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Chapter 1: Investigating the function of
neocortex through the lens of associative threat
conditioning
A longstanding major goal of neuroscience research is to
understand

neocortical

function.

Considered

the

“crowning

achievement of evolution and the biological substrate of human
mental prowess” (Rakic, 2009), the neocortex has long been thought
to be the seat of complex cognitive behavior. Reflecting its
recognized importance, intense research has produced significant
progress on, for example, the computations sensory cortical areas
perform on auditory and visual stimuli (Keller & Mrsic-Flogel, 2018;
Mizrahi, Shalev, & Nelken, 2014; Priebe & Ferster, 2012; Wang,
2018). In parallel, significant aspects of the architecture and
connectivity of neocortical circuits have been uncovered (Harris &
Mrsic-Flogel, 2013). In contrast, the precise behavioral capacities to
which neocortical processing contributes, and the parameters
governing this, are much less well understood. Identifying the
behavioral and cognitive functions for which neocortical processing is
critically required is a prerequisite for a complete understanding of
neocortical function. Furthermore, a causal link between neocortical
processing and a defined behavioral function will enable a deeper
understanding of cortical computation by providing important context
and constraints to interpreting neuronal activity.
A straightforward assumption would be that sensory cortical
areas contribute to any behavioral capacity requiring processing of
its respective sensory modality; i.e. for example auditory cortex being

8

required for any auditory behavior. However, a number of studies
across different modalities challenge this simple notion. For example,
lesioning the rodent sensorimotor “barrel” cortex, a prominent model
for studying cortical processing, often does not significantly impair
behavior in tasks requiring stimulus detection by the whiskers (Hong,
Lacefield, Rodgers, & Bruno, 2018; Stuttgen & Schwarz, 2018). In a
similar vein, the phenomenon of ‘blindsight’ in humans and monkeys
with damage to primary visual cortex indicates residual visual
perception capabilities despite the loss of visual cortical processing
(Sanders, Warrington, Marshall, & Wieskrantz, 1974; Schmid et al.,
2010). Furthermore, in the auditory domain, auditory cortex lesions
or inactivation often do not impair associative learning to auditory
stimuli (Campeau & Davis, 1995; LeDoux, Sakaguchi, & Reis, 1984;
Romanski & LeDoux, 1992a; Sacco & Sacchetti, 2010; Zhang et al.,
2018), or auditory discrimination tasks (Gimenez, Lorenc, &
Jaramillo, 2015; Pai, Erlich, Kopec, & Brody, 2011). In contrast,
several studies have reported behavioral deficits following lesion or
inactivation of visual (Poort et al., 2015), barrel (O'Connor et al.,
2010) and auditory cortex (Banerjee et al., 2017; Letzkus et al.,
2011; Weible, Liu, Niell, & Wehr, 2014; Yang et al., 2016). Thus,
whether sensory neocortex is required for tasks involving sensory
processing is not a trivial question and identifying the contribution of
specific sensory neocortical areas to defined behavioral functions is
a pressing issue.
Given the diverse results of the studies mentioned above, it is
possible that whether or not neocortical areas are critically required
for behavioral functions depends on certain parameters of the
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behavioral task. For example, in a study performed using Mongolian
gerbils, performance in an auditory discrimination task was
unaffected by auditory cortex lesions when the auditory stimuli were
a pair of pure tone stimuli, whereas performance was disrupted when
the stimuli were a pair of frequency modulated (FM) sweeps (Ohl,
Wetzel, Wagner, Rech, & Scheich, 1999). Therefore, elucidation of
the contribution of neocortical areas to behavioral processes requires
systematic comparison of the effects of neocortex perturbation while
varying task parameters in a well-controlled behavioral paradigm.
An attractive behavioral paradigm for addressing these issues
is Pavlovian auditory threat conditioning (LeDoux, 2000). In auditory
threat conditioning, a neutral auditory stimulus, referred to as the
conditioned stimulus (CS), is presented in contingence with an
aversive stimulus, typically a mild electric foot-shock, which is
referred to as the unconditioned stimulus (US). Through this pairing
procedure, the CS becomes associated with the aversive outcome of
the US and the animal acquires a conditioned response to the CS,
which is exhibited even when the CS is presented in the absence of
the US. Threat conditioning can be either discriminative or nondiscriminative. In discriminative threat conditioning, two distinct
auditory stimuli are presented, out of which only one, termed the
CS+, coincides with US presentation. The second stimulus is termed
the CS- and is presented without being paired with the US. Thus,
successful discrimination between the CS+ and CS- is reflected by a
stronger conditioned behavioral response elicited by the CS+ in
comparison to the CS-. In non-discriminative threat conditioning, only
one CS is presented during the conditioning phase. In mice and rats,
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the most prominent and widely measured conditioned behavior
acquired by threat conditioning is a defensive response known as
freezing, which is characterized by an absence of movement apart
from respiration (Blanchard & Blanchard, 1969; LeDoux, 2000).
Freezing is thought to be an adaptive response in threatening
situations where escape is not possible, as a lack of movement
makes detection of the animal more difficult, for example by a
predator (Anderson & Adolphs, 2014; Tovote, Fadok, & Luthi, 2015).
The fact that, after conditioning, the CS+ elicits freezing behavior in
the absence of foot-shock presentation indicates that auditory
processing drives an adaptive, learning-dependent behavioral
function in this paradigm.
Thus, in auditory threat conditioning sensory processing is
placed into a clearly defined learning context with a high degree of
experimenter control over the parameters of the stimuli. Threat
conditioning is therefore a well-suited paradigm to systematically
investigate the requirement of neocortical areas under different task
parameters, such as different auditory stimulus features. In addition,
threat conditioning is highly conserved across different species
(Anderson & Adolphs, 2014), and is a leading model of anxiety
disorders in humans (Delgado, Olsson, & Phelps, 2006). Therefore,
better understanding the contribution of neocortical processing may
also have translational implications. A further advantage of threat
conditioning is that several critical brain structures and pathways
have already been identified (Herry & Johansen, 2014; LeDoux,
2000) (Figure 1). However, the conditions governing the requirement
of auditory cortex in threat conditioning is still not resolved.
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Several lines of evidence have established the amygdala as a
critical structure for threat memory acquisition and expression (Herry
& Johansen, 2014; LeDoux, 2000). Within the amygdala, the lateral
subdivision (LA) is the most prominent sensory input station where
information about the CS and US converge, and synaptic plasticity
takes place (Duvarci & Pare, 2014; Herry & Johansen, 2014;
LeDoux,

2000).

Lesioning

(LeDoux,

Cicchetti,

Xagoraris,

&

Romanski, 1990) or blocking NMDA receptors in the LA prior to
conditioning (Miserendino, Sananes, Melia, & Davis, 1990) prevents
memory formation. Processing of the auditory CS is conveyed to the
LA via parallel input from auditory cortical and thalamic areas. Initial
studies found that lesioning auditory and temporal neocortex had no
effect on auditory threat memory formation, while lesions of the
auditory thalamus (the medial geniculate nucleus; MG) abolished
learning (LeDoux et al., 1984; Romanski & LeDoux, 1992a, 1992b).
Subsequently, it was found that lesioning either specifically the
portion of the MG which projects to the LA (the medial portion of the
MG; MGm) or the auditory cortex did not impair threat learning, whilst
lesioning both pathways abolished learning (Romanski & LeDoux,
1992b). Based on these results it was concluded that either the
cortical or the thalamic pathway projecting to the LA can mediate
threat learning, and that it is likely that each pathway contributes to
some extent in the intact brain. However, some studies have
reported deficits caused by auditory cortex lesions or inactivation
(Banerjee et al., 2017; Boatman & Kim, 2006; Letzkus et al., 2011;
Yang et al., 2016), while other studies have reported impairments
only under certain conditions, such as with some types of auditory
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stimuli but not others (Gillet, Kato, Justen, Lai, & Isaacson, 2017;
Moczulska et al., 2013; Peter et al., 2012), whether conditioning was
discriminative or non-discriminative (Wigestrand, Schiff, Fyhn,
LeDoux, & Sears, 2017), or when the memory was tested at later
time points (Sacco & Sacchetti, 2010). Taken together, existing
studies indicate that there are conditions under which auditory cortex
is indispensable for threat memory formation and/ or expression, but
it is not clear what these conditions are.

Figure 1. Schematic of pathways conveying auditory information to the
amygdala (from LeDoux, 2000). Note that the MGm/PIN (part of the higherorder/ non-lemniscal pathway) projects to both the lateral amygdala and
auditory cortex, while the MGv (part of the lemniscal pathway) projects only
to auditory cortex. Abbreviations: ANS, Autonomic nervous system; CS,
conditioned stimulus; HPA, hypothalamic-pituitary axis; MGm, medial
division of the medial geniculate body; MGv, ventral division of the medial
geniculate body; PIN, posterior intralaminar thalamic nucleus; PRh,
perirhinal cortex; TE1, primary auditory cortex; TE3, auditory association
cortex.
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In addition to lesion and inactivation studies, threat
conditioning

has

been

combined

with

electrophysiological

approaches in order to investigate plasticity mechanisms and how
processing of the CS changes due to learning. Electrophysiological
recordings from the LA and auditory cortex in freely moving rats
indicated that the thalamic pathway conveys auditory information to
the LA faster than the cortical pathway, and that these short-latency
auditory responses are enhanced after threat conditioning (Quirk,
Armony, & LeDoux, 1997; Quirk, Repa, & LeDoux, 1995). In contrast,
a subset of auditory cortex neurons displayed enhanced activity at
around the time of the US (foot-shock) delivery, perhaps indicative of
an expectation signal, while others displayed a long-lasting
enhanced response to the CS which outlasted behavioral extinction
(Quirk et al., 1997). In parallel, auditory cortex neurons were shown
to display frequency tuning plasticity as a result of threat
conditioning, whereby the best frequency (the frequency which
evokes the strongest sensory response) shifts in the direction
towards the frequency of the CS relative to the initial best frequency
(Weinberger, 2004).
In terms of synaptic plasticity, initial studies found that threat
conditioning induced potentiation of the thalamic pathway, measured
both with whole-cell recordings of amygdala neurons in ex vivo slice
preparations from rats that previously underwent threat conditioning
(McKernan & Shinnick-Gallagher, 1997) and using LFP recordings in
vivo (Rogan, Staubli, & LeDoux, 1997). More recently, whole-cell
recordings in slice preparations using paired stimulation of thalamic
and cortical inputs to the LA found potentiation of the cortical, but not
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thalamic, pathways (Cho et al., 2011; Humeau, Shaban, Bissiere, &
Luthi, 2003). In addition, in an elegant recent study, the population of
thalamic and cortical neurons activated by the CS+ were tagged to
express the excitatory light-gated opsin channelrhodopsin before
threat conditioning and subsequent ex vivo electrophysiological
recordings in the LA enabled assessment of synaptic plasticity in the
CS+ responsive pathways. It was found that CS+ responsive
thalamic and cortical neurons exert post-synaptic potentiation of LA
neurons after threat conditioning, and this was more pronounced in
the cortical pathway than the thalamic pathway (Kim & Cho, 2017). In
summary, it is evident that both the thalamic and the cortical
pathways possess the capacity to undergo potentiation, though the
relative contributions of each pathway and the precise underlying
mechanisms are still to be fully determined.
One factor that may help to disambiguate the relative
contributions of the two pathways is to consider the sensory coding
properties of the thalamic areas containing the direct projection to the
LA compared to the auditory cortex. The thalamic nuclei projecting to
the amygdala (which also project to the auditory cortex) are part of
the higher-order, or non-lemniscal, thalamus. Electrophysiological
characterization of these areas revealed that these areas contain
neurons with mixed tuning properties, with both sharp and broad
tuning curves as well as polymodal responses (responding to both
auditory and tactile cues) (Aitkin, 1973; Bordi & LeDoux, 1994). In
contrast, the ventral division of the MG (MGv), which is part of the
lemniscal pathway and projects to auditory cortex (but not to the LA),
contains neurons with sharper tuning and tonotopy (Aitkin &
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Webster, 1972) as well as neurons selective for the direction of FM
sweeps (Lui & Mendelson, 2003).
Given that these thalamic inputs are further processed within
auditory cortex, it is a likely prediction that the auditory information
received by the amygdala via the cortical pathway has a larger
capacity for more accurate representations as compared to the direct
thalamic pathway. It has therefore been hypothesized (Herry &
Johansen, 2014; LeDoux, 2000; Letzkus et al., 2011) that the
requirement of auditory cortex is governed by the complexity of the
auditory stimuli or the necessity for discrimination between
threatening and non-threatening stimuli. While this notion is
consistent with some (but not all) previous studies, this hypothesis is
yet to be comprehensively tested. Therefore, in this thesis I outline a
series of experiments designed to systematically address the
conditions that govern the requirement of defined subdivisions of
temporal

neocortex,

including

auditory

cortex

and

temporal

association cortex. I will argue that the results of these experiments
considerably refine the current view of the role of temporal
neocortical areas in threat memory formation and expression,
reconcile existing discrepancies and raise new questions for future
research. All of the results presented in this thesis contributed to a
publication (Dalmay et al., 2019).
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Chapter 2: Optogenetic inhibition of auditory
cortex
Investigating the requirement of cortical processing in auditory threat
conditioning requires a reliable and efficient means of perturbing
neuronal activity in auditory cortex. In this chapter, I discuss different
approaches towards this goal and argue that reversible inhibition of
activity using optogenetics is the most appropriate approach. I
performed experiments to test the efficiency of optogenetic inhibition
of activity in auditory cortex. Extracellular recordings of spontaneous
activity demonstrate that stimulation of the optogenetic inhibitor
ArchT with light reliably suppresses neuronal activity. These
experiments therefore demonstrate that ArchT-mediated optogenetic
inhibition serves as an effective tool to test the requirement of cortical
processing in threat conditioning. Finally, the limitations and potential
caveats of this method are discussed.
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Introduction
Localizing function to defined neocortical areas requires
probing

behavioral

capacities

under

conditions

of

perturbed

neocortical function and comparison to a control (unperturbed)
condition. Classically, the most widely used perturbation method has
been the lesion technique; the permanent removal or destruction of
tissue (Lomber, 1999). Although lesion studies have undoubtedly
contributed significantly to the localization of function in many brain
areas and behavioral tasks, there are several drawbacks to the
technique (Lomber, 1999). For instance, the irreversibility of the
method precludes the possibility for within-subject control conditions
in most experimental settings, instead necessitating a betweensubject (sham lesion) control condition. This is not trivial as due to
inter-animal

variability

in

behavioral

tasks,

within-subject

comparisons provide the strongest comparisons, as well as requiring
fewer experimental animals. Additionally, the permanent nature of a
lesion makes it impossible to determine when in time (thus, to which
aspect of the behavior) the lesioned area in question is contributing;
for instance, in the case of a lesion made before a memory
acquisition experiment, a potential deficit could be due to a
contribution of the lesioned area to the acquisition, consolidation, or
retrieval phase of the task. Finally, another significant complication
for interpreting the results of lesion experiments is the phenomenon
of “recovery of function”. This refers to the observation, made in
many lesion experiments (Hong, Lacefield, Rodgers, & Bruno, 2018;
Lomber, 1999; Otchy et al., 2015) that a significant behavioral deficit
is observed immediately after the lesion, followed by a recovery of
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that behavior with time and/ or experience. This complicates the
interpretation of results since it can be argued, on the one hand, that
the initial deficit is caused by diaschisis (Hong et al., 2018; Otchy et
al., 2015). Diaschisis refers to the perturbation of function of a brain
area which received no direct manipulation, caused by a loss-offunction (e.g. due to lesion or inactivation) of a distant but connected
area. On the other hand, it can be argued that the initial deficit
reflects a true contribution of the lesioned area, while the recovery
reflects a propensity for other brain areas to compensate for the
permanent loss of an area through plasticity mechanisms (Lomber,
1999). Therefore, a parsimonious view of interpreting the results of
lesion studies is that a behavioral deficit which persists through time
and/ or experience after the lesion reflects a genuine requirement of
the lesioned structure; in contrast, a transient deficit or an absence of
a persistent deficit could reflect a false positive or false negative
result, respectively (due to diaschisis or compensation, respectively)
and requires further consideration. Due to these drawbacks,
alternative, reversible perturbation methods have been increasingly
employed.
One widely used approach is transient pharmacological
inactivation, for example local infusion of the GABAa agonist
muscimol via chronically implanted cannulas. Since the animal’s
behavior can be probed minutes after infusing the drug, this
approach allows for testing the contribution of the brain area of
interest without the potential confound of compensatory effects.
Further, the reversibility enables re-testing the same animals after
the effects of the drug have worn off. However, the duration of the
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inhibition provided by commonly used inactivation agents are
typically on the scale of several hours, thus still significantly limiting
the ability to assign any loss of function to a time-locked neural
process. Furthermore, in order to better understand why a specific
cortical region is involved in a behavior, one would like to be able to
address to which downstream target(s) it is sending task-relevant
information. Achieving this requires being able to manipulate the
neuronal population of interest via an effector that is present only in a
selected population of neurons. Over the last decade and a half,
tools have been developed to achieve expression, through genetic
targeting, of ligand-gated receptors (chemogenetics; reviewed in
(Roth, 2016; Sternson & Roth, 2014) or light-gated channels or
pumps

(optogenetics;

(Boyden,

Zhang,

Bamberg,

Nagel,

&

Deisseroth, 2005; Deisseroth, 2015; Fenno, Yizhar, & Deisseroth,
2011; Wiegert, Mahn, Prigge, Printz, & Yizhar, 2017) which are not
endogenously

expressed,

and

therefore

permit

selective

manipulation of a target neuronal population.
Chemogenetics refers to the engineering of receptors in order
to permit their interaction with previously unrecognized ligands (Roth,
2016; Sternson & Roth, 2014), and has yielded a class of inhibitory
and excitatory tools known as DREADDS (designer receptors
exclusively activated by designer drugs; (Armbruster, Li, Pausch,
Herlitze, & Roth, 2007). This method enables pathway specific
inhibition in two possible ways; either through locally infusing the
ligand via a cannula at the downstream target of interest, where the
axons originating from the initial target population are expressing the
receptor (Roth, 2016; Stachniak, Ghosh, & Sternson, 2014), or
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through the combination of gaining genetic access to the target
population via retrogradely expressed Cre recombinase and the use
of a Cre-dependent adeno-associated viral (AAV) vector encoding
the receptor (Roth, 2016). In this scenario, since only those neurons
that are projecting to a specified downstream target express the
receptor, the ligand can be applied systemically, although a potential
downside of this approach is that retrograde vectors may display
selective tropism (Senn et al., 2014), leading to an incomplete
capture of the projecting population. Despite these clear advantages
in specificity as compared to classical pharmacological techniques,
the time-course of action of chemogenetic tools are much like that of
traditional pharmacology, hence the same limitations of temporal
specificity apply. The method which combines the level of targeting
specificity afforded by genetic methods whilst also enabling superior
temporal precision is optogenetics.
Optogenetics refers to genetically-encoded light-sensitive
proteins which elicit electrical current flow across cell membranes
(Boyden et al., 2005; Deisseroth, 2015; Fenno et al., 2011; Wiegert
et al., 2017); thereby enabling light-controlled inhibition or activation
of defined neuronal populations. These tools derive from naturally
occurring microbial rhodopsins, found in organisms such as algae
and archaebacteria, which have subsequently been modified for
experimental

purposes,

such

as

enhanced

light-sensitivity,

expression efficiency, sensitivity to various wavelengths of light,
trafficking to distinct cellular compartments, among other features,
resulting in a wide array of available tools (Wiegert et al., 2017). One
widely used inhibitory optogenetic effector is the outward proton
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pump archaerhodopsin-3 (Arch) from Halorubrum sodomense (Chow
et al., 2010) and its subsequent variant ArchT (from Halorubrum
strain TP009; (Han et al., 2011), which have been demonstrated to
efficiently suppress neuronal activity with millisecond precision both
when light is delivered primarily to neuronal somata and when light is
delivered to axon terminals for pathway-specific suppression
(Spellman et al., 2015; Trouche et al., 2019). This high temporal
precision allows for testing unambiguously whether a population of
neurons is contributing to behavior at that specific moment in time,
without the potential confound of contributions to, for example,
memory consolidation.
Taking the above factors into consideration, I reasoned that
the high spatial and temporal specificity of inhibition afforded by the
optogenetic inhibitor ArchT is the most suitable method for the
purpose of dissecting the contribution of auditory and temporal
association cortex to threat memory acquisition and retrieval. In this
chapter, I will present experiments demonstrating the validity of this
optogenetic approach for providing efficient, temporally precise
inhibition of activity in the auditory cortex of anesthetized mice.

Materials and methods
The description of the materials and methods is adapted from
Dalmay et al. (2019).
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Animals
Male C57BL6/J mice aged 2-5 months old were used in this
study. Mice were housed under a 12 h light/ dark cycle and provided
with food and water ad libitum. Mice were housed individually after
surgical procedures. All animal procedures were executed in
accordance with institutional guidelines and approved by the
prescribed authorities (Regierungspräsidium Darmstadt).

Surgery and AAV injection
Mice were anesthetized with isoflurane (induction: 4%,
maintenance: 2%) in oxygen-enriched air (Oxymat 3©, Weinmann,
Hamburg, Germany) and fixed in a stereotaxic frame (Kopf
Instruments, Tujunga, USA). Core body temperature was maintained
at 37.5ºC by a feed-back controlled heating pad (FHC, Bowdoinham,
ME, USA). Analgesia was provided by local injection of ropivacain
under the scalp (Naropin©, AstraZeneca, Switzerland) and systemic
injection of metamizole (100 mg/kg, i.p., Novalgin, Sanofi), and
meloxicam

(2 mg/kg,

i.p.,

Metacam©,

Boehringer-Ingelheim,

Ingelheim, Germany). A 330 µm hole was drilled in the skull above
auditory cortex at the following coordinates: 2.54 mm posterior of
bregma, 4.6 mm lateral of midline. 100-200 nl of AAV2/5-CaMKIIaeArchT3.0-eYFP (Penn vector core) was injected between 0 to 900
µm below the cortical surface from a glass pipette (tip diameter 1020 µm) connected to a pressure ejection system (PDES-02DE-LA-2,
NPI, Germany). The scalp was sutured with suturing thread (Prolene,
Ethicon, San Lorenzo, Puerto Rico), and recordings were performed
after 1-1.5 months of expression time.
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Extracellular recording
Mice expressing AAV2/5.CAMKII.ArchT.GFP.WPRE.SV40 in
auditory cortex were anesthetized and fixed in a stereotaxic frame
(see above). After the scalp was retracted and the skull was cleaned,
a recording well was formed with cyanoacrylate glue (Ultra Gel©,
Henkel, Düsseldorf, Germany) and dental cement (Paladur©,
Heraeus, Hanau, Germany), and a silver chloride ground wire was
inserted into the recording well. A craniotomy (approximately 2 mm
diameter) was performed, centered on the virus injection site. The
exposed cortical surface was superfused with sterile rat ringer, and
the multichannel silicon probe (A2x32-5mm-25-200-177-H64LP,
NeuroNexus Technologies, Ann Arbor, MI, US) with an optic fiber
attached above the recording sites was slowly lowered into the brain
using a micromanipulator (SM-6, Luigs & Neumann, Ratingen,
Germany). The craniotomy was covered with 1.5% agarose (in sterile
rat ringer) once the probe reached the desired initial depth (>500 μm
below cortical surface). Recording commenced approximately 5
minutes later. Mice were anesthetized (1% isoflurane) throughout the
recording. Two to four recordings were made from each mouse at
increasing depths (max. 1000 μm) at the same insertion site. The
laser (10 mW, 594 nm, Cobolt Mambo) was presented for 10 s with
an ITI of 90 s, with 9-37 laser trials in each recording. The silicon
probe was connected to two 32-channel unity-gain headstages
(Plexon, Dallas, TX, US) via an adapter (A64-OM32x2-sm,
NeuroNexus). The headstages were connected to a computercontrolled preamplifier (Plexon digiAmp), which acquired wideband

29

data at 40 kHz with a 50x gain and bandpass filtered from 0.05 Hz to
8 kHz.

Data analysis
Spiking data was obtained by performing common average
referencing on all channels and high-pass filtering the wideband data
at 300 Hz. To obtain single-unit spiking data, manual spike sorting
was performed using Offline Sorter (Plexon). A group of waveforms
was considered to originate from a single neuron if it defined a
discrete cluster in principal component space and displayed a clear
refractory period (no more than 0.1% of spikes occurring within an
inter-spike interval of 1.2 ms). Spike sorted data of each recording
session were stored as .pl2 files. To avoid analysis of the same
neuron recorded on different channels, cross-correlograms were
computed using NeuroExplorer (Nex Technologies, Colorado
Springs, CO, US). If a target neuron displayed a peak of activity at
the same time as the reference neuron fired, only one of the two
neurons was considered for further analysis. Peristimulus time
histograms of spike rates and Z-Scored spike rates were calculated
using NeuroExplorer. Analysis of the effect of the laser was confined
to neurons displaying a mean spike rate of >0.3 Hz in the 10 s prior
to laser onset throughout the recording session. To calculate the
percentage of units significantly inhibited by the laser, a Wilcoxon
matched-pairs signed rank test was performed for each unit,
comparing the firing rate in the 10 s preceding the laser and the 10 s
during the laser (a confidence level of p<0.05 indicated significant
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modulation of activity). Statistical tests were performed using
GraphPad Prism (GraphPad Software, San Diego, CA, US).

Results
I performed in vivo extracellular recordings in anesthetized
mice in order to test the effectiveness of ArchT-mediated inhibition of
neuronal activity in intact auditory cortex (Figure 1A). Robust
expression of ArchT was observed in auditory cortex after 1-1.5
months of expression time (Figure 1B). Extracellular recordings were
performed using multichannel silicon probes with an optic fiber fixed
above the recording sites. Post-hoc verification of the insertion
location was enabled by application of DiI to the probe (Figure 1B).
Recordings were made from 3 mice, yielding 70 sufficiently active
and isolated single units (see Data analysis), and all data analysis
was performed on these units.
A peristimulus time histogram (PSTH) of an example unit is
shown in Figure 2A, displaying a reversible suppression of ongoing
spiking time-locked to the 10 s presentation of the laser. To assess
the impact of laser stimulation on the population of the recorded units
I plotted the PSTH of the Z-Scored spike rate of all units (Figure 2B).
This revealed a robust inhibition of activity across the population. To
further quantify the extent of inhibition, I tested, for each individual
unit, whether laser stimulation caused a significant reduction in
ongoing firing (Wilcoxon matched-pairs signed-rank test; units with
reduced/ increased firing during the laser period compared to the
preceding 10 s with p<0.05 confidence were classified as
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significantly inhibited/ excited, respectively, while units with p>0.05
were classified as unchanged). This analysis revealed that almost
three quarters of units (74.3%) displayed significantly reduced firing
as a result of laser stimulation, while 21.4% were not significantly
modulated and the remaining small minority (4.3%) were activated
(Figure 2C).

Figure 1. A Schematic of ArchT expression and in vivo silicon probe
extracellular recordings of spontaneous activity with and without laser
stimulation in auditory cortex. B Example coronal section of auditory cortex
with ArchT expression (green) and silicon probe tract (red).
Modified from Dalmay et al. (2019).

In order to address the spatial extent of the inhibition, I
grouped the recorded units according to their depth relative to the pia
into three groups: 0-350 μm, 350-700 μm, and 700-1000 μm and
plotted a Z-Scored PSTH for each group (Figure 3A-C). For all three
groups, a robust suppression of activity was observed. Direct
comparison of the extent of inhibition across the different depths
revealed no significant differences (Figure 3D) indicating similarly
strong inhibition, although there was a trend towards slightly
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decreasing strength of inhibition with increasing depth as may be
expected due to attenuation of the laser light through the tissue. In
conclusion, together these results demonstrate that ArchT activation
provides robust and temporally precise inhibition of neurons in intact
auditory cortex up to at least 1 mm from the pia.

Figure 2. A Raster plot (top) and peristimulus time histogram (PSTH,
bottom) of an example unit showing reversible inhibition of activity induced
by laser stimulation. Top inset: Spike waveform with (orange) and without
laser stimulation (black). B Z-Scored PSTH of 70 units recorded from 3
mice. C Proportion of significantly modulated units upon laser stimulation.
Laser stimulation resulted in significant inhibition of activity in 74.3% of the
recorded units (p < 0.05, Wilcoxon matched-pairs signed rank test). Data
are shown as mean ± SEM. Modified from Dalmay et al. (2019).
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Figure 3. A Z-Scored PSTH of units recorded between 0-350 μm from the
pia (n=4). B Z-Scored PSTH of units recorded between 350-700 μm from
the pia (n=27). C Z-Scored PSTH of units recorded between 700-1000 μm
from the pia (n=39). D Comparison of mean Z-Scored spike rate during the
10 s of laser stimulation across the different depths displayed in A-C. Note
similar inhibition within 1 mm from the pia (F(2, 67)=1.602, p=0.21,1-way
ANOVA with Tukey’s multiple comparison test). Data are shown as mean ±
SEM. Modified from Dalmay et al. (2019).

Discussion
The results presented in this chapter validate the use of
ArchT-mediated inhibition as a means of efficiently perturbing
auditory cortex activity with high temporal precision. This method
therefore enables testing whether auditory cortex processing
specifically during presentation of the CS+ and foot-shock US plays
a critical role in the formation of associative threat memory, and
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likewise whether cortical processing during presentation of the CS+
after learning is required for the expression of threat memory.
Furthermore, the reversible nature of the inhibition permits the latter
experiment to be conducted with a within-animal comparison design.
An alternative optogenetic strategy for cortical inhibition would be to
express an excitatory opsin, such as channelrhodopsin, in
GABAergic neurons, thereby indirectly inhibiting excitatory neurons.
This approach is also widely used (Li, Chen, Guo, Gerfen, &
Svoboda, 2015) and would also permit reversible inhibition with high
temporal specificity. However, GABAergic neurons play a prominent
role in cortical oscillations (Roux & Buzsaki, 2015) and can project to
long-range targets (Caputi, Melzer, Michael, & Monyer, 2013). Thus,
activation of GABAergic neurons could result in unintended
manipulation of oscillations and/ or downstream areas. These
potential confounds are avoided by direct inhibition of excitatory
neurons using ArchT. That being said, this approach is not without its
limitations, and these will be briefly discussed here.
Although temporal specificity has many advantages, it could
also be a source of complication. In an experiment testing the
requirement

of

auditory

cortex

processing

during

CS+/US

presentation for the formation of memory, the laser stimulation would
be presented simultaneously with the CS+ and US. Laser
presentation imposes a robust, time-locked change in the activity
pattern of a substantial population of neurons, and this could
constitute information that is used by downstream structures. In other
words, the inhibition of activity induced by the laser could be
“perceived” as a stimulus, which happens to be presented
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concurrently with the stimuli the animal should use for learning.
Given that contingency is a critical element of associative learning, it
is thus possible that learning to the CS+ is prevented not because of
a failure to encode relevant information about the stimulus, but
because the animal instead learns the association between the laser
and the US, or a compound of the laser and CS+ with the US.
Indeed, it has been shown that mice can learn an association
between an optogenetic inhibition “CS” and a foot-shock US
(Nomura et al., 2015). This poses the hypothesis that the brain can
use any imposed activity change as a stimulus, and thus inhibition of
any brain area could occlude learning to the CS+. This in turn leads
to the prediction that inhibition of any region of the brain would
prevent learning. Therefore, an observation that inhibition of a
particular brain region does not impair learning would provide a
negative control against this hypothesis, and would therefore suggest
that neuronal inhibition that does impair learning reflects perturbed
CS/US processing, as opposed to an unspecific occlusion effect. In
conclusion, this potential confound can be addressed by performing
control experiments demonstrating that learning is only impaired
under certain circumstances (i.e. specificity to certain brain region(s)
and/ or task condition(s)).
A somewhat related potential confound of optogenetic
approaches, indeed of all acute inhibition methods, is that of
diaschisis. Alluded to in the introduction, diaschisis refers to a
perturbation of a structure as a result of inhibition/ lesion of a
connected structure. It has been suggested (Otchy et al., 2015) that
acute inhibition or the immediate impact of a lesion could cause a
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behavioral deficit not because the inhibited/ lesioned structure itself
is contributing critically to the behavior, but rather because a
downstream area (which does critically contribute the behavior) is
perturbed due to a physiological imbalance caused by the sudden
loss of input from the inhibited/ lesioned area. For instance, in the
case of testing the requirement of auditory cortex in threat learning, it
is possible that inhibition of auditory cortex causes diaschisis in the
amygdala (a downstream area known to be critical for threat
learning), and that any observed learning deficit is caused by this
diaschisis as opposed to a requirement of auditory cortex itself. On
the other hand, it is equally possible that auditory cortex is required
for learning precisely because its role is to transfer relevant sensory
information to the amygdala. These two alternatives can be
disambiguated by two approaches. Firstly, if auditory cortex causes
diaschisis in the amygdala, then inhibition of auditory cortex should
also impair behavior in a task which requires amygdala function but
not auditory processing. Contextual threat memory retrieval is one
such behavioral paradigm (Goosens & Maren, 2001), and therefore I
will discuss this and a related experiment in Chapters 4 and 6.
Secondly, if one of the roles of auditory cortex in learning is to
transmit learning-related information to the amygdala, then we would
expect to observe a reflection of this if we would record the activity of
cortical neurons projecting to the amygdala. This question was
addressed in a series of experiments (performed by Elisabeth Abs,
published in Dalmay et al., 2019) using in vivo calcium imaging of
amygdala-projecting neurons in auditory cortex which revealed that
this population undergoes a balanced form of population plasticity
mediating stimulus discrimination.

37

Finally, a limitation not of the optogenetic approach in general
but of the data presented in this chapter is that it was conducted in
anesthetized as opposed to awake mice, and only inhibition of
spontaneous,

as

opposed

to

stimulus-evoked,

activity

was

considered. We therefore cannot be entirely certain regarding the
extent of suppression of activity during auditory stimulus presentation
in awake behaving mice. Nevertheless, the effectiveness of
suppressing sensory-evoked responses, and of inhibition in awake
behaving mice more generally, has been reported in multiple
additional studies (Hong et al., 2018; Spellman et al., 2015; Trouche
et al., 2019). Therefore, while these experiments could have been
extended to include awake recordings with auditory stimuli
presentation, the data presented here provide sufficient evidence
that the AAV construct for expressing ArchT in vivo works effectively
and provides efficient inhibition of cortical neurons also in our hands.
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Chapter 3: Stimulus complexity determines the
requirement of auditory cortex for threat
memory acquisition and expression
Both the auditory cortex and the auditory thalamus convey auditory
information to the lateral amygdala, a key structure mediating
auditory threat learning and memory. However, the conditions under
which auditory cortex is required for the acquisition and expression of
threat memory are poorly understood. It has been hypothesized that
the requirement of auditory cortex is governed by the complexity of
the auditory stimuli that are used for learning or depending on
whether learning is discriminative or non-discriminative. In this
chapter, this hypothesis is tested by conditioning mice using either
more complex, frequency modulated stimuli or more simple pure
tone stimuli, while auditory cortex was inhibited either during memory
acquisition or memory expression. Intriguingly, strong deficits in
memory acquisition and expression were observed when animals
were conditioned with complex stimuli, but not when conditioned with
simple stimuli. Furthermore, acquisition and expression of a nondiscriminative memory with a complex stimulus was also strongly
perturbed. Taken together, these results provide support for the
hypothesis that stimulus complexity determines the requirement of
auditory cortex in threat learning and memory.
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Introduction
The role of auditory cortex in threat memory acquisition and
expression is contentious, with evidence both for (Banerjee et al.,
2017; Boatman & Kim, 2006; Letzkus et al., 2011; Yang et al., 2016)
and against (Campeau & Davis, 1995; LeDoux, Sakaguchi, & Reis,
1984; Romanski & LeDoux, 1992; Sacco & Sacchetti, 2010; Zhang et
al., 2018) a critical role. Furthermore, several studies report a critical
requirement of auditory cortex under some circumstances but not
others (Gillet, Kato, Justen, Lai, & Isaacson, 2017; Moczulska et al.,
2013; Peter et al., 2012). Taking all existing evidence into account,
the most parsimonious model that emerges of auditory information
flow during threat learning/ memory is the following: auditory
information is conveyed to the amygdala both directly from the
higher-order auditory thalamus and from auditory cortex, with the
direct thalamic pathway being sufficient to mediate memory
formation/ expression under many circumstances, while the cortical
pathway becomes required under certain conditions. This has been
referred to as the “low road vs. high road” model of thalamoamygdala vs. cortico-amygdala information flow, respectively (Figure
1,

(LeDoux,

1996;

Zhu

&

Thagard,

2002).

However,

the

circumstances under which the cortical pathway becomes required is
still not clear.
One influential lesion study (Sacco & Sacchetti, 2010)
reported that secondary auditory cortex, but not primary auditory
cortex, is specifically required for the retrieval of remote (1-monthold) threat memory, while no deficit was observed for recent (1-day-
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old) memory or the acquisition of new threat memory. These findings
suggest that time is one factor determining requirement of the
cortical pathway, consistent with the view that cortical structures are
generally more important for long-term compared to recent memories
(Frankland & Bontempi, 2005). However, several studies have found
evidence in favor of a requirement of auditory cortex for recent
memories (Yang et al., 2016) and/ or memory formation (Banerjee et
al., 2017; Boatman & Kim, 2006; Letzkus et al., 2011; Yang et al.,
2016), indicating that time is not the only factor governing cortical
involvement.

Figure 1. Schematic of the “low road vs. high road” model (Zhu & Thagard
2002, adapted from (LeDoux, 1996).

Given that auditory cortex is considered to be the highest
point of the hierarchical chain of areas underlying auditory
information processing, it is thought that it is responsible for
generating faithful, accurate representations of auditory stimuli
(Mizrahi, Shalev, & Nelken, 2014; Wang, 2018). Indeed, in the low
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road vs. high road model, the thalamic (low road) pathway is
proposed to provide fast but coarse information, while the cortical
(high road) pathway provides more detailed, but slower, information.
More specifically, the thalamo-amygdala pathway consists of inputs
from higher-order (non-lemniscal) thalamic nuclei, which are thought
to have broader and multisensory tuning (Aitkin, 1973; Bordi &
LeDoux, 1994), while the cortical pathway integrates both first-order
(lemniscal) and higher-order thalamic inputs, in addition to input from
other cortical areas, thus having the potential to provide more
detailed information to the amygdala.
It has therefore been suggested that the cortical pathway
becomes increasingly indispensable with increased complexity of the
learning parameters (Gillet et al., 2017; LeDoux, 2000; Letzkus et al.,
2011), such as learning to a CS of a more complex nature, or when
the

animal

must

distinguish

between

two

different

stimuli

(discriminative paradigm). Indeed, while the vast majority of studies
have used simple stimuli (pure tone or white noise) in a nondiscriminative paradigm, some studies using more complex stimuli
(Gillet et al., 2017; Letzkus et al., 2011; Moczulska et al., 2013; Peter
et al., 2012) or comparing a discriminative to a non-discriminative
paradigm (Wigestrand, Schiff, Fyhn, LeDoux, & Sears, 2017) have
found a requirement of auditory cortex. However, not all “complex”
stimuli required auditory cortex (Peter et al., 2012) and, importantly,
so far no study has directly compared the requirement of auditory
cortex as a function of stimulus complexity. Furthermore, there are
also reports of auditory cortex requirement in a non-discriminative
paradigm with simple stimuli (Yang et al., 2016). In conclusion, there
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is no consensus regarding the factors that govern the critical
involvement of cortical processing in threat memory formation and/ or
retrieval. Therefore, in this chapter I will present a systematic
investigation testing the hypothesis that stimulus complexity
determines the requirement of auditory cortex for the acquisition and
retrieval of threat memory.

Materials and methods
The description of the materials and methods is adapted from
Dalmay et al. (2019).

Animals
Male C57BL6/J mice aged 2-5 months old were used in this
study. Mice were housed under a 12 h light/ dark cycle and provided
with food and water ad libitum. Mice were housed individually after
surgical procedures. All animal procedures were executed in
accordance with institutional guidelines and approved by the
prescribed authorities (Regierungspräsidium Darmstadt).

Surgery
Surgical procedures and AAV injections were performed as
described in Chapter 2. In order to restrict expression of the AAV to
primary (Au1) and secondary ventral (AuV) auditory cortex, 100-200
nl

of

AAV2/5.CAMKII.ArchT.GFP.WPRE.SV40

AAV2/5.CamKII0.4.eGFP.WPRE.rBG

(in

control

animals)

or
was

injected between 0 and 600 µm below the cortical surface. For
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delivery of light into the brain, custom-built connectors holding optic
fibers (0.39 NA, 200 µm diameter, Thorlabs, Newton, NJ, US) were
implanted at a depth of 200-300 µm and fixed to the skull using
cyanoacrylate glue (Ultra Gel©, Henkel, Düsseldorf, Germany) and
dental cement (Paladur©, Heraeus, Hanau, Germany). Behavioral
experiments were performed after 1-1.5 months of expression time.

Threat conditioning and optogenetics
Conditioned stimuli were trains of 500 ms auditory stimuli (10
s trains during conditioning, 30 s trains during habituation and
retrieval) with 50 ms rise and fall, delivered at 1 Hz at a sound
pressure level of 75 dB SPL (or 90 dB SPL where stated) at the
speaker

(MF1

speakers

and

RZ6

processor,

Tucker-Davis

Technologies, Alachua, FL, US). Auditory stimuli were generated in
Real-Time Processor Visual Design Studio (RPvdsEx, Tucker-Davis
Technologies). For complex conditioned stimuli, the trains consisted
of logarithmically modulated sweeps of opposing modulation
direction (between 5 and 20 kHz). Simple conditioned stimuli were
trains of pure tones (5 kHz vs. 12 kHz or 7.5 kHz vs. 12.5 kHz) or
band-pass filtered (BPF) white noise (filtered at 5-10 kHz and 12-17
kHz). Non-discriminative threat conditioning was performed with an
FM sweep of one modulation direction (between 5 and 20 kHz, 75 dB
SPL, counterbalanced between animals). The identities of the CS+
and CS- were counterbalanced between animals in all experiments.
The CS+ was paired with a foot-shock US (1 s, 0.6 mA AC,
Coulbourn Precision Animal Shocker, Coulbourn Instruments,
Holliston, MA, US) in 15 CS+/foot-shock pairings. The onset of the
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foot-shock coincided with the onset of the last sound in the CS+
train. CS- presentations were interleaved with CS+/foot-shock
presentations but were never reinforced (15 CS- presentations).
Animals in the non-discriminative paradigm were only ever exposed
to one CS. The inter-trial interval was 20–180 s.
For optogenetic inhibition, both implanted connectors were
connected to a DPSS laser (594 nm, Cobolt Mambo, Cobolt, Solna,
Sweden) via optic fibers connected to a fiber splitter or rotating
commutator (Doric Lenses, Quebec, Canada) immediately before the
experiment, allowing mice to move freely in the context. In
experiments with optogenetic inhibition during the memory retrieval
session, a habituation session took place one day before threat
conditioning. Habituation and threat conditioning were performed in
the same context, and retrieval took place in a distinct context
(contexts A and B, respectively). Contexts A and B were cleaned
before and after each session with 70% ethanol or 0.2% acetic acid,
respectively. Habituation consisted of 4 presentations of each CS in
an alternating fashion. The laser was switched on during every
second trial (onset 100 ms before the first FM sweep/ tone of the
trial, offset 1 s after the final FM sweep/ tone of the trial), in order to
habituate animals to the CS/laser compound.
In experiments with optogenetic inhibition during conditioning,
the laser was switched on during every CS+ trial (onset 100 ms
before the first sound or tone of the trial, offset 1-4.5 s after the footshock). Conditioned mice were submitted to retrieval of threat
memory approximately 24 h later in context B, during which they
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received 4 presentations of CS- and CS+. Mice that received
optogenetic inhibition during conditioning were not connected to the
laser during memory retrieval. In experiments with optogenetic
inhibition during retrieval (mice were not connected to the laser
during conditioning), the laser (594 nm, 10-15 mW) was switched on
during every second trial (onset 100 ms before the first sound or tone
of the trial, offset 1 s after the final FM sweep/ tone of the trial).
To score freezing behavior, behavior was recorded using a
webcam (HD C270, Logitech, Lausanne, Switzerland) and stored as
.mp4 files, which were analyzed using custom written MATLAB
(Mathworks, Natick, MA, US) code. Mice were considered to be
freezing if no movement was detected for 2 s and the measure was
expressed as a percentage of time spent freezing. In experiments
with optogenetic inhibition during retrieval, mice that displayed
average CS+ freezing on laser-off trials of less than 40% were
excluded as non-learners.

Perfusions and histological analysis
After completion of the experiment, mice were anesthetized
with a mixture of ketamine (300 mg/kg) and xylazine (20 mg/kg) and
transcardially perfused with 4% PFA. Brains were post-fixed in PFA
overnight at 4°C and subsequently stored in PBS. For analysis of
ArchT expression and optic fiber placement, 100-150 μm thick
coronal

sections

(Loughborough,

were
UK)

or

made

with

Leica

a

(Leica

Campden
Biosystems,

Instruments
Nussloch,

Germany) vibratome. Every second slice was mounted in Mowiol and
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imaged with a Zeiss (Carl Zeiss, Oberkochen, Germany) microscope
(AxioZoom).
To quantify the expression of ArchT, images of the same
anterior-posterior coordinate corresponding to the typical center of
injection (bregma -2.5) were manually registered to the mouse brain
atlas (Paxinos & Franklin, 2001). The extent of ArchT expression in
each region (Au1, AuV, TeA), was calculated in Zeiss Zen software.
Images were saved as .czi as well as .tiff and/ or .png files.

Statistical analysis
Statistical tests were performed using GraphPad Prism. The
statistical tests used are indicated in the figure legends, and the
resulting p values are indicated in each figure. Data were first
subjected to a Shapiro-Wilk normality test. Based on this, the data
were then subjected to the indicated parametric or non-parametric
tests. Comparison of more than two groups were performed using
the indicated one or two-way ANOVA tests. Post hoc multiple
comparisons were performed using Tukey’s (in comparisons of 3 or
more conditions) or Sidak’s test (in comparisons of 2 conditions).
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Results
Stimulus complexity determines the requirement of auditory
cortex for threat memory acquisition
In order to test the hypothesis that auditory cortex
requirement is governed by stimulus complexity, mice expressing
either ArchT (for inhibition of auditory cortex, see Chapter 2) or GFP
(control) in primary and secondary auditory cortex (Au1-AuV)
underwent discriminative threat conditioning with either a pair of FM
sweep or pure tone CSs in an otherwise identical paradigm, with
optogenetic inhibition throughout CS-US presentation (Figure 2A,B).
The following day, threat memory was assessed in a distinct context
in the absence of optogenetic perturbation. Control mice in both
conditions displayed robust discriminative threat memory (Figure
2C1-2). Strikingly, ArchT mice conditioned with FM sweeps displayed
a robust memory deficit in comparison to GFP controls, displaying
significantly lower CS+ freezing. In addition, the residual CS+
freezing was indistinguishable from CS- freezing levels (Figure 2C1).
In contrast, ArchT mice conditioned with pure tones displayed
discriminative threat memory comparable to that of GFP controls
(Figure 2C2), indicating no impact of auditory cortex inhibition on
memory formation. Importantly, conditioning the ArchT mice for a
second time without optogenetic perturbation (reconditioning)
resulted in significantly increased freezing in the subsequent retrieval
session for the mice conditioned to FM sweeps (Figure 2D),
suggesting that the initial deficit was reversible and due to the
optogenetic inhibition as opposed to tissue damage or inherent interanimal variability. Reconditioning had no impact on freezing in the
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animals conditioned to pure tones, indicating asymptotic learning in
the presence of auditory cortex inhibition (Figure 2E). These results
demonstrate

that

auditory

cortex

processing

during

CS-US

association is required for memory formation selectively when the
CSs are complex, naturalistic FM sweeps, but not simple pure tones.

Figure 2. A Schematic and example showing ArchT expression in primary
and ventral secondary auditory cortex (Au1 and AuV) and optic fiber
placement (orange). B Schematic of threat conditioning experiment. Mice
were conditioned with either frequency modulated (FM) sweeps or pure
tones with laser stimulation during all CS+ trials to inhibit auditory cortex,
and threat memory was retrieved the following day in a different context
without optogenetic perturbation. C1-C2 Freezing during memory retrieval
without optogenetic perturbation (RM 2-way ANOVA with Tukey’s multiple

52

comparison test). C1 ArchT-mediated inhibition of Au1-AuV led to strongly
reduced freezing to the CS+ (n=7, orange) in animals conditioned to FM
sweeps compared to GFP-expressing controls (n=9, black). The residual
memory was similar for CS- and CS+, whereas controls displayed
significant discriminatory memory. C2 Auditory cortex inhibition during
conditioning did not significantly reduce memory in ArchT-mice conditioned
with pure tone stimuli (n=11, orange) compared to controls (n=6, black). D
ArchT-mice that were previously threat conditioned to FM sweeps with
optogenetic inhibition of auditory cortex (Au1-AuV) were threat conditioned
a second time with the same protocol but without optogenetic perturbation
(reconditioning). Memory after reconditioning (red bars) was significantly
stronger for both CS+ and CS- compared to the threat memory acquired
with auditory cortex optogenetic inhibition (24 h retrieval, orange bars, RM
2-way ANOVA with Tukey’s multiple comparison test). E Same as D for
ArchT mice threat conditioned with pure tone stimuli. Reconditioning did not
significantly increase memory strength, likely due to asymptotic learning
during the initial conditioning with optogenetic inhibition of Au1-AuV (orange
bars, RM 2-way ANOVA with Tukey’s multiple comparison test). Data are
shown as mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Modified from Dalmay et al. (2019).

Stimulus complexity determines the requirement of auditory
cortex for threat memory expression
To further investigate whether stimulus complexity governs
the critical of involvement of auditory cortex, I tested whether
auditory cortex is differentially required for the expression of a recent
(24 h) threat memory. To this end, ArchT-expressing mice underwent
discriminative threat conditioning without optogenetic perturbation,
followed by a memory retrieval session the next day in which
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auditory cortex was inhibited during 50% of CS trials in an alternating
fashion (Figure 3A,B). ArchT mice conditioned with FM sweeps
displayed robust discriminative memory in control (laser off) trials.
However, in trials during which auditory cortex was inhibited, they
displayed significantly reduced freezing to the CS+, such that CS+
freezing was indistinguishable from freezing evoked by the CS(Figure 3C1). This effect was fully reversible and not displayed by a
separate group of GFP-expressing controls (Figure 3D,G1-G2). Note,
however, that due to the rapid decline of CS- freezing between the
first and fourth CS- presentation in both ArchT and GFP animals
(Figure 3D), accurate assessment of the effect of auditory cortex
inhibition on CS- memory is not possible.
In contrast, in analogous experiments using pure tones, CS+
freezing was indistinguishable between control and auditory cortex
inhibition trials (Figure 3C2). Although the discrimination between
CS+ and CS- was no longer significant during the inhibition trials in
this group, this is likely due to behavioral variability and slightly worse
discrimination in the control trials to begin with, since the laser
induced only a marginal reduction in CS+ freezing (Figure 3F).
Given that FM sweeps differ from pure tones in both
frequency content (broadband vs single frequency) and temporal
modulation, I sought to test whether frequency content is a
determining factor in the requirement of auditory cortex by
conditioning a separate group of mice using a pair of band-pass
filtered (BPF) noise CSs (within the same frequency range as the FM
sweeps) in an otherwise identical paradigm. Animals in this group
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maintained discriminative memory during the laser stimulation trials,
with inhibition of auditory cortex resulting in a small, non-significant
reduction in CS+ freezing (Figure 3C3,F). In order to compare the
extent of memory impairment across the three stimulus types, I
calculated the CS+ freezing during the laser stimulation trials as a
percentage of the freezing during the control (no laser) CS+ trials for
each animal. As expected, animals conditioned with FM sweeps
displayed the greatest reduction in CS+ freezing and animals with
pure tones had the least reduction, while those with BPF noise were
in between. Importantly, post-hoc analysis of the extent of ArchT
expression across the different stimulus groups indicated that these
behavioral differences cannot be explained by differences in the size
of the affected area between these groups (Figure 3H). Taken
together,

therefore,

these

results

demonstrate

that

stimulus

complexity is a key determinant of whether auditory cortex is critically
required for acquisition and expression of threat memory.
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Figure 3. A Schematic of ArchT expression in primary and ventral
secondary auditory cortex (Au1 and AuV). B Schematic of threat
conditioning experiment. Mice were conditioned with either frequency
modulated (FM) sweeps, pure tones, or band-pass filtered noise without
optogenetic perturbation. Threat memory was retrieved the following day in
a different context with optogenetic perturbation during 50% of the trials in
an alternating fashion. C1-C3 Freezing during memory retrieval without
(grey) and with (orange) optogenetic perturbation (RM 2-way ANOVA with
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Tukey’s multiple comparison test). C1 ArchT-mice conditioned to FM sweeps
displayed robust discriminative memory in the absence of laser stimulation.
In contrast, inhibition of auditory cortex caused a strong reduction of CS+
evoked freezing such that memory to CS+ and CS- in the presence of laser
in these mice was indistinguishable (n=11). C2 Auditory cortex inhibition did
not affect memory expression in ArchT-mice conditioned to pure tones
(n=10). C3 Animals conditioned to band-pass filtered noise stimuli displayed
a non-significant trend for freezing reduction (n=13). D Freezing during each
FM sweep presentation in ArchT-mice (n=11, grey, same mice as in C1) and
GFP controls (n=6, black) without (black/ grey squares) and with laser
stimulation (orange squares). CS+ freezing was reversibly reduced by the
laser in ArchT-mice but not GFP-mice (RM 2-way ANOVA with Tukey’s
multiple comparison test). E Same as D for mice conditioned with pure
tones and filtered noise stimuli (n=23, same mice as in C2 and C3) and GFP
controls (n=11, black). Freezing was not significantly reduced by the laser
for neither ArchT- nor GFP-mice (RM 2-way ANOVA with Tukey’s multiple
comparison test). F Effect of the laser on CS+ freezing of ArchT-mice
across stimulus groups expressed as percent change in freezing with laser
relative to without laser (1-way ANOVA with Tukey’s multiple comparison
test). G1-G2 Freezing of GFP-mice during memory retrieval without (grey)
and with (orange) laser stimulation (RM 2-way ANOVA with Tukey’s multiple
comparison test). H Quantification of ArchT expression across stimulus
groups measured as the percentage of the area of each cortical region with
ArchT expression. Data are shown as mean ± SEM, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. Modified from Dalmay et al. (2019).

Auditory cortex is required for non-discriminative memory to a
complex stimulus
As discussed in the introduction, another factor that has been
suggested as a determinant in the requirement of auditory cortex is
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the discriminative nature of the paradigm (LeDoux, 2000; Wigestrand
et al., 2017). Since all the experiments presented so far used a
discriminative paradigm, and no significant behavioral deficit was
observed using simple stimuli, our results so far suggest that
discrimination per se does not necessitate the requirement of
auditory cortex. However, it is likely that it is more challenging to
discriminate between the FM sweeps than between the pure tone
and BPF noise stimuli, therefore it is possible that auditory cortex
becomes essential in situations requiring challenging auditory
discrimination. In order to test this, mice expressing either ArchT or
GFP in auditory cortex were conditioned in a non-discriminative
paradigm with laser stimulation throughout CS-US presentation
(Figure 4A,B). This revealed that auditory cortex inhibition resulted in
robustly impaired memory acquisition (Figure 4C), which was
rescued by reconditioning (Figure 4D). Furthermore, ArchTexpressing animals that underwent non-discriminative conditioning
without optogenetic perturbation displayed significantly reduced CS
freezing during laser stimulation trials in the subsequent retrieval
session, while GFP controls were unaffected (Figure 5A-C). Together
these data demonstrate a critical requirement for auditory cortex in
acquisition and expression of non-discriminative memory of a
complex stimulus. This indicates that discrimination per se is not a
critical determinant of cortical involvement. Instead, these results
suggest that cortical processing is required for stimulus identification,
with identification of more complex stimuli relying to a greater degree
on cortical processing. Given that stimulus identification is a
prerequisite for discriminating between different stimuli, I conclude
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that auditory cortex contributes to discriminative memory via stimulus
identification.

Figure 4. A Schematic of ArchT expression in Au1-AuV and nondiscriminative conditioning. B Schematic of threat conditioning experiments.
C Freezing during memory retrieval 24 h after non-discriminative threat
conditioning with optogenetic perturbation (RM 2-way ANOVA with Sidak’s
multiple comparison test). ArchT-mediated inhibition of Au1-AuV led to
strongly reduced freezing to the CS (n=8, orange) compared to GFPexpressing controls (n=6, black). D Reconditioning of the same ArchT mice
without optogenetic perturbation (red bars) rescued threat memory (RM 2way ANOVA with Tukey’s multiple comparison test). Data are shown as
mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Modified
from Dalmay et al. (2019).
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Figure 5. A Schematic of threat conditioning experiment. B Freezing of
ArchT-mice during threat memory retrieval with optogenetic inhibition during
50% of trials. Inhibition caused a strong reduction of CS evoked freezing
(n=15, RM 1-way ANOVA with Tukey’s multiple comparison test). C
Optogenetic stimulation had no impact on the freezing of GFP-mice during
threat memory retrieval (n=3, RM 1-way ANOVA with Tukey’s multiple
comparisons test). Data are shown as mean ± SEM, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. Modified from Dalmay et al. (2019).

Discussion
The experiments presented in this chapter are the first to
directly and systematically compare the requirement of auditory
cortex in the acquisition and expression of threat memory as a
function of stimulus complexity. As discussed in the introduction, this
was necessary due to the many conflicting reports of the effects of
auditory cortex inhibition or lesions on threat memory. By performing
a side-by-side comparison, using the same paradigms and inhibition
method, these results clearly demonstrate that stimulus complexity is
a key determinant of the critical involvement of auditory cortex in the
acquisition and expression of threat memory. Furthermore, these
results demonstrate that auditory cortex is required for nondiscriminative threat memory acquisition and expression with a
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complex stimulus. These results are therefore largely consistent with
the previously proposed “low road vs. high road” model and refine
this model by highlighting the importance of stimulus complexity as
an organizing feature. Given that FM sweeps are ubiquitously found
in

naturally

occurring

vocalizations

(Mizrahi

et

al.,

2014;

Rauschecker, 1998), these results also suggest that auditory cortex
is a critical component of the network processing threat memories in
real-world settings. Furthermore, consistent results of a selective
requirement of auditory cortex with complex stimuli (FM sweeps)
have been reported in operant and category learning tasks (Ceballo,
Piwkowska, Bourg, Daret, & Bathellier, 2019; Ohl, Wetzel, Wagner,
Rech, & Scheich, 1999), indicating that this may be a general
organizing feature across different behavioral paradigms. Together,
these results demonstrate that FM sweeps represent a powerful
class of stimuli which critically recruit cortical processing and are an
element of natural sounds, while retaining experimental control of
stimulus parameters (e.g. frequency content, sweep speed, etc.).
On the other hand, these findings raise new questions
regarding what constitutes a “complex” stimulus (Donderi, 2006;
Marin & Leder, 2013), and which specific features of such stimuli
necessitate the requirement of auditory cortex. Our results suggest
that temporal modulation is one critical feature, as we observed
stronger memory deficits with temporally modulated FM sweeps
compared to non-temporally modulated BPF noise. However, we
observed a trend towards a stronger effect of auditory cortex
inhibition with BPF noise compared to pure tones, suggesting that
there may be a continuum in which frequency content is also a
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factor. In order to extend this line of investigation further in a
principled manner, one could compare stimuli with a computationally
defined measure of complexity, for instance file size after
compression (Donderi & McFadden, 2005; Gucluturk, Guclu, van
Gerven, & van Lier, 2018), which in human participants positively
correlates with task difficulty in a visual identification task (Donderi &
McFadden, 2005). As an alternative approach, it has been shown
that stimulus complexity determines the structure of coordinated
activity in primary visual cortex (Banyai et al., 2019). This suggests
that complex stimuli evoke distinct population activity patterns, which
could be investigated further in the auditory system. Broad-band and
frequency modulated stimuli are preferentially processed along a
ventral auditory stream, which has been proposed to function as a
“what” as opposed to “where” identification stream analogous to that
of the visual system (Lomber & Malhotra, 2008; Rauschecker & Tian,
2000). While FM sweep direction- and speed-selectivity is present in
earlier stages of the ascending auditory pathway (Lui & Mendelson,
2003), the precise mechanisms underlying FM sweep selectivity and
how

auditory

cortex

transmits

this

information

to

relevant

downstream structures, such as the amygdala, remains to be
understood.
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Chapter 4: Temporal neocortex is required for
all forms of cued threat memory
While the results presented in Chapter 3 demonstrate that auditory
cortex is selectively required for threat memory acquisition and
expression with complex stimuli, these findings are inconsistent with
some previous studies which report impaired memory acquisition
and/ or expression with simple stimuli caused by auditory cortex
lesions or inactivation. These discrepancies could potentially arise
through methodological differences, such as different areas of
auditory/ temporal cortex being inhibited. To address this possibility,
in this Chapter I present experiments in which temporal association
area was inhibited in addition to auditory cortex, in order to inhibit
entire temporal neocortex. Surprisingly, this manipulation led to
strong memory acquisition and expression deficits with both simple
and complex stimuli, indicating that temporal neocortex as a whole is
indispensable for threat memory irrespective of stimulus complexity.
It is thus possible that differences in the extent of temporal neocortex
inhibition can explain the different results of previous studies.
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Introduction
The results presented in Chapter 3 indicate that auditory
cortex is dispensable for memory acquisition and expression with
simple pure tone stimuli. Based on the previously proposed “low road
vs high road” model of threat memory pathways, it would be
predicted that threat memory for pure tones is mediated by the
thalamo-amygdala pathway (LeDoux, 2000; Romanski & LeDoux,
1992). However, there are also reports of impaired threat memory
with inhibition or lesion of auditory cortex using simple stimuli
(Banerjee et al., 2017; Boatman & Kim, 2006; Yang et al., 2016).
Furthermore, in vitro and ex vivo slice physiology experiments have
found preferential induction of plasticity in cortical afferents to the
lateral amygdala, as compared to thalamic afferents, following a
naturalistic stimulation protocol (Cho et al., 2011; Humeau, Shaban,
Bissiere, & Luthi, 2003) or simple CS threat conditioning (Kim & Cho,
2017). Since the extent of the inhibited cortical area was not
precisely quantified in the studies reporting learning or memory
deficits using simple stimuli, as well as the precise anatomical origin
of the cortical afferents displaying plasticity in the slice experiments,
it is possible that a subregion of temporal neocortex other then Au1AuV plays a critical role in threat memory. One candidate area is the
as yet little investigated temporal association area (TeA), which lies
directly ventral to AuV and receives prominent input from higherorder auditory thalamus (Kimura, Donishi, Sakoda, Hazama, &
Tamai, 2003), which displays learning-related plasticity (LeDoux,
2000; Weinberger, 2011), as well as zona incerta (Schröder et al,
unpublished), which has recently been implicated in threat learning
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(Zhou et al., 2018). Therefore, in this chapter I will present
experiments aimed at addressing the contribution of entire temporal
neocortex

(Au1-AuV-TeA)

in

threat

memory

acquisition

and

expression.

Materials and methods
The description of the materials and methods is adapted from
Dalmay et al. (2019).

Animals
Male C57BL6/J mice aged 2-5 months old were used in this
study. Mice were housed under a 12 h light/ dark cycle and provided
with food and water ad libitum. Mice were housed individually after
surgical procedures. All animal procedures were executed in
accordance with institutional guidelines and approved by the
prescribed authorities (Regierungspräsidium Darmstadt).

Surgery
Surgical procedures were performed as described in
Chapters

2

and

3.

For

AAV2/5.CAMKII.ArchT.GFP.WPRE.SV40

expression

of
or

AAV2/5.CamKII0.4.eGFP.WPRE.rBG in Au1-AuV-TeA, 100-200 nl of
AAV was injected between 0 and 900 µm below the cortical surface.
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Threat conditioning and optogenetics
Threat conditioning and optogenetic manipulations were
performed as described in Chapter 3. The animals that underwent
non-discriminative conditioning presented in this chapter were
conditioned with a CS consisting of a continuous, band-pass filtered
noise stimulus (filtered at 5-10 kHz or 12-17 kHz, counterbalanced),
received 5 CS/US pairings, and were additionally exposed to a novel
CS (5-10 kHz or 12-17 kHz BPF noise, counterbalanced) during the
habituation and retrieval sessions (but not during the conditioning).
A subset of animals underwent extinction training following
completion

of

habituation,

conditioning,

and

retrieval

with

optogenetics. Extinction consisted of two sessions performed on
successive days of 4 CS- presentations (without laser presentation)
followed by 12 CS+ presentations (each trial with laser presentation).
Finally, these animals subsequently underwent an extinction retrieval
session without optogenetic perturbation.
A subset of animals underwent contextual threat memory
retrieval with optogenetic inhibition of Au1-AuV-TeA, after completion
of habituation, conditioning, and auditory cued retrieval with
optogenetics. For contextual retrieval, mice were placed into the
conditioning context for 5 minutes and presented with laser
stimulation 4 times (594 nm, 30 s) with 30 s inter-trial intervals.
Freezing was measured during the laser-on and laser-off epochs.
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Perfusions and histological analysis
Procedures were performed as described in Chapter 3.

Statistical analysis
Statistical tests were performed using GraphPad Prism. The
statistical tests used are indicated in the figure legends, and the
resulting p values are indicated in each figure. Data were first
subjected to a Shapiro-Wilk normality test. Based on this, the data
were then subjected to the indicated parametric or non-parametric
tests. Comparison of more than two groups were performed using
the indicated one or two-way ANOVA tests. Post hoc multiple
comparisons were performed using Tukey’s (in comparisons of 3 or
more conditions) or Sidak’s test (in comparisons of 2 conditions).

Results
Temporal neocortex is required for threat memory acquisition
irrespective of stimulus complexity
To assess the involvement of temporal neocortex (Au1-AuVTeA) on threat memory acquisition, mice expressing ArchT or GFP in
temporal neocortex (Figure 1A) were conditioned using either
complex CSs (FM sweeps) or simple CSs (pure tones or BPF noise)
with optogenetic inhibition throughout CS–US presentation (Figure
1B).

In

both

conditions,

control

animals

displayed

robust

discriminative threat memory (Figure 1C1-2). As with auditory cortex
inhibition (Chapter 3), temporal neocortex inhibition resulted in a

71

profound

impairment

of

threat

memory

acquisition

in

mice

conditioned to FM sweeps (Figure 1C1). However, in contrast to
inhibition of auditory cortex alone, temporal neocortex inhibition
caused a dramatic impairment of memory acquisition also in animals
conditioned with simple stimuli (Figure 1C2). In both cases, the effect
was rescued by reconditioning (Figure 1D,E). These results suggest
that temporal neocortex, and perhaps temporal association area in
particular, is required for threat learning with both simple and
complex stimuli.
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Figure 1. A Schematic and example of ArchT expression in temporal
neocortex (areas Au1-AuV-TeA) and optic fiber placement (orange). B
Schematic of threat conditioning experiment. C1-C2 Freezing during memory
retrieval without optogenetic perturbation (RM 2-way ANOVA with Tukey’s
multiple comparison test). C1 In animals conditioned to FM sweeps,
temporal neocortex inhibition in ArchT-mice (orange, n=5) during
conditioning significantly reduced CS+ freezing compared to GFP-controls
(black, n=6). C2 Analogous results for ArchT-mice (n=9) and GFP controls
(n=7) conditioned to pure tones and band-pass filtered noise. D ArchT-mice
that were previously threat conditioned to FM sweeps with optogenetic
inhibition of Au1-AuV-TeA (n=5) were conditioned again with the same
protocol but without optogenetic perturbation (reconditioning). Memory after
reconditioning (red bars averages, grey lines single animals) was
significantly stronger for CS+ but not CS- compared to the threat memory
acquired with Au1-AuV-TeA optogenetic inhibition (orange bars, RM 2-way
ANOVA with Tukey’s multiple comparison test). E Same as D for ArchT
mice conditioned to pure tones and band-pass filtered noise. Data are
shown as mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Modified from Dalmay et al. (2019).

Temporal neocortex is required for threat memory expression
irrespective of stimulus complexity
To investigate the impact of temporal neocortex inhibition
further,

separate

groups

of

mice

were

conditioned

without

optogenetic perturbation followed by a retrieval session with
interleaved inhibition trials (Figure 2A,B). As expected, animals
conditioned with FM sweeps displayed drastically impaired memory
expression during trials with temporal neocortex inhibition (Figure
2C1). Strikingly, temporal neocortex inhibition caused equally strong
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memory expression deficits in animals conditioned with pure tones
and BPF noise (Figure 2C2-3). These effects were significantly
stronger than the effect observed with auditory cortex inhibition
during memory expression to pure tones (Figure 3A). In order to test
whether increasing the intensity of the stimuli could overcome the
effect of temporal neocortex inhibition, a separate group of mice
underwent conditioning with BPF noise presented at 90 dB SPL
instead of the 75 dB SPL used in other experiments. Under these
conditions also, temporal neocortex inhibition resulted in strongly
impaired memory expression (Figure 2C4). Finally, memory was also
perturbed in an additional group of mice that underwent nondiscriminative conditioning with a simple stimulus (continuous BPF
noise, Figure 2C5). Taken together, these results demonstrate that
the inclusion of TeA renders temporal neocortex an obligatory
structure for threat memory expression irrespective of stimulus type
or paradigm design. This is further underpinned by analysis revealing
a correlation between the extent of ArchT expression in TeA and the
degree of reduction in CS+ freezing across all stimulus types (Figure
3C).
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Figure 2. A Schematic of ArchT expression in temporal neocortex (areas
Au1-AuV-TeA). B Schematic of threat conditioning experiment. C1-C5
Freezing during memory retrieval without (grey) and with (orange)
optogenetic perturbation (RM 2-way ANOVA with Tukey’s multiple
comparison test). C1 ArchT-mice conditioned to FM sweeps displayed
robust discriminative memory in control trials. Inhibition of temporal
neocortex caused a strong reduction of CS+ evoked freezing such that
memory to CS+ and CS- was indistinguishable (n=7). C2 Same as C1 for
pure tone CSs (n=8). C3 Same as C1 for band-pass-filtered noise CSs
(n=12). C4 Same as C1 for louder band-pass-filtered noise CSs (90 dB SPL
instead of 75 dB SPL, n=9). C5 Same as C1 for non-discriminative
conditioning with continuous band-pass-filtered noise CSs (n=5). Data are

75

shown as mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Modified from Dalmay et al. (2019).

Figure 3. A Effect of optogenetic inhibition on CS+ freezing of ArchT-mice
across different stimulus groups and across Au1-AuV-TeA and Au1-AuV
mice (n=75 mice, 1-way ANOVA with Tukey’s multiple comparisons test). B
Quantification of ArchT expression across stimulus groups measured as the
percentage of the area of each cortical region with ArchT expression. Note
similar expression areas in all groups (F (4, 36) = 0.6027, p=0.66, RM 2way ANOVA with Tukey’s multiple comparisons test). C Correlation
(Pearson r) between mean area of ArchT expression in Au1, AuV and TeA
versus the extent of laser effects on CS+ freezing (% change in freezing
with laser relative to freezing without laser). The analysis includes 65 mice
from the following groups: Au1-AuV inhibition with pure tones and bandpass filtered noise, Au1-AuV-TeA inhibition with pure tones and band-pass
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filtered noise, Au1 inhibition with FM sweeps, and AuV-TeA inhibition with
FM sweeps and pure tones (see Chapter 5). There is no correlation with
Au1 expression area, a weak correlation with AuV and a strong correlation
with the extent of ArchT expression in TeA. Data are shown as mean ±
SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Modified from
Dalmay et al. (2019).

Temporal neocortex is required for threat memory extinction
Extinction refers to a decrease in the expression of the
conditioned fear response to the CS+ through repeated, unreinforced
exposure. Extinction learning requires the formation of a new
memory trace which suppresses the conditioned fear response
(Herry et al., 2010). However, the role of sensory processing in
extinction memory is poorly understood. In order to address this, a
subset of mice that had completed the threat conditioning and
retrieval session underwent extinction training with optogenetic
inhibition present during all CS+ trials (Figure 4A). These mice
displayed reduced freezing during CS+ presentation in the presence
of the laser during the retrieval session and throughout extinction,
while control GFP mice expressed fear memory during retrieval and
in the early phase of extinction training (Figure 4B). GFP controls
subsequently displayed successful extinction, demonstrated by
decreasing CS+ freezing which remained low during the subsequent
extinction retrieval session (Figure 4B). In contrast, the ArchT mice
displayed substantial CS+ freezing during the extinction retrieval
session, indicating that the memory had not been extinguished
(Figure 4B). This result demonstrates that temporal neocortex
processing during unreinforced CS+ exposure is critically required for
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extinction learning to take place. More broadly, this suggests that the
threat memory must be expressed during the unreinforced CS+
exposure in order for extinction learning to occur. This interpretation
extends the emerging view that extinction learning is an experiencedependent, active updating of the threat memory trace (SalinasHernandez et al., 2018) by highlighting a critical role for appropriate
sensory processing of the CS+ during unreinforced exposure. Given
that extinction learning is regarded as a model for the treatment of
post-traumatic stress-disorder (Delgado, Olsson, & Phelps, 2006;
Herry et al., 2010), these findings may also have clinical implications
and raise the need for further work investigating the mechanisms of
sensory processing during extinction learning.
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Figure 4. A Schematic of experimental protocol for laser stimulation during
extinction training in mice expressing ArchT (n=5) or GFP (n=6) in Au1AuV-TeA. B Freezing of mice across sessions (RM 2-way ANOVA with
Sidak’s multiple comparison test). Data are shown as mean ± SEM, *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Modified from Dalmay et al.
(2019).

Temporal neocortex inhibition does not perturb contextual
threat memory expression
In chapter 2 I discussed the issue of diaschisis as a potential
caveat of acute neuronal activity inhibition methods such as
optogenetics. It has been previously suggested that acute inhibition
of a brain structure could result in a behavioral deficit not because
the inhibited structure plays a causal role in the behavior, but rather
because the sudden loss of activity causes a perturbation of a
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connected structure which is playing a causal role in the behavior
and the behavioral deficit is a result of this “off-target” effect (Otchy et
al., 2015). To directly test whether the threat memory deficits
observed during temporal neocortex inhibition could be a result of
diaschisis, I subjected a subset of mice expressing ArchT in Au1AuV-TeA to a contextual memory retrieval session with alternating
epochs of laser stimulation. It has been previously demonstrated that
contextual threat memory expression critically requires amygdala
function (Goosens & Maren, 2001). Given that temporal neocortex
projects strongly to the amygdala, if diaschisis can explain the effects
observed during temporal neocortex inhibition then one would predict
an impairment of contextual threat memory expression as a result of
temporal neocortex inhibition. On the contrary, I observed no
reduction of freezing behavior during the laser stimulation epochs
compared to the control (no laser) epochs (Figure 5A,B),
demonstrating that temporal neocortex inhibition specifically affects
cued threat memory and that diaschisis alone does not account for
the results reported above.

Figure 5. A Schematic of contextual threat memory experiment. B Freezing
during laser off and laser on epochs during contextual threat memory
retrieval (n=8). Laser stimulation had no impact on contextual threat
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memory expression (p=0.88, paired t test). Data are shown as mean ±
SEM. Modified from Dalmay et al. (2019).

Discussion
The results presented in this chapter demonstrate that, in
contrast to auditory cortex alone (Au1-AuV), temporal neocortex
including temporal association area (Au1-AuV-TeA) is essential for
threat memory acquisition and expression with simple auditory
stimuli, including non-discriminative memory, as well as with complex
stimuli. Furthermore, temporal neocortex is also required for threat
memory extinction learning and, importantly, these behavioral effects
cannot be accounted for by diaschisis. Taken together, these results
may reconcile previously discrepant findings on the effect of auditory
cortex inactivation in threat memory. The results presented in this
and the previous chapter demonstrate that there are clearly different
behavioral effects of cortical inhibition depending on whether TeA is
part of the inhibited area. This may explain why some studies report
effects of cortical inactivation while others do not, since the extent to
which TeA was included in the inactivated area in the previous
studies was not reported. The interpretation that the inclusion of TeA
in the inhibited area plays a major role in the different behavioral
effects observed is supported by the significant correlation between
the extent of ArchT expression in TeA and the size of the behavioral
effect. On the other hand, it is also possible that it is not the inclusion
of TeA per se that makes the difference, but rather the fact that a
larger overall area was inhibited. Indeed, it was classically argued by
Lashley (1929) for lesion studies that the size of the lesion more
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strongly determines the extent of the behavioral effect than the
precise area that was lesioned (theory of mass action). Therefore,
more restricted AAV injections are required to tease these two
possibilities apart.
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Chapter 5: A medio-temporal gradient of
impact on memory and amygdala-connectivity
Inhibition of auditory cortex or entire temporal neocortex produce
different outcomes on threat memory acquisition and expression.
This raises the possibility that different areas of temporal neocortex
contribute to differing extents to threat memory. In this Chapter, I
present

experiments

addressing

the

contribution

of

distinct

subregions within temporal neocortex using more specific expression
of ArchT and targeting of light delivery. The results revealed a mediotemporal impact gradient on threat memory, whereby the more
temporally situated secondary and association areas play a stronger
role than the more medial primary auditory cortex. Intriguingly, these
behavioral effects were paralleled by a medio-temporal gradient of
amygdala-connectivity, uncovered using retrograde tracing from the
lateral amygdala. Taken together, these results suggest that the
more temporal subdivisions of temporal neocortex play a specialized
role in threat memory, perhaps acting as a key output region
conveying auditory information to the amygdala.
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Introduction
The results presented in Chapter 4 suggest that temporal
neocortex plays an essential role in threat memory acquisition,
expression, and extinction, irrespective of stimulus type or paradigm
design. This is in contrast to the effects observed following auditory
cortex inhibition, which produced a selective impairment of memory
acquisition and expression associated with more complex stimuli.
The distinct effects of inhibition of auditory cortex versus temporal
neocortex could be because of the inclusion of TeA in the inhibited
area, suggesting that TeA plays an especially important role, or
simply because a larger area was inhibited. To distinguish between
these two possibilities, in this chapter I present experiments in which
I performed more selective injections of ArchT and performed
anatomical tracing to investigate whether the subregions of temporal
neocortex exhibit differential connectivity with the amygdala.

Materials and methods
The description of the materials and methods is adapted from
Dalmay et al. (2019).

Animals
Male C57BL6/J and Ai9 Cre reporter mice aged 2-5 months
old were used in this study. Mice were housed under a 12 h light/
dark cycle and provided with food and water ad libitum. Mice were
housed individually after surgical procedures. All animal procedures
were executed in accordance with institutional guidelines and
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approved by the prescribed authorities (Regierungspräsidium
Darmstadt).

Surgery
Surgical procedures were performed as described in the
previous chapters. Expression of AAV2/5.CAMKII.ArchT.GFP.WPRE.SV40 was restricted to Au1 by injecting from 0 to 400 µm
below the cortical surface, or to AuV-TeA by injecting more laterally
(4.9 mm lateral of midline), diluting the AAV 1:1 in sterile ringer
solution, and injecting at a single depth (600 µm below the cortical
surface). For inhibition of AuV or TeA alone, ArchT was expressed in
Au1-AuV or Au1-AuV-TeA (as described in previous chapters),
respectively, and fiber ends were inserted at depths of 800 µm or
1200 µm below the cortical surface, respectively.
For retrograde labelling of amygdala-projecting cells, 50-100
nl of CAV2-Cre mixed with 0.5 µm fluorescent microspheres (green
FluoSpheres, Thermo Fisher, Waltham, MA, US) was injected into
the lateral amygdala at the following coordinates: 1.6-1.7 mm
posterior bregma, 3.5 mm lateral of midline and 3.5-4.0 mm below
cortical surface into Ai9 Cre reporter mice.

Threat conditioning and optogenetics
Threat conditioning and optogenetic manipulations were
performed as described in the previous chapters.
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Perfusions and histological analysis
Perfusions and analysis of ArchT expression was performed
as described in the previous chapters. For analysis of retrogradely
labelled amygdala-projecting cells using CAV2-Cre injections, 50 μm
sections were made with a Leica vibratome. Counting of amygdalaprojecting cells was done using a custom written MATLAB program
(CellCounter, https://github.molgen.mpg.de/MPIBR/CellCounter). To
define the cell numbers in different brain regions images were
registered to the Allen Brain Atlas (Furth et al., 2018).

Statistical analysis
Statistical tests were performed using GraphPad Prism. The
statistical tests used are indicated in the figure legends, and the
resulting p values are indicated in each figure. Data were first
subjected to a Shapiro-Wilk normality test. Based on this, the data
were then subjected to the indicated parametric or non-parametric
tests. Comparison of more than two groups were performed using
the indicated one or two-way ANOVA tests. Post hoc multiple
comparisons were performed using Tukey’s (in comparisons of 3 or
more conditions) or Sidak’s test (in comparisons of 2 conditions).
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Results
AuV-TeA contribute more strongly to threat memory expression
compared to Au1
To test whether the dichotomy between inactivation of
auditory and temporal neocortex is due a differential contribution of
the different cortical subdivisions, as opposed to inhibition of a larger
cortical area, I first performed selective injections of ArchT in order
achieve inhibition of either Au1 or AuV-TeA alone during memory
retrieval (Figure 1A-B2). Note that restricting the expression of ArchT
exclusively to TeA was not possible given the spatial extent required
to cover all cortical layers. I first conducted this experiment with FM
sweep stimuli, given that Au1-AuV inhibition did not perturb memory
associated with simpler stimuli. In both Au1 and AuV-TeA inhibition
groups, mice exhibited discriminative memory expression during
control (no laser) trials (Figure 1C1-2). Inhibition of Au1 alone caused
a small but non-significant trend towards reduced CS+ freezing
(Figure 1C1). In contrast, inhibition of AuV-TeA produced a robust
memory expression deficit (Figure 1C2,D) similar to that observed
after inhibition of entire temporal neocortex (Chapter 4). To test
whether AuV-TeA inhibition is sufficient to also perturb memory
associated with simpler stimuli, I next conditioned a separate cohort
of animals expressing ArchT in AuV-TeA using pure tone stimuli.
Inhibition of AuV-TeA during memory retrieval using pure tones
resulted in a strong memory expression deficit indistinguishable from
that observed using FM sweeps (Figure 1C3,D). Importantly, posthoc histological analysis confirmed that the absolute size of ArchTexpression area was not significantly different between the Au1 and
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AuV-TeA groups, but they did differ in terms of the regions that
contained ArchT expression (Figure 2A,B). Furthermore, the distance
of the center of the ArchT expression area from the rhinal fissure
significantly correlated with the extent of the behavioral effect (Figure
2C), such that the closer the center of expression to the rhinal
fissure, the stronger the memory expression deficit on the laser
stimulation trials. Taken together, these results demonstrate that
areas AuV-TeA are required for memory expression with both
complex and simple stimuli and play a stronger role in memory
expression compared to Au1. Given that the size of the area
expressing ArchT in these two conditions did not differ, these results
directly demonstrate that AuV-TeA play a specialized role in memory
expression.
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Figure 1. A Schematic of threat conditioning experiment. B1-B2 ArchT
expression and optic fiber placement (orange) in Au1 (B1) or AuV-TeA (B2).
C1-C3 Freezing during memory retrieval without (grey) and with (orange)
optogenetic perturbation (RM 2-way ANOVA with Tukey’s multiple
comparison test). C1 Inhibition of Au1 resulted in a small trend for reduced
FM sweep CS+ freezing (n=10) that left discrimination intact. C2 AuV-TeA
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inhibition strongly reduced FM sweep CS+ freezing and discrimination was
abolished (n=6). C3 Same as C2 for animals conditioned to pure tone CSs
(n=6). D Comparison of the impact of inhibition of Au1 or AuV-TeA on CS+
freezing (1-way ANOVA with Tukey’s multiple comparison test). Data are
shown as mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Modified from Dalmay et al. (2019).

Figure 2. A Quantification of ArchT expression in Au1 FM sweep, AuV-TeA
FM sweep and AuV-TeA pure tone groups measured as the percentage of
the area of each cortical region with ArchT expression (RM 2-way ANOVA
with Tukey’s multiple comparisons test). Note that ArchT was expressed in
non-overlapping cortical areas. B Quantification of absolute area of ArchT
expression in Au1 FM sweep, AuV-TeA FM sweep and AuV-TeA pure tone
groups (1-way ANOVA with Tukey’s multiple comparison test). C
Correlation (Pearson r) between the percent reduction in freezing due to
laser stimulation, and the distance of the ArchT expression center from the
rhinal fissure for Au1 and AuV-TeA FM sweep and AuV-TeA pure tone
groups (n=22). Data are shown as mean ± SEM, *p < 0.05; **p < 0.01; ***p
< 0.001; ****p < 0.0001. Modified from Dalmay et al. (2019).

AuV and TeA each contribute to threat memory expression with
FM sweeps
In order to dissect the relative contributions of temporal
neocortex subdivisions even further I sought to inhibit AuV or TeA
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alone. As discussed above, further restriction of AAV expression was
not possible. Therefore, I took the approach to target light delivery
specifically to either AuV or TeA. In animals with inhibition targeted to
AuV, ArchT was expressed in Au1-AuV and the optic fiber implants
were implanted at the border between Au1 and AuV in order to
deliver light onto AuV. Previous work has shown that the light emitted
from the fiber tip spreads primarily below the fiber tip (Stujenske,
Spellman, & Gordon, 2015), thus with this targeting method there
should not be sufficient light reaching Au1 to mediate inhibition. I
took the same approach to inhibit TeA; using expression of ArchT in
Au1-AuV-TeA and implanting the optic fiber at the border between
AuV and TeA. Importantly, post-hoc histological analysis verified that
targeting of the optic fibers was successful and clearly distinct
between the AuV and TeA targeted animals, with the location of the
fiber tips in the TeA group significantly closer to the rhinal fissure
(Figure 3A-D).
Both AuV and TeA targeted animals were subjected to threat
conditioning using FM sweeps without optogenetic perturbation and
tested for memory retrieval on the subsequent day, with lasermediated inhibition on alternating trials. In both groups, a significant
reduction of CS+ freezing was observed during the trials with laser
stimulation in comparison to the control (no laser) trials (Figure 4AB2), suggesting that AuV and TeA each contribute critically to threat
memory expression. Taken together, these results further support
the notion of a medio-temporal impact gradient, with the more
temporally located AuV and TeA contributing more strongly to threat
memory in comparison to the more medial Au1.
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Figure 3. A Average absolute ArchT expression areas below the optic fiber
for mice with inhibition targeted to AuV and TeA (Unpaired t test). B
Distance of the ArchT expression area center below the optic fiber from the
rhinal fissure for mice with inhibition targeted to AuV and TeA (Unpaired t
test). C Distance of the optic fiber tip from the rhinal fissure for mice with
inhibition targeted to AuV and TeA (Unpaired t test). D Placement of optic
fiber tips in mice with inhibition targeted to AuV and TeA. Data are shown as
mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Modified
from Dalmay et al. (2019).
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Figure 4. A Schematic of threat conditioning experiment. FM sweep stimuli
were used as CSs in these experiments. B1-B2 Top: ArchT expression and
optic fiber placement (orange dashed line) for AuV (B1) or TeA inhibition
(B2). Bottom: Freezing during memory retrieval without (grey) and with
(orange) optogenetic perturbation (RM 2-way ANOVA with Tukey’s multiple
comparison test) in mice with inhibition targeted to AuV (n=9) or TeA
(n=5). Inhibition of both AuV and TeA results in significantly impaired threat
memory expression. Data are shown as mean ± SEM, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. Modified from Dalmay et al. (2019).

A medio-temporal gradient of enrichment for amygdalaprojecting neurons
What might explain the stronger contribution to threat
memory of the more temporal areas AuV and TeA? To a large
extent, the function of a brain region is defined by its connectivity
with other regions, as this determines the information it receives, as
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well as the routes along which it transmits. We therefore wondered
whether

temporal

neocortex

subregions

exhibit

differential

connectivity with other structures relevant for threat memory. Given
that the amygdala is well-known to play a crucial role in threat
memory, and receives prominent input from auditory areas, I
investigated the relative density of amygdala-projecting neurons in
temporal neocortex. To this end, a retrogradely expressed Cre
recombinase (Cav2-Cre) was injected unilaterally to the lateral
amygdala, the region of the amygdala that receives most auditory
afferents (LeDoux, 2000), in a Cre reporter mouse line (Ai9) in which
the fluorescent marker tdTomato is expressed in the presence of Cre
recombinase (Figure 5A). The lateral amygdala was successfully
targeted in three animals (Figure 5B), and a first analysis revealed
that the majority of temporal neocortex afferents originate from the
ipsilateral cortex (Figure 5C). To quantify the distribution of
amygdala-projecting neurons in temporal neocortex, tdTomatopositive neurons were counted in each temporal neocortex subregion
(AuD, Au1, AuV, and TeA) and the proportion of the sum total
originating from each region was calculated. This revealed a striking
medio-temporal gradient of increased density of amygdala-projecting
neurons, with the highest proportion in TeA (Figure 5D), and is
clearly appreciable in the representative example displayed in Figure
5E. The same analysis of the contralateral temporal neocortex
revealed the same organization (Figure 5F,G). Further analysis of
the laminar distribution of the tdTomato-positive neurons uncovered
that the majority of amygdala-projecting neurons are located
between 350 µm and 500 µm below the pia (Figure 5H),
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corresponding to layer 3 to superficial layer 5 (Christianson, Sahani,
& Linden, 2011).
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Figure 5. A Schematic and example of Injection of a retrograde vector
expressing Cre-recombinase into the lateral amygdala of a Cre reporter
strain. Scale bar 200 µm. B Injection sites of the retrograde vector
expressing Cre-recombinase in the lateral amygdala used for quantification
of amygdala-projecting cells in auditory cortex. Green markers indicate the
location of the center of the injection determined by co-injection of green
FluoSpheres. C Relative proportion of amygdala-projecting cells in auditory
cortex and TeA ipsi- and contralateral to the injection site (Mann Whitney
test). D Proportion of amygdala-projecting cells in ipsilateral cortical areas
(21 slices from 3 mice, RM 1-way ANOVA with Tukey’s multiple comparison
test). E Amygdala-projecting cells in ipsilateral auditory cortex and TeA. F
Quantification of amygdala-projecting cells in the contralateral auditory
cortex and TeA (n=20 slices from 3 mice, same slices as D, one slice
discarded for contralateral analysis as no contralateral projection neurons
were present, RM 1-way ANOVA with Tukey’s multiple comparisons test). G
Example of retrogradely labeled amygdala-projecting cells in auditory cortex
and TeA contralateral to the injection site. H Distance from the pia of
amygdala-projecting cells within ipsilateral auditory cortex and TeA (50 μm
bins). Data are shown as mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001. Modified from Dalmay et al. (2019).

In line with this result, representative images of anterograde
tracing using the GFP fluorescence in the ArchT construct injected in
the optogenetics experiments described above are displayed in
Figure 6A-B. Injection of the ArchT-GFP construct in AuV-TeA
resulted in prominent labelling of axons in the lateral amygdala
(Figure 6A), which was virtually absent after injection into Au1
(Figure 6B). In summary, taken together these data clearly
demonstrate that the more temporal areas of neocortex, in particular

98

TeA, are enriched in amygdala-projecting neurons in comparison to
the more medial Au1.

Figure 6. A Left: expression of ArchT-GFP in AuV-TeA close to the center
of the injection. Right: ArchT-GFP expressing axons in the lateral amygdala.
B Same as A for ArchT-GFP injected to Au1. Note the lack of ArchT-GFP
expressing axons in the lateral amygdala. Modified from Dalmay et al.
(2019).

Discussion
The data presented in this chapter demonstrate that the more
temporal areas AuV and TeA contribute more strongly to threat
memory expression compared to Au1, and this is paralleled by a

99

gradient of enrichment in neurons projecting to the amygdala,
especially in TeA. These data suggest that the different behavioral
effects of auditory cortex versus temporal neocortex inhibition
described in the previous two chapters are likely to be explained by a
specialized role of TeA, as opposed to an additive effect of inhibiting
a larger overall area.
More broadly, the result that inhibition of AuV alone or TeA
alone disrupts memory expression with FM sweeps, combined with
the retrograde tracing data, indicates a hierarchical chain of cortical
processing

during

memory

expression

with

complex

stimuli

(Romanski & LeDoux, 1993), whereby complex stimuli are processed
in AuV and then integrated in TeA before being transmitted to the
amygdala. In this scheme, both AuV and TeA are critical nodes; and
this is supported by the data presented in this and the previous
chapters. In contrast, memory associated with pure tones does not
appear to rely on this hierarchical cortical chain, evidenced by the
lack of memory deficit during Au1-AuV inhibition. Pure tone memory
does however depend critically on AuV-TeA. Taken together, this
indicates that TeA is a critical node for pure tone memory, while Au1
and AuV are dispensable. This suggests that TeA receives additional
auditory input from afferents outside of auditory cortex (such as from
subcortical areas) which is sufficient to mediate memory expression
with simpler stimuli. Afferents from auditory higher-order thalamus
are a likely candidate for transferring learning-related auditory
information directly to TeA while bypassing upstream cortical areas.
This is because higher-order thalamus afferents have been shown to
project directly to pyramidal neurons in layers 2/3 and 5, as well as to
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layer 1 inhibitory interneurons which are implicated in threat learning
(Abs et al., 2018; Letzkus et al., 2011), in both AuV and TeA
(Kimura, Donishi, Sakoda, Hazama, & Tamai, 2003, Pardi et al, in
preparation). Furthermore, higher-order thalamus displays learningrelated plasticity of auditory responses after threat conditioning
(Weinberger, 2011; Pardi et al, in preparation). However, little is
known about the auditory response properties of neurons in TeA.
Thus, further research is required to elucidate the processing of
complex and simple auditory stimuli in TeA, and the extent to which
this relies on upstream cortical areas versus input from distinct
thalamic nuclei.
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Chapter 6: The temporal neocortex to lateral
amygdala pathway is required for complex
stimulus memory
Areas of temporal neocortex which contain a higher density of
neurons projecting to the lateral amygdala have a stronger impact on
threat memory. Given that the amygdala is a critical structure for
threat memory, this raises the hypothesis that the projection from
temporal neocortex to the lateral amygdala is required for threat
memory. In this Chapter, this hypothesis was tested by implanting
optic fibers to the lateral amygdala combined with expression of
ArchT in temporal neocortex in order to inhibit axon terminals
originating from temporal neocortex (primarily AuV and TeA) locally
in the lateral amygdala. As predicted, this manipulation resulted in
impaired memory expression with complex stimuli. However, no
significant reduction in memory expression was observed with simple
stimuli. These results suggest that processing along the corticoamygdala pathway is especially important for memory associated
with more complex stimuli, whilst also indicating that alternative
output pathway(s) from temporal neocortex exist that are necessary
to support threat memory, given that inhibition of temporal neocortex
as a whole strongly impairs memory with simple stimuli. Interestingly,
ChR2-mediated stimulation of the cortico-amygdala pathway induced
freezing behavior in naïve mice, consistent with an important role of
this

pathway

in

mediating

freezing

conditioning.
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responses

after

threat

Introduction
The results presented in Chapter 5 demonstrate that area
TeA is an essential node in the threat memory circuit, and the
presence of a strong projection from TeA to the lateral amygdala
(LA). This raises the hypothesis that information transfer between
TeA and the LA is a key component of threat memory. The projection
from temporal neocortex to the lateral amygdala has been reported
to be required for expression of a remote (5-week-old) threat memory
(Manassero, Renna, Milano, & Sacchetti, 2018), and to exhibit
synaptic plasticity after threat conditioning (Kim & Cho, 2017).
However, despite the extensive literature on plasticity at the
synapses between the temporal neocortex and the lateral amygdala
(Humeau, Shaban, Bissiere, & Luthi, 2003; Kim & Cho, 2017), the
requirement of this pathway for expression of a recent (24 h) threat
memory has not yet been investigated. In this chapter I present
experiments designed to test the requirement of the temporal
neocortex à lateral amygdala pathway in threat memory expression
using FM sweep and pure tone stimuli.

Materials and methods
The description of the materials and methods is adapted from
Dalmay et al. (2019).

Animals
Male C57BL6/J mice aged 2-5 months old were used in this
study. Mice were housed under a 12 h light/ dark cycle and provided
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with food and water ad libitum. Mice were housed individually after
surgical procedures. All animal procedures were executed in
accordance with institutional guidelines and approved by the
prescribed authorities (Regierungspräsidium Darmstadt).

Surgery
Surgical procedures were performed as described in
the previous chapters. AAV2/5.CAMKII.ArchT.GFP.-WPRE.SV40 or
AAV2/5.CAMKIIa.hChR2(H134R)-EYFP.WPRE.hGH was expressed
in Au1-AuV-TeA by injecting 200 nl from 0 to 900 µm below the
cortical surface. Optic fibers were implanted bilaterally above the LA
using the following coordinates: 1.6-1.7 mm posterior bregma, 3.5
mm lateral of midline and 3.1 mm below cortical surface.

Threat conditioning and optogenetics
Threat conditioning and optogenetic manipulations were
performed as described in the previous chapters. In the experiments
with mice expressing hChr2(H143R) in temporal neocortex, mice
were connected to a DPSS laser (473 nm, Omicron, Rodgau,
Germany) and placed into context A. In the experiment presented in
Figure3B,C, the following stimuli were presented in this order: a 10 s
CS (FM sweep train, as described previously), 10 s continuous laser
stimulation (10 mW), and the CS together with laser stimulation. In
the experiment presented in Figure 3D, stimuli consisted of 9 s trains
of laser stimulation (10 mW, 3 ms pulses presented at 100 Hz) with a
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60 s ITI (Mahn, Prigge, Ron, Levy, & Yizhar, 2016). Freezing was
assessed during a 30 s window starting with the onset of the trial.

Perfusions and histological analysis
Perfusions and analysis of ArchT and hChr2(H143R)
expression was performed as described in the previous chapters.

Statistical analysis
Statistical tests were performed using GraphPad Prism. The
statistical tests used are indicated in the figure legends, and the
resulting p values are indicated in each figure. Data were first
subjected to a Shapiro-Wilk normality test. Based on this, the data
were then subjected to the indicated parametric or non-parametric
tests. Comparison of more than two groups were performed using
the indicated one or two-way ANOVA tests. Post hoc multiple
comparisons were performed using Tukey’s (in comparisons of 3 or
more conditions) or Sidak’s test (in comparisons of 2 conditions).
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Results
The temporal neocortex à lateral amygdala pathway is
selectively required for threat memory associated with FM
sweeps
In order to test the hypothesis that transmission from
temporal neocortex to the LA is required during retrieval of a recent
threat memory, I sought to optogenetically inhibit axon terminals
originating from temporal neocortex in the LA during memory
retrieval. To this end, ArchT was expressed bilaterally in Au1-AuVTeA to capture as much of the cortical à LA pathway as possible,
and optic fibers were bilaterally implanted above the LA for lasermediated inhibition of the axon terminals. Although this approach of
light delivery targeted to axon terminals has been reported to have
caveats for suppression of activity depending on the precise timing
and intensity of light stimulation (Mahn et al., 2016), it has been
demonstrated to mediate pathway-specific perturbation of neuronal
activity and behavior in vivo (Spellman et al., 2015; Trouche et al.,
2019). To test that this method works in our hands as well, we
performed whole-cell recordings of LA neurons in slices prepared
from mice injected with ArchT in temporal neocortex. We tested the
impact of light delivery to the LA on excitatory postsynaptic currents
(EPSCs) evoked by stimulating the external capsule (the fiber tract
conveying all cortical input to the amygdala). We observed a robust
suppression of EPSCs in the presence of laser stimulation in
comparison to control (no laser) trials (experiments performed by Jan
Hartung, published in Dalmay et al., 2019), indicating successful
light-mediated inhibition. Having validated the method of inhibition,
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mice were subjected to threat conditioning without optogenetic
perturbation using either FM sweeps or pure tones, followed by
memory retrieval with laser stimulation presented on alternating trials
(Figure 1A,B).

Figure 1. A Schematic of threat conditioning experiment. B Schematic and
example of ArchT-expression in temporal neocortex (Au1-AuV-TeA) and
optic fiber placement (dashed line) in the lateral amygdala for axonal
inhibition. C1-C2 Freezing during memory retrieval without (grey) and with
(orange) optogenetic perturbation (RM 2-way ANOVA with Tukey’s multiple
comparison test). C1 Inhibition of cortical axons resulted in strongly reduced
FM sweep CS+ freezing (n=13). C2 In contrast, mice conditioned to pure
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tone CSs (n=12) displayed no significant reduction in freezing during axonal
inhibition. D Schematic of contextual threat memory experiment. E Freezing
during laser off and laser on epochs during contextual threat memory
retrieval (n=9). Laser stimulation had no impact on contextual threat
memory expression (p=0.46, paired t test). Data are shown as mean ±
SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Modified from
Dalmay et al. (2019).

In both the FM sweeps and pure tone conditions, mice
exhibited discriminative threat memory during control (no laser) trials
(Figure 1Ci,ii). During trials with inhibition of cortical axon terminals
however, mice conditioned with FM sweeps displayed a significant
reduction in CS+ freezing in comparison to the control trials. This
suggests that temporal neocortex à LA transmission is required for
expression of a recent threat memory associated with a complex
stimulus. A subset of these mice were subjected to a contextual
threat memory retrieval session (Figure 1D) as described in Chapter
4 in order to investigate whether this effect could be due to diaschisis
or some other technical artifact (such as light-induced heating/
damage of the amygdala) since GFP-expressing controls were not
included in this experiment. No reduction of contextual threat
memory expression was observed (Figure 1E); since contextual
threat memory expression is known to require amygdala function,
this finding rules out non-specific or artifactual explanations for the
effect observed on auditory cued threat memory retrieval.
In contrast to the FM sweeps group, mice in the pure tones
group displayed only a small, non-significant trend towards
decreased CS+ freezing in the presence of the laser (Figure 1Cii),
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indicating that threat memory associated with simpler stimuli relies to
a lesser extent on transmission between temporal neocortex and the
LA. Post-hoc inspection of the optic fiber implantation sites revealed
similar targeting success between the FM sweeps and pure tones
group (Figure 2), suggesting that potential experimental differences
are unlikely to account for the different behavioral effects.

Figure 2. Localization of optic fiber tips in mice in Figure 1C1-C2 targeted to
the lateral amygdala. Mice expressed ArchT in auditory cortex and TeA and
underwent threat conditioning to either FM sweeps (n=13, green) or pure
tones (n=12, brown). Modified from Dalmay et al. (2019).

Stimulation of the temporal neocortex à LA pathway induces
freezing
As a further test of the interpretation that impairment of
complex stimulus memory is due to inhibition of cortical input to the
LA, I wondered whether stimulating cortical input to the LA could
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boost freezing. To address this, the light-gated excitatory opsin
channelrhodopsin (hChR2(H134R) fused with GFP) was expressed
bilaterally in temporal neocortex and optic fibers were implanted
bilaterally above the lateral amygdala (Figure 3A). After habituation
to handling, naïve mice were presented with a neutral auditory CS
(10 s FM sweep train), a 10 s continuous laser pulse, and a 10 s
laser pulse in conjunction with an FM sweep train (Figure 3B).
Surprisingly, the laser stimulation evoked robust freezing behavior,
both alone and in conjunction with an FM sweep, which was
significantly greater than freezing during baseline or FM sweeps
alone (Figure 3B). Further analysis of the time-course of the freezing
behavior revealed that freezing induced by the laser in conjunction
with the FM sweep significantly outlasted the stimuli, remaining
almost at ceiling level for over a minute after laser offset (Figure 3C).
To assess whether this longer lasting effect was due to an additive
effect of the laser being presented together with the FM sweep or an
additive effect of multiple laser stimulation trials, a subset of these
animals was subjected to a second session in which only laser
stimulation was presented. In this case the laser stimulation
consisted of a train of high-frequency pulses (see Materials and
methods).

The

first

laser

stimulation

trial

induced

freezing

significantly above baseline levels, and the second laser stimulation
trial induced another increase of freezing exceeding that of the first
trial (Figure 3D). The successive increases in freezing levels
indicates that stimulation of cortical axons in the LA causes a
sensitization to successive stimulation, possibly through short-term
plasticity or the release of neuromodulators causing a change of
network state (Diaz-Mataix et al., 2017). Taken together, this data
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demonstrates that stimulation of cortical inputs to the LA induces
freezing behavior, suggesting that information flow along this
pathway may be used to instruct freezing. However, given that the
pattern of light stimulation in these experiments was highly
unphysiological, this conclusion remains tentative and the activity
patterns of cortical inputs to the LA that could be instructing freezing
during memory expression remains an important open question.

Figure 3. A Schematic and example of ChR2-expression in temporal
neocortex (Au1-AuV-TeA) and optic fiber placement (dashed line) in the
lateral amygdala for axonal stimulation. B Freezing of naïve ChR2expressing mice (n=11) before stimulus presentation (baseline), during
presentation of a novel CS, and during continuous laser stimulation alone
and paired with the CS. CS and laser stimuli lasted 10 s, and freezing was
quantified during a 30 s epoch starting with the stimulus onset. Laser
stimulation alone and paired with the neutral CS induced freezing
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significantly above CS-alone and baseline levels (RM 1-way ANOVA with
Tukey’s multiple comparisons test). C Freezing of ChR2-expressing mice
(n=11; same as in B) over time (30 s bins). D Freezing of ChR2-expressing
mice before (baseline) and in the 30s after onset of optogenetic stimulation
onset (laser, n=5). Stimulation of cortical axons caused successively
stronger freezing behavior (RM 1-way ANOVA with Tukey’s multiple
comparison test). Data are shown as mean ± SEM, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. Modified from Dalmay et al. (2019).

Discussion
The data presented in this chapter demonstrate that temporal
neocortex input to the lateral amygdala is required for expression of
threat memory associated with complex stimuli, while being
dispensable for memory associated with simple stimuli. While this
dichotomy resembles that observed with auditory cortex inhibition
(Chapter 2), it is surprising given that area TeA is critically required
for memory expression with simple as well as complex stimuli.
Moreover, the enrichment of amygdala-projecting neurons in TeA
raised the parsimonious hypothesis that the critical role of TeA is
conferred by interactions with the lateral amygdala. The lack of
memory impairment caused by cortical axon inhibition during pure
tone memory forces a revision of this simple model and suggests the
presence of an additional crucial output pathway from TeA. A likely
candidate for this is the corticofugal projection to higher-order
thalamus (Winer, 2006), since the higher-order thalamus is required
for auditory threat memory (Pardi et al, in preparation; Weinberger,
2011) and also conveys auditory information to the lateral amygdala.
I therefore propose an updated framework in which TeA is a hub with
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memory-related interactions with both the lateral amygdala and the
higher-order thalamus. In this model the primary role of the TeA à
LA pathway is to convey precise auditory information and therefore
becomes essential for complex stimulus memory. In contrast,
interactions between higher-order thalamus and TeA may be crucial
for maintaining persistent activity, as reported in other thalamocortical systems (Guo et al., 2017), which is thought to be essential
for memory processes (Chaudhuri & Fiete, 2016). Thus, the TeA à
LA pathway may be redundant for pure tone memory, while inhibition
of TeA as a whole abolishes thalamic-cortical-thalamic interactions
and therefore impairs memory more broadly. However, the lack of
impairment of a recent (24 h) memory using pure tones presented
here is in contrast to a previous report of a requirement for temporal
neocortex input to the LA during remote memory expression using
simple stimuli (Manassero et al., 2018). This discrepancy could
reflect an enhanced requirement of temporal neocortex for long term
memory storage as has previously been suggested (Frankland &
Bontempi, 2005; Sacco & Sacchetti, 2010; Weinberger, 2004), or
alternatively be due to technical differences between the two studies.
This should be resolved in future work by comparing the involvement
of cortical input to the LA at different time points under comparable
experimental conditions.
The impairment of memory expression with complex stimuli
raises the question whether cortical input to the LA is also required
for memory formation. A likely prediction is that cortical input is also
required for memory formation based on reports of threat
conditioning-induced plasticity at temporal neocortex à LA synapses
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(Kim & Cho, 2017), as well as the results I have presented in
previous chapters, in which the effects observed on memory
formation are mirrored by those observed on memory expression.
In contrast to inhibition of cortical axons in the LA reducing
freezing during complex stimulus memory expression, stimulation of
these axons results in the induction of freezing behavior in the
absence of a threat memory. This indicates that temporal neocortex
neurons projecting to the amygdala have access to the necessary
circuitry required to instruct freezing behavior. However, the temporal
pattern of stimulation used in these experiments does not reflect a
physiologically plausible activity pattern of cortical input to the lateral
amygdala. Therefore, an important question is to identify the activity
dynamics of temporal neocortex input to the lateral amygdala. This
was addressed in a series of experiments (performed by Elisabeth
Abs, published in Dalmay et al., 2019) using in vivo calcium imaging
of amygdala-projecting neurons in auditory cortex which revealed
that these cells undergo a balanced form of population plasticity
mediating stimulus discrimination. It would therefore be interesting in
future work to investigate the behavioral consequences of eliciting
more physiologically realistic activity patterns along this pathway.
An important remaining open question is how this cortical
input is integrated in the lateral amygdala in order to generate
freezing in response to the appropriate auditory stimuli. Temporal
neocortex afferents in the lateral amygdala form connections with
diverse local inhibitory neurons (Krabbe et al., 2019; Lucas, Jegarl,
Morishita, & Clem, 2016), thus it is necessary to resolve the net
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effect of cortical input to the lateral amygdala network in future
investigations. Furthermore, while the lateral amygdala is the
predominant target structure for cortical input to the amygdala, a
direct cortical input to the basal amygdala (BA) originating from TeA
has also been reported (Lucas et al., 2016). Thus, the possibility
exists that there are parallel streams of auditory information arriving
in different amygdala nuclei, which also merits future investigation.
One way in which cortico-amygdala interactions could be addressed
in future work is to record activity in the amygdala using multisite
extracellular recordings, enabling simultaneous recording from the
lateral and basolateral divisions, in the presence versus absence of
cortical inhibition, thus addressing the impact of cortical input on the
amygdala network.
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Summary
Understanding neocortical function is a central goal of
neuroscience research. A prerequisite for achieving this is
knowledge of the specific behavioral processes to which defined
neocortical areas and pathways contribute. Since the end product of
all neuronal activity is ultimately the generation of behavior, the
behavioral relevance of neuronal activity in the brain is critical for
gaining a meaningful understanding of the neural code. Contrary to
the simple notion that sensory cortical areas are always required for
any behavior requiring sensory processing, previous work across
different sensory modalities and behavioral tasks has demonstrated
that the identification of cortical contribution to defined behavioral
processes requires systematic assessment of the parameters
governing the critical involvement of neocortical areas. Here, I have
taken advantage of Pavlovian auditory associative learning as a
powerful, well-controlled learning paradigm which requires a
modification of sensory processing to generate adaptive behavior in
order to test the hypothesis that the complexity of auditory stimuli
used for learning is a critical parameter determining the requirement
of defined subregions of temporal neocortex and its output pathway
to the amygdala.
In Chapter 1, I outlined the primary question of the thesis and
highlight why the experiments I performed were of need to further
understand neocortical function. I presented an overview of the key
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literature on the brain regions involved in threat learning and
highlighted important remaining open questions.
In chapter 2, I introduced and validated optogenetic inhibition
of temporal neocortex as a powerful method for perturbing neuronal
activity in order to test the requirement of auditory and association
cortex in threat learning. Using multichannel extracellular recording in
anesthetized mice expressing the optogenetic actuator ArchT, I
demonstrate that stimulation with light rapidly and robustly
suppresses neuronal activity. I discuss the advantages as well as
potential caveats of this method and propose control experiments
that could resolve these.
In Chapter 3 I tested the hypothesis that stimulus complexity
determines the requirement of auditory cortex in the formation and
expression of auditory threat memory. Inhibition of auditory cortex
during CS-US presentation during conditioning abolished the
formation of memory selectively when the CS was a more complex
and naturalistic stimulus (frequency modulated sweep), while
learning was preserved when the CS was a simple (pure tone)
stimulus. An analogous dichotomy was observed when, in mice that
had been conditioned without optogenetic perturbation, auditory
cortex was reversibly inhibited on alternating trials during a memory
retrieval session. That is, memory expression was impaired on trials
with auditory cortex inhibition only in mice conditioned with frequency
modulated sweeps, but no significant reduction was observed in
mice conditioned with pure tones or band-pass filtered noise. In
addition, I found that auditory cortex is required for memory formation
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and expression with a frequency modulated sweep also when the
memory is non-discriminative. This suggests that auditory cortex is
required for the identification of a complex stimulus, which is a
prerequisite for subsequent discrimination between threatening and
non-threatening stimuli. These data are the first to delineate stimulus
complexity as a factor governing the requirement of auditory cortex in
a comparable, systematic way.
Despite the clear dichotomy observed between the effects of
auditory cortex inhibition with complex or simple stimuli, some
previous studies have reported memory deficits caused by auditory
cortex inhibition using simple stimuli. What could explain this
discrepancy? In Chapter 4 I presented experiments in which I
inhibited the entire temporal neocortex (auditory cortex and temporal
association cortex). Surprisingly, this manipulation resulted in more
ubiquitous behavioral effects, with both memory acquisition and
expression abolished for simple as well as complex stimuli. These
results can reconcile existing discrepancies in the literature, since
previous studies did not precisely quantify the extent to which
temporal association cortex may have been inhibited. In addition,
these results highlight temporal association cortex, which has not
been previously investigated in detail, as an important cortical area
for future research.
In Chapter 5 I further dissected the relative contributions of
the subregions of temporal neocortex using more confined
expression of ArchT and targeted light delivery. These experiments
revealed that secondary ventral auditory cortex and temporal
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association cortex play a stronger role in memory expression in
comparison to primary auditory cortex. Interestingly, this was
paralleled by an enrichment of amygdala-projecting neurons along
this medio-temporal gradient. Given the critical function of the
amygdala in threat memory, this anatomical data raised the
parsimonious hypothesis that the crucial involvement of temporal
association cortex arises through interaction with the amygdala.
In Chapter 6 I tested this hypothesis by inhibiting the axon
terminals of temporal neocortex neurons in the lateral amygdala
during threat memory retrieval. This produced a robust memory
deficit when mice were conditioned to frequency modulated sweeps,
but not when mice were conditioned to pure tones. This dichotomy,
resembling that observed in Chapter 3, indicates a greater
redundancy of the pathways capable of mediating pure tone memory
in comparison to frequency modulated sweep memory, and suggests
the existence of multiple important output pathways from temporal
association cortex.
In conclusion, the results presented in this thesis significantly
refine the understanding of the conditions that govern the
requirement of neocortical processing in a well-defined and widely
used model of associative learning by identifying auditory stimulus
complexity as a critical organizing feature, as well as revealing
temporal association cortex as a critical hub for threat conditioning
with simple as well as complex auditory stimuli.
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Samenvatting
Het begrijpen van de functie van de neocortex is een
centraal

doel

van

neurowetenschappelijk

onderzoek.

Een

voorwaarde om dit te bereiken is het verkrijgen van inzicht in de
specifieke gedragsprocessen waaraan gedefinieerde neocorticale
gebieden en paden bijdragen. Aangezien het eindproduct van alle
neuronale activiteit uiteindelijk het genereren van gedrag is, is de
gedragsrelevantie van neuronale activiteit in de hersenen van
cruciaal belang om te begrijpen wat neuronen precies coderen. In
tegenstelling tot de eenvoudige opvatting dat sensorische corticale
gebieden altijd vereist zijn voor elk gedrag dat sensorische
verwerking vereist, heeft eerder werk aan verschillende sensorische
modaliteiten en gedragstaken aangetoond dat de identificatie van
corticale

bijdrage

aan

gedefinieerde

gedragsprocessen

een

systematische beoordeling van de parameters vereist om de
kritische betrokkenheid van neocorticale gebieden te toetsen. In mijn
werk heb ik gebruik gemaakt van Pavloviaans auditief associatief
leren,

een

krachtig,

goed

gecontroleerd

leerparadigma

dat

aanpassingen aan de verwerking van sensorische informatie vereist
om adaptief gedrag te kunnen genereren. Ik heb de hypothese
getest dat de complexiteit van auditieve stimuli die worden gebruikt
een kritische parameter is, die bepaalt welke gedefinieerde
subregio's van de temporale neocortex en het outputpad naar de
amygdala vereist zijn voor leren.
In hoofdstuk 1 heb ik de primaire vraag van het proefschrift
beschreven en uiteengezet waarom de experimenten die ik heb
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uitgevoerd nodig waren om de bestaande kennis van de functie van
de neocortex uit te breiden en te verdiepen. Ik heb een overzicht van
de belangrijkste literatuur over de hersengebieden die betrokken zijn
bij het leren van bedreigingen weergegeven en heb daarnaast de
belangrijkste openstaande vragen benadrukt.
In hoofdstuk 2 heb ik optogenetische remming van de
temporale neocortex geïntroduceerd en gevalideerd als een
krachtige methode voor het verstoren van neuronale activiteit om te
testen of de auditieve en associatiecortex betrokken zijn bij het
aanleren van signalen geassocieerd met bedreigingen. Door middel
van

het

meten

van

extracellulaire

actiepotentialen

in

geanesthetiseerde muizen die het lichtgevoelige eiwit ArchT tot
expressie brengen, toon ik aan dat stimulatie met licht neuronale
activiteit snel en robuust onderdrukt. Ik bespreek de voordelen en
mogelijke beperkingen van deze optogenetische methode en stel
controle-experimenten voor die deze kunnen oplossen.
In

hoofdstuk

3

testte

ik

de

hypothese

dat

stimuluscomplexiteit bepaalt of de auditieve cortex betrokken is bij de
vorming en het tot uiting komen van auditief geheugen voor
bedreigende situaties. Remming van de auditieve cortex tijdens CSUS-presentatie tijdens conditionering schakelde de vorming van
geheugen selectief uit wanneer de CS een meer complexe en
natuurlijke stimulus (frequentiegemoduleerde sweep) was, terwijl het
leren niet beïnvloed werd wanneer de CS een eenvoudige (zuivere
toon) stimulus was. Een zelfde dichotomie werd waargenomen
wanneer,

in

muizen

die

waren
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geconditioneerd

zonder

optogenetische verstoring, de auditieve cortex tijdens een sessie
voor het ophalen van een bedreigende herinnering tijdens
alternerende tests (CS presentaties) reversibel werd geremd (op de
helft van deze presentaties). Dat wil zeggen, het tot expressie komen
van het geheugen was aangedaan bij proeven waarin de auditieve
cortex

geremd

werd,

maar

alleen

bij

muizen

die

waren

geconditioneerd met frequentiegemoduleerde sweeps. Echter, er
werd geen significante reductie waargenomen bij muizen die waren
geconditioneerd met zuivere tonen of band-pass gefilterde ruis.
Bovendien ontdekte ik dat de auditieve cortex ook vereist is voor
geheugenvorming en expressie met een frequentiegemoduleerde
sweep wanneer discriminatie van sensorische stimuli

niet nodig is.

Dit suggereert dat de auditieve cortex nodig is voor de identificatie
van een complexe stimulus, wat een voorwaarde is voor de
daaropvolgende

discriminatie

tussen

bedreigende

en

niet-

bedreigende stimuli. Deze resultaten laten dus voor het eerst zien
dat de complexiteit van de stimulus een belangrijke factor is die de
betrokkenheid van de auditieve cortex op een vergelijkbare,
systematische manier bepaalt.
Ondanks de duidelijke dichotomie tussen de effecten van
auditieve cortexremming met complexe of eenvoudige stimuli op het
geheugen, hebben sommige eerdere onderzoeken melding gemaakt
van

een

verminderd

geheugen

veroorzaakt

door

auditieve

cortexremming met eenvoudige stimuli. Wat zou deze discrepantie
kunnen verklaren? In hoofdstuk 4 heb ik experimenten gedaan
waarin ik de gehele temporale neocortex heb geremd (auditieve
cortex

en

temporale

associatie
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cortex).

Verrassend

genoeg

resulteerde

deze

manipulatie

in

meer

alomtegenwoordige

gedragseffecten, waarbij zowel geheugenverwerving als expressie
compleet geblokkeerd waren voor zowel eenvoudige als complexe
stimuli. Deze resultaten kunnen bestaande discrepanties in de
literatuur met elkaar in overeenstemming brengen, omdat eerdere
studies niet precies kwantificeerde in welke mate de temporale
associatie cortex mogelijk was geremd. Bovendien benadrukken
deze resultaten dat de temporale associatie cortex, die nog niet
eerder in detail is onderzocht, een belangrijk corticaal gebied is voor
toekomstig onderzoek.
In hoofdstuk 5 heb ik de relatieve bijdragen van de
subregio's van de temporale neocortex verder ontleed met behulp
van een meer beperkte expressie van ArchT en gerichte lichtafgifte.
Deze experimenten toonden aan dat de secundaire ventrale
auditieve cortex en temporale associatiecortex een sterkere rol
spelen in geheugenexpressie in vergelijking met de primaire
auditieve cortex. Interessant genoeg vonden we parallel hieraan een
toename van het aantal amygdala-projecterende neuronen langs
deze medio-temporele gradiënt. Gezien de kritische functie van de
amygdala in de regulatie van het geheugen voor bedreigingen,
leiden deze anatomische gegevens tot de hypothese dat de cruciale
betrokkenheid van de temporale associatiecortex ontstaat door
interactie met de amygdala.
In hoofdstuk 6 heb ik deze hypothese getest door de de
axonale uiteindes van temporale neocortex neuronen in de laterale
amygdala te remmen tijdens het ophalen van een herinnering aan
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een bedreiging. Dit produceerde een robuuste blokkade van
geheugenexpressie wanneer muizen werden geconditioneerd met
frequentiegemoduleerde sweeps, maar niet wanneer muizen werden
geconditioneerd met zuivere tonen. Deze dichotomie, die lijkt op die
waargenomen in hoofdstuk 3, duidt op een grotere overmaat aan
paden die in staat zijn om zuiver toongeheugen te verwerken dan dat
er zijn om het geheugen voor frequentiegemoduleerd sweeps te
coderen, en suggereert het bestaan van meerdere belangrijke
outputpaden van de temporale associatie cortex.
Concluderend kunnen we zeggen dat de resultaten in dit
proefschrift het begrip van de condities waaronder neocorticale
verwerking van sensorische informatie vereist is, in een goed
gedefinieerd en algemeen gebruikt model van associatief leren,
aanzienlijk verfijnen en dat auditieve stimuluscomplexiteit hierin een
kritisch organiserend kenmerk is. Daarnaast hebben we de
temporale associatie cortex blootgelegd als een kritieke hub voor
conditionering van bedreigingen met zowel eenvoudige als complexe
auditieve stimuli.
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