as the
driving force of the ionic conductances responsible for the response being considerably
less from the up state as compared to the down state, giving an indication that the reversal
potential of the response may be close to the up state. However, to truly measure the
reversal potential, responses must be measured from cells in which the membrane

potential has been varied to the point at which the response changes polarity.
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3.3.4 BLA evoked responses with constant current injection

The hypothesis that BLA stimulation elicits feed-forward inhibition in the mPFC
predicts a GABA-mediated component in the responses recorded in pyramidal neurons.
We tested this by repeating the BLA stimulation protocol while changing the holding
current of several neurons (n = 9) to measure the BLA evoked response from different
membrane potentials. This manipulation allows the estimation of the reversal potential of
the BLA evoked response. One cell became very unstable with positive current injection
and the data was excluded from statistical analysis. In the remaining cells, reversal plots
were constructed (Fig. 12 B and C), which allowed for the calculation of both the reversal
potential of the response and the conductance of the response (see methods). Several
neurons (n=3) fired spikes during the synaptic response and these data were excluded
from the reversal potential analysis. The remaining neurons (n = 5) had a mean response
reversal potential (Erev) of -53 £ 5 mV (original peak at 25 £ 3 ms) and a response
conductance (gR) of 6.5 + 3.9 nS. In several neurons (n=4) a component of the response
was hyperpolarizing from depolarized membrane potentials. In two of those neurons the
response appeared to consist of an early depolarizing component (time to peak: 20 + 0.4
ms; Erev = -51 £ 5.6 mV; gR = 2.9 £ 1.8 nS) and a later hyperpolarizing component
(time to trough: 34 + 1.4 ms; Erev = -60.9 + 1.6 mV; gR = 7 £ 5 nS, Fig 12A). The
average time to the negative peak, or trough, in all cells which exhibited a
hyperpolarizing component was 30 ms (n = 4). In neurons in which action potentials
occurred during the BLA evoked response when depolarizing current was injected (n =
3), these action potentials had an average latency (time to spike threshold) of 17.9 + 3.4

ms, which is earlier than the time to the original peak in these neurons (25.7 = 2.3 ms;
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measured without current injected). These results suggest the response may contain a
combination of excitatory and inhibitory synaptic events, of which the excitatory event is
usually followed by one or more inhibitory events. The hyperpolarized reversal potential
during the BLA response indicates that an ion species with a hyperpolarized equilibrium

potential such as chloride may be responsible for inhibitory events.
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Figure 12. BLA evoked synaptic responses with constant current injection. (A) Several traces from a
neuron in which depolarization revealed a negative reversing component. Depolarized traces revealed a
segregation of components with different reversal potentials. The original peak (blue line) was
depolarizing at resting membrane potential (down state —78 mV). At depolarized membrane potentials,
an early depolarizing component (green line) became segregated from a later hyperpolarizing
component (red line). The arrow indicates truncated stimulation artifacts. (B) Reversal plot for all
traces of the cell whose traces are shown in A. The response amplitude was plotted against the resting
membrane potential at the time of stimulation. The data were fit to a linear function the y-intercept of
which is the estimate reversal potential for the three time points indicated by the colored vertical lines
in A. (C) Similar to B but membrane potential data is plotted against the current injected allowing
conductance estimation. The black linear fit represents the membrane potential just before the stimulus
artifact. The intersection of the black line with each colored line gives a graphical representation of the

reversal potential for each time point.
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Estimating reversal potentials with current injection may be limited by space
clamp issues. The control of membrane potential values with injected current is limited to
the cell regions neighboring the electrode placement, and dPSP’s are originated at sites
removed from this location. In a few occasions, pyramidal neurons exhibited spontaneous
depolarizations (up-states) within the range of and sometimes above Erev. These neurons
allow an estimate of reversals without current injection. The traces in Fig. 11A illustrate a
neuron with a flat response during the up-state near -70 mV. Another particularly active
pyramidal neuron (firing rate = 5.8 Hz) had a large difference in up (-56 mV) and down (-
78 mV) state values (Fig. 13). In this neuron, BLA evoked responses during the up state
were hyperpolarizing, while in the down state the responses were depolarizing, and action
potentials were absent during the response. The reversal potential this response was -70.2
mV as measured from the hyperpolarized trough in traces where the response occurred
during an up state. This neuron is an example of membrane potential behavior consistent
with a Cl- component in a neuron with a large spontaneous depolarization. These limited
observations are in agreement with observations made with direct membrane potential

manipulations.
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Figure 13. BLA evoked response in a pyramidal neuron with up states more depolarized than the
reversal potential of the response. Overlay of 12 membrane potential traces showing BLA
stimulation evokes a depolarizing response at hyperpolarized membrane potentials (blue traces)
and a hyperpolarizing response from depolarized membrane potentials (red traces), again no
action potential firing was observed during the response. B is a magnified view of the traces in A
with spikes truncated. The blue dashed line represents the approximate down state (-81 mV).
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3.3.5 GABA-A antagonist Picrotoxin reduces inhibitory component(s)

To determine whether GABA contributed to the negative reversing component of
BLA responses, the CI- channel blocker picrotoxin (PTX; 200 uM) was added to the
internal recording solution. Picrotoxin acts as a non-competitive GABA-A receptor
antagonist which can block the flow of Cl- through the receptor from inside the cell
(Akaike et al., 1985; Inomata et al., 1988; Cupello et al., 1991; Metherate and Ashe,
1993; Nelson et al., 1994). PTX will attenuate GABAergic mediated components of the
BLA response. Additionally, since it is assumed that excitatory components are part of
the BLA evoked response but may have been masked or shunted by GABAergic
components, action potential firing during the dPSP in picrotoxin-treated neurons would
suggest that excitatory drive is normally present but may be occluded by strong inhibitory

drive.

Most measures of the BLA evoked response were not significantly altered by the
presence of PTX in the recording electrode. Unaffected measures of the dPSP include
onset latency, amplitude, and the time to peak. However, the decay to half amplitude was
longer in cells recorded with PTX (62 = 15 ms; n = 3) than without (41 = 16 ms)
(Student’s independent t-test, p < 0.05). This change may be due to the blockade of one

or more GABAergic components by PTX.

Two of three PTX treated pyramidal neurons remained spontaneously active
throughout the recording. In these cells BLA stimulation was followed by action potential
firing during the dPSP, suggesting that GABA-A blockade unmasked excitatory

components (Fig. 14). Following the initial post-synaptic response there was a brief
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period of hyperpolarization and simultaneous pause in action potential firing (duration
from stimulus artifact: 270 + 125.9 ms) similar to the LLH seen in cells recorded without

PTX.

The third neuron treated with PTX did not remain spontaneously active (beyond
the initial membrane penetration and stabilization of the membrane potential) and did not
fire action potentials during the response. The response conductance in this neuron was
15 nS, which is similar to cells recorded without PTX. However, the reversal potential of
the response peak was -39.4 mV, which is more depolarized than untreated cells by more

than two standard deviations.

PTX in the recording electrode may have attenuated GABAergic components in
proximal cell regions revealing underlying excitatory drive onto pyramidal neurons.
Although small in number, these results are consistent with a BLA to mPFC pathway that

contains a GABAergic component.

Figure 14. Picrotoxin (PTX) reveals GABAergic shunting of excitatory drive. BLA stimulation evoked
action potentials in cells recorded with PTX (200 pM) in the recording pipette. In this example few action
potentials occurred with a latency less than 40 ms, with the majority falling in the range of 42 to 68 ms
(mean = 50 + 10 ms). This was followed by a brief period during which no action potentials were fired
(mean for this cell = 180 ms; spontaneous firing rate 3.2 Hz)
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During the course of the intracellular recording experiments, a neuron with a very
high spontaneous firing rate was encountered. Unfortunately no record of this
spontaneous activity is available for analysis since upon penetration of the neuron the
first action was to quiet the cell by hyperpolarizing it with constant current to avoid
losing it. This neuron had a very short latency (6 ms) synaptic response to BLA
stimulation (Fig. 15). The input resistance (124 MQ) and spike width (0.6 ms) were more
than two standard deviations away from the same measures in histologically identified
pyramidal neurons. Based on these data this cell was deemed a putative interneuron,
although it could not be identified definitively with histology because the recording was
lost before the neuron could be filled with neurobiotin. BLA stimulation evoked multiple
action potentials at short latency (3-4 spikes per stimulation; 6.5 to 8.2 ms range of
latency to first spike) which is consistent with mPFC interneuron responses to afferent
pathway stimulation (Tierney et al, 2004). The response of this neuron to BLA
stimulation is similar to what was observed with juxtacellular recordings and is consistent

with the original hypothesis.

80 mV EESTeswehee—oua

Figure 15. Putative interneuron response to BLA stimulation. BLA stimulation consistently evoked
3 or 4 action potentials. Recordings show no spontaneous firing because negative current was being
applied (-600 pA). The blue dashed line represents the approximate “resting membrane potential”
with current.

60



3.3.7 MD Thalamus inactivation

The mediodorsal (MD) thalamus is a major target of BLA efferents, and the
prefrontal cortex is often described as the main projection field of the MD thalamus. This
connectivity situates the MD thalamus as a possible relay station for the flow of
information from the BLA to the mPFC. Previously published work from our lab has
shown that MD thalamus stimulation causes a monosynaptic excitatory post-synaptic
potential followed by a hyperpolarization of the membrane potential (Lewis &
O’Donnell, 2000), which is similar to BLA evoked responses described above. We
sought to test the hypothesis that the MD thalamus mediates BLA evoked responses. In
several rats (n=4) 2 % lidocaine was injected into the MD thalamus while recording BLA
evoked synaptic responses intracellularly. Lidocaine did not have a significant effect on
BLA evoked synaptic responses (Table 3), indicating that the MD thalamus may not act

as a relay for the BLA-mPFC pathway.

Onset (ms) Amplitude Time to peak Decay (ms) Hyperpolarization
(mV) (ms) duration (ms)
Baseline 99+2.6 7.7+5.1 23.7+24 33.8+6.1 347.3 £ 140.0
0-5 min. 10.2£2.0 6.7+3.1 234+1.2 339+6.4 358.4+83
5-10 min. 8.1+0.8 6.2+43 21.7+0.1 33.4+5.0 375.1 £ 240
10-15 min. 95422 7.0+4.6 243+0.7 34.0+3.0 345.2 £ 62

Table 3. Lidocaine injection into the mediodorsal thalamus had no effect on BLA evoked responses.
Measures of BLA evoked responses were similar before and after lidocaine injection. Post-lidocaine
measurements were binned at five minute intervals. Table values are shown as mean + standard
deviation.
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3.3.8 VTA antidromic activation

mPFC pyramidal neurons send descending projections to the ventral tegmental
area (VTA). These neurons make synaptic contacts on two previously identified groups
of ascending projection neurons (Cowen & Sesack, 1994). These two cell populations
include the dopaminergic and GABAergic cells of the meso-cortico-limbic system which
can release dopamine and GABA into the PFC and the nucleus accumbens and are
critical for processing of reward-related information. As modulation of mPFC activity by
the BLA could have an impact on the PFC control of the reward system, we explored
whether pyramidal neurons responsive to BLA stimulation project to the VTA. In several
rats, a second stimulating electrode was placed in the VTA, and responses to trains of
pulses to the VTA were recorded. Five of the 16 tested neurons had an antidromic
response to VTA stimulation indicating that these neurons project to the VTA. A
response was deemed antidromic if 2 of the 3 following criteria were met; constant spike
latency (less than 1 ms jitter, within cell), ability to follow high speed (>200 Hz)
stimulation and collision with a spontaneous action potential (Fig. 16). One additional
observation was seen in all five cases was that antidromic action potentials could be
initiated directly out of the down state (Fig 16A). The average latency of antidromic

action potentials was 11.5 +£2.5 ms.
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Figure 16. Antidromic activation from the ventral tegmental area (VTA). VTA stimulation (black arrows)
evoked action potentials (AP’s) with a constant latency of 9.8 ms. (A) 20 Hz train stimulation shows
constant latency as well as AP’s rising from the down state which is another sign of antidromic activation.
(B) Spikes follow 200 Hz stimulation. The first three AP’s are full somatodendritic AP’s and the last two
show initial segment only AP’s. (C) Two overlain traces showing a spontaneous AP (green arrow) collides
with an antidromically evoked AP (red arrow).
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3.4 Discussion

BLA stimulation evokes a complex, multiple-component, depolarizing synaptic
response in mPFC pyramidal neurons. Constant-current depolarization of the membrane
potential revealed a negative reversing component in all neurons tested, and action
potentials in few neurons. The GABA, receptor antagonist picrotoxin unmasked
excitatory drive onto pyramidal neurons revealed as action potentials during the dPSP.
These results suggest that BLA evoked synaptic responses may comprise a combination
of excitatory and inhibitory events, which may include a feed-forward inhibitory

mechanism in the BLA to mPFC pathway.

3.4.1 Multiple component BLA evoked responses may comprise a combination of

excitatory and inhibitory components

The mean latency of BLA evoked responses recorded intracellularly in the present
study is similar to or shorter than those reported in extracellular studies (Perez-Jaranay
and Vives, 1991; Ishikawa and Nakamura, 2003; Floresco and Tse, 2007; McGinty and
Grace, 2008). The mean latency here was 11.9 ms, while others reported mean latencies
of 18.4 ms (20.2 ms for inhibited units and 7.3 ms for excited units) (Perez-Jaranay and
Vives, 1991), 19.6 ms measured from the infralimbic cortex, and 29 ms from the
prelimbic cortex (Ishikawa and Nakamura, 2003), 21.5 ms (Laviolette et al., 2005), or a
mode of 12 ms (Floresco and Tse, 2007). The shorter latency reported here is likely due
to the fact that different measures were taken: latencies of post-synaptic potentials were
measured here, while previous studies measured action potentials, or the cessation of

firing. Additionally, the orthodromic latency reported here (i.e. 11.9 ms) is shorter than
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the antidromic latencies of 16.2 ms (McGinty and Grace, 2008) and 16.9 ms (Ishikawa
and Nakamura, 2003) reported by others. If our latency had been longer than antidromic
activation of BLA wunits with mPFC stimulation, we would have assumed the
involvement of an intermediate synapse. Thus, the latency reported here is consistent

with what would be expected from a direct, monosynaptic projection.

In the present study, identified pyramidal neurons did not fire action potentials in
response to BLA stimulation when the current was clamped at 0 mA. This is similar to
extracellular studies which demonstrated that few mPFC neurons (~5%) could be driven
by BLA stimulation alone and most were inhibited (Perez-Jaranay and Vives, 1991;
Ishikawa and Nakamura, 2003; Likhtik et al., 2005; Floresco and Tse, 2007). The higher
number of excited cells found in extracellular studies may be due to the possibility that
cells in those studies might belong to a different sub-population of mPFC neurons. The
extracellular recording studies may have been biased toward cells that are spontaneously
active since they are easier to detect with the extracellular method, whereas the
intracellular recordings reported here may be biased towards neurons that are less active
since they are easier to hold. Nevertheless, BLA stimulation results in inhibitory synaptic

responses in a large percentage of cases in all in vivo studies.

BLA evoked synaptic responses have some components with negative reversal
potentials, indicating that the response includes a negative reversing ion species such as
chloride. A potential mechanism of chloride synaptic events in mPFC is GABA acting
through GABA, receptors. The use of chloride channel blocker PTX in the electrode

either a) allowed action potential firing in pyramidal neurons during the dPSP, or b) was
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accompanied by a more depolarized response reversal potential. These results are
consistent with a GABA/CI- component contributing to the negative reversing response

and excitatory drive masked by this GABA component.

Within cells, the dPSP onset was not constant. Such variability argues against a
monosynaptic response. Some of this variability may have been due to unpredictable
spontaneous membrane potential fluctuations which are inherent in whole animal
preparations. The gentle rise of the dPSP may also have contributed variability to the
latency measurement. The latencies measured in these experiments (mean = 11.9 ms)
were similar to or shorter than other groups findings for antidromic (McGinty and Grace,
2008), and orthodromic latencies (Perez-Jaranay and Vives, 1991; Ishikawa and
Nakamura, 2003; Likhtik et al., 2005; Floresco and Tse, 2007). As tracing studies have
found ample evidence of direct synaptic contacts made by BLA efferent fibers upon
mPFC neurons (Bacon and Smith, 1993; Bacon et al., 1996; Cunningham et al., 2002;
Gabbott et al., 2006; Cunningham et al., 2008), it is likely that most short-latency initital
responses include a mono-synaptic component, but the jitter in the dPSP latency does not

allow a strong statement regarding this.

The observed BLA evoked synaptic response may have included a chloride ion
flux. In most neurons, BLA evoked PSP’s were depolarizing in the absence of current
injection, the exceptions being a neuron with a flat response and another with a
hyperpolarizing response, both of which occurred during up states. With varied constant
current injection, the reversal potential was calculated as -53 mV for BLA evoked

responses (Fig. 12). This reversal potential is between the accepted equilibrium potential
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for sodium (+30 mV) and chloride (-70 mV), suggesting that it is possible that chloride
ions contributed to one or more components of the synaptic responses in combination
with underlying glutamatergic drive. Assuming chloride contributed to the response, it is
also possible that acetate in the recording solution may have shifted measurements of the
reversal potential positively since chloride channels are permeable to acetate ions
(Bormann et al., 1987). However, a handful of neurons fired action potentials with low
reliability during the early part of the synaptic response (with positive current injection).
This suggests that the putative excitatory component may have contributed to the early
part of the observed response. Taken together these findings suggest that a combination

of excitatory and inhibitory components compose BLA evoked responses.

Following the initial response the membrane potential became flat and
hyperpolarized for several hundred milliseconds. This long-lasting hyperpolarization may
be similar to a cessation of inputs to the neuron described as disfacilitation (Wilson et al.,
1983; Kasanetz et al., 2006). As this was a late effect, typically attributed to the shutdown

of afferents due to the stimulation, we did not further explore this part of the response.

The question of whether the BLA to mPFC pathway is excitatory has been further
confounded by a recent in vitro study which used coronal slices. In this study the ventral
mPFC (through which BLA fibers pass) was stimulated. In contrast to the extracellular
recording studies, only excitatory post-synaptic potentials were reported (Orozco-Cabal
et al., 2006; Orozco-Cabal et al., 2008). Although this technique allowed the authors to
identify the type of cells that were recorded from, the plane of the section left very little

of the BLA to mPFC pathway intact. It is likely that many other fibers travelling towards
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the mPFC were stimulated in these studies. Additionally, the authors held neurons near
the chloride reversal potential, occluding the detection of inhibitory post-synaptic
potentials. Thus, these studies offer limited information regarding the nature of the BLA

to mPFC pathway.

3.4.2 Putative interneuron response has very short latency to BLA stimulation

During the intracellular recordings, a neuron was recorded from that was deemed
a putative interneuron due to its high membrane resistance and narrow spike width. This
neuron was exceptionally difficult to keep stable and required 600 pA of negative current
injection to acquire the small amount of data that was recorded. However, this neuron
was excited by BLA stimulation and exhibited 3-4 action potentials per stimulation,
similar to what has been reported for mPFC interneurons in chapter 2 and in the literature
(Tierney et al., 2004). Interestingly, the response latency in this neuron was faster than
both intracellularly recorded pyramidal neurons as well juxtacellularly recorded
pyramidal neurons and interneurons. The discrepancy in onset measurements between
this putative interneuron (6 ms) and the juxtacellularly recorded interneurons reported in
chapter 2 (20 ms) may be due to the fact that true orthodromic latencies can only be
measured using intracellular recordings, since with this method sub-threshold synaptic
events can be seen, unlike juxtacellular or extracellular recordings. It is also possible that
very few mPFC interneurons might be excited by BLA stimulation at such short
latencies, one of which was observed during the intracellular recordings, while they were

missed by the juxtacellular recordings of chapter 2.
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3.4.3 Picrotoxin reveals underlying excitatory drive

Several neurons were recorded with PTX in the recording electrode. These
experiments were conducted to reduce any potential contribution of GABA in the evoked
responses and it was expected that chloride mediated components of the response would
be reduced. PTX did not significantly alter response measurements except for the decay
to half amplitude, which increased. Assuming that BLA evoked responses are composed
of glutamatergic and GABAergic components, the lengthened decay could reflect a PTX
induced attenuation of GABAergic shunting of the underlying glutamatergic drive. This
would allow the underlying excitatory event to drive the cell to fire action potentials, as
shown above as well as a more depolarized reversal potential estimate for the dPSP.
Following the dPSP and action potentials, PTX treated neurons exhibited a suppression
of activity similar to neurons recorded without PTX. This may be a result of GABA-A
receptor activation distal to the recording site which may not be affected by PTX from
the recording electrode. Alternatively, this might also be a period in which inputs to the
neuron have been silenced, as in disfacilitation (Wilson et al., 1983; Timofeev et al.,
2001). These results suggest that GABAergic transmission may contribute to BLA

evoked responses in pyramidal neurons through peri-somatic GABA-A receptors.

3.4.4 MD Thalamus manipulation

A potential poly-synaptic pathway exists between the BLA and mPFC through the
MD thalamus. Shutting down the MD thalamus while stimulating the BLA would
eliminate contributions of the MD thalamus to the BLA evoked response. In several

neurons lidocaine was infused into the MD thalamus but did not affect the response in a
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measurable way. This would suggest that the MD thalamus may not act as a relay within

the BLA to mPFC pathway.

Anatomical evidence of an indirect BLA to mPFC pathway via the MD thalamus
is contradictory. BLA neurons projecting to the MD thalamus have been described as
small in number, and non-pyramidal in that they lack an apical dendrite and dendritic
spines (McDonald, 1987). In addition they have larger cell bodies and less excitatory
neurotransmitter immunoreactivity than nearby BLA pyramidal neurons (McDonald,
1987). Some have speculated that these neurons are peptidergic in nature (McDonald,
1985a, 1987; McDonald et al., 1989; McDonald and Pearson, 1989) but there is no direct
evidence of this. In fact another paper from the same lab suggests that peptidergic BLA
neurons are local circuit neurons exclusively (McDonald, 1985a). Findings from the
McDonald laboratory argue against an excitatory polysynaptic pathway, but this data has
not been confirmed or contested by others. Additionally, evidence of synaptic contact
between PFC projecting MD neurons and MD projecting BLA neurons is lacking,
although the projection fields of BLA to MD neurons does overlap areas which are
known to project to the PFC (Sesack et al., 1989). The results presented here argue

against the MD thalamus being involved in PFC responses to BLA stimulation.

3.4.5 Antidromic response to VTA stimulation

Several mPFC neurons responded to VTA stimulation with antidromically
activated action potentials. The constant spike latency, collision test and high-speed
stimulation test confirmed antidromicity in these neurons. It is therefore likely that the

mPFC neurons had terminal fields in the VTA region, which likely made synaptic
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contacts onto VT A dopamine neurons (Sesack et al., 1989; Cowan et al., 1994; Carr and
Sesack, 2000). Indeed dopamine neuron burst firing has been shown to follow mPFC
stimulation (Gariano and Groves, 1988; Murase et al., 1993). Since BLA stimulation was
often followed by a brief membrane potential hyperpolarization, it follows that dopamine
neuron burst firing might also be suppressed, at least through the direct mPFC to VTA
pathway. Dopamine is a critical regulator of mPFC functions such as working memory
(Sawaguchi and Goldman-Rakic, 1991, 1994; Goldman-Rakic, 1995), and the mPFC has
the potential to regulate mPFC dopamine levels through reciprocal connections.
Therefore, the BLA could affect the activity of the reward system via its influence on

PFC pyramidal cell firing.

3.4.6 Summary

These data show that BLA stimulation evokes a complex, multiple component
synaptic response in mPFC pyramidal neurons. In most neurons depolarized by current
injection the response became partially hyperpolarizing indicating it may have been
mediated in part by an ion such as chloride. In very few neurons, an action potential was
occasionally seen riding the post-synaptic potential. This suggests the majority of mPFC
neurons are inhibited by BLA stimulation. Although the sample size is quite small, the
use of the GABA-A antagonist PTX decreased chloride flux revealed as increased
excitatory drive capable of producing action potentials. This suggests BLA stimulation
may excite and inhibit pyramidal neurons. The excitation is assumed to be derived from
direct projections from the BLA to mPFC pyramidal neurons, while the inhibition may be

due to local release of GABA perhaps through local-circuit interneurons.
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Chapter 4: General Discussion

In this study, extracellular and intracellular in vivo recordings were used to test
the hypothesis that BLA to mPFC neurotransmission involves mPFC GABAergic
interneurons in a feed-forward inhibitory mechanism. Juxtacellular recordings revealed
that mPFC pyramidal neuron activity is heavily suppressed for several hundred
milliseconds following BLA stimulation. Additionally, it was demonstrated that non-
pyramidal neurons including parvalbumin positive interneurons were excited by BLA
stimulation, but that this initial response was also followed by a pause in spontaneous
activity. As such, the juxtacellular recordings have reproduced previously published
results on the BLA to mPFC pathway as well as illuminated general cell types associated
with different response profiles. These results clearly show that within the mPFC, BLA
stimulation briefly activates interneurons while inhibiting most pyramidal neurons
consistent with a feed-forward inhibitory mechanism. To further explore the role of
interneurons in BLA to mPFC signaling, intracellular recordings from mPFC pyramidal
neurons were done. These revealed that BLA stimulation induced complex, multiple-
component, depolarizing post-synaptic potential. This initial response was followed by a
long lasting hyperpolarization during which neurons did not fire and was similar in length
to the suppression of spike firing seen in juxtacellular recordings. In neurons which were
depolarized by injecting positive constant current, the initial response components
reversed polarity and become hyperpolarizing, and action potentials during the response
were rarely seen. Reversal estimate calculations of response components were
hyperpolarized and similar to the estimated equilibrium potential of Cl- ions, suggesting

that these components may be the result of an increase in Cl- ion permeability. This in
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turn suggests that GABA may mediate some response components. The use of the
GABA-A receptor blocker picrotoxin (PTX) resulted in action potentials during the
response, suggesting that one or more response components may be mediated by GABA.
These findings are consistent with the main hypothesis that BLA to mPFC transmission
engages mPFC interneurons and inhibits nearby pyramidal neurons in what appears to be

a feed-forward inhibitory mechanism.

In addition to the main hypothesis, it was proposed that the mediodorsal thalamus
might act as a relay station along the BLA to mPFC pathway due to heavy reciprocal
connections with both the BLA and mPFC. However, lidocaine inactivation of the MD
thalamus did not change the response, suggesting that the mediodorsal thalamus is likely
not involved in BLA to mPFC transmission. Also, several animals were implanted with a
second stimulating electrode in a target area of the mPFC, namely the ventral tegmental
area (VTA) which is the site of dopamine cell bodies which project to the PFC, and
nucleus accumbens. Several mPFC pyramidal neurons with typical BLA evoked
responses were antidromically driven from the VTA, suggesting that BLA has influence
over a population of mPFC pyramidal neurons that can regulate the meso-cortical-limbic

dopamine system.

Following the initial response, most (87.5%, 21 of 24) intracellularly recorded
pyramidal neurons exhibited a cessation of spontaneous activity following BLA
stimulation lasting several hundred milliseconds. This long-lasting hyperpolarization
(LLH) is similar in length to the pause in firing seen in extracellular recordings reported

here and in the literature (Perez-Jaranay and Vives, 1991; Ishikawa and Nakamura, 2003;
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Floresco and Tse, 2007). Interestingly, in interneurons a similar pause in firing occurred
following an initial excitation, suggesting that this may be a network phenomenon. The
intracellularly recorded LLH as well as the pause in firing seen in extracellular recordings
bare similarities to a process dubbed disfacilitation, a form of inhibition during which
neurons remain hyperpolarized and do not fire action potentials, presumably due to a
temporal absence of excitatory synaptic activity (Wilson et al., 1983; Contreras et al.,
1996; Timofeev et al., 2001; Goto and O'Donnell, 2002). Consistent with previous
reports of disfacilitation, the observed LLH occurred in most but not all neurons. In the
present study, the occurrence of the LLH was not associated with cell location (rostral vs.
caudal mPFC or dorsal vs. ventral mPFC), stimulation site (rostral vs. caudal BLA, or
dorsal vs. ventral BLA), or laboratory location (Albany, NY vs. Baltimore, MD) and it is
currently unknown why most neurons display an LLH but others do not. Reports of
disfacilitation or similar events in other brain regions indicate that it is not specific to the
BLA-mPFC pathway (Wilson et al.,, 1983). Interestingly, in the present study
intracellularly administrated PTX seemed to eliminate signs of disfaciliation. Unexpected
though it might be, it would be interesting to investigate whether other neurons within the

vicinity were affected similarly.

In contrast to effects on pyramidal neuron activity, stimulation of the BLA
activated mPFC interneurons. During the intracellular recordings a putative interneuron
was observed firing action potentials at very short latency (6 ms) following BLA
stimulation. Action potentials also followed BLA stimulation in all interneurons recorded
with the juxtacellular method including several which were parvalbumin-positive.

Additionally, multiple action potentials typically followed BLA stimulation similarly to
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ventral hippocampus stimulation (Tierney et al., 2004). It is possible that this interneuron
activation was elicited through direct projections from BLA to mPFC interneurons which
have been reported on parvalbumin-positive basket and chandelier interneurons (Gabbott
et al., 2006). It is also possible that interneuron activation occurs through local collateral
activation in which action potentials travel antidromically from the BLA, however this
seems unlikely since antidromic activation of mPFC pyramidal neurons was not observed
in either the intracellular or extracellular recordings. Additionally, it is possible that
interneurons are activated via a feed-back loop within the mPFC, since excited pyramidal
cells (though rare) had action potential latencies (12.1 ms) similar to the onset of post-
synaptic potentials (11.9 ms), and the mean latency to the first action potential in
interneurons recorded extracellularly was somewhat longer (20 ms). However, as stated
above the putative interneuron recorded intracellularly had the shortest latency ofall
neurons recorded and responded with multiple action potentials per stimulation consistent
with recordings of confirmed interneurons. These results are consistent with the
hypothesis that mPFC interneurons are activated by BLA stimulation through a feed-

forward inhibitory mechanism, but a feed-back mechanism may also be in play.

The timing of synaptic events following BLA stimulation is consistent with the
idea that components of the intracellularly recorded response may have been caused by
BLA-evoked interneuron action potentials. The BLA-evoked spike latency in
interneurons had a mean value of 20.4 ms, while on average the time-to-peak of the
intracellularly recorded depolarizing PSP was 29.4 ms. Additionally, transmission time
between mono-synaptically connected interneuron-to-pyramidal neuron pairs in the

mPFC has been reported as approximately 1 ms (Gao et al., 2003; Gonzalez-Burgos et
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al., 2005; Szabadics et al., 2006; Szabadics et al., 2007; Cardin et al., 2009; Glickfeld et
al., 2009). Therefore, the timing of synaptic events following BLA stimulation is
consistent with the idea that evoked action potentials in interneurons may be responsible
for components of the response as observed in pyramidal neurons recorded
intracellularly. Furthermore, these observations are consistent with feed-forward
inhibitory circuitry that is characterized by excitatory afferent inputs making synaptic
contacts onto both the principal neurons (pyramidal cells) and GABAergic inhibitory
interneurons. Through secondary connections from interneurons to pyramidal neurons the
level of excitation experienced by any one pyramidal cell is regulated by interneuron
activation, which in turn can regulate the temporal precision of pyramidal cell firing by
narrowing the temporal window in which the cell can fire (Buzsaki, 1984; Pouille and

Scanziani, 2001).

It has been proposed that chloral hydrate and its active metabolites may act by
potentiating GABA-A currents (Lovinger et al., 1993; Peoples and Weight, 1994; Pistis
et al., 1997; Garrett and Gan, 1998; Peoples and Weight, 1998). This could confound the
interpretation of the present study. However, under chloral hydrate anesthesia, animals
exhibit up and down states, something which is not seen with barbiturate anesthetics. In
the present study chloral hydrate has not occluded BLA evoked response elements which
are similar to GABAergic responses, such as a reversal potential of -68 mV. It seems
unlikely that at anesthetic doses chloral hydrate is affecting GABA receptors.
Additionally, previous studies of the BLA to mPFC pathway have been carried out under
different anesthetics including urethane(Perez-Jaranay and Vives, 1991) and sodium

pentobarbitone (Ishikawa and Nakamura, 2003), with similar results to the present study
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(i.e. similar proportions of excited and inhibited neurons and similar response latencies),
therefore it seems unlikely that the use of chloral hydrate may have negatively impacted

the results of the present study.

There may be differences in the relative density of fibers in the BLA to mPFC
pathway as they arise from different parts of the BLA. There is some evidence to suggest
that the caudal BLA region sends a stronger projection to the mPFC than the rostral BLA
does, while the rostral BLA projects more heavily to the agranular insular (ventro-lateral)
PFC (Krettek and Price, 1977; McDonald, 1987; Kita and Kitai, 1990). Although, the
opposite topology has also been reported (McDonald, 1991). Functionally, it remains
unclear what role a differentially weighted BLA to mPFC pathway might play in
cognitive processing but one study suggests that the caudal but not the rostral BLA may
be involved in reward-value monitoring in pavlovian tasks (McLaughlin and Floresco,
2007). It might be expected that stimulation along the rostro-caudal axis of the BLA
would result in differences in electrophysiological response measures. However, in the
present study differences in response measures were not seen when results were
segregated by rostral and caudal BLA stimulation sites. Similarly, when results were
segregated according to dorsal-ventral position within the mPFC no differences were
found. This is somewhat surprising given how the dorsal (prelimbic) and ventral
(infralimbic) areas are sometimes attributed opposing roles in behavioral paradigms such
as extinction training and go vs. nogo signalling to downstream structures (Morgan and
LeDoux, 1995; Kalivas et al., 2005; Peters et al., 2008a). Therefore, it is possible that
various channels of the BLA to mPFC pathway might engage similar feed-forward

inhibitory mechanisms regardless of topology.
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The mediodorsal thalamus (MD) does not contribute to BLA to mPFC signaling
as measured in this study. As stated above, intracellular recordings from pyramidal
neurons revealed a depolarizing synaptic potential followed by a flat, long-lasting
hyperpolarization in response to BLA stimulation. Previous work has shown that a
similar response pattern is seen in mPFC pyramidal neurons following MD stimulation
(Lewis and O'Donnell, 2000). Since the MD receives BLA input and projects to the PFC
it is possible that the MD might mediate part of the BLA-evoked response. To test this
lidocaine was injected into the MD during the recording of an mPFC pyramidal neuron.
Response measures were compared before and after lidocaine injection including
response latency, amplitude, duration, and the duration of the long-lasting
hyperpolarization. No differences were found in these measures; therefore it would

appear that the MD does not mediate BLA to mPFC transmission as examined here.

BLA to mPFC signaling can potentially alter meso-cortical and meso-limbic
dopamine transmission. BLA stimulation inhibited pyramidal neurons of the mPFC
which are among the principal output neurons of the area, thus they are presumed to be
involved in functions attributed to the mPFC. These functions include working memory,
decision making, emotional regulation, and through projections to the VTA, the
regulation of dopamine release in the prefrontal cortex and limbic structures such as the
nucleus accumbens (Murase et al., 1993; Carr and Sesack, 2000). In the present study
several mPFC pyramidal neurons which were inactivated by BLA stimulation were also
antidromically activated by VTA stimulation. This places these neurons in an interesting
position in which they may mediate an indirect regulation of dopamine dependent

processes in VTA target regions, and by extension, inactivation of these cells by BLA
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stimulation could disrupt dopamine transmission in VTA target regions such as the mPFC

and nucleus accumbens.

The BLA and mPFC may compete for control of cognitive processes through
reciprocal inhibition. The present study is consistent with previous studies in the
literature that have shown that the mPFC may be generally inhibited by BLA stimulation
through activation of inhibitory interneurons, while a small number of pyramidal neurons
are also activated. Interestingly, electrophysiological studies by another group have found
that the reciprocal pathway (mPFC to BLA) operates similarly (Rosenkranz and Grace,
2001, 2002; Rosenkranz et al., 2003). It appears that stimulation of one of these structures
may shut down the other through a feed-forward inhibitory mechanism involving local
circuit interneurons. Behavioral studies of fear and extinction learning have shown a
similar “see-saw” pattern of activation (Garcia et al., 1999; Quirk et al., 2000; Baeg et al.,
2001; Milad et al., 2006; Quirk et al., 2006; Akirav and Maroun, 2007; Milad et al., 2007,
Herry et al., 2008; Sotres-Bayon et al., 2009; Herry et al., 2010; Sierra-Mercado et al.,
2010). Additionally, human fMRI studies during emotional tasks have shown that
increased BOLD signals in either structure can be accompanied by corresponding drops
in the other, and this is especially true in patients with depression or PTSD (Sheline et al.,
2001; Gilboa et al., 2004; Shin et al., 2004; Shin et al., 2005; Rauch et al., 2006;
Johansen-Berg et al., 2008). It is possible that a structure upstream of both structures
might have control over both, but the collective physiologic evidence seems to indicate
that activation of either structure diminishes the output of the other and that this might

occur through reciprocal inhibition.
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Amygdala-prefrontal interactions are particularly relevant to fear and extinction
learning paradigms. Many studies have implicated the amygdala as a key site of fear
conditioning (LeDoux et al., 1990; Miserendino et al., 1990; Helmstetter, 1992;
Helmstetter and Bellgowan, 1994; Morgan and LeDoux, 1995; Quirk et al., 1997; Garcia
et al., 1999; Lacroix et al., 2000; Quirk et al., 2000; Davidson, 2002; Maren and Quirk,
2004; Herry et al., 2008), while the PFC has been the focus of extinction investigations
(Morgan et al., 1993; Rolls et al., 1994; Morgan and LeDoux, 1995; Quirk et al., 1997;
Quirk et al., 2000; Rosenkranz and Grace, 2001; Herry and Garcia, 2002; Milad and
Quirk, 2002; Quirk, 2002; Rosenkranz and Grace, 2002; Setlow et al., 2002; Rosenkranz
et al., 2003; Maren and Quirk, 2004; Phelps et al., 2004; Santini et al., 2004; Sotres-
Bayon et al., 2004; Likhtik et al., 2005; Quirk et al., 2006; Herry et al., 2008). Out of this
literature has been borne the idea that BLA to PFC transmission is fear related while PFC
to BLA transmission is extinction based. A recent study has shown that distinct neural
circuitry may be involved in these two different behavioral forms of transmission (Herry
et al.,, 2008). In the BLA, fear activated neurons are part of a circuit which transmits
information from the vHPC to the mPFC but not in the reverse direction, while extinction
activated BLA neurons are highly inter-connected with the mPFC but do not
communicate with the vHPC (Herry et al., 2008). This idea combined with evidence from
the present study in support of an inhibitory BLA to mPFC pathway, suggests that in both
fear and extinction situations the BLA may inhibit the mPFC, shutting down ongoing

processing.

An inhibitory BLA to mPFC pathway might serve as a “brake” or “reset switch”

for the prefrontal cortex, in that a strong activation of the BLA could deactivate the
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mPFC, disengaging it from any ongoing processing. If an environmental stimulus of high
motivational or emotional value is encountered, it is likely to strongly activate the
amygdala. Through direct connections onto mPFC local circuit parvalbumin positive
interneurons (Gabbott et al., 2006), the amygdala activity could lead to the activation of
feedforward inhibitory circuitry in the mPFC. As shown above, amygdala simulation can
strongly suppress pyramidal cell activity, in effect halting ongoing mPFC processing.
Then, the mPFC would be free to process new and immediately relevant information for
selecting an appropriate action. mPFC processes such as working memory require
sustained activity(Petit et al., 1998) and can be augmented by the neuromodulator
dopamine (Brozoski et al., 1979; Durstewitz and Seamans, 2002; Seamans and Yang,
2004). VTA projecting mPFC pyramidal neurons that are inhibited by BLA stimulation
add a second layer of regulation over behavioral outcomes in which the mPFC is

involved.
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