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ABSTRACT OF THE DISSERTATION
Multimodal Synaptic Integration in the Posterior Parietal Cortex
by
Daniel Jun Rindner
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2023

Associate Professor Gyorgy Lur, Chair

Integration of feedforward and feedback synaptic input is a core feature of neural circuits. Proper
interaction between these pathways is critical for nearly all cognitive processes, ranging from
basic sensory perception to goal-oriented behaviors including decision making, learning,
attention shifting, and working memory. Due to a technical inability to selectively manipulate
feedforward and feedback synaptic pathways, previous efforts to examine their interaction rely
on passive measures of neural activity in human and other animals, revealing a signature,
transient enhancement of neural signals during periods of top-down control. In a largely non-
overlapping body of work, detailed studies of dendritic physiology have uncovered basic
mechanisms underlying nonlinear enhancement of synaptic input, albeit largely agnostic to input
identity. Taking advantage of recent advances in multicolor optogenetics, my thesis aims to
uncover cellular mechanisms which explain the neural enhancement observed during top-down
modulation. In Chapter 1, I report procedural improvements to a dual-color optogenetic approach
for selectively stimulating feedforward and feedback afferents. I demonstrate an exhaustive test
of experimental parameters influencing crosstalk, and lastly propose a “lookup table” strategy
which minimizes cross-activation of synaptic pathways. Next, in Chapter 2 I explore how deep-

layer neurons integrate synaptic input from feedforward and feedback sources, using dual-color



optogenetics to expand on decades of synaptic integration work based on electrical stimulation
methods. I show that layer 5 pyramidal cells in the posterior parietal cortex (PPC) receive
monosynaptic dual innervation, combining inputs from sensory and frontal cortex. I then
describe the distinct temporal dynamics by which subclasses of layer 5 pyramidal neurons
integrate these synapses. Specifically, regular spiking (RS) cells exhibit supralinear enhancement
of delayed, but not coincident inputs, while intrinsic burst firing (IB) neurons selectively boost
coincident synaptic events. In explanation of this difference, I next present pharmacological and
computational modelling data collected in collaboration with a postdoc in the Lur lab, indicating
that distinct integration profiles arise from a cell-type specific interaction of ionic mechanisms
and feedforward inhibition. Finally, in Chapter 3 I address how nonlinear enhancement of
converging synaptic pathways may generate persistent firing, a neural hallmark of working
memory in the PPC. In this Chapter I mimic the effect of optogenetically-evoked synaptic input
via direct electrical activation of single cells, showing that projection-specific cells
corresponding to RS and IB subtypes have differential propensity for persistent firing. Namely,
cells corresponding to the IB subtype display longer-lasting, higher-frequency spike firing than
RS during periods of sustained activation, which was not driven by differences in network
connectivity between the cell types. I end with speculation of the intrinsic mechanisms which

may position IB cells as preferentially engaged during periods of persistent firing.

Xi



INTRODUCTION

Cognitive role of feedforward-feedback interactions

Brain regions are organized hierarchically, with anatomical connections permitting information
flow in both “bottom-up” and “top-down” directions. At the “bottom” of this hierarchy are
sensory receptor cells, responsible for the initial transformation of external cues to electrical
signals. This signal is sent via feedforward afferents, to be filtered and interpreted by higher
brain structures such as visual, auditory, or somatosensory cortices dedicated to processing one
sensory domain. In turn, domain-unspecific regions at the “top” — such as the prefrontal cortex,
cingulate cortex, and hippocampus — send information related to internal state to lower brain
areas via feedback projections, forming a reciprocal processing loop responsible for nearly all
aspects of human cognition.

The importance of feedback in modulating feedforward processing has been clear for
many decades. Top-down factors including motivation (Sanford, 1936), attitude (Zajonc, 1968),
and memory (Bugelski and Alampay, 1961) have all been shown to alter sensory perception in
humans. Given the sensitivity of perception to top-down influence it is perhaps unsurprising that
patients diagnosed with disorders classically associated with decreased cognitive function —
Alzheimer’s disease (AD) (Gates et al., 1995; Waldton, 1974), Schizophrenia (Adler et al., 1982;
Jeon and Polich, 2003; Moberg et al., 2006), Attention-deficit hyperactivity disorder (ADHD)
(Ghanizadeh et al., 2012; Mangeot et al., 2001), and post-traumatic stress disorder (PTSD)
(Cisler et al., 2011; Jedlicka and Zhen, 2023; Olatunji et al., 2015) — often co-present with

deficits in sensory processing that persist across modalities and are independent of basic sensory



thresholds. Perceptual abnormalities thus likely arise from a dysfunctional interaction of

feedback signals with otherwise typical feedforward sensory information.

Central position of posterior parietal cortex within a cortical hierarchy

Human neuroimaging studies of higher cognitive function often implicate activity of frontal and
parietal areas, particularly prefrontal (PFC) and posterior parietal cortices (PPC) (Braver et al.,
2003; Dosenbach et al., 2007, 2006; Sheffield et al., 2015). Together, these regions comprise a
frontoparietal network first proposed by Dosenbach et al. 2007 based on their functional
connectivity in the resting state (Dosenbach et al., 2007). Activity correlations between frontal
and parietal network nodes increase during periods of top-down control (Buschman and Miller,
2007; Haegens et al., 2010; Zanto et al., 2011), which has been linked to cognitive processes of
attention (Greenberg et al., 2010; Serences et al., 2004; Szczepanski et al., 2010), working
memory (Bunge et al., 2003; Jerde et al., 2012; Salazar et al., 2012), and decision making
(Pesaran et al., 2008; Rens et al., 2017; Thimm et al., 2012). Moreover, the strength of
frontoparietal network connectivity has been shown to positively correlate with certain
intelligence metrics (Sheffield et al., 2015). As such, the frontoparietal network has been
proposed to represent one of several central control systems for cognitive function (Marek and
Dosenbach, 2018).

Despite having highly correlated activity patterns, frontal and parietal areas have
dissociable roles in cognition and position in a cortical hierarchy. A classic study by Brenda
Milner demonstrates that patients with frontal, but not parietal, lobe lesions have difficulty

shifting between alternating task rules (Milner, 1963). A later study using a visual search task



showed that activation of frontal areas is stronger during top-down (goal-driven) search, while
activation of parietal regions is stronger during bottom-up (stimulus-driven) capture of attention
(Li et al., 2010). Furthermore, using the same task as Li et al. 2010, Buschman and Miller
showed that neurons in the non-human primate PFC encode target location roughly 150 ms
before the PPC during top-down search (Buschman and Miller, 2007). This sequence of
activation reverses during bottom-up attention capture, during which posterior parietal regions
encode target location roughly 100 ms before frontal areas (Buschman and Miller, 2007). These
data are consistent with a hierarchical model of brain organization, and support the notion that
the parietal regions are “below” frontal cortex, providing an input pathway for sensory
information to interact with the frontoparietal control network.

Detailed anatomical studies in rodents also support the central hierarchical position of
PPC between PFC and sensory cortices. However, the existence of a “true” PFC in rodents has
been the subject of much debate, and a consensus opinion of which anatomical regions do — or
would — constitute this region remains unreached (Laubach et al., 2018). Rather, functions of
human PFC seem distributed between other “frontal” regions in the rodent brain, particularly the
prelimbic/infralimbic (PL/ILA), orbitofrontal (OFC), and anterior cingulate cortices (ACC)
(Preuss, 1995; Seamans et al., 1995). Despite this, anatomical mapping of projections to and
from PPC provides valuable insight to the function of these highly interconnected brain areas
(Figure 1). Systematic retro- and anterograde tracer injections have repeatedly shown densest
feedback projections to PPC from ACC (Wilber et al., 2014; Zhang et al., 2016; Zingg et al.,
2014), suggesting that top-down input from ACC is distinctly important for modulating PPC
function (Figure 1). Notably, there exists also a clear bias in the strength of sensory innervation

of PPC over other association (retrosplenial (RSC), temporal association (TEA), and entorhinal



(ENT)) and frontal areas (Wilber et al., 2014; Zhang et al., 2016; Zingg et al., 2014). In fact, PPC
has privileged access to sensory information, remaining the only non-canonical sensory cortical
region to have direct, convergent innervation by all auditory (AUD), visual (VIS), and
somatosensory (SOM) cortices (Zhang et al., 2016; Zingg et al., 2014). Furthermore, alternative,
more direct pathways for sensory information to reach the PPC from thalamic relay stations —
lateral geniculate (LGN), medial geniculate (MGN), ventral posteromedial nucleus (VPM) — are
hardly found (Cappe et al., 2009; Chandler et al., 1992). However, recent open-source neural
tracing data published by the Allen Institute for Brain Science suggest that limited projections
from LGN to postero-medial portions of the PPC (also referred to as Oc2) can be found

(“Projection :: Allen Brain Atlas: Mouse Connectivity,” n.d.), although the anatomical

Figure 1. Simplified schematic of major
input and output pathways of the PPC.
Dark arrows represent known pathways
OFC bypassing the PPC. Purple arrows depict
pathways either from or to the PPC. Dotted
arrows indicate relatively weak pathways.
ACC, anterior cingulate cortex; AUD,
auditory area; CER, cerebellum; ENT,
entorhinal cortex; HIPP, hippocampus;
. LGN, lateral geniculate nucleus; MGN,

| medial geniculate nucleus; MO, motor

I cortex; OFC, orbitofrontal cortex; PL/ILA,

: prelimbic/infralimbic area; PON, pons;

| PPC, posterior parietal cortex; RSP,
vy L\ A A4 retrosplenial cortrex; SOM, somatosensory
area; STR, striatum; TEA, temporal
association area; VIS, visual area; VPM,
ventral posteriomedial nucleus. Data
referenced from Chandler et al. 1992,
! Cappe et al. 2009, Wilber et al. 2014,
c-H-» BNT & Zhang et al. 2016, Zingg et al. 2014,
Projection: Allen Brain Atlas: Mouse
Connectivity, n.d..
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classification of this region as part of PPC is still debated (Palomero-Gallagher and Zilles, 2015;
Whitlock et al., 2008). Thalamocortical input from non-principal sensory thalamic regions
including known projections from the lateral posterior and pulvinar nuclei may also transmit
multisensory information to PPC (Cappe et al., 2009; Gharbawie et al., 2010). Nevertheless, the
density of direct feedforward projections from sensory cortex indicate that these cortico-cortico

pathways represents a substantial source of high-level sensory input to PPC.

Feedforward-feedback integration in the posterior parietal cortex

The role of parietal areas as an integrative “hub” for feedforward and feedback information is
moreover supported by clinical evidence in human patients with parietal cortex lesions. Patients
with parietal damage present with impaired working memory (Koenigs et al., 2009; Mackey et
al., 2016; Warrington et al., 1971) and visuospatial navigation (Ciaramelli et al., 2010; Wilson et
al., 2005). Deficits in contextual sensory processing (Walter and Dassonville, 2008),
sensorimotor transformation (Desmurget et al., 2009, 1999; Ro et al., 2001; Snyder et al., 1997),
and mapping sensory cues in egocentric space (Lacquaniti et al., 1995; Murphy et al., 2016;
Wilson et al., 2005) may reasonably underly these indications, however the precise role of PPC
in these cognitive processes is still an area of active investigation. In support of a role for PPC in
sensory-spatial binding, lesions of the parietal cortex result in neglect (Mesulam, 1999; Tanaka et
al., 1999), a condition characterized by a reduced awareness towards the contralateral sensory
space (Bisiach and Luzzatti, 1978; Hjaltason et al., 1996). Similarly to in AD, Schizophrenia,
ADHD, and PTSD, PPC lesion-induced cognitive impairments are not explained by “pure”

sensory deficits, as other measures of sensory processing (for example, pure tone audiometry)



show normal levels even with such lesions (Tanaka et al., 1999). Rather, behavioral
manifestations are consistent with an impaired attentional process resulting in an inability for
sensory information to enter conscious space. Furthermore, there is evidence that certain
elements of unconscious visual processing remain intact in patients with neglect (Berti and
Rizzolatti, 1992). Thus, parietal areas likely have a higher-order role in sensory processing
involving the conscious evaluation (for example, feature abstraction and categorization) of
sensory information, rather than a downstream role in engaging specific motor programs in
response to sensory input. In support of this theory, work in non-human primates using a visual
saccade task recently demonstrated that PPC inactivation preferentially impairs monkeys’ ability
to discriminate visual stimuli rather than the downstream initiation of a saccade response (Zhou
and Freedman, 2019).

Indeed, neuroimaging and electrical recording efforts in humans (Chivukula et al., 2021;
Regev et al., 2018) and other animals (Goard et al., 2016; Lohuis et al., 2022; Olcese et al., 2013;
Pho et al., 2018; Zhong et al., 2019) indicate that PPC is engaged by a range of sensory stimuli.
Yet, such studies often measured “sensory” responses when stimuli encoded information relevant
for a behavioral task, and thus represents a highly multiplexed signal combining sensory and
feedback cues related to the subject’s internal demands. Several recent studies suggest that
interactions of such feedforward sensory and feedback information streams are important for
PPC function. One such study used transient inactivation of the rodent PPC to show that activity
in this area is important for the categorization of new auditory stimuli (Zhong et al., 2019).
However, PPC inactivation did not inhibit perception of the stimulus itself, as categorization of
learned stimuli was not sensitive to PPC manipulations (Zhong et al., 2019), suggesting that

sensory processing in PPC is highly dependent on behavioral context. In a second particularly



notable study, Pho et al. directly compared activity in primary visual cortex (V1) and PPC in
mice during both passive and task-engaged states. They demonstrate that while V1 exhibits
visual responses to viewing in both behavioral conditions, PPC responses are selectively gated
by their importance to the task (Pho et al., 2018). In fact, while a topographic representation of
the visual field was for many years considered absent in human parietal areas, such organization
is observed when the mapping task involves storing the visual location in working memory
(Sereno et al., 2001). Dynamic, task-dependent encoding of stimulus properties have also been
extensively described in monkeys (Fanini and Assad, 2009; Ibos and Freedman, 2014; Sarma et
al., 2016; Stoet and Snyder, 2004; Toth and Assad, 2002). For example, PPC neurons have been
demonstrated to shift between color and location (Toth and Assad, 2002) or direction response
(Ibos and Freedman, 2014) tunings based on task demands. Together, these studies indicate that
sensory encoding in PPC is flexible, and furthermore governed by top-down contextual influence.
What is the source of these top-down modulatory cues? As anatomical evidence suggests,
a major source of feedback to PPC is from the ACC. The ACC is most commonly associated
with prediction error monitoring (Gehring and Willoughby, 2002), selective attention (Pardo et
al., 1990; Totah et al., 2009; Weissman et al., 2006) and working memory (Osaka et al., 2004;
Otsuka et al., 2006). Visual attention tasks increase coherence between ACC and PPC in primates
(Buschman and Miller, 2007), suggesting that the coordinated activity of ACC and PPC is
important for cognitive control. Transient reductions in ACC activity have been proposed to
underly momentary lapses in attention, thereby contributing to trial-by-trial variance in behavior
performance (Weissman et al., 2006). Indeed, chemical inactivation of ACC in rodents appears to
causally regulate attention and susceptibility to visual distractors in rodents (Kim et al., 2016;

Koike et al., 2016). In general terms, frontal areas are thus thought to primarily provide top-



down information including selective attention, context, and behavioral rules(Koechlin et al.,
1999; Miller and Cohen, 2001; Milner, 1963; Suzuki and Gottlieb, 2013). Parietal areas then
integrate this information with incoming sensory evidence to guide future action (Bunge et al.,
2003; Rowe et al., 2008). Based on both anatomical and functional evidence, the rodent PPC
appears to represent a homolog of PPC in humans. Furthermore, given its strong innervation by
sensory and frontal regions, and functional role in higher-level sensory processing, the PPC
represents an ideal model region for studying the mechanistic interactions of feedforward and

feedback pathways.

Multimodal enhancement of neural activity

Feedforward-feedback interactions have been studied extensively in the human brain. The bulk
of such studies focus on mechanisms of selective attention, due to the relative ease of instructing
top-down attention in human subjects. In general, the effect of attentional feedback from higher
brain areas either enhances (Flevaris and Murray, 2015; Fritz et al., 2003; Warren et al., 2014) or
suppresses (Gazzaley et al., 2005a, 2005b; Pinsk et al., 2004) bulk neural activity (measured via
whole-brain imaging or electrical recording techniques with relatively low spatiotemporal
resolution) in lower brain regions. Single unit recordings in monkey visual areas suggest that
attentional feedback increases stimulus-evoked spike responses, without changing the neuron’s
receptive field or stimulus preferences (McAdams and Maunsell, 1999). An important recent
study showed that optogenetic activation of cingulate cortex enhances stimulus-evoked spiking
responses in the primary visual cortex (V1) and improves behavioral visual discriminability in

mice (Zhang et al., 2014). Notably, in Zhang et al., optogenetic activation of the mouse cingulate



cortex was performed at levels which do not produce suprathreshold responses in downstream
V1 neurons (Zhang et al., 2014). Thus, two mechanistic explanations could theoretically explain
the visual stimulus-evoked enhancement seen in V1 cells. One possibility is simply that tonic
activation of cingulate cortex provides a source of background excitation of V1 neurons,
resulting in these cells sitting closer to action potential threshold. An alternative possibility is that
subthreshold synaptic input from cingulate fibers is nonlinearly integrated with feedforward
signals from visual thalamus. Nevertheless, these data and that from other studies indicate that
synaptic signals encoding attentional demand interact with feedforward sensory information in
lower brain areas, resulting in increased spiking activity in local neurons. However, the precise
mechanism by which these multimodal synaptic pathways interact are not well understood.

The notion that input from one pathway can directly influence response to another has its
origins in multi-sensory integration, and now-classic experiments on audio-visual integration
done by M. Alex Meredith and Barry Stein. One of their early in vivo observations was a
nonlinear enhancement of neural responses in the cat superior colliculus to simultaneously
presented auditory and visual cues, which were many times greater than the simple summation of
spiking responses to each stimulus (Meredith and Stein, 1996, 1983). In extreme cases, cells
appeared to not respond to either sensory modality, but responded robustly only when both
stimuli were presented simultaneously (Meredith and Stein, 1996, 1983). Similar enhancement of
multisensory input is observed elsewhere in the brain, including in neurons of the cat anterior
ectosylvian sulcus (Wallace et al., 1992) and more recently in the mouse PPC (Olcese et al.,
2013). These findings suggests that an active process exists that specifically amplifies neural
activity to multimodal input, the effect of which is the improved speed and likelihood of

detecting a multisensory event (Bell et al., 2005; Diederich and Colonius, 2004; Frens et al.,



1995; Nozawa et al., 1994). Such a mechanism may involve a specialized circuit motif, or
synaptic integration in individual cells. Which of these mechanisms are engaged during
multisensory integration, and whether the same mechanisms are involved in the integration of

feedforward and feedback inputs is unknown.

Dendritic integration: Fundamental principles and evidence of in vivo function

Decades of work has established that neuronal dendrites are highly dynamic sites for synaptic
integration, capable of performing a wide array of nonlinear computations including supralinear
enhancement of precisely timed synaptic inputs. Dendritic nonlinearities have been reported in
vivo (Helmchen et al., 1999; Suzuki and Larkum, 2017; Xu et al., 2012), and previously
suggested to enable context-dependent sensory coding (Larkum et al., 1999; Xu et al., 2012).
Dendrites have enormous computational power, owing to a wealth of voltage-dependent
channels expressed in dendritic membranes. These active mechanisms can result in nonlinear
voltage events called dendritic spikes first reported in brain slice preparations in cerebellar
neurons (Llinas et al., 1968) and later demonstrated in cortical (Polsky et al., 2004; Schiller et al.,
1997) and hippocampal (Losonczy and Magee, 2006; Takahashi and Magee, 2009) cells.
Dendritic spikes result from the rapid opening of voltage-gated ion channels, and provide a
robust mechanism for supralinear enhancement of synaptic input. Several voltage-gated channel
conductances have been implicated in dendritic spikes, including calcium channel (Losonczy and
Magee, 2006; Schiller et al., 1997), sodium channel (Golding and Spruston, 1998; Kim and
Connors, 1993), and NMDA receptor conductances (Losonczy and Magee, 2006; Polsky et al.,

2004). The generation of dendritic spikes is highly dependent on the timing (<250 ms)

10



(Gasparini et al., 2004; Takahashi and Magee, 2009) and location (within a dendritic branch)
(Gasparini et al., 2004; Polsky et al., 2004) of synaptic inputs along the dendritic process.
Dendritic activity is usually relatively localized (Palmer et al., 2014), however dendritic spikes
can have a measurable impact on the spiking activity at the soma. This was first predicted in
computational modeling studies (Traub et al., 1991), and later confirmed in acute slices (Larkum
et al., 1999; Schiller et al., 1997). Still, dendritic spikes initiated in apical dendrites often fail at
branch points due to sudden increases in input impedance (Goldstein and Rall, 1974; Jarsky et al.,
2005; Manor et al., 1991), and are therefore unreliable messengers of distal synaptic activity for
the cell soma (Golding and Spruston, 1998). However, simultaneous input to more proximal
dendritic segments can allow forward propagation of the dendritic spike to the cell body (Jarsky
et al., 2005). Thus, convergent synaptic input to different regions of the dendritic tree can
nonlinearly influence somatic spiking in two ways — first, by increasing the likelihood of
generating a dendritic spike, and second, by allowing the passage of such nonlinear dendritic
voltage events to the soma. In addition to supralinear dendritic spikes, several sublinear
processes have also been reported in pyramidal cell dendrites (Abrahamsson et al., 2012; Cash
and Yuste, 1999; Kim et al., 1995; Larkum et al., 1999; Tran-Van-Minh et al., 2016). The wide
array of nonlinear computations present in neuronal dendrites make them likely sites of
integration for feedforward and feedback information pathways.

There is evidence, albeit limited, that neuronal dendrites are involved in integrating top-
down and sensory signals in vivo. Sensory input can trigger nonlinear dendritic events in
pyramidal neurons of primary sensory regions, including NMDA (Palmer et al., 2014; Smith et
al., 2013) and sodium spikes (Smith et al., 2013). Top-down signals in the cortex are classically

thought to target apical dendrites in cortical layer 1 (L1) (Kaas et al., 1977; Markov et al., 2014;
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Rockland and Pandya, 1979; Tigges et al., 1977). In a particularly impressive study, Palmer et al.
used two-photon calcium imaging to test dendritic response of pyramidal neurons in
somatosensory cortex when stimulating the hindpaw, L1, or paired stimulation of both (Palmer et
al., 2014). While electrical activation of L1 induced no response and hindpaw stimulation only
mild responses, co-activation induced large calcium transients at significantly higher frequency
than either stimulus alone (Palmer et al., 2014). Furthermore, co-stimulation-induced calcium
signals were absent in the presence of an NMDA receptor antagonist, suggesting that NMDA
spikes (and the underlying changes in calcium influx) are important for the association of
feedforward and feedback synaptic input. In a second notable study, Xu et al. demonstrate that
dendritic calcium spikes in the barrel cortex are triggered only when whisker deflections
coincide with periods of active whisking (a top-down process likely involving feedback from
motor association areas) (Xu et al., 2012). Nevertheless, mechanisms by which synaptic input

from feedforward and feedback pathways interact is far from known.

Cell types in layer 5 of the neocortex

The neocortex is a highly stratified and genetically diverse structure, with complex wiring
principles and intrinsic electrophysiological features which are likely to impact synaptic
integration. Indeed, even the concept of distinct cortical “layers” has been argued as misleading,
as such a cell body-centric classification scheme (i.e. ““ layer 5 cells”) fails to capture the true
functionally relevant processing regions (dendrites, axons) of neurons, which are rather
distributed across multiple “layers” (Larkum et al., 2018). Even within a cortical layer, many

distinct cell types are found, including non-excitable glial cells, and GABAergic inhibitory and
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glutamatergic excitatory pyramidal neurons. Most of the examination of dendritic integration
was performed in neurons in layer 5 (L5), owing to their relatively large apical dendrite
accessible for intracellular recording. L5 cells extend dendrites throughout the entire cortical
column (Chagnac-Amitai et al., 1990; Yang et al., 1996), and is thought to compose a distinct
“output” layer of cortex, as their axons ramify to cortical and non-cortical targets (Kim et al.,
2015). LS5 cell types have furthermore been classified by their electrophysiological features and
genetic profiles (Chagnac-Amitai et al., 1990; Connors et al., 1982; Dembrow et al., 2010, 2010;
Gao and Zheng, 2004, 2004; Harris and Shepherd, 2015; Hattox and Nelson, 2007; Kasper et al.,
1994; Kim et al., 2015; Larkman and Mason, 1990; Mason and Larkman, 1990; Morishima et al.,
2011; Yang et al., 1996). From these classification schemes, two broad categories of cell types in
L5 emerge. The first are intratelencephalic (IT) neurons, which send axons to contralateral
cortical regions and have tonic action potential firing patterns (and are thus also referred to as
regular spiking, or “RS” neurons) (Figure 2). The second are pyramidal tract (PT) neurons (also

referred to as extratelencephalic, or “ET”), which project outside the telencephalon to the spinal
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Figure 2. Schematic of input and output pathways of layer 5 projection neurons. (A) Diagram of
pyramidal tract (PT, red) and intratelencephalic (IT, blue) neurons in an acute slice of PPC (bottom).
PT and IT projection targets are shown. (B) Local circuit connectivity of PT and IT neurons, including
inhibitory (Inh., orange) and excitatory cortico-cortico inputs (black). Insets display representative firing
patterns of PT (red) and IT (blue) neurons. A classification scheme based on firing pattern often refer to
PT and IT subtypes as intrinsically bursting (IB) or regular spiking (RS), respectively.
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cord and brainstem, and have the propensity to fire bursts of action potentials (and are thus also
referred to as intrinsically bursting, or “IB” neurons). The exact method used by each study for
identifying IT/RS or PT/IB cell types — either retrograde fluorescent labelling or from their firing
responses to direct current injection — determines the precise term used to classify each. However,
anatomical and electrophysiological phenotypes are highly correlated and thus either label is
commonly accepted to refer to the same neural population.

IT and PT neurons can have complex projection targets, with the same neuron innervating
multiple cortical, sub-cortical, and extratelencephalic regions (Hooks et al., 2018; Peng et al.,
2021). For example, while PT neurons are defined by their extratelencephalic projections, many
also project to regions within the telencephalon, including the thalamus and striatum (Baker et al.,
2018; Kim et al., 2015), which can have distinct roles in behavior (Takahashi et al., 2020). The
location of IT and PT fibers also overlap in the striatum, suggesting that these cells represent
parallel channels of information flow to sub-cortical targets (Hooks et al., 2018). While PT
neurons are highly restricted to deep layer 5, IT neurons are also found in other layers of the
cortex, particularly L2/3. In addition to differences in long-range targets, IT and PT neurons also
have distinct local wiring schemes. While PT neurons primarily innervate other PT neurons, IT
cells innervate both other IT and PT (Brown and Hestrin, 2009; Kiritani et al., 2012; Lefort et al.,
2009), suggesting a unidirectional flow of information from IT to PT. Local inhibitory influence
also appears stronger in IT than PT cells. Electrical stimulation of white matter tracts in rat brain
slices led to clear excitatory postsynaptic potential (EPSP)-inhibitory postsynaptic potential
(IPSP) sequences in RS cells (Chagnac-Amitai et al., 1990). However, in IB cells, stimulation
induced an EPSP in the absence of an IPSP, suggesting weaker feedforward inhibition of PT than

IT cells. Nevertheless, IT and PT cell dendrites span the entire length of the cortical column,
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suggesting that both are equally poised to integrate information arriving to any given layer. Still,
the apical dendritic arbors of PT cells ramify more extensively than that of IT (Hattox and
Nelson, 2007; Larkman, 1991), suggesting that input to L1 could be differentially processed by
each of these cell types.

The classical view of inputs distributions to cortical layers is that feedforward projections
target L4, while feedback projections target L1 and L6 (Kaas et al., 1977, Rockland and Pandya,
1979, Tigges et al., 1977, Markov et al., 2014). However, these assumptions are based nearly
exclusively on anatomical evidence of axon fiber density, and thus do not explicitly represent the
true distribution of functional synapses. One way to address this discrepancy is to use subcellular
channelrhodopsin-2-assisted circuit mapping (SCRACM), an activity-based method for assessing
the location of synapses to a given neuron (Petreanu et al., 2009, 2007). sCRACM involves
inducing channelrhodopsin expression in a defined axon population and recording whole-cell
synaptic currents from a putative downstream neuron while optically dot-stimulating across the
cortical slice. The resulting grid map of evoked synaptic currents provides a rough estimate of
the location of functional synapses from the defined afferent population. Using SCRACM,
Lafourcade et al. mapped inputs to L5 neurons in the RSC, an association area highly
interconnected with PPC, from visual cortex, motor cortex, and thalamus. Comparing axon
distribution and SCRACM maps, authors found that fiber density in RSC L1, particularly
feedforward inputs from visual and motor areas, overestimates functional synapses from these
pathways in that region (Lafourcade et al., 2022), likely due to increased fluorescent signal from
fibers of passage. Furthermore, recent data from a different group performed a systematic
comparison of feedforward and feedback synaptic input locations in the mouse secondary visual

(V2) cortex (Galloni et al., 2022). Here, authors demonstrate also that while anatomical maps
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suggest that ACC feedback to V2 primarily targets L1 dendrites, functional synapses on LS5 cells
are primarily in middle to deep layers (Galloni et al., 2022). Conversely, feedforward projections
from V1 appear to target L4 based on fiber distribution, however functional synapses are
primarily present in L1 and superficial L2 (Galloni et al., 2022). Together, these recent studies
indicate that the classical view of feedforward input targeting L4, and feedback inputs targeting
L1 and L6, may be incorrect. This could be due to the fact that canonical laminar projection
density maps were primarily based on data from sensory cortical regions (Rockland and Pandya,
1979; Tigges et al., 1977), particularly feedforward thalamocortical projections to visual regions.
However, data in higher-order sensory areas such as V2 (Galloni et al., 2022) and association
areas including RSC (Lafourcade et al., 2022) and PPC (described in Chapter 2) suggest that
feedforward cortico-cortico connectivity patterns differ from canonical targets of thalamocortical
projections (“Projection :: Allen Brain Atlas: Mouse Connectivity,” n.d.).

Integration of feedforward and feedback inputs will also be highly sensitive to intrinsic
electrophysiological characteristics of L5 cells. Given the dramatic differences in firing pattern,
IT (regular spiking) and PT (burst firing) cells are also presumed to have unique ion channel
compositions. Burst firing is driven by a combination of slow-inactivating ionic mechanisms
including T-type voltage gated calcium (T-VGCC) (Huguenard and Prince, 1992; Wong and
Prince, 1978) and persistent sodium currents (Azouz et al., 1996; Brumberg et al., 2000; Su et al.,
2001), which generate a slow (10’s of milliseconds) depolarizing envelope triggered by action
potential firing on top of which subsequent sodium spikes ride. A second mechanism involving a
reverberatory interaction of back-propagating sodium spikes triggering forward-propagating
dendritic calcium spikes also appears to contribute to burst firing (Lemon and Turner, 2000;

Mainen and Sejnowski, 1996; Williams and Stuart, 1999). Interplay between somatic and
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dendritic action potentials have also been implicated in detecting coincident synaptic input
arriving in different cortical layers (Larkum et al., 1999). Synaptic interactions are highly
sensitive to intrinsic conductances, particularly those involved in generating dendritic
nonlinearities. Thus, based on their intrinsic electrophysiological dissimilarities alone, it is
reasonable to expect that IT and PT differentially integrate synaptic input.

Perhaps unsurprisingly, IT and PT neurons are also known to have unique roles in the
characteristic processing of information in cortical regions. In V1, IT neurons were shown to
have higher detection thresholds and sharper orientation tuning than PT neurons (Lur et al.,
2016). In primary motor cortex (M1), IT neurons were found to encode the amplitude, while PT
neurons encoded direction of movements (Park et al., 2022). Selective inactivation of IT and PT
neurons have also revealed distinct roles in behavior. Optogenetic inhibition of PT, but not IT,
neurons in V1 impaired performance on a visually cued eyeblink conditioning task in mice (Tang
and Higley, 2020). In the ACC, inhibition of specifically PT neurons enhanced rewarding
properties, while inhibition of IT neurons suppressed the aversive properties of cocaine (Garcia
et al., 2021). Complementing evidence of distinct behavioral roles for IT and PT cells, Takahashi
et al. recorded in vivo calcium dynamics in apical dendrites of labelled L5 cells in primary
somatosensory cortex. They demonstrate that when animals receive passive whisker stimulation,
responsivity of IT and PT dendrites were equal (Takahashi et al., 2020). However, when whisker
stimulation was an important signal for receiving reward, PT dendrites were significantly more
responsive than IT (Takahashi et al., 2020). In total, the extensive differences in innervation
patterns, electrophysiological profiles, behavioral roles, and early in vivo evidence of differential
dendritic signaling in IT and PT neurons suggest that L5 cell types differentially integrate

feedforward and feedback information streams.
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Manipulating activity of distinct neural pathways

Our understanding of feedforward-feedback integration has been hampered by a lack of suitable
methods for simultaneous manipulation of more than one neural pathway. For many decades,
electrical stimulation has been the standard method for experimental and therapeutic activation
of neurons. Electrical stimulation produces robust physiological responses (Borchers et al., 2012;
Ranck, 1975) and is highly versatile, with applications ranging from large-scale activation of
brain areas, from deep brain stimulation in treatment of Parkinson’s (Lachenmayer et al., 2021),
to the relatively localized activation of neural processes in cochlear implants (Zeng et al., 2008).
While clinically successful, radial current spread guarantees that intermingled cells, terminating
axons, and axons of passage have equal likelihood of excitation. Thus, the precise source of
stimulation effects often remains unclear. In experimental settings, specialized preparations have
allowed limited use of electrical stimulation for studying identified synaptic pathways, for
example in thalamocortical (Agmon and Connors, 1991; Cruikshank et al., 2002) and
hippocampal (Takahashi and Magee, 2009) circuits. In fact, taking advantage of the relatively
structured input pathways of the hippocampus, Takahashi and Magee showed that simultaneous
electrical stimulation of perforant path and Schafter collateral input pathways were necessary to
trigger dendritic spikes in CA1 neurons. Nevertheless, in most cortical applications,
experimenters have limited pathway specificity if relying on electrical stimulation alone.

An attractive alternative to electrical stimulation is the use of optogenetic actuators to
manipulate activity in brain circuits. A key benefit of optogenetic approaches is the namesake
requirement to genetically express protein actuators or reporters, conferring light-sensitivity to

select groups of experimenter-defined cells. As non-opsin-expressing cells remain insensitive to
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light, optogenetic tools allows precise cell- and pathway-specific activation in otherwise spatially
overlapping neural circuits. Optogenetic actuators include light-activated ion channels, ion
pumps, and G protein-coupled receptors (Emiliani et al., 2022; Rost et al., 2017). Perhaps the
most widely used actuators for circuit manipulation are channelrhodopsins. Channelrhodopsins
are transmembrane ion channel proteins which incorporate retinal, the light-sensing molecule.
Photon absorpotion induces an isomerization reaction in retinal from an all-trans to a 15-cis
conformation, which in turn induces a reorganization of surrounding amino acid residues which
opens an ion-selective pore (Ardevol and Hummer, 2018; Becker-Baldus et al., 2015; Xin et al.,
2023). The net charge of pore residues then determines the ion species the specific
channelrhodopsin protein passes (Berndt et al., 2016), while the color-sensitivity of each opsin is
derived from the unique protein structure (Kishi et al., 2022; Prigge et al., 2012).

From the early days of optogenetics there was interest in combining multiple optogenetic
tools with distinct wavelength sensitivity to independently control distinct neuron populations.
Successfully applied, multicolor optogenetics would permit co-manipulation of feedforward and
feedback pathways, allowing detailed study of their synaptic interactions with millisecond
precision. Nonetheless, cross-activation of opsins with broad wavelength sensitivity remains a
major concern. Extensive efforts have been taken to limit optical crosstalk (Anisimova et al.,
2023; Bauer et al., 2021; Birdsong et al., 2019; Hooks et al., 2015; Joffe et al., 2022; Klapoetke
et al., 2014; Prasad et al., 2020; Rindner et al., 2022; Shelton et al., 2022; Xia et al., 2020). Many
groups have engineered new channelrhodopsin variants with more narrow activation spectra,
covering a wider range of peak excitation wavelengths. In applied settings, experimenters have
also adopted several optical approaches for limiting cross-activation. Unquestionably, the

problem of crosstalk is ongoing.
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Discovery roadmap

In the following 3 chapters, I optimize and employ optical approaches to study synaptic
mechanisms of feedforward-feedback integration in the posterior parietal cortex (PPC). I begin
this dissertation by describing advancements I make to increase the applicability of dual-color
optogenetics for everyday users. I make procedural improvements which limit crosstalk,
facilitating the adoption of a powerful multi-color optogenetic approach for other labs. I then use
this technique to reveal key features of feedforward-feedback synaptic integration, including the
importance of input timing, ionic conductances, and local microcircuitry for successful
interaction between these critical information pathways. My experiments also reveal a novel role
for layer 5 cell types in integrating feedforward and feedback inputs. Finally, I dive into the
contribution of feedforward-feedback integration and projection-specific neuron populations to

the generation of persistent firing, one of the defining characteristics of working memory in the

PPC.
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CHAPTER 1

Multi-color optogenetic approaches for studying complex neural circuits

1.1 Introduction

Multicolor optogenetic approaches are enormously valuable for studying the function of complex
neural circuits. Optogenetic constructs with distinct wavelength sensitivity can be combined in
actuator pairs, sensor pairs, or an actuator and sensor together in independent pathways, relying
on spectral separation to bypass limitations imposed by spatial overlap of the tools. However,
most current red-shifted optogenetic constructs exhibit sensitivity to blue light, leading to cross-
activation concerns regardless of the precise tool combination used. I focus here exclusively on
excitatory actuators, in particular channelrhodopsins. The earliest described channelrhodopsins
were channelrhodopsin-1 (ChR1) (Nagel et al., 2002) and channelrhodopsin-2 (ChR2) (Nagel et
al., 2003), discovered in the algal species C. reinhardtii (Figure 3A). ChR2 quickly became the
protein backbone of many engineering efforts to increase speed (Gunaydin et al., 2010; Lin et al.,
2009) and photocurrent amplitude (Berndt et al., 2011; Nagel et al., 2005), leading to the
optimization of the protein for mammalian expression (Boyden et al., 2005). The excitation peak
of wild-type ChR2 is at 470 nm (Nagel et al., 2003). Similarly, activation spectra for many
popular mutant variants — ChR2(H134R) (Nagel et al., 2005), ChEF/ChIEF (Lin et al., 2009),
ChETA (Gunaydin et al., 2010), ChR2(E123T/T159C) (Berndt et al., 2011) — as well as newly
identified channelrhodopsins such as sdChR (Hochbaum et al., 2014) and Chronos (Klapoetke et
al., 2014), peak in the 460-500 nm range (Figure 3A). Notably, these blue-light-activated opsins

(referred to as “blue opsin(s)” going forward) also exhibit minimal sensitivity to wavelengths
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Figure 3. History, concerns, and testing of multicolor optogenetics. (A) Discovery history of commonly used channelrhodopsins for
neural excitation. Filled circles designate novel opsins discovered by screening or created with rational design. Empty circles indicate
mutant opsin variants, with connecting lines to their protein backbones. The mutant variant ChrimsonR overlaps with the native opsin
Chrimson. Figure background color illustrates the wavelength of 1-photon activity/absorption peaks. (B) A representation of the
multidimensional factors affecting opsin crosstalk. Each should be considered when designing any multicolor optogenetic experiment.
(C) Schematic of experimental testing for crosstalk between excitatory optogenetic actuators for use in acute slice synapse activation
applications. PPC: posterior parietal cortex; AUD: auditory cortex; AAV-opsin: Adeno-associated virus carrying opsin construct, either
ChR2(H134R), Chronos, or ChrimsonR.

above 550 nm. Thus, an ideal red-shifted actuator for dual-color applications will be strongly
activated by wavelengths longer than 550 nm, and insensitive to those under 500 nm.

VChR1, discovered in the algae V. carteri, was the first-reported opsin red-shifted over
50 nm from ChR2, with an excitation peak at 530 nm (Zhang et al., 2008) (Figure 3A). However,
VChR1 has considerable blue-light sensitivity, which prevented its immediate use in dual-color
applications. Perhaps the first widely adopted red opsin was the fusion protein C1V1 (Yizhar et
al., 2011), a portmanteau of its component opsins ChR1 and VChR1. While the C1V1 peak
absorption was hardly red-shifted compared to VChR1, it had appreciably less sensitivity to

wavelengths under 500 nm (Yizhar et al., 2011). Still, C1V1 retains ~40% absorbance of 470 nm
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light commonly used for activating blue optogenetic tools (Yizhar et al., 2011). The search for
other red-shifted channelrhodopsins has yielded many protein alternatives, including ReaChR
(Lin et al., 2013), Chrimson and ChrimsonR (Klapoetke et al., 2014), ChrimsonSA (Oda et al.,
2018), ChRmine (Marshel et al., 2019), and frChRmine (Kishi et al., 2022). Nonetheless, all
currently known red-shifted actuators (referred to as “red opsin(s)” going forward) exhibit non-
negligible blue-light sensitivity, which can lead to possible cross-activation during blue
stimulation periods if not properly controlled for.

Two strategies exist to minimize crosstalk, which have been applied to opsin
combinations including Chronos/ChrimsonR (Bauer et al., 2021; Christoffel et al., 2021;
Klapoetke et al., 2014), CheRiff/ChrimsonR (Anisimova et al., 2023), ChR2/ReaChR (Hooks et
al., 2015), and ChR2(H134R)/ChrimsonR (Birdsong et al., 2019; Chiu et al., 2018; Joffe et al.,
2022; Prasad et al., 2020; Rindner et al., 2022; Xia et al., 2020). Indeed, the precise strategy used
will depend on experimental context. The first, introduced by Hooks et al., is often used to test
pathway convergence (Bauer et al., 2021; Hooks et al., 2015; Prasad et al., 2020; Shelton et al.,
2022). This approach involves utilizing a long, 50-250 ms, red light stimulus to forcibly
inactivate the red opsin expressing neuron population before immediately stimulating the blue
opsin. As the blue stimulus is applied while axons expressing the red opsin remain unresponsive,
any postsynaptic response can be solely attributed to activation of blue opsin expressing cells.
However, this method is not feasible in contexts where precise timing between blue and red
channels is desired, for example in studies of spike-timing-dependent plasticity (Anisimova et al.,
2023) or synaptic integration (Rindner et al., 2022; Xia et al., 2020). A second strategy is to limit
stimulation parameters to ranges which do not cross-activate opsins (Anisimova et al., 2023;

Birdsong et al., 2019; Joffe et al., 2022; Klapoetke et al., 2014; Rindner et al., 2022; Xia et al.,
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2020). With this approach, blue stimulus irradiance, and less commonly duration, are first titrated
in a separate experimental population where only the red opsin is expressed. The upper blue light
exposure limit averting red opsin cross-activation is then used across all later experiments. This
approach requires thorough testing (described in detail in Results), however, it allows maximum
temporal control of independent neuron populations. A caveat of this approach is that population-
derived blue light exposure limits may provide inadequate excitation in instances where blue
opsin expression levels are low, resulting in cases where experiments must be discarded (Xia et
al., 2020). This is particularly true when near-violet stimulation wavelengths, over 50 nm blue-
shifted from the excitation peak of most blue opsins, are chosen (for example, 405 nm in
Anisimova et al. 2023) in an effort to minimize cross-activation of red opsins. Thus, alternative
strategies that maximize the dynamic range of crosstalk-free blue stimulus could improve the
throughput of dual-color optogenetic experiments.

Here, I focus on a single synaptic pathway to test how the scope of experimental
variables chosen by the investigator (Figure 3B) influences crosstalk risk, showcasing an
example control experiment expanding on those done by others. I demonstrate an exhaustive test
of crosstalk parameters, systematically varying the irradiance and duration of three different
stimulus wavelengths — 405, 440, and 630 nm. In consideration of the range of opsins available, I
furthermore test crosstalk between three commonly used actuators — ChR2(H134R), Chronos,
and ChrimsonR. Lastly, I propose a “lookup table” approach leveraging red opsin responses on a
cell-by-cell basis to maximize crosstalk-free blue excitation in multicolor optogenetic

experiments.
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1.2 Methods

Animals

Wild-type C57BL/6 mice of both sexes were used for all experiments. Mice were bred and
maintained with ad libitum access to food and water on 12-hour light/dark cycles in University
of California Irvine vivarium facilities. All mice were housed and used in accordance with the

NIH guidelines on the care and use of laboratory animals.

Optogenetic construct expression

To express various optogenetic constructs, I transcranially injected either AAV2.9-hSyn-
hChR2(H134R)-EYFP (titer: 3.6x10"12, Addgene: 26973-AAV9) (Zhang et al., 2010), AAV2.9-
hSyn-ChrimsonR-tdTomato (titer: 2.9x10"12, Addgene: 59171-AAV9) (Klapoetke et al., 2014),
or AAV2.9-Syn-Chronos-GFP.WPRE.bGH (titer: 1.6x10"12, originally obtained from the Penn
Vector Core, now available from Addgene: 59170) (Klapoetke et al., 2014). Injections were
targeted to auditory cortex (AUD, coordinates from bregma: anterior-posterior -2.8 mm, medial-
lateral 4.1 mm, dorsal-ventral 0.8 mm) under isoflurane anesthesia between postnatal day (p) 28-
40. Opsin constructs (150 nL) were injected at a rate of 25 nl / minute and allowed to express for
(in days): ChR2(H134R), 32.2 + 5; ChrimsonR, 29.9 + 2.4; Chronos, 28.0 + 7.2; mean *
standard deviation. Opsin expression was visually inspected at the beginning of all physiology
experiments via band-pass illumination with a X-Cite mercury lamp (Excelitas Technologies).

Slices were discarded if opsin-expressing fibers were not visually apparent.
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Electrophysiology

Electrophysiology recordings were performed in 400pum thick coronal brain slices prepared on a
vibrating microtome (smz7000-2, Campden Instruments) cut to contain the PPC (approximate
coordinates from bregma: anterior-posterior: 2.0 mm, medial-lateral: 1.3-1.8 mm). After cutting,
slices were maintained at 32°C for 15 minutes in solution comprised of (in mM): 110 choline, 25
NaHCOs, 1.25 NaH2PO4, 3 KCI, 7 MgClz, 0.5 CaClz, 10 glucose, 11.6 sodium ascorbate, and 3.1
sodium pyruvate, bubbled with carbogen gas (95% Oz, 5% COz). Slices were then transferred to
room-temperature ACSF comprised of (in mM): 126 NaCl, 25 NaHCO3, 1.25 NaH2POs4, 3 KClI,
1 MgClz, 2 CaClz, and 10 glucose, and allowed to recover for a minimum of 20 minutes before
recording.

Whole-cell recordings were performed in a submersion-type recording chamber mounted
on an Olympus BX61-WI microscope. The extracellular bath solution consisted of oxygenated
ACSF maintained at close to physiological temperature (32-34°C). Recording glass
micropipettes were pulled on a P-1000 puller (Sutter Instruments) to have pipette resistances of
2-4 MQ. Intracellular solution contained (in mM): 135 KMeSO3, 10 HEPES, 1 EGTA, 4 MgCl,
Na2ATP, 0.4 NaGTP, and 10 sodium creatine phosphate, adjusted to pH 7.3 with KOH. Signals
were amplified on a MultiClamp 700B amplifier (Molecular Devices) and digitized on National
Instruments DAQ boards. Data were sampled at 10kHz, filtered at 4kHz, and acquired using
WaveSurfer (HHMI Janelia Research Campus). Recordings were targeted to pyramidal cells in
layer 5 (depth from pia: 0.5-0.65 mm), identified by their characteristic wide somatic
morphology and non-fast-spiking firing patterns. Cells were held at ~-75mV, and series
resistance constantly monitored for changes greater than 20% at which point cells were discarded.

All analysis routines were custom written in Python 3.7.
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Multi-color optogenetic stimulation

Multi-color excitation light was delivered through a 40x water immersion objective lens
(Olympus). 405 nm, 440 nm, and 630 nm high speed LEDs (Sutter Instruments) were integrated
into the light path using an optical beam combiner (Lambda OBC, Sutter Instruments) mounted
directly to the microscope. I used a reverse mounting order such that higher power LEDs were
mounted further from the OBC output. Stimulus properties (irradiance, duration) were controlled
using WaveSurfer with a sampling rate of 100 kHz. All LED irradiances were tested using a
stimulus duration of 100 us and measured at the microscope objective with a PM100D power
meter and S121C sensor (Thorlabs). All durations were tested with a stimulus irradiance of (in

mW/cm?): 21.06 (405 nm), 20.50 (440 nm), or 8.23 (630 nm).

Experimental design and statistical analysis

On occasion, stimulus parameters were sufficient to evoke action potentials in recorded neurons.
In these instances, EPSP amplitudes were fixed at 25 mV. The PPC and AUD are reciprocally
connected (Zingg et al., 2014), raising the risk of retrograde opsin expression in PPC
contributing to evoked responses. However, opsin-expressing PPC cells were never observed,
excluding this possibility. Non-zero postsynaptic responses were determined by comparing the
maximum post-stimulus membrane potential to the peak-to-peak noise estimate taken pre-
stimulus using paired t tests performed in Python 3.7. Stimulus parameters were tested through
10 repeated measurements in each cell. Each repeat was considered a single experimental

replicate (n) when determining single cell response minimums. Responses from a given neuron
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were averaged to form a single experimental replicate when determining population response

minimums. No more than two cells were recorded from the same animal for a given condition.

1.3 Results
Multidimensional considerations in crosstalk testing

To demonstrate how stimulus wavelength, irradiance, duration, and opsin choice affect
crosstalk in a system, I first chose a model synaptic pathway from the auditory cortex (AUD) to
the posterior parietal cortex (PPC). AUD neurons synapse on pyramidal cells in PPC layer 5 and
provide strong excitation when optogenetically stimulated (Rindner et al., 2022). I expressed
ChR2(H134R), Chronos, or ChrimsonR in AUD using adeno-associated viral vectors (see
Methods) and recorded light-evoked responses in layer 5 pyramidal cells of the PPC using
whole-cell patch-clamp (Figure 3C). By varying stimulus irradiance or duration, I determined the
dose-response relationship to excitation by 405 nm (blue/violet) (Figure 4A, B), 440 nm (blue)
(Figure 4C, D), and 630 nm (red) (Figure 4E, F) LEDs. When expressed in AUD afferents,
ChR2(H134R) and Chronos drove robust postsynaptic responses to 405 and 440 nm stimuli
(Figure 4A—D). Stimulation of either opsin with 630 nm resulted in no detectable response (see
Methods) across the range of irradiances or durations tested (Figure 4E, F, Table 1). In contrast,
when afferents expressed ChrimsonR, light-evoked responses could be observed to stimulation
with 405 nm (Figure 4B), 440 nm (Figure 4C, D) and 630 nm (Figure 4E, F, Table 1)
wavelengths, as expected given the blue shoulder of the ChrimsonR activation spectra
(Klapoetke et al., 2014). Notably, brief, low-irradiance stimulation at 405 nm and 440 nm
averted ChrimsonR responses while eliciting EPSPs driven by ChR2(H134R)- and Chronos-

expressing afferents (Figure 4A—D). This parameter range represents the ideal excitation window

28



>
w

25+ 25—
Chronos *
_ 201 chR2(H134R) . 20 .
E 154 E 154 .
o o
o 104 * @ 10
i wi
5 D x é 5 é ﬁ
(o [ I TR U RS S _ﬁ. __ Otete o= &&* B° T __ 1 __
T T T T T T T T T T T T T
© & N ) o © Q Q Q N Q Q N
Irradiance,. (mW/cm?) Duration, . . (us)
Cc D
25+ 25—
20+ 20+
= S %
£ 15- . . E 154
o * o .
9 10+ & 10+
w L "
. ] (A ¥
0__-_.T._i._.._i-é‘1_g__&___L___L _____ Ot = __Q - _ °_ __ ___
T T T T T T T T T T T T T
o o & P D Q e S & & SX
2T AT QT X R o o N 3 AN
Irradiance,,,  (MW/cm?) Duration,,, - (us)
E F
25+ 25+
20+ 204
E 154 E 154
o o
9 10+ 9 10+
w w
5 l; g 5+
0_“__1___._&___._&_”_%-_;______# (IR = _é_._-_ [ S e N ——
T T T T T T T T T T T T T
AN e P D X0 N Q NS S S
NP N \Q’.\ RS ) A I S SR
Irradianceg, - (MW/cm?) Durationg,,  (us)

Figure 4. Stimulus irradiance, duration, wavelength, and opsin choice contribute to crosstalk risk. (A) Excitatory postsynaptic
potential (EPSP) amplitudes when ChrimsonR (red), Chronos (grey), or ChR2(H134R) (blue) -expressing afferents are stimulated by a

100 ps pulse of 405 nm light with increasing irradiance. Vertical bars extend from the 25th to 75th percentiles, with the median represented
by a horizontal line. Whiskers indicate minimum and maximum recorded values. Horizontal bars at bottom (in A-D) represent the stimulus
parameter range which can be used to activate Chronos (grey) or ChR2(H134R) (blue) without cross-activating ChrimsonR. Symbols above
the boxes indicate opsin (*: Chronos, #: ChR2(H134R), 1 : ChrimsonR) and stimulus parameter combinations resulting in population-level
non-zero responses (p < 0.05, t test, experimental replicates (n) listed in Table 1). (B) Response amplitudes when afferents are stimulated
with a 21.06 mW/cm2 pulse of 405 nm light with increasing pulse durations. (C) Response amplitudes when afferents are stimulated with
a 100 ps pulse of 440 nm light with increasing irradiance. (D) Response amplitudes when afferents are stimulated with a 20.50 mW/cm2
pulse of 440 nm light with increasing pulse durations. (E) Response amplitudes when afferents are stimulated with a 100 ps pulse of 630
nm light with increasing irradiance. (F) Response amplitudes when afferents are stimulated with a 8.23 mW/cm2 pulse of 630 nm light with
increasing pulse durations. Red horizontal bar at bottom (in E-F) represents the stimulus parameter range which can be used to activate
ChrimsonR without cross-activating Chronos and ChR2(H134R). £, *, # p < 0.05, t test.

(indicated by horizontal bars in Figure 4A-D) where ChrimsonR can be used in tandem with
ChR2(H134R) (light blue) or Chronos (grey) without substantial risk of cross-activation on a

population level. To determine the ideal blue opsin and wavelength combination for high
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Chronos
ChR2(H134R)

405 nm Irradiance (mW/cm?) 405 nm Duration (ps)

266 6.54 10.31 13.99 21.06 27.66 30.4 50 70 100 200 500 1000
(@) (@) (8) ®) (8) ®) (®) (8) (8) (8) 8) 8 ()]
0.996 | 0.999 | >0.999 | >0.999 | 0.999 | 0.997 | 0.747 | >0.999 | >0.999 | 0.999 | 0.158 | 0.03 | 0.023
9 9) C) ©) (11) (11) (11) (10) (10) (10) (11) (11) (11)
>0.999 | >0.999 | >0.999 | >0.999 | >0.999 | 0.031 | 0.002 | >0.999 | >0.999 | 0.976 | 0.003 | <0.001 | <0.001
() ()] ®) ®) ®) ®) (®) (10) (10) (10) (10) (10) (10)
>0.999 | >0.999 | >0.999 | 0.999 | 0.018 | 0.005 | 0.003 | >0.999 | >0.999 | 0.022 | 0.001 | <0.001 | <0.001
440 nm Irradiance (mW/cm?) 440 nm Duration (us)

3.51 73 1087 1424 20.5 26.17 3117 | 50 70 100 200 500 1000
(11) (11) (11) (11) (11) (11) (1) (11) (11) (11) (11) (11) (11)
>0.999 | >0.999 | >0.999 | >0.999 | 0.887 | 0.209 | 0.043 | >0.999 | 0.997 | 0.762 | <0.001 | <0.001 | <0.001
(10) (10) (10) (10) (11) (11) (11) (12) (12) (12) (12) (12) (12)
>0.999 | >0.999 | 0.058 | 0.054 | <0.001 | <0.001 | <0.001 | 0.994 | 0.059 | 0.002 | <0.001 | <0.001 | <0.001
(13) (14) (14) (14) (14) (14) (14) (14) (14) (14) (14) (14) (14)
>0.999 | 0.361 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | 0.017 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001
630 nm Irradiance (mW/cm?) 630 nm Duration (ps)

127 272 416 555 8.23 10.74 13.13 | 50 70 100 200 500 1000
(11) (11) (11) (11) (12) (12) (12) (11) (11) (11) (11) (11) (11)
>0.999 | >0.999 | >0.999 | 0.98 0.001 | <0.001 | <0.001 | >0.999 | 0.62 | 0.069 | 0.005 | <0.001 | <0.001
() () () @) () @) () () () @) ) (C)] (®)
>0.999 | >0.999 | >0.999 | >0.999 | 0.996 | 0.998 | >0.999 | 0.999 | >0.999 | >0.999 | 0.999 | >0.999 | >0.999
(8) (8) ®) ®) ®) ®) (8) ) ©) ©) ©) ) ©)
>0.999 | >0.999 | >0.999 | >0.999 | 0.992 | >0.999 | >0.999 | >0.999 | >0.999 | 0.991 | 0.998 | >0.999 | >0.999

Table 1. Experimental replicates and statistical test results. Experimental replicates (n) (top) and paired t test p values

(bottom) of the recorded postsynaptic response to opsin excitation by indicated stimulus parameters. Colored rows represent

replicates of (from top to bottom): ChrimsonR (red), Chronos (grey), ChR2(H134R) (light blue) stimulation. Bolded p values
indicate p < 0.05.

dynamic range, crosstalk-free use with ChrimsonR, I next collapsed across irradiance and

duration and compared peak ChR2(H134R) and Chronos responses at the maximum 405 and 440

nm radiant exposure level averting ChrimsonR responses (405 nm: 42.12 mJ/m?; 440 nm: 26.17

mJ/m?). Largest crosstalk-free blue opsin evoked EPSPs were obtained when ChR2(H134R)-

expressing afferents were stimulated at 440 nm (ChR2(H134R): 11.14 mV at 405 nm, 17.31 mV

at 440 nm; Chronos: 12.09 mV at 405 nm, 13.05 mV at 440 nm). These results suggest that,

within the tested blue opsin and wavelength combinations, ChR2(H134R) excited at 440 nm

allowed for the highest dynamic range activation of the AUD to PPC synaptic pathway.
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Experiment-to-experiment maximization of crosstalk-free blue excitation

By definition, a population-derived maximum usable blue light exposure underestimates
the true crosstalk-free exposure limit in a majority of experiments. To maximize crosstalk-free
blue light stimulus, I next asked whether the upper limit of blue radiant exposure could be
determined on an experiment-to-experiment basis, accounting for variable red opsin expression
levels. I hypothesized that in dual-color experiments, red light responses could be used to
estimate red opsin expression levels and predict sensitivity to blue light induced cross-activation.
Indeed, within-cell comparison of EPSPs evoked by ChrimsonR-expressing afferents suggested
that the maximum usable 440 nm radiant exposure level that averts cross-activation, increases
linearly with the minimum 630 nm exposure necessary to evoke a response (Pearsonr=0.715, p
=0.046, n = §; Figure 5A). I therefore propose that this red opsin “lookup table” (Figure 5A) can
be pre-established in red opsin-only expressing preparations and later referenced in dual-color

experiments to determine an experiment-specific maximum blue radiant exposure for crosstalk-
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Figure 5. A red opsin “lookup table” for maximizing blue stimulus dynamic range.

(A) Comparison of the minimum 630 nm radiant exposure necessary to elicit a detectable
ChrimsonR postsynaptic response and maximum 440 nm radiant exposure averting a
cross-activated excitatory postsynaptic potential (EPSP). Dots represent individual cells.

Solid line represents the linear regression. Pearsonr = 0.715, n = 8, p = 0.046. (B) Maximum
evoked EPSP amplitudes when afferents expressing ChR2(H134R) are stimulated at population-
derived or individually-derived blue radiant exposure limits. Grey lines represent individual

cells. *p < 0.05, n = 12, paired t test.
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free excitation. To quantify the improvement in blue opsin dynamic range using the lookup table
approach, I compared ChR2(H134R)-evoked responses at the population-derived maximum
usable 440 nm radiant exposure level (4.40 £ 1.07 mV, mean + SEM) to peak responses with
blue light exposure calibrated for individual experiments (8.88 + 1.97 mV) (Figure 5B). I found
that use of this lookup table allows an up to two-fold increase in the blue opsin response dynamic

range (p = 0.001, n = 12, paired t test).

1.4 Discussion
The expansion of the optogenetic toolkit brings exciting new opportunities in neuroscience. With
high-performance, spectrally shifted actuators becoming widely available, many groups have
begun to newly implement multicolor optogenetic strategies, for example to stimulate
converging synaptic pathways (Anisimova et al., 2023; Bauer et al., 2021; Birdsong et al., 2019;
Hooks et al., 2015; Joffe et al., 2022; Rindner et al., 2022), activate intermingled cell types
(Yizhar et al., 2011), or bidirectionally control neuronal populations (Atallah et al., 2012;
Christoffel et al., 2021; Han and Boyden, 2007; Kampasi et al., 2016; Li et al., 2022; Vierock et
al., 2021; Zhang et al., 2007). Here, I focus on synapse activation to consider how multiple
experimenter-controlled variables (Figure 3B) combine to affect crosstalk. I furthermore
introduce a red opsin “lookup table” approach for calibrating maximum blue light exposures on
an experiment-to-experiment basis.

Indeed, stimulus irradiance and duration are often considered for their impact on
crosstalk. However, my data indicates that cross-activation is a highly multidimensional issue,
determined by interactions between stimulus irradiance, duration, wavelength, and additionally

opsin choice. Ideally, each dimension should be properly tested when designing a dual-color
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optogenetic experiment. This is important as theoretical advantages for dual-color optogenetics,
particularly those measured directly in opsin-expressing cells, may not translate to similar
advantages in a given biological system. For example, Chronos has large photocurrents and
faster kinetics than ChR2(H134R) (Klapoetke et al., 2014). However, postsynaptic responses to
ChR2(H134R) activation were detected at lower irradiances (Figure 4A, C) and durations
(Figure 4B, D) than Chronos in the AUD to PPC synaptic pathway (although, note the 440 nm
stimulus used here is ~50 nm blue-shifted from the excitation peak of Chronos). Furthermore,
440 nm stimulation consistently required lower irradiances and durations (at comparable
irradiances: 405 nm, 21.06 mJ/m?; 440 nm, 20.50 mJ/m?) than 405 nm to elicit detectable
responses, from both ChR2(H134R)- and Chronos-expressing fibers (Figure 4A-D). This
resulted in a narrowing of the 405 nm ideal excitation window. Thus, using near-violet
stimulation to avoid red opsin activation may paradoxically promote crosstalk, as the lower
sensitivity of currently available blue opsins to these wavelengths necessitates use of higher
radiant exposure level stimuli. These data suggest that while favorable opsin or stimulus
properties may offer theoretical advantages in dual-color applications, in-house testing is
necessary to select the ideal opsin combination for any particular use case.

The ability to elicit large, crosstalk-free opsin responses is critical for experimenters.
Predictably, raising stimulus irradiance or duration will increase photon exposure and thus also
response magnitude (given that certain biological factors, like number of synapses, do not
saturate). One limiting factor can therefore be the experimental hardware, as irradiance will be
limited by the power output of the stimulus light source. In our setup, this was most noticeable in
my exploration of 630 nm responses, where a comparatively weak LED was used. In contrast,

stimulus duration can be increased without constraint, its impact on membrane responses limited
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only by the charge integration kinetics of the cell and the relatively slow process of opsin
desensitization. In practice, stimulus duration may therefore offer the greatest opportunity to
increase response amplitudes, given that cross-activation radiant exposure thresholds are not
exceeded. Blue opsins are largely insensitive to red light (Figure 4E, F). Thus, red opsin
responses can be enhanced by simply increasing stimulus radiant exposure levels, with upper
light limits capped by hardware rather than crosstalk risks (however, note that cross-activation by
blue stimuli may be possible by radiant exposure levels higher than tested here). In contrast, red
opsins are sensitive to blue wavelengths (Figure 4A—C) (Kishi et al., 2022; Klapoetke et al.,
2014; Lin et al., 2013; Marshel et al., 2019; Oda et al., 2018; Yizhar et al., 2011). The need to
restrict blue radiant exposure levels below the red opsin’s activation threshold can therefore limit
an experimenter’s potential to elicit large blue opsin responses. Here, I propose a lookup table
approach for determining the maximum crosstalk-free blue radiant exposure using a functional
assessment of red opsin expression levels, thereby maximizing the dynamic range available in
each individual experiment (Figure 5A). In my hands, this approach increased blue light
responses up to two-fold (Figure 5B). To ensure applicability to future experiments, the lookup
table should encompass a large range of expression levels in each pathway or cell population.
While light-evoked responses often scale with the observed brightness of the fluorescent tag
carried by the opsin, this relationship can be construct specific and, in some cases, fluorescence
signal from the tag may not ensure the presence of an evoked response (Klapoetke et al., 2014). |
therefore propose that directly measured opsin responses are a more reliable predictors of
crosstalk thresholds when constructing this lookup table.

In synapse activation experiments, crosstalk can be measured in opsin-expressing cells or

downstream in postsynaptic neurons. | agree with previous studies (Birdsong et al., 2019; Jofte
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et al., 2022; Xia et al., 2020) that downstream measurements better capture the functional
implication of cross-activation. Nonetheless, it is likely that ChrimsonR photocurrents were
activated at lower blue light intensities and durations than discernible from postsynaptic
responses alone. However, this stimulus may either not activate enough ChrimsonR to trigger
action potential firing in the afferents or engage enough synapses to produce a detectable
response in the recorded postsynaptic neuron. Additionally, while the lookup table approach can
improve blue opsin response ranges, it may overestimate crosstalk-free light levels for adjacent
cells more strongly innervated by opsin expressing afferents. It is important to remember that
crosstalk is subject to filtering by the biological system studied. In extreme cases, indirect
measures including behavioral (Schild and Glauser, 2015) or paired-pulse response
characteristics (Christoffel et al., 2021) can also been used as evidence against appreciable
crosstalk, although opsin cross-activation almost certainly occurred. It is the experimenter’s
responsibility to consider subthreshold effects of such cross-activation and determine their
potentially confounding influence on the process studied. As in any experiment, there is no
substitute for high-quality controls for ensuring the validity of results. Whenever possible,
swapping opsins between cell populations is one such necessary control.

Cross-activation concerns are not specific to excitatory actuator pairs. Other optogenetic
tool combinations are equally subject to crosstalk, including excitatory with inhibitory actuators
(Atallah et al., 2012; Christoffel et al., 2021; Han and Boyden, 2007; Kampasi et al., 2016; Li et
al., 2022; Vierock et al., 2021; Zhang et al., 2007), actuators with sensors (Carrillo-Reid et al.,
2016; Lim et al., 2012; Packer et al., 2015; Rickgauer et al., 2014; Seidenthal et al., 2023; Yang
et al., 2018), and sensors with sensors (Akerboom et al., 2013; Han et al., 2019; Li et al., 2013;

Zhao et al., 2011). Multicolor sensitivity is also a core feature of bistable step-function opsins
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(Berndt et al., 2009; Gong et al., 2020; Wietek et al., 2017; Yizhar et al., 2011), where an
additional wavelength-to-response relationship must be carefully considered. Efforts to produce
optogenetic tools with decreased blue light sensitivity and further red-shifted peak activation are
ongoing (Kishi et al., 2022; Mermet-Joret et al., 2021). Parallel modifications to blue-activated
tools may also decrease crosstalk risk. High-photocurrent, high-sensitivity blue opsins, such as
ChRger2, could further reduce the necessary blue radiant exposure to stimulate neurons
(Bedbrook et al., 2019), thus reducing crosstalk risk. Opsins with fast activation kinetics, such as
Chronos and ChroME (Mardinly et al., 2018), have also been successfully applied in multicolor
experiments. A third avenue that saw limited success was to further blue-shift action spectra.
TsChR, a channelrhodopsin discovered in T striata, has an excitation peak at 430 nm and is the
most blue-shifted channelrhodopsin known to date (Klapoetke et al., 2014). Membrane
trafficking of TsChR was further optimized to generate eTsChR (Farhi et al., 2019). While
promising, the efficacy of eTsChR in multicolor applications has yet to be verified. The
continued spectral and kinetic expansion of the optogenetic toolkit, combined with experimental
strategies for minimizing crosstalk, will ultimately broaden the adoption of dual-color

approaches for studying brain function.
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CHAPTER 2

Cell-type-specific integration of feedforward and feedback synaptic input in the posterior

parietal cortex

2.1 Introduction

Integrating feedforward and feedback neuronal signals is a principal function of the neocortex.
Cortical feedforward systems, originating in primary sensory areas, relay environmental signals
to higher order brain structures. These higher order regions in turn send afferents to lower order
cortices, forming feedback pathways that carry contextual information like task structure, goals,
expectations, and memories. The convergence of feedforward and feedback streams is ubiquitous
to most cortical areas and their interaction is fundamental to cognitive processes like attention
(Ito et al., 1998; McMains and Kastner, 2011; Morishima et al., 2009; Olson et al., 2001),
sensory scene analysis (Habtegiorgis et al., 2019; Snyder et al., 2012), and motor planning
(Churchland and Shenoy, 2007; Habtegiorgis et al., 2019; Narayanan and Laubach, 2006). In
sensory regions, feedforward-feedback interactions are thought to contribute to gain control
(McAdams and Maunsell, 1999; Moran and Desimone, 1985; Treue and Trujillo, 1999; Zhang et
al., 2014) and the tuning of neuronal receptive fields (Fritz et al., 2003; Li et al., 2004; Spitzer et
al., 1988), thereby enabling context-dependent sensory processing. Similar interactions have
been observed in the thalamus (O’Connor et al., 2002) and in association cortices (Ibos and
Freedman, 2014; Toth and Assad, 2002). Despite this prevalence of feedforward-feedback
integration in the neocortex, the synaptic mechanism of how these neuronal pathways interact

remains elusive.
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According to the canonical circuit model, feedforward projections target layer 4 of the
cortex while feedback axons terminate in layers 1 and 6 (Kaas et al., 1977; Markov et al., 2014;
Rockland and Pandya, 1979; Tigges et al., 1977). Dendritic trees of layer 5 pyramidal neurons
vertically span most of the cortex, making them uniquely positioned to integrate contextual
information with sensory input (Larkum et al., 1999; Larkum and Zhu, 2002; Llinas et al., 2002;
Takahashi et al., 2020; Xu et al., 2012). However, principal cells in layer 5 are not comprised of
a homogeneous population. Neuronal categories have been identified via genetic markers,
morphology, and electrophysiological properties (Ascoli et al., 2008, p. 200; Groh et al., 2010;
Kim et al., 2015; Oswald et al., 2013; Tasic et al., 2018). Recent work suggests that this diversity
extends to patterns of connectivity, indicating the existence of independent, parallel cortical
networks (Anderson et al., 2010; Brown and Hestrin, 2009; Dantzker and Callaway, 2000; Jiang
et al., 2015; Morishima et al., 2017). In layer 5, multiple pyramidal cell types have been
identified, broadly clustering into regular spiking neurons (RS), typically projecting to other
cortical regions and the striatum, and intrinsic burst firing cells (IB) that project subcortically
(Chagnac-Amitai et al., 1990; Connors et al., 1982; Dembrow et al., 2010; Gao and Zheng, 2004;
Harris and Shepherd, 2015; Hattox and Nelson, 2007; Kasper et al., 1994; Larkman and Mason,
1990; Mason and Larkman, 1990; Morishima et al., 2011; Yang et al., 1996). This segregation of
cell types appears to be conserved from mice to humans (Hodge et al., 2019). Previous work
demonstrated that these physically interspersed excitatory neurons play distinct roles in encoding
sensory stimuli and behavior (Glickfeld et al., 2013; Kwon et al., 2016; Lur et al., 2016; Tang
and Higley, 2020; Yamashita and Petersen, 2016). The two cell types have also been shown to
receive unequal excitation by layer 1 synaptic inputs (Cauller and Connors, 1994). Accordingly,

one recent study found that behavioral context modulated dendritic signaling in 1B, but not in RS
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neurons (Takahashi et al., 2020). Detailed mapping of synaptic inputs revealed that IB cells in
the visual cortex received a greater proportion of their input from the higher order retrosplenial
and anterior cingulate cortices than RS neurons (Kim et al., 2015). These data suggest that layer
5 cell types may be differentially regulated by feedforward and feedback information.
Nonetheless, whether IB and RS receive direct, monosynaptic innervation from both feedforward
and feedback sources, and how these inputs may sum at the synaptic level has yet to be directly
examined.

In this chapter, I explore the interaction of identified feedforward and feedback synaptic
inputs in the posterior parietal cortex (PPC), an association area involved in multimodal
integration, attention, working memory and decision making (Goard et al., 2016; Mohan et al.,
2018; Musall et al., 2023; Olcese et al., 2013; Raposo et al., 2012; Zhang et al., 2016; Zingg et
al., 2014). Using the dual color optogenetic strategy (Klapoetke et al., 2014) calibrated in detail
in Chapter 1, I show that both IB and RS cells in layer 5 of the PPC receive direct, converging
input from the anterior cingulate cortex (ACC) and sensory cortical regions including the
auditory (AUD) and visual cortices (VIS). Both IB and RS neurons displayed nonlinear
integration of these input pathways, however there were marked differences in the temporal
dynamics of this interaction. These subthreshold integration characteristics translated to
nonlinear action potential firing. Furthermore, using a combination of electrophysiology and
computational modeling in a collaborative effort between myself and Dr. Archana Proddutur in
Dr. Gyorgy Lur’s lab, I found that distinct integration profiles arose from an interaction of

multiple ionic mechanisms and cell-type-specific feedforward inhibition.
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2.2 Methods

Animals

All experiments were performed in accordance with the NIH guidelines on the care and use of
laboratory animals and approved by the Institutional Animal Care and Use Committee. All
animals were group-housed in a quiet, uncrowded facility on a 12 h light/dark cycle, with ad
libitum access to lab chow and water. Male and female C57BL/6J wild-type mice were used in

the study. No differences were detected between sexes thus data were pooled.

Optogenetic construct expression

For independent control of distinct synaptic inputs to the PPC, I expressed the blue light-
sensitive channelrhodopsin ChR2(H134R) alongside the red light-sensitive ChrimsonR
(Klapoetke et al., 2014) in separate afferent populations. ChR2 and ChrimsonR were introduced
via transcranial injection of adeno-associated virus (AAV) constructs AAV2.1-Syn-
hChR2(H134R)-EYFP (titer: 2.1 x 10"12, Addgene: 26973-AAV1) or AAV2.9-Syn-
hChR2(H134R)-EYFP (titer: 3.6 x 10"12, Addgene: 26973-AAV9) for ChR2, and AAV2.1-Syn-
ChrimsonR-tdTomato (titer: 2.1 x 10"12, Addgene: 59171-AAV1) or AAV2.9-hSyn-
ChrimsonR-tdTomato (titer: 2.9 x 10"12, Addgene: 59171-AAV9) for ChrimsonR. Opsin
constructs were injected at volumes of 150nL into AUD, 150nL into VIS, 200 nL into ACC.
Virus titers and volumes were kept unchanged throughout the experimental series. Mice were
injected under isoflurane anesthesia at postnatal day 25-40 (P25 - P40). Injections were targeted
to either the anterior cingulate cortex (ACC, coordinates from bregma: anterior-posterior +1.0
mm, medial-lateral 0.3 mm, dorsal-ventral 1.0 mm), auditory cortex (AUD, anterior-posterior -

2.8 mm, medial-lateral 4.1 mm, dorsal-ventral 0.8 mm), or visual cortex (VIS, anterior-posterior
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-3.5 mm, medial-lateral 2.1 mm, dorsal-ventral 0.5 mm). Opsins were allowed to express for a
minimum of 14 - 30 days before physiology experiments. To confirm expression and check for
potential retrograde or spillover labeling of PPC neurons, ChR2-EYFP and Chrimson-tdTomato
positive afferents were visualized in acute PPC slices via band-pass illumination using an X-Cite
mercury lamp (Excelitas Technologies). Slices with overall low expression, with a notable
difference of expression between the two opsins, or with PPC neurons expressing either

construct, were discarded.

Electrophysiology

For physiology recordings, 300 um thick coronal brain slices containing the PPC were prepared
on a vibrating microtome (smz7000-2, Campden Instruments) from P45 - P60 mice.
Immediately after sectioning, slices were maintained at 32°C for 15 minutes in solution
comprised of (in mM): 110 choline, 25 NaHCO3, 1.25 NaH2POs4, 3 KCI, 7 MgCl2, 0.5 CaClz, 10
glucose, 11.6 sodium ascorbate and 3.1 sodium pyruvate, and bubbled with 95% O2 and 5% COs..
Slices then were allowed to recover for at least 20 minutes in oxygenated room-temperature
ACSF containing (in mM): 126 NaCl, 25 NaHCOs, 10 Glucose, 3 KCl, 2 CaClz, 1.25 NaH2POx,
and 1 MgSOu4 prior to recording. All experiments were conducted close to physiological
temperature (32-34 °C) in a submersion type recording chamber mounted on an Olympus BX61-
WI microscope. The hippocampus was used as a histological landmark to identify PPC in
coronal sections. Recordings were targeted to the mediolateral section of PPC between 1300-
1800 um from the midline to minimize influence of potential subregion-specific differences.
This approach resulted in targeting the approximate coordinates of (in mm from the Bregma) AP:

2.0, ML: 1.3-1.8, DV: 0.5-0.65. Whole-cell patch-clamp recordings were obtained from layer 5
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pyramidal cells (450-650 um from the pial surface) identified with video-infrared / differential
interference contrast microscopy. For current-clamp recordings, glass electrodes (2-4 MQ) were
filled with internal solution containing (in mM): 135 KMeSOs, 10 HEPES, 1 EGTA, 4 MgCla, 4
Na2ATP, 0.4 NaGTP, and 10 sodium creatine phosphate, and adjusted to pH 7.3 with KOH. To
record AMPA and NMDA currents, K™ was substituted for Cs" to improve space clamp. Series
resistance was 9-16 MQ. Recordings outside of this range, or if series resistance changed more
than 20% over the course of the experiment, were discarded. Subthreshold integration
experiments were performed in current clamp at a steady-state membrane potential held close to
the estimated reversal potential for inhibitory currents (-75 mV). Suprathreshold experiments
were performed with a pre-stimulus membrane potential of -60 mV. Voltage clamp
measurements of AMPA receptor currents were conducted at -70 mV, NMDA currents were
measured at +40 mV and inhibitory currents at 0 mV membrane potential. Signals were
amplified using a MultiClamp 700B amplifier (Molecular Devices). Data were sampled at 10
kHz, filtered at 4 kHz, and digitized on National Instruments DAQ boards. WaveSurfer software
written in Matlab (HHMI Janelia Research Campus) was used for data acquisition. Offline

analysis was performed using custom routines in Python 3.7.

Dual-color optogenetic stimulation

In order to deliver dual-color excitation through the microscope objective, I introduced a 440 nm
(blue) and a 630 nm (red) LED (Sutter Instruments) into the light path of the BX61 WII
microscope via an optical beam combiner (Lambda OBC, Sutter Instruments). Stimulus duration
and amplitude were controlled via the WaveSurfer stimulus library with a stimulus sampling rate

of 100 kHz. To determine the LED power windows that avoid cross-excitation of the two opsins,
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I transduced AUD with either ChR2 or Chrimson in separate animals (single opsin expression).
Following at least two weeks of expression, I made whole cell recordings of layer 5 pyramidal
neurons in acute PPC slices. I recorded evoked EPSPs in response to independently activating
the 440nm and 630nm LEDs. I plotted ChR2 and Chrimson mediated postsynaptic responses to
each wavelength against the corresponding LED power, measured post-hoc with a light meter
(Thorlabs). These measurements outlined the excitation power window for the 440 nm LED that
enables the separation of input pathways (as in Chapter 1).

To account for potential differences in expression levels in dual opsin containing mice
(both ChR2 and Chrimson in the same preparation), LED power on both channels was adjusted
to elicit ~4 mV EPSPs in subthreshold experiments or trigger action potentials on 40-50% of
trials in suprathreshold experiments. LED powers were determined for each cell approximately 5
minutes after break in and kept constant for the duration of the experiment. Unimodal blue and
red stimuli were sequentially interleaved with dual activation throughout the full length of each

recording.

Cell type classification

PPC layer 5 pyramidal neurons were classified as either intrinsically bursting (IB) or regular
spiking (RS) cells based on membrane potential responses to 500ms step current injections. I
measured resting membrane potential, input resistance, sag potential, depolarizing envelope,
initial burst, slow afterhyperpolarization (SAHP), and action potential (AP) half-width (Figure 7).
Input resistance was determined from a -150 pA step. Sag was calculated as the voltage
difference between peak and steady-state hyperpolarization and expressed as a percentage of

peak response. Depolarizing envelope was quantified as the maximum difference between the
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afterhyperpolarization potential of two spikes. Initial burst refers to the percentage of action
potentials fired within 40 ms of the first spike. Cells that had a combination of low input
resistance, high initial burst value, larger sag, and larger depolarizing envelope were classified as
intrinsic bursting (IB). Cells with high input resistance, low initial burst value, lower sag, and
smaller depolarizing envelope were deemed regular spiking (RS). While at the population level
there is overlap between these measures, at the level of individual cells, the combination of these
metrics separates IB and RS cells. Cell type assignment was performed during post hoc analyses,
blind to experimental condition or results. In a subset of experiments (Figure 19), putative-1B
and putative-RS cell-types were identified based on anatomical projection patterns. To do this, I
utilized one of three methods. First, in wild type mice, I injected red (555 nm) Alexa Fluor-
conjugated cholera toxin subunit B (CTB, ThermoFisher) into the dorsal Striatum (350 nl, AP:
0.85, ML: 1.5, DV: 2.0 in mm from Bregma) or into the Pons (500 nl, AP: -4.1, ML: 0.8, DV:
5.5 in mm from Bregma) prepared according to the description in (Conte et al., 2009). Second, in
wild type mice, I transduced the dorsal Striatum or the Pons with AAVrg-hSyn-mCherry (titer:
2.0 x 1012, volume: 500nl, Addgene: 114472-AAVrg). Third, in the Ail14 mouse line, I
transduced the dorsal Striatum or the Pons with pENN.AAV.hSyn.Cre. WPRE.hGH (titer: 1.2 x
10"12, volume: 500nl, Addgene: 105553-AAVrg). The retrograde constructs were injected at
volumes of 350nL into dStr, and 500nL into Pons. For all physiology experiments, only one cell

type was labelled in each animal.

Testing monosynaptic inputs
To determine whether afferent inputs were monosynaptic, I utilized a combination of two

methods. In a subset of experiments, I performed a pharmacological test following integration
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measurements, using TTX (Tocris) and 4-Aminopyridine (4-AP, Tocris) (Petreanu et al., 2009).
Inputs were considered monosynaptic if the EPSP could be recovered in 4-AP (100-500 uM)
after 1 uM TTX application. After recovery, I applied a combination of AMPA- and NMDA
receptor blockers — 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-fulfonamide
(NBQX, 10 uM, Tocris) and 2-amino-5-phosphonopentanoic acid (AP5, 50 uM, Tocris),
respectively — to confirm synaptic responses were indeed glutamatergic. The shortest EPSP
latency, measured prior to TTX application, of inputs failing the TTX/4-AP test was 4.0 ms.
Thus, I chose 4 ms as our latency cutoff which was then applied post hoc to all experiments.
Recordings where inputs failed either the pharmacological or latency test were removed from

further analyses.

Histology

Afferent fibers in the PPC were visualized via the EYFP and tdTomato fluorescent tags on the
ChR2 and ChrimsonR constructs, respectively. For histology experiments, both projection
neuron types were identified in the same animal, using Alexa Flour 555 in tandem with Alexa
Flour 488 conjugated CTB, injected in pons and dStr, respectively. After 14-30 days of opsin
expression, (7-10 days for CTB), mice were deeply anesthetized using isoflurane and
transcardially perfused with 4% paraformaldehyde (PFA) in Sorenson’s buffer. Brains were
extracted and post-fixed in 4% PFA overnight. Coronal slices (50 mm) were prepared on a
vibrating microtome (Compresstome, Precisionary Instruments). Slices were mounted on gelatin
coated microscope slides and cover slips were affixed with Prolong Diamond (ThermoFisher).
Neurons throughout the tissue were visualized via NeuroTrace 435/455 fluorescent Nissl staining

(ThermoFisher). Some slices without NeuroTrace staining were instead mounted with Prolong
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containing 4’°,6-diamidino-2-phenylindole (DAPI) (ThermoFisher). Samples were imaged either
on a BZ-9000 fluorescence microscope (Keyence, Sumikawa Lab, UC Irvine) or a Zeiss
LSM900 confocal microscope using a 20x air immersion objective and appropriate filter sets.
Tiled images were assembled, and channels assigned faux color in the Zen software (Zeiss).
Fluorescent intensities throughout the cortical column were quantified using the plot profile tool
in ImagelJ with a line width of 100 pixels. Intensities were normalized to peak fluorescence
within each measurement. I used the integral of mean fluorescence to compare the relative
density of ACC, AUD, and VIS afferents in superficial (0-150 pm), intermediate (150-400 pm),

and deep (400-800 pm) cortical layers.

Drugs and salts

For pharmacological experiments, drug effects were recorded at 5-10 minutes after the addition
of the compounds to the perfusion fluid. Agents were used at the following concentrations:
mibefradil (Tocris): 20 uM, 2-amino-5-phosphonopentanoic acid (APS, Tocris): 50 uM,
tetrodotoxin (TTX, Tocris): 100 nM, picrotoxin (PTX, Tocris): 6 uM, NBQX (Tocris): 10 uM,
4-AP (Tocris): 100-500 uM. To specifically block postsynaptic GABAA receptors, I included
picrotoxin in the pipette solution at 10 mM concentration (Inomata et al., 1988, Metherate and
Ashe, 1993, Yazaki-Sugiyama et al., 2009). All other materials, including standard salts, were

acquired from Sigma or Fisher Scientific.

Computational modeling of synaptic interactions
To test potential mechanisms of integration in layer 5 neurons, Dr. Archana Proddutur produced

model in the NEURON simulation environment (Hines and Carnevale, 1997), that included a
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soma and dendrites with a proximal and distal component. Each dendritic segment had a length
of 150 um and diameter of 1 pm with additional models testing 0.5 and 2 mm dendritic
diameters. The somatic compartment had a length of 15 um and diameter of 15 um. Two
morphologies were tested: a simple arrangement with one dendrite attached to the soma and a
more complex morphology with two identical dendrites, both originating from the soma. Passive
properties of the model cell include input resistance: 94.8 MQ; axial resistance: 100 Q-m;
capacitance of each compartment: 1.5 pF/cm?; leak channel conductance: 0.9 mS/cm? with a
reversal potential of -70 mV. The resting membrane potential of the model cell was -68 mV. lon
channel conductances were distributed in the compartments as shown in Figure 12. Sodium and
potassium channel conductances (gNa and gK) were uniformly distributed whereas low
threshold T-type calcium channel conductance (gT-Ca) distribution was highest in the proximal
dendritic segmentina 1 : 2 : 1 =soma : proximal : distal ratio (Zomorrodi et al., 2008). A
calcium-dependent potassium channel conductance (gSK) was evenly distributed in all segments.
A hyperpolarization-activated potassium conductance modeled after the HCN1 channel
(gHCN1) was also included and distributed with concentration increasing towards the distal
dendrite (Harnett et al., 2015; Stadler et al., 2014). To simulate frontal and sensory inputs,
glutamatergic excitatory synapses were placed in the dendritic compartments as indicated in the
figure schematics and were driven via NetCon objects. They included AMPA and NMDA
receptor-mediated conductances and were modeled with exponential rise and decay kinetics
using the Exp2Syn class, as adapted from (Egger et al., 2015). AMPA receptor current rise and
decay time constants (1) were 0.2 and 2 ms, respectively. NMDA receptor currents had a trise = 4
ms, while the Tdecay parameter was varied from 30-70 ms in increments of Sms (Schulz et al.,

2018). To compare the performance of various model configurations in Figure 24, conductances
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were adjusted to produce identical unimodal EPSP magnitudes across morphologies. Where
described, an inhibitory GABAA receptor synapse was included on either the dendritic segment
targeted by excitation or on the soma. GABAA receptor synapses had rise and decay kinetics of
Trise = 0.5 ms and Tdecay = 20 ms, with conductance matching the conductance of the respective
excitatory synapses (Egger et al., 2015). To represent the short-term depression of GABAA
synaptic inputs, the maximal conductance of delayed inhibitory inputs was reduced in the model
by 40%, mimicking values observed in my physiology experiments. The reversal potential of
GABAA receptor synapses was set to -75 mV after our calculated chloride reversal potential. To
mimic conditions of in vitro experiments, the model cell was clamped at -75 mV for the duration
of synaptic integration simulations. Two individual VecStim Pointprocess objects were used to
simulate frontal and sensory input synapses, which were activated either alone (unimodal), or
together with a 0 ms or 50 ms delay (multimodal). Antagonistic drug effects were simulated by
setting target conductances to 0 S (simulated TTX, gNA = 0 S; simulated mibefradil, gT-Ca =0
S, gSK =0 S; simulated AP5, gNMDAR = 0 S). Multimodal enhancement index (MEI) of each
simulated integration events was calculated exactly as was for physiology experiments (see
below). In some model configurations, high excitatory conductance drove the model to spike. In
these cases, the MEI was calculated from the action potential threshold, using first derivative
method (dV/dt) where membrane potential reached ~10mV/ms. Membrane potential traces of
individual simulations were extraced and spike thresholds measured using dV/dt method in the
Clampfit Software. While this calculation likely underestimated the true supralinearity produced

by the synaptic integration, it was judged to be the most physiologically relevant readout.
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Experimental design and statistical analysis

In all figures, I present all recorded data points, the data mean and 95% confidence intervals. Up
to three cells were recorded per animal for each experiment. Responses recorded from the same
cell type within an animal were then averaged and treated as a single experimental replicate (n)
for all statistical comparisons unless specifically stated otherwise. Cell type assignment was
performed blind to experimental condition (see Cell type classification above). Assessment of
drug effects were performed within cells (pre and post drug conditions) using paired t-test. In this
case, no more than two replicates were recorded from a single animal. Feedforward inhibition to
L5 cells was calculated from evoked EPSPs as the voltage difference before and after GABAA
blockade (PTX, 6 uM) at the time of peak in PTX. Means, confidence intervals and t-statistics
were calculated in Python 3.7. Where applicable, multiple comparisons were accounted for using
Sidak’s correction. Temporal dynamics of synaptic interaction were analyzed by comparing the
recorded multimodal response amplitude to the arithmetic sum of unimodal EPSPs at the
corresponding delay using a one-sample t-test. Integration profiles across groups were compared
using a mixed model two-way ANOVA in Prism 8 (GraphPad). Given that I found no effect of
input order on subthreshold integration profiles, action potential firing data from each cell were

pooled and averaged across input orders.

Quantification of multimodal interactions

To quantify the interaction of two distinct synaptic inputs, I calculated a Multimodal
Enhancement Index (MEI) by dividing the recorded multimodal response by the arithmetic sum
of unimodal responses. Subthreshold MEI was calculated using evoked EPSP amplitudes:

EPSPmuitimodal / (EPSPunimodal-1 + EPSPunimodal-2), where the sum of unimodal responses was
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determined by adding the voltage traces resulting from each unimodal stimulation.
Suprathreshold MEI was calculated using the number of evoked action potentials (APs):

NAPmultimodal / (NAPunimodal-1 + NAPunimodal-2).

2.3 Results

Monosynaptic dual innervation of layer 5 PPC neurons by feedforward and feedback afferents
To understand how layer 5 pyramidal neurons in the PPC integrate feedforward inputs with
feedback signals, I first set out to determine whether these information streams converge onto
individual cells. I expressed the red-shifted channelrhodopsin variant Chrimson in the auditory
cortex (AUD, feedforward) and the blue light sensitive ChR2(H134R) (hereinafter, “ChR2”) in
the anterior cingulate cortex (ACC, feedback) (Figure 6A). Opsin expressing long-range
afferents from ACC and AUD were readily observed in the PPC (Figure 6B). I made whole-cell
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Figure 6. Dual-color optogenetic approach for selective activation of feedforward-

feedback pathways to L5 cells. (A) Schematic illustrating the transduction of ACC and AUD : :
with ChR2 and Chrimson constructs, respectively. (B) Example image of ACC and AUD this dual color optogenetlc
afferents in the PPC. Scale bar, 200 um. (C) Schematic of dual optogenetic experiments.

Brief pulses of 630 nm or 440 nm light resulted in excitatory postsynaptic responses approach is the limited but
detected by whole cell patch clamp recording in acute PPC slices. (D) Representative

firing patterns of IB and RS neurons. Pie chart displays the proportion of IB and RS cells

in layer 5 of the PPC. (E) Intrinsic response metrics used to classify layer 5 pyramidal cells. appreciab]e sensitivity of
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Figure 7. Intrinsic membrane properties in IB and RS cells. Distributions of IB (red) and RS (blue) cell (A) resting membrane
potential (Vrest), (B) input resistance (Rinput), (C) sag, (D) magnitude of the depolarizing envelope, (E) initial action potential burst,
(F) slow afterhyperpolarization (sAHP), and (G) action potential half-width. *: p < 0.05, two-sample t-test.

Chrimson to blue light (Klapoetke et al., 2014), leading to potential coactivation of afferents by

440nm excitation. To address this issue and ensure input selectivity, I limited blue light pulses

under a maximal duration and power for 440nm excitation that averts opsin cross-activation (see

Chapter 1). In layer 5 of the PPC, I observed similar proportions of intrinsic bursting (IB) and

regular spiking (RS) pyramidal neurons (IB 42.4%, RS 57.6%, n = 369, Figure 6D). The two cell

types were identified by differences in action potential firing pattern, input resistance, and the

magnitude of the depolarizing envelope (initial AP firing: IB 29.4 + 0.7%, RS 20.6 + 0.3%, p <

0.001; input resistance: IB 61.8 = 2.1 MQ, RS 91.1 + 2.4 MQ, p < 0.001; depolarizing envelope:

[B9.6+04mV,RS44+0.1 mV,p<0.001; IBn=156, RS n=213; mean + SEM;

independent samples t-test; Figure 6E and 7). IB and RS neurons also differed in voltage sag
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Figure 8. Pharmacological approach for testing dual monosynaptic connections.

(A) Example traces showcasing the TTX/4-AP approach for determining dual
monosynaptic connections. TTX (1 uM) abolishes all optogenetic-evoked postsynaptic
responses. Addition of 4-AP recovers responses from afferents with monosynaptic but
not polysynaptic innervation. Dual response recovery from both afferents indicates
converging monosynaptic connections. Blocking glutamatergic transmission abolishes
all responses. Colored bars under voltage traces indicate timing of light stimuli used to
activate ACC (green) or AUD (magenta) afferents.(B) Distribution of evoked EPSP
latencies of all recorded cells. Latencies of cells which failed the TTX/4-AP
pharmacological test are indicated by black arrowheads. Dashed red line represents
latency cutoff used to determine monosynaptic inputs. (C) Response amplitudes of IB
(red, n = 8) and RS (blue, n = 8) neurons in the TTX/4-AP experiment. Individual cells
are represented by distinct shades of color.

ratio and action potential half-
width (voltage sag ratio: IB
13.29+0.43 %, RS 8.63 +
0.38 %, p <0.001; action
potential half-width: IB 1.39
+0.04 ms, RS 1.52 + 0.03 ms,
p = 0.008, Figure 7C and G),
while no differences in resting
membrane potential or slow
afterhyperpolarization were
observed (resting membrane
potential: IB -71.5 £ 0.44 mV,

RS-70.5+0.56 mV, p=

0.175; slow afterhyperpolarization: IB -0.55 £ 0.27 mV, RS -0.55 £ 0.24 mV, p=0.993; IBn =

156, RS n = 213; mean + SEM; see Methods, Figure 7A and F). To determine whether inputs

were mono- or polysynaptic, I used the TTX/4-AP pharmacological method (Petreanu et al.,

2009) (Figure 8A and B). I found that the application of 4-AP (100-500 mM) after TTX (1 mM)

restored glutamatergic synaptic responses to both ACC and AUD afferent activation in the

majority of layer 5 cells (Figure 8C), indicating monosynaptic dual innervation. These

experiments suggested that synaptic latencies for verified monosynaptic inputs were no longer

than 4 ms (Figure 8B). I furthermore tested whether layer 5 pyramidal neurons received direct

input from frontal-visual and auditory-visual afferent combinations (Figure 9A and B). To
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Figure 9. Dual monosynaptic innervation of layer 5 PPC neurons by feedforward

and feedback afferents. (A) Bath application of TTX (1 uM) abolishes IB (red) and

RS (blue) evoked postsynaptic responses to ACC and VIS afferent stimulation.

Responses are recovered by the addition of 4-AP (indicating a monosynaptic connection).
Addition of NBQX and AP5 eliminates all responses, confirming they are from glutamatergic
synapses. Both inputs were tested within the same cells. Bars represent average EPSP
amplitudes. Colored lines indicate individual cells (IB, n = 6; RS, n=5). (B) Pharmacological
test of monosynaptic AUD / VIS dual innervation in IB (red) and RS (blue) cells (IB, n = 7;
RS, n = 6). (C) Bars represent the proportion of IB and RS neurons receiving converging
ACC and AUD inputs. (D) Proportion of IB and RS neurons receiving converging ACC and
VIS inputs. (E) Proportion of IB and RS neurons receiving converging AUD and VIS inputs.
*: p < 0.05, two-sided Fisher’s exact test.

distinguish between mono- and
polysynaptic inputs and estimate
the proportion of dual
innervated cells, I applied the
above 4 ms latency cutoff to
evoked responses in all recorded
cells

(see Methods). 1 found that IB
and RS neurons were equally
likely to receive monosynaptic
dual innervation from ACC and
AUD afferents (IB 91/107, RS
92/101 cells, p = 0.205, two-
sided Fisher’s exact test, Figure
9C). IB cells were significantly

less likely to receive

monosynaptic dual input from ACC and the visual cortex (VIS) than RS neurons (IB 10/16, RS

22/23 cells, p = 0.013, Figure 9D), and were equally likely to receive dual innervation from AUD

and VIS (IB 13/15, RS 19/21 cells, p > 0.999, Figure 9E). Only cells receiving monosynaptic

dual input (based on passing the TTX/4AP test or displaying less than 4 ms synaptic latency for

both inputs) were included in further analysis. Together, these data suggest that a large

proportion of IB and RS neurons in PPC layer 5 receive direct, converging excitation from

feedforward and feedback sources.
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Temporal profiles of feedforward-feedback integration are cell-type specific

I next sought to determine the
temporal dynamics of the
interaction between converging
feedforward and feedback inputs
in IB and RS cells (Figure 10A). I
recorded light evoked unimodal
EPSPs in response to independent
activation of ACC or AUD
afferents (Figure 10B and C).
Unimodal recordings were then
interleaved with multimodal trials
where the two afferents were co-
activated with 0, 50, 100, or 250
ms delay between the light pulses
(Figure 10D and E). To quantify
synaptic interactions, I calculated
a Multimodal Enhancement Index
(MEI) by dividing the amplitude

of the recorded multimodal
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Figure 10. Cell type-specific nonlinear integration of feedforward and
feedback synaptic inputs. (A) lllustration of dual, monosynaptic innervation
(left) and the stimulation protocol (right). (B) IB cell response to unimodal
stimulation of ACC or AUD afferents. (C) RS cell response to unimodal
stimulation of ACC or AUD afferents. (D) Representative IB cell responses

to combined stimulation of ACC and AUD afferents activated with 0 (coincident),
50, 100, or 250ms delay between inputs. Recorded traces (red) are overlaid on
the calculated linear response (grey). (E) Representative RS cell responses to
combined stimulation of ACC and AUD afferents (blue) and the predicted linear
response (grey). (F) Temporal dynamics of ACC-AUD integration in IB neurons
(light red lines). Dark red line represents population mean; shaded area
represents 95% CI. (G) Temporal dynamics of ACC-AUD integration in RS cells
(light blue lines). Dark blue line represents population mean; shaded area
represents 95% Cl. Dashed black line in (F) and (G) indicates linear
integration. *: p < 0.05, t-test.

response by the summed amplitude of unimodal responses (see Methods). An MEI of 1 would

thus indicate a linear interaction. By plotting MEI values against the respective synaptic delay, I
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captured temporal integration profiles for IB and RS cells (Figure 10F and G). In IB cells,
coincident activation of ACC and AUD inputs resulted in an evoked response amplitude 34%
greater than the linear sum (MEI = 1.34, p = 0.002, n = 11, t-test, Figure 10F). This enhancement
was absent when AUD afferents were activated following ACC inputs with any delay (50 ms:
MEI = 1.02, p = 0.740; 100 ms: MEI = 1.09, p = 0.652; 250 ms: MEI = 0.95, p = 0.425; Figure
10F). Conversely, in RS cells, coincident activation of ACC and AUD inputs resulted in linear
integration (MEI = 0.90, p = 0.085, n = 15, t-test, Figure 10G). However, when ACC and AUD
inputs arrived at RS cells with a 50-100 ms delay, evoked EPSPs were significantly larger than
what linear summation predicted (50 ms: MEI = 1.25, p = 0.005; 100 ms: MEI = 1.20, p = 0.025;
250 ms: MEI = 0.99, p = 0.839; Figure 10G). Two-way ANOVA revealed that IB and RS cells

integrate ACC and AUD inputs with distinct temporal dynamics (cell type x synaptic delay
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Figure 11. Temporal dynamics of synaptic integration are independent of stimulus order and opsin indentity. (A) Integration profiles of IB (red) and
RS (blue) cells in response to stimulating ACC and AUD afferents in reverse order compared to Figure 9F and G. Light lines represent independent
observations (mouse averaged), dark lines and shaded regions indicate mean + 95% CI. Due to interleaved sampling in these experiments, n-numbers
throughout this figure match the sample size in Figure 9. *: p < 0.05, t-test. (B) Rise time constants (1) of evoked EPSPs when expressing either ChR2
(green) or Chrimson (magenta) in ACC (nChR2 = 47, nChrimson = 27), AUD (nChR2 = 26, nChrimson = 49), or VIS (nChR2 = 27, nChrimson = 24).
Horizontal lines indicate mean rise 1. (B) Decay time constants (K) of ChR2 (green) or Chrimson (magenta) stimulus evoked EPSPs in ACC, AUD, or VIS.
Horizontal lines indicate mean decay . Individual cells are plotted, IB and RS cells were pooled in this dataset. *: p < 0.05, one-way ANOVA with Sidak’s
correction for multiple comparisons, no significant differences observed. (C) Integration profile of IB (red, n = 10) and RS (blue, n = 8) neurons with opsin
expression swapped between input afferents. Here, ChR2 was expressed in AUD, while Chrimson was expressed in ACC. Dark lines and shaded regions
indicate mean + 95% confidence interval. Light lines represent individual animals. *: p < 0.05, t-test.
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interaction F3,60 = 11.9, p <0.0001).

To test whether the sequence of inputs influenced feedforward-feedback interactions, I
activated afferents in reverse order, with ACC inputs following AUD afferent activation (Figure
11A). I found that changing the order of inputs had no effect on the temporal dynamics of
synaptic integration in either cell type (input order % synaptic delay interaction in IB cells F3, 458 =
0.65, p = 0.588; in RS cells F3,73=0.21, p = 0.887; two-way ANOVA). Furthermore, activating
ACC and AUD afferents in reverse order preserved the cell-type specificity of integration
profiles (cell type % synaptic delay interaction in reversed input order: F3 61 = 11.23, p <0.0001,
two-way ANOVA).

A potential caveat of all above experiments is that ChR2 and Chrimson have distinct
channel kinetics (Klapoetke et al., 2014), thus rigid opsin-afferent pairings may bias integration
dynamics. To address this issue, I measured EPSP rise, and decay time constants evoked by
either ChR2 or Chrimson activation. I found no difference in ChR2 and Chrimson EPSP kinetics
in any of the tested afferents (ChR2 vs. Chrimson: ACC, rise: p = 0.823, decay: p = 0.106; AUD,
rise: p = 0.889, decay: p > 0.999; VIS rise: p = 0.677, decay: p > 0.999; one-way ANOVA with
Sidak’s correction for multiple comparisons, Figure 11B). Furthermore, temporal dynamics of
ACC-AUD integration were not affected by reversing the opsin expression between afferents,
i.e., ACC transduced with Chrimson and AUD with ChR2 (opsin target % synaptic delay
interaction in IB cells: F3,49=1.56, p=0.211; in RS cells: F3,55 = 0.48, p = 0.697; two-way
ANOVA; Figure 11C). The observed cell-type specificity of feedforward-feedback synaptic
interactions remained robust against changing upstream opsin identities (cell type % synaptic

delay interaction F3 44 = 7.52, p = 0.0004, two-way ANOVA in reverse opsin experiments).
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These results demonstrate nonlinear subthreshold interactions between frontal and

auditory inputs in layer 5 pyramidal neurons of the PPC and indicate that IB and RS cells

integrate feedback signals with feedforward inputs with distinct temporal dynamics.

Distinct combination of ionic mechanisms underpins coincident and delayed supralinearity

I next sought to identify the mechanisms
underlying the temporal dynamics of nonlinear
synaptic integration. Neuronal dendrites are
rich in channels that allow for a diverse range
of nonlinear computations (Stuart and
Spruston, 2015). Among the most well-studied
are dendritic spikes caused by regenerative
currents through Na* channels (Ariav et al.,
2003; Golding and Spruston, 1998; Kim and
Connors, 1993), Ca*" channels (Golding et al.,
1999; Kim and Connors, 1993; Larkum and
Zhu, 2002; Losonczy and Magee, 2006;
Schiller et al., 1997), or N-methyl-D-aspartate
(NMDA) receptors (Polsky et al., 2004;
Schiller et al., 2000, 1997). To explore the
interaction of these conductances and
determine their contribution to nonlinear

synaptic events, I collaborated with Dr.
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Figure 12. Differential involvement of ionic conductances to
coincident and delayed integration. (A) Schematic illustrating
the distribution of channel conductances along the model
compartments (distal dendrite, proximal dendrite, and soma).
gNa, Hodgkin-Huxley-type sodium conductance; gK, Hodgkin-
Huxley-type potassium conductance; gT-Ca, T-type calcium
conductance; gSK, calcium-dependent small potassium
conductance; gHCN1, hyperpolarization-activated cyclic
nucleotide-gated nonspecific cationic channel 1 conductance.

(B) Computational model exploring coincident (0 ms delay)
integration MEI values across a parameter space with varying
sodium and calcium channel conductance and NMDA receptor
decay constant. Missing points represent parameter combinations
where coincident inputs drove the model past action potential
threshold. (C) MEI values for delayed (50 ms) synaptic integration
across the same parameter space as in (B).



Archana Proddutur in Dr. Gyorgy Lur’s lab, who built a computational model (see Methods) of a
theoretical L5 neuron (Figure 12A). All computational modelling described throughout this
dissertation was performed by Dr. Proddutur. To determine the role of sodium-, and calcium
channels, and NMDA receptors in synaptic integration, Dr. Proddutur independently varied
channel conductance or NMDA receptor decay kinetics, while keeping all other parameters
fixed. In the resulting 1881 variations of the model, Dr. Proddutur calculated MEI values for
simulated EPSPs evoked by stimulating modelled glutamatergic synapses (see Methods)
simultaneously or with 50ms delay. Increasing sodium conductance resulted in the enhancement
of coincident inputs (Figure 12B) but had no effect on synaptic integration when synaptic events
were delayed by 50 ms (Figure 12C). In contrast, higher calcium channel conductance led to
enhanced integration of both coincident and delayed inputs (Figure 12B and C). Varying NMDA
receptor decay kinetics had minimal effect on coincident integration but had a marked influence
on synaptic interactions at 50 ms delay (Figure 12B and C).

These results suggest that sodium and calcium conductances drive supralinear
multimodal integration when inputs coincide while the interaction of calcium conductance and

NMDA receptor decay kinetics determines integration at longer synaptic delays.

Temporal dynamics of synaptic integration are shaped by cell-type specific inhibition

I next asked whether the above mechanisms explained the distinct integration profiles of IB and
RS cells. Out of our initial 1881 models (black dots in Figure 13A), 201 variations (10.6%)
captured the observed integration profile of IB cells with a 99% confidence interval (red
crosshair). However, no combination of these ionic mechanisms approximated our results from

RS cells (blue crosshair, Figure 13A). We thus considered that a non-cell autonomous
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Figure 13. Coincident integration in RS cells is linearized by a feedforward inhibitory circuit.

(A) Relationship of coincident and delayed MEI values in all model variations without inhibition (black dots)
and with the inclusion of feedforward inhibition (orange dots). Crosshairs represent ranges of all in vitro
recorded IB (red) and RS (blue) neurons. Error bars show 99% CI and cross at the data median. (B) ACC
stimulation evoked EPSPs in IB (top) and RS (bottom) cells before (black) and after (orange) GABAA
receptor block with picrotoxin (PTX). (C) Comparison of GABAA-mediated inhibition in IB (red) and RS
(blue) cells. Bars represent means. *: p < 0.05, unpaired t-test. (D) GABA, block (PTX) has no effect on
coincident and delayed ACC-AUD integration in IB cells (red). (E) GABA, block (PTX) unmasks supralinear
integration of coincident inputs in RS neurons (blue). *: p < 0.05, paired t-test.

mechanism may shape the integration profile of these cells. RS neurons have been reported to
receive higher inhibitory drive than their IB counterparts (Hefti and Smith, 2000; Sun et al.,
2013). Consistent with these findings, I observed stronger feedforward inhibition in RS cells
compared to IB neurons (ACC p =0.019; AUD p = 0.006; IB n = 8, RS n = 9; unpaired t-test,
Figure 13B and C). The strength of inhibition recruited by ACC and AUD afferents was
indistinguishable (IB cells: p =0.159, n = 9; RS cells: p = 0.401, n = §; paired t-test; Figure
13C). To test the hypothesis that feedforward inhibition shapes the integration profile of RS, but
not IB cells, [ measured coincident and delayed integration in the presence of the GABAA
receptor antagonist picrotoxin (PTX, 6 uM). I found that PTX had no effect on coincident or
delayed ACC-AUD interaction in IB cells (coincident: p =0.112, n = 8; 50 ms delay: p = 0.947,
n = 10; Figure 13D). Conversely, in RS neurons, bath application of PTX enhanced coincident
integration by 32% (to MEI = 1.24, p = 0.023, n = 10, paired t-test, Figure 13E) leading to
supralinear summation (p = 0.048, t-test). Similarly, including the non-membrane permeable
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Figure 14. Internal block of GABA, receptors uncovers coincident supralinear integration (A) Excitatory

postsynaptic currents (EPSCs, black), inhibitory postsynaptic currents (IPSCs, orange) and excitatory postsynaptic

potentials (EPSPs, blue) recorded from RS cells. Thin lines are individual recordings, thick lines are means.

Inlcusionof picrotoxin (10 uM) in the intracellular recording pipette (iPTX) lowers IPSC amplitude. (B) Comparison

of IPSC amplitude between control and internal GABA, block. *: p < 0.001, n = 7 control, 8 internal PTX, t-test.

(C) MEI values measured in RS neurons with internal GABA, block. *: p < 0.05, one sample t-test.
PTX in the internal solution (10 mM) which is effective at selectively reducing inhibitory
currents in patched cells (Figure 14A and B) (Akaike et al., 1985; Atherton et al., 2016; Inomata
et al., 1988; Metherate and Ashe, 1993), enhanced coincident integration in RS neurons
(coincident MEliptx = 1.23, p = 0.02, 50 ms delay MEIiprx = 1.44, p = 0.005, n = 8, one-sample
t-test., Figure 14C). These data suggested that integration of coincident inputs in RS cells was
shaped by feedforward inhibition.

To test whether the relative kinetics of excitation and inhibition are permissive to this
interaction, I next compared EPSP, EPSC, and IPSC kinetics recorded from the same RS cells
(Figure 15A—C). EPSP peaks were reached later than the rise time constant of the IPSC (pACC =
0.006, pAUD = 0.005, n = 7, paired t-test) but earlier than the decay constant (pACC = 0.0006,
pAUD < 0.0001, n =7, paired t-test), suggesting that ACC and AUD induced EPSPs peak during
the strongest inhibitory effect (Figure 15D and E). Supralinear delayed (50 ms) integration in RS
cells was unaffected by bath applied PTX (p = 0.42, n = 11, paired t-test; Figure 13E), or by PTX

in the pipette solution (MEIsoms = 1.44, p = 0.005, n = 8, one-sample t-test; Figure 14C). This

indicated that inhibition may be reduced when inputs were delayed. Indeed, recording inhibitory
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Figure 15. Relative kinetics of excitatory and inhibitory currents in RS cells. (A) Excitatory postsynaptic currents (EPSCs,
black), inhibitory postsynaptic currents (IPSCs, orange) and excitatory postsynaptic potentials (EPSPs, blue) recorded from RS
cells. Thin lines are individual recordings, thick lines are means. Traces from ACC activation are identical to those in Figure 14A.
(B) Relative rise constants of EPSCs, IPSCs and EPSPs recorded following the activation of ACC and AUD inputs to RS cells.
(C) Relative decay constants for the same recordings as in B. in B and C, data points connected by grey lines represent
individual recordings. (D) Example EPSP (blue) and IPSC (orange) to showcase relative kinetics. 1/e points of IPSC rise and
decay are marked by x. (E) Relative timing of IPSC rise (bottom), EPSP peak (middle) and IPSC decay (top). EPSP peak is
reached later than the 1/e rise point of the IPSC (pACC = 0.006, pAUD = 0.005, n = 7, paired t-test) but earlier than the 1/e
decay point (PACC = 0.0006, pAUD < 0.0001, n = 7, paired t-test), suggesting that EPSP peaks during the strongest inhibitory
effect. Points connected by grey lines represent individual recordings.

postsynaptic currents (IPSCs) evoked by sequential activation of ACC and AUD afferents
revealed depressing short-term synaptic dynamics (approximately 39% depression at 50 ms,

Figure 16A and B). Thus, Dr. Proddutur incorporated feedforward inhibition in the above

detailed computational A c
ACC
model (Figure 16C) and
IN
calculated the MEI of AUD
10
) i 0 M\\.‘
EPSPs simulated with ! 50 100 250 RS
ISI (ms)
Varying sodium, Figure 16. Depressing short-term dynamics of feedforward inhibition to RS cells.

(A) Example IPSCs evoked by combined activation of ACC (green) and AUD (magenta)
afferents with 50, 100 and 250 ms delays. (B) Paired pulse ratio (PPR) of IPSCs evoked
calcium and NMDA by sequential stimulation of ACC and AUD inputs. Dark orange line and shaded region
indicates mean + 95% confidence interval, grey lines show individual recordings (n = 8).
Light lines represent individual cells. *: p < 0.05, t-test. (C) Schematic model incorporating

decay parameters. Now feedforward inhibition.
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including a depressing GABAergic synapse, Dr. Proddutur generated and additional 1881 model

variations, allowing us to capture the integration characteristics of RS neurons (Figure 13A).
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In vitro pharmacology confirms model predictions

Figure 17. Pharmacological testing of IB model
predictions. (A) Simulating the effect of blocking
sodium channels, calcium channels, or NMDA
receptors on coincident integration in a model IB
neuron. (B) Simulating the effect of channel
blockers on delayed (50 ms) integration in a model
IB neuron. Inset: schematic of channel and synapse
distribution in model IB neurons. (C) The effect of
pharmacological inhibition of sodium (low
concentration (100 nM) of TTX), T-type calcium
(Mib) and NMDA receptors (AP5) on coincident
integration of ACC and AUD afferents in IB neurons
in vitro. (D) The effect of the above pharmacological
manipulations on delayed (50 ms) integration of
ACC and AUD afferents in IB neurons in vitro.

*: p <0.05, paired t-test.

The above models predict that specific ionic conductances support the enhancement of

coincident inputs to IB cells and delayed inputs to RS neurons. To test these predictions, Dr.

Proddutur first created a model cell with medium-high sodium (0.065 nS) and calcium (0.0048

nS at the proximal dendrite) conductance and fast NMDA decay kinetics (t = 30 ms) to
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Figure 18. Integration profiles are stable over extended whole cell
recordings. (A) Multimodal enhancement index (MEI) values of
coincident and delayed (50 ms) ACC-AUD integration in IB cells prior

to (Pre) and after (Veh) addition of drug vehicle to the perfusate for the
same time period as used in pharmacology experiments. IB comparison
between Pre and Veh: pcoin = 0.14, p50ms = 0.61, n = 8, paired t-test.
IB nonlinearity: pcoin-Pre = 0.036, pcoin-Veh = 0.016, p50ms-Pre = 0.76,
p50ms-Veh = 0.48, one-sample t-test. (B) MEI values of coincident and
delayed (50 ms) ACC-AUD integration in RS cells prior to (Pre) and after
(Veh) addition of drug vehicle. RS comparison between Pre and

Veh: pcoin = 0.45, p50ms = 0.71, n = 9, paired t-test. RS nonlinearity:
pcoin-Pre = 0.088, pcoin-Veh = 0.31, p50ms-Pre < 0.001, p50ms-Veh =
0.001, one-sample t-test.
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approximate IB neurons. This model

produced supralinear integration of

coincident inputs (MEI = 1.38) but linear

addition at 50ms delay (MEI = 1.04,

Figure 17A and B). Blocking sodium,

calcium, or NDMA conductances in the

model, resulted in near linear coincident

integration (MEINa-block: 1.08, MElIca-block
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Figure 19. Cell-type-specific EPSP and NMDA receptor decay kinetics. (A) Comparison of ACC and AUD inactivation evoked
EPSP decay kinetics between IB (red) and RS (blue) neurons. *: p < 0.05, nIB = 63, nRS = 54, t-test. (B) Representative voltage
clamp recording of NMDA receptor current in the presence of NBQX (blue) and NMDA receptor current after the addition of AP5
(yellow). (C) Comparison of ACC and AUD fiber activation evoked NMDA receptor current decay kinetics between putative IB and
putative RS cells. *: p < 0.05, ACC: nIB = 11, nRS = 13, AUD: nIB =7, nRS = 9, t-test. (D) Simulated EPSPs with varied NMDA
decay kinetics (30 ms: magenta, 45 ms: blue, 60 ms: green) overlayed on in vitro recorded EPSPs (grey).

=0.909, MEINnmDA-block = 1.04 Figure 17A). I then conducted the same experiments in vitro,
recording ACC-AUD integration in IB neurons while bath applying pharmacological blockers.
Supralinear integration of coincident inputs was diminished by bath application of a low-
concentration (100 nM) of the Na* channel blocker tetrodotoxin (TTX, MEI reduction of 0.31, p
=0.030, n =7 cells; paired t-test, Figure 17C). Coincident supralinearity was
also reduced by the T-type Ca*" channel blocker mibefradil (Mib, 20 pM, 0.26 reduction in MEI,
p=0.016,n =8; Figure 17C) and to a lesser extent by the NMDA receptor antagonist D-2-
amino-5-phosphonovalerate (APS5, 50 uM, 0.18 reduction in MEIL, p =0.034, n = 11; Figure
17C). In IB cells, linear integration at 50 ms synaptic delay was unaffected by any of the tested
agents (TTX: p=0.457,n="7; Mib: p=0.070, n =8; AP5: p=0.155, n = 11; Figure 17D).
Vehicle flow-in for equivalent time periods resulted in no change in synaptic integration in IB
cells (peoincident = 0.14, psoms = 0.61, paired t-test, n = 7, Figure 18A).

To simulate coincident and delayed integration in RS cells, Dr. Proddutur next generated
a model neuron with low sodium conductance (0.015 nS), high calcium conductance (0.0062 nS

at the proximal dendrite) and slow NMDA receptor decay kinetics (t = 60 ms). This model RS
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neuron also included feedforward inhibition
targeting the excitatory recipient dendritic
segment. The use of longer NMDA receptor
decay kinetics in this model was supported by
longer decay time constants observed both in
EPSPs (Figure 19A) and NMDA currents
(Figure 19B and C) of RS and putative RS
(identified via retrograde labelling, see
Methods, Figure 20) neurons in vitro. Model
RS cell EPSP kinetics fell within the range of
recorded EPSPs (Figure 19D). Our RS neuron
model, now including inhibition, produced
near-linear coincident integration (MEI =
0.90) that was unaffected by blocking sodium,
calcium or NMDA conductances (shown in

orange in Figure 21A). Similarly to my

observations of RS neurons in vitro, E o o
dStr-projecting Pons-projecting
simulations produced supralinear synaptic -
interaction when the inputs were delayed by
n=18 n=9
50 ms (50 ms MEI = 1'225 Figure ZIB) Figure 20. Projection-specific labelling of IB and RS cells.

(A) Example fluorescence image showing the distribution of dorsal
. . . . striatum (yellow) and pons (magenta) projecting neurons in the PPC

Delayed Suprallnearlty perSlSted in the absence (n = 8). Scale bar is 500 um. (B) representative image of the dorsal

striatum injection site (yellow). (C) Representative image of the pons
. injection site (magenta). Scale bar in B and C are 500 um.(D) High

of sodium conductance (50 ms MElINa-block = magnification images of striatal (yellow) and pons (magenta)

projection cells in the PPC region highlighted by a white rectangle
i X in A. Scale Bar is 100 um. (E) Proportion of dStr (left) and pons
1 22), hOWGVGI’, it was abolished by removal (right)-projecting PPC neurons that are categorized as IB or RS cells.
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of calcium or NMDA conductances (50 ms MEIca-biock = 0.98, 50 ms MEInMDA-block = 1.07,
Figure 21A and B). I then reproduced these experiments in vitro, recording AUD-ACC
integration in RS neurons while bath applying pharmacological blockers. Coincident integration
in RS cells was unaffected by drug treatment (TTX (100 nM): p =0.687, n = 6; Mib: p=0.154, n
= 6; AP5: p=0.185, n = 10; paired t-test, Figure 21C). At 50 ms synaptic delay, TTX had no
effect on integration (p = 0.511, n = 7; Figure 21D). However, application of both Mib and AP5
significantly reduced multimodal enhancement of delayed inputs (Mib: 0.41 reduction in MEIL p
=0.020, n = 6; AP5: 0.28 reduction in MEI, p = 0.005, n = 11; paired t-test, Figure 21D).
Vehicle flow-in did not alter integration in RS cells (pcoincident = 0.45, psoms = 0.71, paired t-test, n
= 8, Figure 18B).

These data indicate that the expression of high sodium and calcium conductances
combined with fast NMDA receptor decay cause IB neurons to act as coincidence detectors of
feedforward and feedback inputs. Conversely the temporal dynamics of synaptic integration in
RS neurons is determined by two factors: an interaction of high Ca?* conductance and slow
NMDA receptor decay kinetics drive supralinear addition of delayed inputs while GABAA

mediated feedforward inhibition linearizes coincident integration.

Coincident 50 ms : *Na* Figun.'e ?1. Pharmgcological testing of RS model
= predictions. (A) Simulating the effect of sodium,
2.57 model RS -GABA 25 4Ca?*  calcium or NMDA block on 0 ms (coincident)
_ 20 _ 20 NMDA integration in a model RS neuron with (orange) or
2151 Y15 decay Without (blue) feedforward inhibition. (B) Simulating
= 10b————— N T~ = 1oL T >~ T y the effect of sodium, calcium or NMDA block on
054 o 05/ o . dglayed (50 ms) iqtegration in a model RS neuron
cr no off no ctr no or no or no ctr no with (orange) or without (blue) feedforward_lnh_lbltl_on.
Na Ca NMDA Na Ca NMDA Inset: schematic of channel and synapse distribution
in model RS neurons. (C) The effect of
C o D pharmacological inhibition of sodium (low
2.5 invitro RS 25 * * concentration (100 nM) of TTX), T-type calcium
2.0 2.0 (Mib) and NMDA receptors (AP5) on coincident
Wqg Wqsg oz ~_ integration of ACC and AUD afferents in RS
e N 2l == ~— neurons in vitro. (D) The effect of the above
: == = : pharmacological manipulations on delayed (50 ms)
0.5° — — — 05 — — —— integration of ACC and AUD afferents in RS neurons
Pre TTX Pre Mib Pre AP5 Pre TTX Pre Mib Pre AP5

in vitro. *: p < 0.05, paired t-test.
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Subthreshold feedforward-feedback interactions translate to nonlinear action potential firing

I next asked whether the action potential
output of IB and RS cells reflects the
observed cell type-specific synaptic
integration dynamics. To answer this
question, I adjusted stimulus strength to
elicit action potentials in unimodal trials
with approximately 50% probability
(Figure 22A and B). In interleaved trials, I
activated ACC and AUD afferents either
coincidentally, or with a 50, 100, or 250
ms delay, as described in our previous,
subthreshold experiments (Figure 10D, E).
I calculated a suprathreshold MEI by
dividing the number of action potentials
fired in response to the combined
stimulation by the sum of unimodal action
potentials. IB cells exhibited supra-

additive action potential firing in response
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Figure 22. Temporal dynamics of action potential output mimic
subthreshold feedforward-feedback integration dynamics.

(A) Action potential firing of a IB cell (red) in response to unimodal

(ACC or AUD) stimulation. (B) Unimodal firing responses in an RS cell
(blue). (C) IB neuron (red) action potential firing in response to combined
stimulation of ACC and AUD fibers with different delays. Same cell as

in (A). (D) RS cell (blue) action potential firing in response to combined
stimulation of ACC and AUD fibers with different delays. Same cell as

in (B). (E) Temporal dynamics of suprathreshold ACC-AUD integration

in 1B neurons (light red lines). Dark red line represents population mean;
shaded area represents 95% CI. (F) Temporal dynamics of suprathreshold
ACC-AUD integration in RS cells (light blue lines). Dark blue line represents
population mean; shaded area represents 95% CIl. Dashed black line in (E)
and (F) indicates linear integration. *: p < 0.05, t-test.

to coincident activation of ACC and AUD inputs (MEI = 1.56, p = 0.007, n = 11; t-test; Figure
22E). However, multimodal action potential firing in IB cells was indistinguishable from linear
summation when the two inputs were delayed (50 ms: MEI = 1.19, p = 0.308; 100 ms: MEI =

1.11, p=0.347; 250 ms: MEI = 1.10, p = 0.417; Figure 22E). In contrast, RS cell action potential
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firing in response to coincident activation of ACC and AUD afferents was linear (MEI = 0.95, p
=0.539, n = 11; t-test, Figure 22F). Multimodal stimulation with 50 ms delay between inputs
resulted in supra-additive action potential firing in RS neurons (MEI=1.33,p=0.011,n=11;
Figure 22F), while longer delays yielded linear integration (100 ms: MEI = 1.17, p = 0.248; 250
ms: MEI = 0.92, p = 0.457; Figure 22F). Multimodal integration profiles were significantly
different between RS and IB neurons (cell type x synaptic delay interaction: F3 ss =4.18, p =
0.0096, two-way ANOVA). Thus, nonlinear enhancement of action potential firing in response to
multimodal stimulation closely mirrored subthreshold synaptic integration in both IB and RS
cells (compare Figure 10F and G to Figure 22E, F). These data suggests that the cell-type
specific temporal dynamics of subthreshold integration shape the firing output of layer 5

pyramidal neurons in the PPC.

Nonlinear synaptic interactions are input-, synapse location-, and cell-type dependent

Finally, I sought to determine whether nonlinear multimodal enhancement in layer 5 pyramidal
neurons of the PPC is a general feature of long-range afferent interactions or specific to the
integration of ACC and AUD inputs. To answer this question, I first expressed ChR2 in the ACC
and Chrimson in the visual cortex (VIS, Figure 23A), and measured ACC-VIS synaptic
interaction as described above. In IB cells, coincident activation of ACC and VIS inputs resulted
in a supralinear enhancement of EPSP amplitude (MEI = 1.30, p = 0.008, n = 7, t-test; Figure
23B), while delayed activation of the two afferents resulted in linear integration (50 ms: MEI =
0.96, p =0.689; 100 ms: MEI = 1.08, p = 0.259; 250 ms: MEI = 0.95, p = 0.659; Figure 23B). In
RS cells, ACC and VIS inputs summed linearly when activated coincidentally (MEI = 1.01, p =

0.841, n =9; Figure 23C), while 50 and 100 ms delayed activation induced supralinear responses
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Figure 23. Input specificity of nonlinear synaptic interactions differs between IB and RS cells.
(A) Schematic illustrating the transduction of ACC and VIS with ChR2 and Chrimson constructs,
respectively. (B) Temporal dynamics of ACC-VIS integration in IB neurons (light red lines). Dark red
line represents population mean; shaded area represents 95% CI. (C) Temporal dynamics of ACC-VIS
integration in RS neurons (light blue lines). Dark red line represents population mean; shaded area
represents 95% Cl. (D) Schematic illustrating the transduction of AUD and VIS with opsin constructs.
(E) Temporal dynamics of AUD-VIS integration in IB neurons (light red lines). Dark red line represents
population mean; shaded area represents 95% CI. (F) Temporal dynamics of AUD-VIS integration in
RS neurons (light blue lines). Dark red line represents population mean; shaded area represents 95%
Cl. Dashed black line in panels (B), (C), (E), and (F) indicates linear integration. *: p < 0.05, t-test

(50 ms: MEI = 1.23, p=10.016; 100 ms: MEI = 1.31 p =0.028; 250 ms: MEI = 1.04 p = 0.485;
Figure 23C). Two-way ANOVA revealed that IB and RS cells have distinct temporal
characteristics for ACC-VIS integration (cell type % synaptic delay interaction F3,36 =9.72, p <
0.0001). Comparison of ACC-AUD and ACC-VIS integration profiles indicated that frontal-
sensory interaction dynamics are insensitive to the identity of the sensory input (input
combination in IB cells: F3,42 = 0.076, p = 0.97; in RS cells: F3,54 =0.6173, p = 0.61; two-way
ANOVA). These results suggest that the cell-type specificity of nonlinear synaptic interactions
may be a general feature of frontal-sensory integration in the PPC.

Next, I asked whether layer 5 pyramidal neurons in the PPC exhibit nonlinear integration
of two sensory inputs. I expressed ChR2 in AUD and Chrimson in VIS afferents (Figure 23D)
and measured their interaction as described above. In IB cells, activation of AUD and VIS inputs

resulted in linear summation of both coincident (MEI = 1.04, p = 0.647, n = 9; t-test, Figure 23E)
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1.0- and delayed inputs (50 ms:

AUD
MEI = 1.04, p = 0.290; 100

ms: MEI = 0.98, p = 0.760;

250 ms: MEI = 0.96,

B Normalized Flourescence Intensity (a.u.) .
0 p=0.302; Figure 23E).
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Figure 24. Distribution of feedforward and feedback afferents in PPC. (A) Example
confocal images of ACC (green), AUD (magenta) and VIS (cyan) projections to the PPC.
Blue: DAPI staining, scale bars are 200 um. (B) Histograms showing the distribution (mean
+ SEM) of ACC (green, n = 9), AUD (magenta, n = 16) and VIS (cyan, n = 7) fibers. I :

(C) Relative density of ACC (green), AUD (magenta) and VIS (cyan) fibers in superficial indicated that in IB CCHS,
(0-150 pm from the pial surface), intermediate (150-400 um) and deep (400-800 um)

sections of the PPC cortical column. nonlinear synaptic

sensory interactions

integration is specific to frontal-sensory input combinations (ACC-AUDis vs. AUD-VISs x
synaptic delay interaction F3 45 = 3.58, p = 0.02; ACC-VISis vs. AUD-VISis x synaptic delay
interaction F3 42 =3.23, p = 0.031, two-way ANOVA). In RS cells, coincident AUD and VIS
inputs summed linearly (MEI = 1.00, p = 0.973, n = 15, t-test; Figure 23F) while inputs delayed
by 50-100 ms showed enhancement (50 ms: MEI = 1.17, p = 0.034; 100 ms: MEI =1.21,p =
0.004; 250 ms: MEI = 1.06, p = 0.339; Figure 23F). In contrast to IB cells, frontal-sensory
integration profiles in RS neurons were indistinguishable from the sensory-sensory input
combination (ACC-AUDgrs vs. AUD-VISrs X synaptic delay interaction F3,72=1.1, p = 0.35;
ACC-VISrs vs. AUD-VISgrs x synaptic delay interaction F3, 54 = 0.29, p = 0.84, two-way
ANOVA). These data suggest that RS cells integrate long-range inputs with a similar nonlinear
profile while supralinear integration of coincident inputs by IB neurons is specific to

feedforward-feedback input combinations.
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Figure 25. Synapse location plays a key role in nonlinear interactions. (A) Simulated
synaptic integration performance of IB neuron models (red) across various anatomical .
configurations. (B) Simulated synaptic integration in RS neuron models without inhibition VIS axonal fibers in the
(-GABA, blue), with inhibition arriving at the same dendritic segment as excitation
(+dGABA, yellow squares), or with somatic inhibition (+sGABA, brown triangles) across
anatomical configurations. In panels (A) and (B), multimodal enhancement index (MEI)
was measured for coincident (top) and delayed (50 ms, bottom) activation of excitatory
inputs. Unimodal EPSP magnitudes were matched across model configurations.

PPC as a coarse measure of
synapse distribution. |
found that in general, all afferents were present throughout the cortical column, although their
density varied greatly across the layers. Superficial layers of the PPC (0-150 mm from the pial
surface) were enriched in fibers originating from the ACC and AUD (Figure 24). Intermediate
layers (150-400 mm) showed high densities of AUD and VIS axons (Figure 24), while all three
projections were present in deeper layers (400-800 mm, Figure 24).

To gain a more detailed insight into how synapse distribution may influence integration
in IB and RS cells, Dr. Proddutur tested seven distinct model configurations for their
permissiveness of multimodal enhancement. Synapse clustering was necessary for multimodal
enhancement in both IB (Figure 25A) and RS (Figure 25B) models. When unimodal EPSPs,
measured at the soma, were matched for amplitude, clustered synapses consistently produced
larger MEI values then distributed synapses on otherwise identical model neurons. Furthermore,

Dr. Proddutur observed larger nonlinearities, both coincident and delayed, when synapses
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clustered on distal, rather than proximal dendrites (Figure 25). The location of inhibition had a
minimal effect on multimodal enhancement in our models. In model RS cells, inhibition
targeting either the soma or the excitatory recipient dendritic segment effectively suppressed
coincident enhancement, with dendrite targeting inhibition exerting a slightly stronger effect in
the majority of model configurations (Figure 25B).

Together, these data suggest that multimodal synaptic interactions are both cell type and
input specific, and reinforce previous suggestions that clustering of afferent excitatory inputs is

the most prominent driver of enhanced multimodal integration.

2.4 Discussion

In this Chapter I demonstrate that individual PPC neurons integrate feedforward and feedback
synaptic inputs with cell-type specific, nonlinear temporal dynamics. I found that afferents
originating from sensory and frontal cortical regions converged onto layer 5 pyramidal cells.
Synaptic inputs from these two pathways summed supralinearly, with cell-type specific short-
term dynamics. Subthreshold integration profiles translated to supralinear action potential firing
in both neuronal populations. Mechanistically, my physiology data combined with computational
modelling data collected by Dr. Archana Produttur suggest that an interaction of Na*, Ca?" and
NMDA conductances support cell type specific integration profiles that is further shaped by

differential inhibitory innervation.

Individual neurons integrate converging long-range afferent pathways
Multimodal interactions have been well documented in cortical circuits (Fritz et al., 2003; Li et

al., 2004; McAdams and Maunsell, 1999; Moran and Desimone, 1985; Spitzer et al., 1988; Treue
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and Trujillo, 1999), including between frontal-sensory (Zhang et al., 2014) and sensory-sensory
(Meredith et al., 1987; Meredith and Stein, 1983; Olcese et al., 2013) neuronal pathways.
Transsynaptic tracing experiments using rabies virus (Wall et al., 2010; Wickersham et al., 2007)
suggested that long-range inputs conveying these modalities may co-terminate on individual
cortical neurons (Kim et al., 2015; Vélez-Fort et al., 2014; Wall et al., 2016). Functional
assessment of such synapses however, remained technically challenging. The strict anatomical
structure of the hippocampus enabled the characterization of how single cells integrated multiple,
identified input pathways at the synaptic level (Remy and Spruston, 2007; Takahashi and Magee,
2009). However, in the neocortex, only specialized preparations allowed for direct stimulation of
long-range (e.g. thalamic) inputs (Agmon and Connors, 1991; Cruikshank et al., 2002). While
electrical stimulation efforts facilitated the mapping of feedforward and feedback circuits in the
visual system (Shao and Burkhalter, 1996), the inherent structural complexity of the neocortex
(e.g. axons of passage) complicates the interpretation of such experiments. Focal stimulation
methods, in combination with optogenetics, allowed the specific and independent activation
identified afferents (Cruikshank et al., 2010; Petreanu et al., 2009; Yang et al., 2013) but until
recently, this was restricted to a single pathway. Here, I circumvented these issues by using a
dual color optogenetic approach (Klapoetke et al., 2014) to selectively manipulate multiple input
pathways to the PPC. I show that a high proportion (~80%) of layer 5 pyramidal neurons receive
monosynaptic dual innervation from frontal-sensory (ACC-AUD and ACC-VIS) and sensory-
sensory (AUD-VIS) input combinations. This is in line with previous results indicating a high
proportion of layer 5 PPC neurons producing multimodal responses (Olcese et al., 2013). Our
data suggests that individual cortical neurons, at least in the PPC, are poised to integrate synaptic

information from a diversity of long-range sources.
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Multimodal enhancement of feedforward-feedback interactions

Two congruent sensory stimuli can produce action potential firing greater than predicted from
the linear sum of unimodal responses. This has been shown in the superior colliculus as well as
in cortical regions, including the PPC (Meredith et al., 1987; Meredith and Stein, 1983; Olcese et
al., 2013). However, the synaptic events underlying multisensory enhancement and whether its
principles could be extended to the interaction of non-sensory pathways remained unknown. I
took advantage of the above detailed pathway convergence onto layer 5 pyramidal cells in the
PPC, to determine how synaptic inputs from two distinct neuronal pathways interact. In our
experiments, the majority of layer 5 pyramidal cells displayed supralinear integration of sensory
and frontal inputs. However, I found marked differences between distinct neuronal populations:
intrinsic burst firing (IB) neurons boosted coincident (0 ms synaptic delay) inputs while regular
spiking (RS) cells preferentially enhanced synaptic events delayed by 50-100 ms. Action
potential firing in response to multimodal stimuli followed the same cell-type specific nonlinear
temporal dynamics as subthreshold inputs. These data suggest that nonlinear synaptic
interactions at the single neuron level underlie the enhanced multimodal action potential firing
observed by others in vivo. Furthermore, my findings indicate that principles of multisensory

integration may be relevant to the interaction of afferent pathways other than sensory modalities.

An interaction of ionic and circuit mechanisms underlies synaptic integration profiles
The dendritic processes likely underlying nonlinear integration of synaptic inputs have been
studied for decades (Magee, 2000; Stuart and Spruston, 2015). Multiple ionic mechanisms have

been identified, including regenerative Na*, Ca?, and NMDA currents (Ariav et al., 2003;
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Golding et al., 1999, p. 199; Golding and Spruston, 1998; Kim and Connors, 1993; Larkum and
Zhu, 2002; Losonczy and Magee, 2006; Polsky et al., 2004; Schiller et al., 2000, 1997). To
determine what conductances drove supralinear synaptic integration at different time scales, we
utilized a computational approach. Dr. Proddutur simulated multimodal integration at variable
conductances, essentially producing 1881 distinct models, to explore a large parameter space
(Marder and Taylor, 2011). Our model predicted that supralinear summation of coincident inputs
was predominantly driven by Na* and Ca®" conductances. The effect of NMDA receptor block
on coincident inputs was likely due to an overall reduction of EPSP size and consequently
diminished driving force, rather than a direct effect on synaptic summation. Conversely, the
model revealed that supralinear integration of inputs delayed by 50 ms was co-dependent on Ca**
channel conductance and NMDA receptor decay kinetics. The differential involvement of Na*
and NMDA conductances in faster and slower integration, respectively, makes intuitive sense
given the differences in channel kinetics (Almog et al., 2018; Milescu et al., 2010). However, it
is important to note that efficient generation of supralinear integration relied on the interaction of
multiple ionic mechanisms. These data urge caution in interpreting results from manipulating
individual channels: nonlinear events may be diminished by disrupting such interactions, rather
than by the specific removal of individual conductances.

While the initial group of models captured the integration characteristics of IB neurons,
no combination of parameters reproduced the physiology of RS cells. This suggested that
synaptic integration in RS neurons was influenced by an additional, non-cell autonomous
mechanism. Previous work indicated that feedforward inhibition may control the temporal
window for synaptic integration (Hausser and Clark, 1997; Naka and Adesnik, 2016) and

consequently modulate multisensory interactions (Olcese et al., 2013). I found that inhibition
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played a key role in suppressing coincident supralinear integration in RS cells. In an effort to
isolate effects of feedforward inhibition, in a subset of experiments I included PTX in the patch
pipette (Akaike et al., 1985; Atherton et al., 2016; Inomata et al., 1988; Metherate and Ashe,
1993). This method leaves other inhibitory signaling in the slice largely intact, although PTX
leaking during microelectrode approach may still influence activity in the vicinity of the patched
cell. Feedforward inhibition was markedly stronger in RS cells, corroborating recent findings by
other groups (Hefti and Smith, 2000; Sun et al., 2013). Incorporating cell-type specific inhibition
enabled computational models to capture RS cell integration characteristics. A likely candidate
to mediate this feedforward inhibition are Parvalbumin expressing interneurons, which have been
shown to receive strong input from long-range afferents (Anastasiades et al., 2018; Gibson et al.,
1999; Li et al., 2014). However, the majority of our computational models favored dendrite
targeting over perisomatic inhibition. Thus, the specific contribution of various interneuron

species to multimodal integration remains a question for future work.

Cell type specific feedforward-feedback integration
Subclasses of layer 5 output neurons have been described in great detail in the past, with
differences in anatomical, genetic, electrophysiological, and functional properties (Dembrow et
al., 2010; Groh et al., 2010; Jacob et al., 2012; Kim et al., 2015; Lur et al., 2016; Oswald et al.,
2013; Takahashi et al., 2020; Tang and Higley, 2020). Differential integration of long-range
afferents adds a new aspect to the list of characteristics distinguishing layer 5 cortical neurons. |
found two key differences with regards to multimodal integration.

First, IB and RS cells enhanced the interaction of feedforward and feedback inputs at

different synaptic delays. Studies in human subjects and non-human primates found that
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contextual modulation of sensory processing can occur immediately at response onset or
following a 30-200 ms delay (Gilbert and Sigman, 2007; Lamme, 1995; Martinez et al., 1999;
Vidyasagar, 1998). Our results offer a potential insight into the circuit mechanisms underlying
early and late modulation: temporal differences may be reflecting the time scales at which
distinct neuronal populations integrate the sensory stream with feedback inputs. How cell type-
specific nonlinear integration influences multimodal cognitive processes like prediction error
monitoring or multisensory binding is a question for future research.

Second, nonlinear integration in IB cells was selectively engaged by frontal-sensory and
not sensory-sensory input combinations. In contrast, RS neurons displayed similar integration
profiles regardless of input combination. Nonlinear interactions are thought to be most powerful
when synaptic inputs are arranged within a dendritic branch and not separated by a bifurcation
point (Polsky et al., 2004). One possibility is that auditory and visual afferents target distinct
dendritic branches in IB cells, preventing cross-modal interactions of these inputs. Our modeling
and anatomical data enables such configurations, although I remain agnostic about precise
synaptic targeting, including a definitive distinction between basal or apical dendrites as long-
range recipients. Differential layer-specific distribution of auditory and visual afferents was also
observed, with AUD afferents primarily targeting layers 1 and 2/3, and VIS axons targeting
layers 2/3, 4 and 5, consistent with publicly available datasets published by the Allen Institute for
Brain Science (“Projection :: Allen Brain Atlas: Mouse Connectivity,” n.d.). While the
distribution of axons from VIS to PPC mirrors the canonical distribution of feedforward input
observed in thalamocortical pathways to VIS and AUD, the AUD to PPC projection pattern more
closely resembles that of primary projecting to secondary visual cortical regions (Galloni et al.,

2022). These findings are consistent with the idea that PPC functions in lower-level capacity in
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visual circuits but has a higher-level role in auditory processing. Layer distribution differences
may also reflect precise anterior-posterior or medial-lateral positions sampled in this study,
however this dimension of functional specialization was not examined here. Localization of
synapses tuned to specific sensory features has been examined in the primary auditory (Chen et
al., 2011) and primary visual cortices (Jia et al., 2010). However, how multimodal synapses are

organized on the dendrites of cortical neurons remains an important future question (Larkum and

Nevian, 2008).
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CHAPTER 3

Differential persistent firing is a cell-autonomous property of projection-specific layer 5

pyramidal neuron types in the posterior parietal cortex

3.1 Introduction

Many core cognitive functions including attention, decision making, and working memory are
characterized by sustained activity in the brain. In working memory tasks, delay periods are
accompanied by persistent activity, most often observed in medial temporal lobe structures
including hippocampus and entorhinal cortex (Nauer et al., 2015; Olsen et al., 2009; Schon et al.,
2004), frontal cortex (Constantinidis et al., 2018; Funahashi et al., 1989; Guo et al., 2014;
Inagaki et al., 2019; Yarkoni et al., 2005), and parietal cortex (Constantinidis and Steinmetz,
1996; Esmaeili et al., 2021; Machens et al., 2005; Todd and Marois, 2004; Yarkoni et al., 2005).
This activity has been found to encode sensory variables (Goard et al., 2016; Musall et al., 2023;
Rainer et al., 1998; Shadlen and Newsome, 2001), decision outcomes (Goard et al., 2016; Musall
et al., 2023), and motor intent (Guo et al., 2014; Shadlen and Newsome, 2001). In preliminary
experiments, I used dual-color optogenetics (Chapter 1) to stimulate feedback afferents from the
anterior cingulate cortex (ACC), together with feedforward afferents from auditory cortex
(AUD), in the mouse posterior parietal cortex (PPC) in acute brain slices. Using an extracellular
multi-unit electrode to record neural spiking activity from large populations of PPC neurons in
layer 5 (L5) (Figure 26A), these preliminary experiments revealed that the co-activation ACC
and AUD synaptic inputs triggered long-lasting persistent activity in the PPC (Figure 26B-D).

Repeating this experiment by recording single cell responses while stimulating ACC afferents
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Figure 26. Feedforward-feedback integration triggers persistent firing
in the PPC. (A) Schematic of multiunit recording of neural activity.
: f : (B) Multiunit activity (MUA) recorded in PPC layer 5 in response to

appear to ramp their aCtIVIty durlng the unimodal AUD, ACC, and combined AUD-ACC stimulation. (C) Zoomed in
MUA from red boxed region in (C). Dots indicate spikes identified via in-

delay’ and peak after the response house spike sorting algorithm. (D) Histogram of MU spike frequencies.
Shaded region indicates stimulus period. Combined stimulation leads to
activity which persists beyond stimulus offset. (E) Single cell response to

(Goard etal., 2016; Guo et al., 2()]4)_ ACC, VIS, and interleaved ACC-VIS inputs at 20 Hz for 2 s. Stimulation
induces precisely 40 action potentials (APs) in each, yet triggers persistent
firing when inputs are combined.

In addition, a separate population of

cells are selectively suppressed during the delay phase (Goard et al., 2016). This diversity of
delay period activity patterns suggests the existence of unique neuronal populations with distinct

roles in working memory.
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Cortical L5 neurons are considered the primary “output” neurons of cortex, which project
to either other cortical areas and striatum (intratelencephalic, or “IT” subtype) or primarily to
brainstem structures outside of the telencephalon (pyramidal tract, or “PT” subtype, also known
as extratelencephalic, or “ET” cells) (Dembrow et al., 2015, 2010; Hattox and Nelson, 2007,
Kim et al., 2015). In addition to established differences in function of IT and PT neurons for
triggering behavior (Garcia et al., 2021; Tang and Higley, 2020), recent evidence suggests that
these cortical cell types may also play distinct roles in working memory (Bae et al., 2021; Musall
et al., 2023). In a remarkable study, Musall et al. 2023 used widefield calcium imaging in mice
with genetically labelled IT and PT neurons, in theory sampling activity of these cell types across
the entire cortical surface (Musall et al., 2023). Training mice in an auditory delayed decision
task, authors show that PT, rather than IT, neurons are preferentially active during delays in both
frontal cortex and the PPC. Selective optogenetic inhibition furthermore revealed important
contributions of each cell type to task performance. Inhibition of frontal areas showed marked
behavioral impairment when targeting IT and PT cells during delay periods (however, note
opposite results were obtained in (Bae et al., 2021)). In contrast, in the PPC, inhibiting PT, but
not IT, neurons during delay periods negatively impacted the animal’s ability to perform the task
(Musall et al., 2023). While limited, these findings suggest that PT neurons, at least in PPC, may
have a specialized role in storing behaviorally-relevant information in their spiking activity
during working memory delays.

Two competing hypotheses exist for the precise mechanism underlying persistent firing —
reverberatory activity in recurrent neural circuits and activation of intrinsic ionic conductances.
Computational models of persistent firing in cortex repeatedly demonstrate that even small

numbers (<10) of interconnected neuron-like nodes can recapitulate dynamic delay-period
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spiking activity recorded in vivo (Compte et al., 2000; Papoutsi et al., 2013; Wang, 1999).
However, the importance of recurrently-connected excitatory cells for persistent activity in
cortex has been difficult to address experimentally. In theory, such a claim would require
correctly inferring the directional flow of excitation through the circuit from binary measures of
spike activity, often from individual or small groups of cells. Furthermore, results from in vivo
attempts (Vugt et al., 2020) to manipulate glutamatergic synaptic transmission during working
memory are difficult to interpret since manipulations will block local reverberatory circuit
dynamics in addition to long-range input presumed to drive persistent firing. Nevertheless, many
differences in IT and PT local connectivity may explain functional differences observed in
working memory paradigms. IT and PT cells are highly connected to cells within their own
subtype, however only IT cells cross-innervate PT (Brown and Hestrin, 2009; Kiritani et al.,
2012; Lefort et al., 2009), suggesting unidirectional information flow in L5 circuits. PT neurons
also appear to have a higher likelihood of receiving same-subtype reciprocal input than IT
(Morishima et al., 2011). Furthermore, resting state noise correlations in V1 revealed that while
PT activity is as correlated with other PT as non-PT cells, IT neuron calcium activity is more
strongly correlated with activity of other I'T than non-IT cells (Lur et al., 2016), results which
were since reproduced by other groups (Musall et al., 2023). These data indicate the presence of
distinct subnetworks within L5, which may influence the behavior of each cell type during
periods of sustained activity.

In tandem, several cell-autonomous mechanisms of persistent firing have been described
in acute brain slices. Since early demonstrations of persistent firing in entorhinal cortex slices
(Egorov et al., 2002), persistent firing has also been shown in prefrontal (Thuault et al., 2013),

perirhinal (Navaroli et al., 2012), and somatosensory cortex (Rahman and Berger, 2011), and
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non-cortical regions including the olfactory bulb (Shpak et al., 2012). Many of these studies
include glutamatergic receptor antagonists to block excitatory synaptic transmission, yet still
report the presence of persistent firing, indicating that cells are also capable of maintaining their
own firing after brief periods of excitation. Underlying persistent firing in slices is a slow
afterdepolarization (sSADP), proposed to result from either activation of a slow-inactivating
calcium-activated nonspecific cation (CAN) current (Haj-Dahmane and Andrade, 1998; Pressler
and Strowbridge, 2006; Rahman and Berger, 2011) or a transient rise in input resistance caused
by suppression of a leak potassium conductance (Constanti et al., 1993; Constanti and Bagetta,
1991; Cui et al., 2022; Cui and Strowbridge, 2018), both mechanisms which initially rely on the
accumulation of intracellular calcium. Indeed, persistent firing in vivo likely results from a
dynamic interplay between synaptic weight changes, reverberating network activity, and intrinsic
membrane currents (Marder et al., 1996), which may all influence the behavior of IT and PT
neurons during working memory.

My preliminary data suggests that L5 persistent firing is strongly driven by the
integration of feedforward and feedback synaptic input (Figure 26). However, whether the
combined synaptic stimulus is triggering self-sustained firing across large populations of cells, or
network-dependent excitatory reverberations is unclear. Furthermore, the role of distinct
subtypes of PPC neurons in sustaining this activity is unknown. I took a reductionist approach to
this question and chose to first test persistent firing mechanisms in single cells via whole-cell
patch clamp. I mimicked synaptic stimuli used in Figure 26 by directly injecting short trains of
depolarizing current steps at the same frequency as used in preliminary optogenetic experiments.
This stimulus paradigm selectively activates only the patched cell, and thus allows

disambiguating cell-autonomous and network-dependent mechanisms of persistent firing. In line
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with previous reports on persistent firing in other brain regions in slice (Egorov et al., 2002;
Navaroli et al., 2012; Rahman and Berger, 2011; Shpak et al., 2012; Thuault et al., 2013),
persistent firing could be induced via single cell activation in PPC preparations. Interestingly,
persistent firing evoked in PT neurons was significantly longer, and exhibited higher spike
frequencies, than in IT. Pharmacological inhibition of ionotropic glutamate receptors had no
effect on persistent firing durations in either cell type. Furthermore, the frequency of spontaneous
EPSCs did not change after stimulation, indicating the absence (or at minimum, non-activation)
of a recurrent excitatory circuit. Persistent firing was also accompanied by long-lasting increase
in intracellular calcium levels, which were notably absent in nearby cells. Lastly, I found
differences in L5 subtype intrinsic properties which may explain differences in PT and IT
persistent firing. These data suggest that persistent firing driven by feedforward-feedback
integration in PPC is largely maintained by cell-autonomous mechanisms which favor long-

lasting firing in PT over IT subtypes.

3.2 Methods

Animals

All animal experiments were approved by the Institutional Animal Care and Use Committee and
performed in accordance with the NIH guidelines on the care and use of laboratory animals.
C57BL/6J mice were group-housed in a quiet, uncrowded facility on a 12 h light/dark cycle, with
ad libitum access to lab chow and water. No differences were detected between sexes thus data

were pooled.
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Retrograde labelling of IT and PT neuron subtypes

Transcranial injections were performed as described in Chapter 1. To label IT and PT neurons for
use in physiology experiments, as in Chapter 2 I injected 555 nm Alexa Fluor-conjugated cholera
toxin subunit B (CTB, ThermoFisher) into the ipsilateral dorsal Striatum (dStr, 350 nl, AP: 0.85,
ML: 1.5, DV: 2.0 in mm from Bregma) or into the ipsilateral Pons (500 nl, AP: -4.1, ML: 0.8,
DV: 5.5 in mm from Bregma) in separate animals. A minimum of 1 week was allowed for

retrograde transport before physiology experiments.

Electrophysiology

Brain slices containing PPC were prepared as described in Chapter 1, however were sectioned at
400 pum to preserve a maximum portion of local synaptic connections. Animals were P51-71.
Recordings were performed at close to physiological temperature (32-34 °C) from fluorescently
labelled cells identified using an X-Cite mercury lamp (Excelitas Technologies). Intracellular
recording solutions were identical to that in Chapters 1 and 2. The extracellular bath solution
used for recording persistent firing was a modified low-calcium ACSF solution comprised of (in
mM): 126 NaCl, 25 NaHCOs, 10 Glucose, 3.5 KCl, 1.2 CaClz, 1.25 NaH2POs4, and 1 MgSOa.
The cholinergic receptor agonist carbamoylcholine chloride (carbachol, Tocris, 10 uM) was
included in the bath solution in all persistent firing experiments. In select experiments,
glutamatergic receptor antagonists 2-amino-5-phosphonopentanoic acid (APS, Tocris, 50 uM)
and 2,3-dioxo-6-nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX, Tocris, 10 uM) were added.
Slices were allowed to incubate in ACSF containing agonists or antagonists for a minimum of 15
minutes before all recordings. Persistent firing was triggered from a pre-stimulus potential of -60

mV, using a 20 Hz train of 10 ms +350 pA pulses of variable duration (0.5 — 4 s). EPSC
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recordings were recorded in voltage clamp with a holding potential of -70mV. Following 30
seconds of baseline recording, a second recording instance was initiated in current clamp, and the
membrane potential gradually brought to -60 mV, after which a 0.5 or 2.0 s train stimulus (as
above) was applied. Immediately following cessation of the stimuli, the amplifier was manually
set back to voltage clamp mode to record post-stimulus EPSCs. Extracellular multiunit
recordings used in collecting preliminary data in Figure 3 were performed with a broken glass
electrode filled with ACSF which yielded pipette resistances 0.3—-0.8 MQ. 3—5 minutes were left
between persistent firing trials to allow intracellular processes and network dynamics to recover
during which cells were held at -70 mV. Signals were amplified using a MultiClamp 700B
amplifier (Molecular Devices). Data were sampled at 10 kHz, filtered at 4 kHz, and digitized on
National Instruments DAQ boards. WaveSurfer software written in Matlab (HHMI Janelia
Research Campus) was used for data acquisition. Offline analysis was performed using custom

routines in Python 3.7

Calcium imaging

To induce jGCaMP8m expression, I injected the PPC (300 nl, AP: 2.5, ML: 1.7, DV: 0.5 in mm
from Bregma) of mice in the same surgical session as injection of retrograde tracers. Adeno-
associated viral vectors containing jJGCaMP8m were purchased from Addgene, AAV9-hSyn-
jGCaMP8m-WPRE (Addgene #162375) and injected at 2.0 x 10'? dilution. Slices were collected
as described in Electrophysiology above. A blue (440 nm) LED (Sutter Instruments) mounted
directly to the microscope was used to deliver light through a 20x water immersion objective
(Olympus, Japan) to excite jJGCaMP8m. A minimal light intensity was used to avoid

photobleaching. Images were captured using a QIClick CCD camera (Q Imaging) synced to
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electrophysiological measurements via a 5V trigger signal of 10 ms generated by National

Instruments DAQ boards at 14 Hz. Fluorescence intensity was measured using ImageJ.

Statistical analysis

All statistical analysis was performed in Prism 9 (GraphPad, La Jolla CA). EPSC detection was
performed on an in-house event detection program (“MiniAnalysis”) written in MATLAB
(MathWorks). The 30 second period immediately post-stimulus was used to compare average

EPSC frequencies and amplitudes with baseline.

3.3 Results

Cell-type-specific induction of persistent firing

I first sought to test the propensity of PPC layer 5 neurons to enter a persistent firing regime
following direct activation of individual cells. PT and IT subtypes were retrogradely labelled by
injecting cholera toxin B-subunit (CTB) conjugated with a red fluorophore in ipsilateral dorsal
striatum (dStr) or pons, respectively, in separate animals. Retrogradely labelled PT and IT cells
largely map on IB and RS cell types recorded in Chapter 2 (Figure 20). I used whole-cell patch
clamp to record firing responses of labelled cells in acute brain slices following direct activation
via a 40 Hz depolarizing train of 10 ms current steps delivered through the recording pipette (see
Methods). This stimulus triggered a precise and equal frequency of action potentials in PT and IT
neurons, resulting only rarely in spike doublets. To facilitate persistent firing, the cholinergic
agonist carbachol (CCh, 10 uM) was included in all bath solutions. In 52.7% (48/91) of all
recorded cells, depolarizing current trains (0.5s—4s) triggered persistent firing outlasting the

stimulus (Figure 27A). The proportion of neurons which displayed persistent firing did not differ
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Figure 27. Differential persistent firing in PT and IT neurons in PPC. (A) Representative traces of

persistent firing induced in PT (red) or IT (blue) neurons. (B) Proportion of all recorded neurons that

displayed either non-persistent or persistent firing phenotypes. (C) Persistent firing (PF) duration as a

function of triggering stimulus duration. n,. . = 12 mice, n; . =13, n ., = 10 mice, n =10.

ITGLU

(D) Average spike frequency during persistent firing as a function of stimulus duration. Data used in are
same as in (C), and thus n numbers are same. In (C) and (D), solid lines represent recordings in control
ACSF. Dotted lines represent recordings in ACSF with glutamate (GLU) receptor antagonists NBQX and
APS5. Error bars represent s.e.m.. (E) EPSCs recorded from a PT neuron immediately following spiking

ACSF solutions with NBQX and APS5 (top). Histogram of detected EPSC events (bottom).

between PT and IT cells
(PT 30/43, I'T 29/55 cells,
p = 0.100, Fisher’s test;
Figure 27B). By varying
the stimulus duration, I
established dose-response
curves of the length
(Figure 27C) and spike
frequency (Figure 27D)
of persistent firing.
Interestingly, PT neurons
had overall larger
persistent firing
responses than IT across
the range of stimuli tested

(duration, cell type effect:

Fi1,75 =28.87, p <0.001; frequency, cell type effect: F1,23 = 12.41, p = 0.002, two-way ANOVA;

Figure 27C and D).

Persistent firing in PT and IT neurons driven by non-network-dependent mechanisms

To test the possible involvement of recurrent synaptic connections for sustained neural firing, I

next repeated persistent firing induction protocols in the presence of bath glutamatergic receptor

antagonists, NBQX (10 uM) and AP5 (50 uM) (GLU). Blocking glutamatergic synaptic
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transmission had no effect on
persistent firing in PT (duration,

GLU effect: F1,20=0.674,p =
20 mV

% pA25o ms  0.421; frequency, drug effect: Fi,

NV“L///W | MWNMAWM N ’A‘W 20 =0.015, p =0.903, two-way

B0pA ANOVA; Figure 27C and D) or IT
B PT ¢ T i :
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Figure 28. PT and IT neurons do not engage local excitatory recurrent circuits. :
(A) Example traces from the same cell showing persistent firing (top), and manual NBQX and AP5 (duratlon, cell

transition between current and voltage clamp modes (bottom) during tests of cell-

triggered changes in network activity. (B) EPSC frequency during baseline and . — <
following single PT neuron stimulation for 0.5 (black, n = 8 cells) or 2.0 s (red, n = 7). type effect: Fl’ 18 6'174’ P
Empty interval depicts stimulus period where amplifer was in current clamp.

(C) EPSC fregency during baseline and following single IT neuron stimulation

for 0.5 (black, n = 8) or 2.0 s (blue, n = 7). (D) EPSC amplitude during baseline and
following single PT neuron stimulation. Data is taken from samerecordings as used
in (B) and (C), thus n numbers are same. (E) EPSC amplitude during baseline and — — _
following single IT neuron stimulation. In (B-E), dark lines represent means. Shaded Fl’ 18 9'432’ p 0'007’ two way
regions display s.e.m.

0.023; frequency, cell type effect:

ANOVA; Figure 27C and D). The
proportion of cells which triggered persistent firing was not different in ctr or GLU (PT, 30/43 vs.
21/29, p > 0.999; IT 29/55 vs. 19/36 cells, p > 0.999; ctr vs. GLU; Fisher’s test; Figure 27B).

One possibility is that our NBQX and AP5 drug cocktail is ineffective at suppressing synaptic

responses. However, the frequency of spontaneous EPSCs decreased substantially within 2
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minutes of spiking bath solutions, indicating that our drug manipulation is successfully blocking
glutamatergic synaptic transmission (Figure 27E). To directly test whether activity of PT or IT
cells triggers recurrent excitatory response, I next recorded EPSCs during a 30 second baseline
shortly prior to stimulation and immediately following a 0.5 or 2.0 s stimulus (Figure 28A, see
Methods). All cells where EPSCs were recorded were first tested to confirm they trigger
persistent firing (Figure 28A). I observed equal frequency of EPSCs before and after stimulation
in both PT (0.5s,p=0.548,n="7; 2 s, p=10.570; n = 8 cells; paired t test; see Methods; Figure
28B) and IT (0.5s,p=0.235,n=7; 2 s, p = 0.678; n = 8 cells; Figure 28C) cells. EPSC
amplitudes were also unaffected by PT (0.5s,p=0.975,n=7; 2 s, p=0.693; n = § cells; paired
t test; Figure 28D) or IT (0.5 s, p=0.410,n=7; 2 s, p = 0.275; n = §; Figure 28E) stimulation.
Together, these results suggest that recurrent synaptic excitation does not contribute to persistent
firing in IT or PT neurons, and that differences in firing responses between neuron

subpopulations are driven by cell-autonomous mechanisms intrinsic to each projection cell-type.

Cell-autonomous mechanisms of persistent firing

Pharmacological studies blocking voltage gated calcium channels (VGCCs) or increasing
intracellular calcium buffering have repeatedly shown that persistent firing is highly dependent
on intracellular calcium signaling (Egorov et al., 2002; Fransén et al., 2006; Haj-Dahmane and
Andrade, 1998; Hofmann and Frazier, 2010; Navaroli et al., 2012; Rahman and Berger, 2011). 1
thus next examined calcium dynamics in L5 neurons following persistent activity generation.
Data from one animal is shown in Figure 29. I expressed the genetically encoded calcium sensor
JGCaMP8m (Zhang et al., 2023) in PPC via an adeno-associated viral vector (Figure 29A, see

Methods). In the same animal, PT neurons were labelled via CTB injection in pons as in previous
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experiments. I then prepared jGCaMP8m-

jGCaMP8m

expressing PPC acute slices, and

simultaneously recorded both calcium

. Patched PT signals from local neurons (see Methods)
B [lauf. »
ms [ M,
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same 40 Hz step stimulus as in Figure 27.
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Figure 29. Persistent activity is associated with long-lasting (Figure 29B). However, the triggerjng
increases in intracellular calcium. (A) Example image of layer 5

neurons in PPC actue slices expressing the intracellular calcium

sensor [GCaMP8m (left), and CTB555 retrogradely labelled PT stimulus induced a rapid increase in
neurons (right). Solid lines indicate the position of the intracellular

recording electrode. Dashed line indicates boundary used to . i . .

constrain neurons being displayed in (C). (B) jJGCaMP8m calcium signal which remained above
fluorescence signal (top, green) of a patched PT neuron during

induction of persistent activity, with simultaneously recorded . .
voltage trace (below, black). a.u.f., arbitrary unit of fluorescence. baseline levels throughout the persistent
Dotted line in fluorescence trace represents a baseline level.

Dotted line in voltage trace indicates -60 mV. Grey shaded region

is stimulus period. Voltage trace is contaminated by approximately

5 mV step noise at 14 Hz, contributed by the fluorescence camera
trigger. (C) jGCaMP8m fluorescence signals from 9 PT (red) and 9
non-PT (blue) neurons adjacent to the stimulated PT cell in (B). Each
trace was collected from a single neuron during the same imaging

session as (B).Grey shaded region represents the stimulus period. PT. and non-PT neurons in the ViCiIlity of
b

firing period (Figure 29B). Visual

examination of fluorescence traces from

the patched cell indicate that this rise in intracellular calcium is restricted to the cell being

electrically stimulated (Figure 29C), providing further evidence that single neuron-induced

persistent firing is independent of activity in the local network. These data suggest that persistent
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Figure 30. Potential mechanisms for cell-type-secific persistent firing.
(A) Input resistance of PT and IT neurons which were either persistently
firing (P, red and blue) or non-persistently firing (NP, grey) in control
ACSF. Bars represent means, each dot is a single experimental replicate
(PT: P,n=28cells, NP, n =12; IT: P, n =23, NP, n = 16). *: p < 0.05, one-way
ANOVA with Sidak’s correction for multiple comparisons. (B) Percent sag of
PT and IT neurons in control ACSF. Recordings are same as (A), thus cell
numbers are equal. (C) Input resistance of PT and IT neurons in ACSF
containing glutamate blockers NBQX and AP5 (GLU) (PT: P, n = 18 cells,

NP, n=6;IT: P, n =16, NP, n = 17). (D) Sag of PT and IT neurons in GLU
block conditions. Recordings are same as (C), thus cell numbers are equal.
(E) Persistent firing train stimuli applied from -75 mV to avoid post-stimulus
spiking revealed a slow afterdepolarization (sSADP). Stimulus period action
potentials truncated. Traces from individual neurons in light shaded colors
(PT, light red: n = 3; PT, grey: n = 1; IT, light blue: n = 3). Dark lines represent
means. (F) Action potential threshold in persistently firing PT and IT neurons,
recorded from spikes fired during persistent firing periods (PT, n = 20 cells;

IT, n=19; p = 0.033; t-test).

firing is associated with long-lasting
increases in intracellular calcium which
may drive sustained responses to short,
depolarizing stimuli.

While a majority of L5 neurons
are capable of persistently firing, a large
fraction appears not (Figure 27B). I thus
next sought to examine cell-intrinsic
properties of L5 neurons which may
explain the difference in these response
properties. The input resistance of L5
neurons differed between PT and IT
subtypes, however no differences were
observed between cells within a subtype
either capable (persistently firing, “P”)
or incapable (non-persistently firing,
“NP”) of firing persistently (PT vs. IT: P
p=0.003, NP p <0.001; Pvs. NP: PT p
=0.556,ITp=0.175; PTp n = 28 cells,

PTnen =12, ITpn=23, [Tne n = 16;

one-way ANOVA with Sidak’s correction for multiple comparisons; Figure 30A). Similarly, the

sag potential percentage of L5 neurons differed between PT and IT neurons, however sag

between persistently and non-persistently firing cells within a subpopulation was identical (PT vs.
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IT: Pp<0.001, NP p <0.017; Pvs. NP: PT p=0.329, IT p = 0.481; one-way ANOVA with
Sidak’s correction for multiple comparisons; Figure 30B). To rule out the possibility of
compensatory changes in intrinsic properties developing during incubation periods which mask
effects of blocking excitatory synaptic transmission, I also examined input resistance and sag
properties in the presence of glutamate blockers. The addition of NBQX and APS5 did not change
input resistance relationships (PT vs. IT: P p=0.003, NP p < 0.001; P vs. NP: PT p=0.936, IT p
=0.346; PTpn= 18 cells, PTne n =6, ITp n = 16, ['Tne n = 17; Figure 30C), and only minimally
affected sag (PT vs. IT: Pp =0.003, NP p <0.001; P vs. NP: PT p =0.556, IT p = 0.175; Figure
30D), thereby excluding this possibility. Underlying persistent firing is a slow afterdepolarization
potential (sADP), which can be revealed from lower resting membrane potentials. Holding cells
at -75 mV, I next observed the amplitude of the SADP which develops after 2 second stimulation
in persistently firing PT, IT and non-persistently firing PT cells (Figure 30E). While cell numbers
are limited (PTp, n = 3; ITp n = 3; PTnp, n = 1), persistently firing PT neurons appear to have
larger sADPs than IT neurons, consistent with previous findings in the PFC (Dembrow et al.,
2010). Notably, the sSADP was largely absent in the non-persistently firing PT cell (Figure 30E).
These data suggest that currents underlying the SADP play a causal role in determining the
propensity of L5 cells to engage in sustained activity. Lastly, I measured the action potential (AP)
threshold of spikes fired during persistent firing. Interestingly, PT neuron spike thresholds were
also significantly lower than IT (PT, -45.58 £ 0.75 mV, n = 20, IT, -48.05 £ 0.82 mV,n=19; p =
0.033; t-test; Figure 30F). Together, these data suggest that the combination of large sADP and
hyperpolarized spike thresholds position PT neurons to be preferentially engaged during periods

of persistent firing.
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3.4 Discussion

Persistent firing in cortical circuits is presumed to reflect online storage of behaviorally relevant
information during working memory. Integration of feedforward and feedback information is
crucial for this process, yet evidence of interactions between these pathways generating
persistent activity in cortex is limited. In a series of preliminary experiments, I demonstrated that
co-activation of feedforward (AUD) and feedback (ACC) afferents was necessary to trigger
persistent firing in L5 of the PPC (Figure 26). This result was in line with findings I describe in
Chapter 2 that L5 neurons nonlinearly integrate synaptic input from ACC and AUD pathways.
However, whether nonlinear integration in L5 cells triggers persistent firing by activating a local
recurrent network or rather by engaging a cell-autonomous process is unclear. In this Chapter, I
demonstrate that persistent firing of PT and IT neurons in PPC slices is independent of local
network activity, through inhibition of glutamatergic synaptic transmission and direct
observation of recurrent excitation. Thus, my working model of integration-induced increases in
persistent firing is as follows. Nonlinear integration of synaptic input from feedforward and
feedback pathways leads to increased spiking in L5 neurons (Figure 22, Chapter 2). This increase
in firing more effectively engages a so far undescribed cell-autonomous trigger mechanism,
leading to longer-lasting persistent firing (Egorov et al., 2002). This model implies that input
timing is critical to persistent firing, given known differences in the selectivity of PT and IT cells
to specific input frequencies (Rindner et al., 2022) (Chapter 2). Follow-up experiments may test
this model by repeating initial integration experiments (Figure 26) while directly recording PT or
IT cell activity. Optogenetic activation of ACC and AUD pathways at different timings is
expected to trigger persistent firing more effectively in PT if stimuli are coincident, or IT if

stimuli are delayed.
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What are the ionic mechanisms of persistent firing? Cholinergic signaling is an essential
aspect of attention and working memory (Anagnostaras et al., 2003; Granon et al., 1995; Spencer
et al., 1985). During periods of heightened attention, acetylcholine released (Kametani and
Kawamura, 1990; Marrosu et al., 1995) in target regions binds to both nicotinic and muscarinic
acetylcholine receptors (mAChRs), the latter of which triggers signaling cascades mediated by Gi
and Gq (Haga et al., 1985; Kubo et al., 1986; Nakamura et al., 1995). One action of mAChR
activation is to suppress the KCNQ family of low-threshold voltage-gated potassium channels
(Brown and Adams, 1980), ultimately increasing cell excitability. In addition, cholinergic
activation uncovers a slow afterdepolarization (sSADP) response which emerges after short
periods of spiking activity, thought to trigger persistent firing if exceeding threshold levels
(Egorov et al., 2002; Haj-Dahmane and Andrade, 1998; Navaroli et al., 2012; Rahman and
Berger, 2011). Underlying the sADP are primarily calcium-activated nonspecific cationic (CAN)
currents (Egorov et al., 2002; Hofmann and Frazier, 2010; Navaroli et al., 2012; Pressler and
Strowbridge, 2006), although the molecular identity of channel species mediating this current is
only recently becoming resolved (Lei et al., 2014; Zhang et al., 2011). Notably, these currents are
dependent on the rise in intracellular calcium levels caused by opening of voltage-gated calcium
channels (VGCCs) during persistent firing-triggering stimuli (Egorov et al., 2002; Pressler and
Strowbridge, 2006; Rahman and Berger, 2011). Directly measuring calcium levels via
JGCaMP8m, I also observed robust increase in intracellular calcium during stimulus periods.
Whether the sustained calcium response is a driving mechanism, or rather a downstream
consequence of persistent firing is yet unclear. Alternative mechanisms of SADP generation
involve calcium-dependent suppression of leak potassium currents (Constanti et al., 1993;

Constanti and Bagetta, 1991), notably through ERG channels (Cui and Strowbridge, 2018).
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While both mechanisms may be involved in generating persistent firing in PPC neurons, the
involvement of calcium in this process is nearly guaranteed.

There is early evidence that PT and IT subtypes of layer 5 neurons have distinct roles in
working memory, representing parallel channels of information flow to cortical and subcortical
regions (Bae et al., 2021; Musall et al., 2023). One key finding from this work is that PT neurons
have longer-lasting, higher-frequency persistent firing than IT neurons in the PPC. This result is
consistent with a previous report in the PFC (Dembrow et al., 2010). Given that cell type
differences in sustained firing persist even in the absence of glutamatergic synaptic transmission,
differences in cell-autonomous mechanisms likely favor persistent firing in PT over IT cells. One
possibility is that triggering mechanisms differ between the cell types. Indeed, the sSADP driving
persistent firing (Haj-Dahmane and Andrade, 1998; Rahman and Berger, 2011) appears larger in
PT than IT neurons in PPC, a result which was previously shown in PFC (Dembrow et al., 2010).
Whether upstream VGCCs or downstream CAN and ERG channel effectors mediates cell-type-
specific differences in persistent firing is an exciting possibility.

Other physiological differences may also explain the differential propensity of PT and IT
neurons to trigger persistent firing. The threshold for action potential firing has been shown to be
lower in PT than IT cells (Dembrow et al., 2010). My data also indicates that PT neuron spike
thresholds during persistent firing are significantly more hyperpolarized than IT, suggesting that
strong sustained activity in PT may simply reflect the proximity of these cells to threshold.
Furthermore, IT neurons show pronounced spike frequency adaptation during suprathreshold
step current injections (Dembrow et al., 2010; Hattox and Nelson, 2007), which could contribute
to the early termination of firing in this cell type. In contrast, in PT neurons, strong “funny”

current through hyperpolarization-activated cyclic-nucleotide-gated (HCN) channels which can
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be approximated via sag potentials likely promotes sustained action potential firing by
counteracting the adaptation response (Banks et al., 1993; Hattox and Nelson, 2007).
Interestingly, while IT neurons are largely non-resonant, PT neurons have subthreshold
resonance frequencies ranging from 2 to 5 Hz (Dembrow et al., 2010). This preferred input
frequency was abolished when HCN channels were blocked (Dembrow et al., 2010). Notably,
the persistent firing spike frequency of PT neurons I recorded also falls close to this resonance
range (Figure 27D). In addition, PT/IB but not I'T/RS neurons are capable of generating low-
threshold calcium spikes, which are mediated by low-threshold (T-type) VGCCs (Yang et al.,
1996), hinting at intrinsic differences in VGCC density which may underly heightened persistent
firing in PT cells.

Alternatively, mechanisms that shut off persistent firing may differ between cell types. |
previously demonstrated that IT neurons in PPC receive stronger feedforward inhibitory input
than PT (Rindner et al., 2022). The synaptic transmission block I used here omitted blockers for
GABAergic synapses. Strong feedback inhibition during persistent firing periods may also
therefore dampen activity in I'T. While I observed no indication that circuit mechanisms
contribute to persistent firing in PPC, I do not exclude the possibility that in vivo persistent firing
is network-dependent. Key signaling molecules in addition to acetylcholine, including
epinephrine, norepinephrine, and dopamine are critical elements in modulating brain activity, and
are absent in brain slice recordings. In addition, many local connections are likely severed in the
slice preparation process. Furthermore, mechanisms for maintaining persistent firing may differ
more than anticipated between direct single-cell and optogenetic afferent stimulation. Of course,
the ideal experiment for testing the role of recurrent connections in persistent firing is the use

precise targeting strategies to specifically inactivate local but not long-range synapse, effectively
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decoupling cells. However, adequate methods for achieving this specificity in synapse silencing

are currently lacking.
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SUMMARY

Integration of feedforward and feedback information is a critical component of nearly all
cognitive processes. However, how these pathways interact at the cellular level is poorly
understood. My dissertation aims to uncover previously unknown mechanisms of feedforward-
feedback signal integration, focusing on neurons in layer 5 of the posterior parietal cortex. In
Chapter 1, I describe procedural improvements to a dual-color optogenetic technique for
manipulating synaptic pathways. My “lookup table” approach allows up to two-fold increase in
the dynamic range of opsin responses, which accelerates the throughput of highly challenging
dual-color experiments. In Chapter 2, I use this optogenetic strategy to demonstrate that
populations of layer 5 cells (PT/IB and IT/RS subtypes) selectively enhance feedforward-
feedback synaptic input with distinct temporal dynamics. By combining data from
electrophysiological, pharmacological, and computational modeling experiments, I then reveal
ionic and circuit mechanisms that underly this cell-type-specific behavior. Lastly in Chapter 3, |
expand on these findings to additionally show differences in the ability of PT and IT cell types to
generate persistent firing, a neural signature of working memory. Through a series of
experiments, I provide evidence that underlying this difference is a cell-intrinsic, rather than
network-dependent mechanism. Taken together, my dissertation provides a possible cellular-level
explanation for how feedforward-feedback synaptic interactions promote persistent firing in the
cortex, and a potential role of cell types in mediating this response.

Where do we go from here? The sensitivity of L5 cell types to distinct feedforward and
feedback input timings suggests a possible coding scheme used by the brain to communicate

with certain cell populations but not others. If the same long-range axon synapses on both PT/IB
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and IT/RS neurons, the relative timing of their input with that of other brain regions may “gate”
the selective processing of that input by one or another cell type. While beyond the scope of the
current dissertation, it would be informative to directly record the timing of input to PPC from
higher (such as ACC) and lower (such as AUD, VIS) regions during complex behavioral tasks.
Issues of crosstalk I address in Chapter 1 affect also optogenetic reporters, which are available
with a range of peak spectral sensitivities. Combining a green- with a red-sensitive indicator,
such as JGCaMP8m (Zhang et al., 2023) and jJRGECO1a (Dana et al., 2016), may allow dual-
color imaging of feedforward and feedback axon activity in PPC. Combining this imaging
approach with direct electrical recording of PPC activity during a working memory task would
be an extraordinary feat. Furthermore, computational decoding strategies often used to infer
information stored in neural activity patterns can be extended to axon activity measurements and
used to uncover the information content of input transmitted PPC.

In addition to passive measurements of feedforward and feedback axon activity, it would
be insightful to manipulate, and particularly suppress, synaptic input to PPC during working
memory tasks. A suite of inhibitory optogenetic proteins have been developed (Babl et al., 2019;
Li et al., 2019), which can be used to silence synapses at distinct behavioral periods. For example,
does silencing feedforward input to PPC affect behavior only during stimulus evaluation
periods? Is feedback input to PPC necessary for delay period activity in working memory tasks?
The use of inhibitory opsins may allow us to disambiguate the roles of distinct input sources, and
directly test hypotheses of what information is being transmitted to PPC during cognitive tasks.
It would furthermore be interesting to test synaptic input encoding and decoding in PPC in
mouse models of human conditions characterized by acute cognitive deficits, such as Fragile X

Syndrome (Melancia and Trezza, 2018), Alzheimer’s Disease (Forner et al., 2021),
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Schizophrenia (Jones et al., 2011), and sensorineural hearing loss (Ohlemiller et al., 2016).
Repeating experiments described in Chapters 2 and 3 in such models may provide mechanistic
insight to the role of feedforward-feedback integration, cell types, and persistent firing for the

behavioral impairments observed in humans.
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