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Abstract

The correspondence of a neuron’s spatial location and its tuning to particular features of the ex-
ternal environment is described as topography. Topography represents the brain’s map of the world
and is a pervasive parameter in circuit organization. The onset of experience drives topographic re-
finement, and atypical experience can drive large-scale shifts in map organization. The most widely
studied topographies in the context of map plasticity are in sensory cortex, where thalamocorti-
cal axons provide patterned innervation to layer IV. The precision of thalamocortical projections
that underlie these topographies has not been systematically explored, and functional responses
suggest that despite smooth macroscopic gradients in receptive fields, an appreciable amount of
local heterogeneity exists. The auditory system has advantages for questions such as these because
its one dimensional gradient of frequency tuning, termed tonotopy, can be manipulated precisely
with spectrally simple or complex stimuli. In this dissertation, I describe the previously unknown
branching patterns and connectivity of thalamocortical axons within primary auditory cortex in
mice that experienced normal or abnormal auditory environments early in life. These findings clar-
ify existing questions surrounding local heterogeneity in topographic maps and have implications
for spectral computations performed within A1. Next, I use molecular methods to probe the diverse
cellular responses within cortex to early experience. Finally, I take a functional imaging approach to
understand the changing activity patterns within this malleable circuit that actualize topographic
refinement. Considering the pervasiveness and plasticity of topographic maps, characterizing these
organizations at diverse resolutions has implications for understanding circuit computations and
their capacity for change.
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1
Introduction

Maps guide our route through the world, and despite the ground truth of locations and

connecting paths, our unique experience generates a bias for roads highly traveled.

In sensory systems, neurons are individually tuned to respond to particular features of the exter-

nal environment, described as their receptive field. The correspondence of this functional tuning

with a neuron’s spatial location, herein referred to as topography, frequently reflects the patterning

of receptors on a sensory epithelium. Topography represents the brain’s map of the world and is a

pervasive parameter in circuit organization (Kaas, 1987). Across a sensory system, multiple largely

unimodal domains exist with a repeated fundamental map (example: Polley et al., 2007; Schreiner
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and Winer, 2007). A variety of molecular cues determine the original organized patterning of pro-

jections between these domains (Udin and Fawcett, 1988), and modeling work describes the mainte-

nance of consistent underlying topographies throughout a circuit as an efficient use of circuit space

and energetic resources (Durbin and Mitchison, 1990; Mitchison, 1991). For these reasons, the utility

and necessity of topographic organization for sensory processing beyond simple wire minimization

remains debated (Kaas, 1997). There is sufficient evidence that both spontaneous and experience

driven activity refine topographies and in many examples produce a modularity where similarly

tuned neurons and their inputs or outputs are structurally clustered (Purves et al., 1992; Shatz, 1990).

While this does not prove functional necessity, it does reveal some fundamental parameters of both

the incoming activity patterns and the possible spatiotemporal computations performed within

or between modules. Finally, the ample evidence of topographic map rewiring in response to ex-

perience suggests that in some examples there is a correspondence between map organization and

perceptual ability (Buonomano and Merzenich, 1998; Kaas, 1991; Schreiner and Polley, 2014). The

importance of experience in driving topographic refinement and modularity indicates that under-

standing map organization has implications for understanding circuit activity patterns and compu-

tations.

Individual sensory systems exhibit dramatically different organizations of receptors in a sensory

epithelium that translate external forces to electrical neural signals, and thus the parameters of to-

pography throughout the circuitry are different. In vision, the spatial location of photoreceptors

within the retina where photons from the environment are focused produces a two-dimensional to-

pography called retinotopy (Daw, 2014). In the inner ear, vibrations in the basilar membrane bend

stereocilia on hair cells sitting at various points in the tectorial membrane depending on the fre-

quency of sound (Schnupp et al., 2011). This cochleotopy gives rise to a representation of frequency

tuning across one dimension of neuronal location that is termed tonotopy. Thus, topographies can

represent true space or a more abstract dimension like frequency-space. Despite the conceptual dif-
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ferences in these two topographies, they nonetheless are transmitted ”feed-forward” from sensory

epithelia through neural circuitry until they reach multiple stages of cortical processing. Exploration

of both of these systems has contributed substantially to an understanding of topographic process-

ing and plasticity. One site of extensive study is the thalamocortical connection, where subcortical

sensory information first arrives into layer IV of cortex from a relatively long-range projection from

thalamus (Sherman and Guillery, 2001). While both thalamus and cortex are topographic in the vi-

sual and auditory systems, there is evidence that this transformation is not simply a point-to-point

wiring, but in fact a site of novel computations and experience-dependent plasticity (Buonomano

and Merzenich, 1998).

At their inception, topographies are simple organizations of receptors in an epithelium, but new

complexities are added to neuronal receptive fields as computations are performed with each trans-

mission. A classic example is from the visual system, where cells have both ON and OFF receptive

fields, in which they are excited or inhibited respectively by a light stimulus in a domain of the vi-

sual field. Receptive fields begin as simple concentric rings in retinal ganglion cells (Kuffler, 1953),

the output of the retina, but then converge sequentially in the thalamocortical pathway to produce

elongated ON and OFF receptive fields. This computation yields orientation selectivity, where cells

respond to rectangular stimuli (bars) at particular orientations (Hubel and Wiesel, 1959, 1963a). In-

creased complexity does not necessarily equate to the necessity of topographies, and perhaps the

same computations could be performed, albeit more slowly, with more wire crossings. Nonetheless,

because many computations take advantage of stimuli that activate receptors sequentially over space

or time, topographies reflect the nature of efficient information processing by sensory systems (Kaas,

1997).

Local and global scales of topography

A classic example of topography is the ocular dominance columns of primary visual cortex (V1),
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where well-defined columns of cells respond preferentially to one eye or the other (Hubel and

Wiesel, 1963b, 1963a). Reconstructed thalamocortical axons show well-segregated tufts that are elab-

orated in appropriate eye columns (Ferster and Levy, 1978; Hubel et al., 1976; Shatz and Stryker,

1978). In this case, precise point-to-point connectivity drives distinctly concurrent responses in neu-

rons from the same column, with high contrast between neighboring domains. Similarly, there is

a division of functional responsiveness to the left or right ear in primary auditory cortex (A1) along

the isofrequency axis, where clusters of neurons respond to sounds presented to either ear with mu-

tual summation or suppression of responses, termed EE and EI bands (Schreiner and Winer, 2007).

These isofrequency bands also contain modules of consistent tuning bandwidths, suggesting other

computations related to spectral integration occur along the isofrequency dimension (Schreiner and

Winer, 2007). A diversity of modular connectivities including intrinsic intracortical (Read et al.,

2001), thalamocortical (Huang and Winer, 2000) and corticocortical axons (Imig and Brugge, 1978;

Imig and Reale, 1981) subserve these clustered functional response properties along the isofrequency

axis (Schreiner and Winer, 2007; Schreiner et al., 2000).

It is unclear if the finer scales of topography describing the organization of receptors within each

eye or ear, namely retinotopy and tonotopy, are as precisely organized as the clustering of eye and

ear specific responses. The precision of thalamocortical projections that underlie these topographies

has not been systematically explored, but functional responses suggest that despite smooth macro-

scopic gradients in receptive fields, an appreciable amount of local heterogeneity exists. Early studies

of topographies in cortex were performed using microelectrode recordings or low resolution imag-

ing methods, giving a course metric of the gradient of tuned responses that was biased toward the

most active cells; in recent years, studies have taken advantage of higher resolution in vivo imaging

using calcium indicators to optically record from dense fields of neurons spanning a retinotopic or

tonotopic axis (Kanold et al., 2014). These methods have given insights into the fine scale organiza-

tional principles in sensory cortex. In mouse V1, the degree of correlation between a neuron’s spatial
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location and receptive field is low, suggesting a high degree of local heterogeneity; however, pairs

or a few neurons within a field of view show overlapping receptive fields, indicating some degree of

shared local inputs (Smith and Häusser, 2010). There are conflicting reports of the degree of local

heterogeneity in rodent A1. Two reports using bulk loaded calcium indicators in anesthetized mice

describe a high degree of local heterogeneity in layer II/III; however, both report evidence of shared

inputs among local populations based on noise correlations between neighboring neurons or spa-

tial clustering of neurons with common subthreshold response properties (Bandyopadhyay et al.,

2010; Rothschild et al., 2010). A more recent report using genetically expressed calcium indicators

in awake rodents shows a high similarity between the tuning of neighboring neurons and a robust

tonotopic gradient (Issa et al., 2014). The discrepancies between traditional electrode mapping and

these imaging studies can likely be attributed in part to technical limitations including anesthetic

state and indicators, as well as the divergence of topography from layer IV to layer II/III, where gra-

dients in tuning have been shown to be less precise (Kanold et al., 2014; Winkowski and Kanold,

2013). Nevertheless, consistent reports of some degree of local heterogeneity suggest unique compu-

tations are performed in layer IV by ensembles embedded in a smooth macroscopic gradient.

How, then, do thalamcortical axons contribute to a globally topographic but locally heteroge-

neous map? Heterogeneity in the tonotopic gradient could come from both thalamic and intracor-

tical sources; however, physiological studies have described thalamocortical connectivity as the major

contributor to spectral tuning in layer IV (Li et al., 2013a, 2013b; Lien and Scanziani, 2013). Further,

thalamocortical axons contact spines closer to the cell body in comparison to intracortical inputs

(Richardson et al., 2009). Calcium imaging in thalamocortical boutons revealed a similar dichotomy

of local heterogeneity despite a macroscopic tonotopic gradient in the tuning of these primary in-

puts to layer IV (Vasquez-Lopez et al., 2017). Retrograde tracing experiments hypothesize that both

tonotopic and heterotopic projection systems might exist in the thalamocortical transformation

(C. C. Lee, 2004), and far-reaching single axons that could contribute this heterotopic informa-
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tion have been reconstructed in diverse mammals (Huang and Winer, 2000; Vasquez-Lopez et al.,

2017; de Venecia and McMullen, 1994). Alternatively, modular thalamocortical axonal innervation

along the tonotopic axis could contribute to a step-wise rather than smooth tonotopic organization,

whose borders would appear locally heterogeneous (Malmierca et al., 2008; Velenovsky et al., 2003).

Reconstruction of single axons and their tiling across A1 could elucidate how they subserve both a

globally smooth and locally heterogeneous tonotopic gradient.

The topography of layer I matches that of layer IV at multiple scales of resolution (Takesian et al.,

2018; Vasquez-Lopez et al., 2017). Shared topographies and consistencies in the degree of local het-

erogeneity between layers IV and I suggest shared inputs with common projection and innervation

patterns (Hackett et al., 2015a). While rabbits and rodents show shared innervation of layers IV and

I by the same axon (Cetas et al., 1999; Vasquez-Lopez et al., 2017), this projection pattern has thus far

not been systematically explored across the tonotopic axis.

Activity-dependent topography

Topographies could arise from intrinsic forces such as genetic patterning or spontaneous activity-

dependent competition; alternatively, early experience could uniquely shape topographies for

each individual by stimulus-specific activity-dependent competition. The relative contributions of

molecular and activity cues have been exhaustively explored in the visual system in both the retino-

geniculate and geniculocortical projection (Hensch, 2004; Katz and Crowley, 2002). Although

molecular cues exist to pattern these projections (Udin and Fawcett, 1988), there are well-described

periods of activity-dependent refinement to segregate projections into eye-specific territories that

are characteristic of many mammalian visual systems (Shatz, 1990). Classic monocular deprivation

experiments, in which a sutured eye loses the majority of its territory in cortex at the expense of ex-

panding columns of cells responsive to the open eye (Hubel and Wiesel, 1963a; Hubel et al., 1976;

Shatz and Stryker, 1978), describe dramatic growth or shrinkage of geniculocortical axons serving
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the open and closed eye, respectively (Antonini and Stryker, 1993, 1996; Antonini et al., 1999). Fur-

ther studies manipulated activity in a variety of ways to determine that synchronous activity (or

lackthereof) prevented the refinement of ocular dominance columns, while asynchronous activity

sufficiently drove competition to refine eye-specific territories (Shatz, 1990). These manipulations

to visual experience suggest that competition based on neural activity drives the segregation process

and refinement of geniculocortical axons during normal development. Perhaps the most striking ex-

ample of competition-induced modularity comes from seminal work from Dr. Constantine-Paton,

who manipulated the visual system of tadpoles. Tadpoles normally have two fully segregated eye-

specific projections to the right and left optic tectum. If a third eye was transplanted, competition

for space in the tectum was introduced, and columns appeared in a structure that would never ex-

hibit such an organization (Constantine-Paton and Law, 1978). The ocular dominance columns of

the primary visual cortex have been a fruitful system to study the mechanism of activity-dependent

competition in establishing robust topographic modularity.

Evidence that the specific nature of the afferent activity from the thalamocortical connection in

a given sensory system could drive the unique properties of cortical organization comes from ex-

periments where axons were rerouted from the visual system into the auditory pathway (Sur and

Rubenstein, 2005). When the auditory thalamus or medial geniculate body is deafferented early

in life, retinogeniculate axons will repopulate this thalamic structure, whose cells will then project

into primary auditory cortex. Not only does A1 then respond to visual cues, but it shows organiza-

tion typical of V1 such as topographic organization of orientation preference and patchy, clustered

intracortical connections (Sharma et al., 2000). This suggests that while molecular mechanisms

might guide axons to particular locations during normal development, their activity patterns are

essential in forming cortical identity and topographic organizations specific to that modality. Less

invasive methods, such as experience and learning, can direct the establishment of new cortical to-

pographies as well. Macaques taught to associate symbols with reward amounts as juveniles showed
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novel symbol-specific activation in a particular domain in the hierarchical visual cortical pathway

(Srihasam et al., 2012). While this describes the establishment of a new cortical field, far beyond basic

retinotopy, this suggests that similar activity-dependent mechanisms could be at work to refine the

allocation of cortical resources to relevant computations based on early experience.

How do thalamocortical axons shift their innervation pattern at a finer scale to reflect activity

dependent refinement of organizations such as retinotopy or tonotopy? The auditory system has

advantages for questions such as these because it allows precise manipulations of experience. The

tonotopic gradient along the basilar membrane is a one-dimensional change in frequency tuning,

and playing precise tones to activate subregions of the cochlea is easier than manipulating light to

exclusively activate certain parts of the retinotopic map. Further, animals can otherwise have nor-

mal auditory experience with the overrepresentation of a tone or other stimulus. This is likely more

reflective of early auditory experience in humans, where certain sounds or phonemes are overrep-

resented in a language. The functional connectivity behind thalamocortical tonotopy is patterned

prior to ear opening, as measured in a mouse acute slice preparation maintaining the connections

between tonotopic auditory thalamus (ventral medial geniculate body, MGBv) and A1 (Barkat et

al., 2011; Cruikshank et al., 2002). Evidence from many species shows functional reorganizations

in cortical tonotopy upon manipulations of experience such as tone rearing, where a tone pip of a

particular frequency is played repeatedly across early development and results in an overrepresen-

tation of that frequency in the tonotopic map (Barkat et al., 2011; Chang et al., 2005; Schreiner and

Polley, 2014; Villers-Sidani et al., 2007). An excellent example of the fine manipulations possible in

the auditory modality used noise bands to differentially drive maturation and plasticity within sub-

regions of A1. Knowing that white noise delays auditory cortical activity-dependent maturation by

eliminating any activity-dependent competition (Chang and Merzenich, 2003), this study demon-

strated that structured noise could delay development of modules of auditory cortex within the

noise band, while those outside the noise band developed relatively normally (de Villers-Sidani et al.,

8



2008). Consistent with their hypothesis, the noise-exposed, putatively immature, regions could be

exposed to pure tones whose frequency was then overrepresented in auditory cortex. This was not

possible in the regions and frequencies outside of the noise band. This study demonstrates that au-

ditory stimuli can precisely target points or domains of the cortical tonotopic map. Map functional

reorganization has implications for auditory processing, as tone-reared animals have surprisingly less

ability to recognize the rearing frequency, with a heightened ability to recognize nearby neighboring

frequencies (Han et al., 2007). This is hypothesized to be due to the alignment of the peaks of local

receptive fields, eliminating the presence of the rearing frequency in tuning curve slopes, where ac-

tivity changes most dramatically to changes in sound frequency. In the auditory system, evidence of

topographic shifts are exclusively at the functional level, and it remains to be explored how thalamo-

cortical axons might shift their innervation of the changing frequency map.

Importantly, the experience-dependent reorganizations in topography and the thalamocortical

axons that underlie this organization are restricted to early periods of development time locked to

the onset of experience-dependent sensory activity specific to each modality (Hensch, 2004, 2005).

There are also a number of examples of learning paradigms in adults, which although they represent

a different form of plasticity, in fact show substantial map shifts (Schreiner and Polley, 2014). The

precision of the wiring diagram underlying a functional topography has implications for plasticity,

as strengthening or weakening connections to shift receptive fields can only occur in existing con-

nections. This idea is of course restricted to periods of development or adult learning when synaptic

rearrangements, rather than axon guidance, prevails (Sur and Rubenstein, 2005). In barn owls, the

matching of auditory and visual space maps occurs in the midbrain, where auditory receptive fields

for interaural timing difference (ITD) in the inferior colliculus (ICC) project in a topographic man-

ner to the optic tectum to combine with maps of visual space. If the owl’s experience of multimodal

space is altered by prism goggles that shift the visual field by a number of degrees, the ITD informa-

tion conveyed to the tectum will shift in the adaptive direction over time (Knudsen and Knudsen,
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1989). The functional shift in receptive fields is explained by structural plasticity in the projections

from ICC to an intermediate nucleus, the external nucleus (ICX), such that the arbor is expanded

to one side, much like the prisms shift the visual field (DeBello et al., 2001; Feldman and Knud-

sen, 1997; Linkenhoker et al., 2005). While this plasticity to large shifts in visual experience is only

possible early in life (Brainard and Knudsen, 1998), similarly large functional shifts can be made in

adults if the individual experienced prisms as a juvenile (Knudsen, 1998). Furthermore, large shifts

can be achieved in adults by incremental training, rather than a single large shift (Linkenhoker and

Knudsen, 2002). Both examples could highlight the need for existing connections to enact plastic-

ity, especially later in life. Juvenile training that expands the anatomical connectivity between ICC

and ICX can later serve as the substrate for adult plasticity. Incremental training might allow for lo-

cal synaptic strengthening or exploration of axons, whereas large shifts represent too physically and

functionally distant of a connection to be strengthened. These are examples of how the extent of

circuit connectivity across a map determines the extent of plasticity. For this reason, it is essential to

understand the building blocks of topographies at fine resolution as the foundation of plasticity and

perceptual learning.

A role for inhibition in topography

It is common to consider topographies as excitatory in nature, with columns of cells moving

positive information about a feature of the external environment forward in the circuit; however,

the reality is more complicated with both excitatory and inhibitory cells contributing to functional

tuning (Wehr and Zador, 2003). In cortex, thalamocortical axons, which provide tuned sensory

input to cortex, innervate both excitatory and inhibitory cells strongly and close to the cell body

(Cruikshank et al., 2007; Richardson et al., 2009; Takesian et al., 2018).

Work in A1 has explored whether inhibitory cells, intermingled in an excitatory topography, are

tuned with similar bandwidths and how this is refined across early development or warped by early
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experience. Tuning of excitatory and inhibitory conductances in layer II/III and IV neurons has

been described as well matched for preferred frequency (Tan et al., 2004; Wehr and Zador, 2003;

Wu et al., 2006, 2008; Zhang et al., 2003), with some refinement during early development that im-

proves this correlation (Dorrn et al., 2010; Sun et al., 2010). This correspondence in excitatory and

inhibitory tuning is accompanied by a slight delay in inhibitory conductance, producing tight con-

trol over tone-evoked spike timing (Tan et al., 2004; Wehr and Zador, 2003). The relative widths

of excitatory and inhibitory tuning, and resultant refinement of tuning by lateral inhibition, have

been debated (Isaacson and Scanziani, 2011). Some studies present a model of exactly matched ex-

citatory and inhibitory conductances that would refine tuning via an “iceberg effect” where only

the strongest responses remain. However, slight offsets in inhibitory width, which are correlated

with preferred frequency in their direction of spectral offset, have implications for other tuning pa-

rameters such as sweep direction selectivity (Wu et al., 2008; Zhang et al., 2003). Furthermore, the

degree of lateral inhibition informs the level of cortical contribution to phenomena such as two-tone

masking, where a neuron’s response to a preferred frequency can be silenced by the closely timed

presentation of a spectrally distant frequency (Sutter et al., 1999).

Given the diversity of laminar localization and connectivity patterns across interneuron subtypes,

it is likely that they differentially modulate topography. Parvalbumin (PV) cells have similar pre-

ferred frequencies to nearby excitatory cells, presumably due to local pooling of inputs (Hofer et al.,

2011; Kerlin et al., 2010; Scholl et al., 2015), which would give them shared tuning when embedded

in the tonotopic gradient of A1 (Moore and Wehr, 2013). Further, recent evidence suggests they can

selectively strengthen their connections with co-tuned excitatory cells, decreasing the effects of lo-

cal heterogeneity (Znamenskiy et al., 2018). PV cells have been shown to provide lateral inhibition

in layer II/III of A1 resulting in narrowed tuning (Li et al., 2014). In contrast, Somatostatin (SOM)

cells, which are tuned broadly, mediate strong network suppression to suppress responses to very

spectrally distant tones (Kato et al., 2017). A subpopulation of inhibitory cells in layer I are inner-
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vated by thalamocortical axons and mediate disinhibition within layer IV with their descending

axons that contact PV cells (Takesian et al., 2018). These interneurons, which express the 5HT3 sero-

tonin receptor, exhibit a similar degree of functional topography as excitatory cells in layer IV, but

this map does not shift in response to early tone exposure as it does in layer IV.

Similar roles for inhibition have been described in other sensory modalities. In V1, map plasticity

in response to monocular deprivation also happens at the receptive field level in inhibitory cells, per-

haps prior to excitatory cells (Aton et al., 2013; Kuhlman et al., 2013; Yazaki-Sugiyama et al., 2009). In

the previously described examples of multimodal plasticity in barn owls, inhibition plays the impor-

tant role of silencing the “old” map in favor of the shifted ITD map in the adaptive direction (Zheng

and Knudsen, 1999).

Inhibition can also manipulate how activity moves through a cortical circuit, which has been

shown to be especially relevant during early development when inhibitory maturation tightly con-

trols the timing and extent of map plasticity by dictating the rules of spike timing dependent plas-

ticity (Buonomano and Merzenich, 1998; Hensch, 2005). Inhibitory transmission can be titrated

using local infusion of Diazepam (DZ), which acts by potentiating chloride flux through GABAA

receptors, thus only enhancing GABAergic transmission that is already present as some basal level.

Infusing DZ across developmental windows for ocular dominance in visual cortex shifts the widths

of ocular dominance columns to be wider, likely because potentiated lateral inhibition enhances

the contrast in activity patterns from the two eyes, creating wider bands containing cells with more

starkly monocular responses (Hensch and Stryker, 2004). It is relevant to hypothesize how thalamo-

cortical innervation of both excitatory and inhibitory cells might differentially shift to orchestrate or

consolidate map changes that reflect early experience.
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Thalamocortical axon structure and the activity patterns they generate

In this dissertation, I describe the previously unknown branching patterns and connectivity of tha-

lamocortical axons within primary auditory cortex between layers IV and I. The presented thalam-

ocortical innervation pattern studied systematically along the tonotopic axis clarifies existing ques-

tions surrounding local heterogeneity in topographic maps by providing the structural substrate for

distributed but periodic innervation. I argue that the modular branching patterns of these axons

inform the parameters of spectral computations performed within A1. I also present structural ev-

idence for matched topographies between layers IV and I, which has importance for integration of

top-down modulatory and bottom-up sensory information.

I present comparisons of thalamocortical axons in mice that have experienced normal and altered

auditory environments early in life. The changes in axon morphology after tone rearing provide

a structural mechanism for thalamocortical map plasticity. This is the first systematic exploration

of thalamocortical structural changes with fine manipulations of experience - namely, altering the

relative statistics of spectral experience rather than broad deprivation.

Next, I use molecular methods to probe the diverse cellular responses to early experience within

cortex, revealing altered maturational trajectories upon abnormal auditory experience. This dataset

is not only a resource for further studies of gene regulation across diverse cell types, but it has already

yielded surprising hypotheses regarding the effects of tone exposure on maturational trajectories.

Specifically, I hypothesize that repeated tone exposure delays inhibitory maturation, accompanied

by a delay in critical period closure and heightened cytoskeletal rearrangements. I describe further

study to elucidate the topography of these gene expression changes. I begin to address these ques-

tions using functional imaging with network-level resolution to probe inhibitory gating of topo-

graphic, thalamic-driven activity across experience-dependent development.

Together, this work defines novel organizational principles within primary auditory cortex along
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the tonotopic axis and builds a multidimensional model of thalamocortical map plasticity during a

developmental critical period. I present this dissertation as an argument for the importance of char-

acterizing cortical topographies at diverse resolutions, as their differing local and global properties

inform the possibilities of cortical processing and plasticity.
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“I’ll make a path to the rainbow’s end. I’ll never live to

match the beauty again.”

Stevie Nicks

2
Structural heterogeneity and plasticity of

thalamocortical axons in primary auditory cortex

Thalamocortical innervation is a defining feature of the neocortex. Primary au-

ditory cortex (A1) is organized tonotopically, a topography based on the frequency of sound re-

layed by projections from the ventral medial geniculate body (MGB). This map is smooth at the

macroscopic scale despite some degree of local heterogeneity and can be warped in favor of partic-

ular frequencies by early acoustic experience. Structural contributions of the roughly topographic

thalamocortical axons in A1 to the tonotopic map and associated plasticity after early acoustic experi-
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ence remain largely unknown. I used targeted virus injection to uncover anatomically diverse MGB

axonal inputs to A1, whose heterogeneous axonal branching patterns generate a patchy innervation

profile and likely contribute differentially to spectral tuning in A1. TC axons also co-innervate layers

I and IV, an anatomical substrate for recently described matched topographies between these layers.

Finally, axonal morphology and density is shifted by early experience, distorting the periodicity of

TC innervation.

Introduction

The spatial organization of frequency responses in primary auditory cortex (A1) reflects the topogra-

phy of the sensory epithelium within the inner ear, described as cochleotopy (Merzenich et al., 1975;

Woolsey and Walzl, 1942). Microelectrode recordings from many mammals characterizing tuning

curves across cortical layer IV of A1 suggest the presence of isofrequency contours, columns of cells

along the dorso-ventral axis that are similarly tuned to frequency, producing a smooth gradient in

frequency tuning along the caudal-rostral axis termed tonotopy (Kaas, 2011). This sensory informa-

tion arises largely from ventral medial geniculate body (MGBv) (Huang and Winer, 2000; Winer

et al., 2005), whose projections are at least roughly topographic and seem to be organized prior to

experience-dependent activity (Barkat et al., 2011; Hackett et al., 2011).

Previous physiological studies have implicated TC connectivity as the major contributor to feed-

forward excitatory spectral tuning in layer IV, while local excitatory intracortical (IC) circuits pro-

vide linear multiplication and prolongation of frequency responses (Li et al., 2013a, 2013b; Lien and

Scanziani, 2013). The structural basis for topographic thalamocortical (TC) innervation of A1 has

not been systematically explored across the tonotopic axis at the single-axon level. Furthermore,

local TC axonal structural heterogeneity could contribute to the locally discontinuous tonotopic

organization described using functional imaging (Bandyopadhyay et al., 2010; Kanold et al., 2014;
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Rothschild et al., 2010; Vasquez-Lopez et al., 2017).

Quantification of TC modularity in A1 could have implications for spectral processing. The de-

gree of convergence of the TC transformation, which influences the width of spectral integration in

A1 relative to MGBv neurons, has been estimated physiologically (Miller et al., 2001, 2002); however,

the TC anatomical substrate of that transformation, such as arbor width or morphological diversity,

has not been explored. The existence of patchy rather than continuous TC innervation has been de-

scribed anatomically in both isofrequency and and tonotopic dimensions in A1 (Hashikawa et al.;

Huang and Winer, 2000; McMullen and de Venecia, 1993; Read et al., 2002; Velenovsky et al., 2003;

de Venecia and McMullen, 1994). Modular axonal innervation along the tonotopic axis could con-

tribute to the step-wise physiological tonotopic organization described in A1 (Malmierca et al., 2008;

Velenovsky et al., 2003), or it could reflect activity dependent refinement from patterns inherited

subcortically (Cetas et al., 2001, 2003; Malmierca et al., 2008; Schreiner and Langner, 1997). Whether

the topography of frequency tuning in A1 is as modular as other organizations, such as classic de-

scriptions of ocular dominance columns in primary visual cortex (V1) or the clustering of functional

responses to left and right ears and bandwidth tuning in A1, remains to be seen but has implications

for understanding spectral processing.

In cats, MGBv restricts its patchy projection to layers III and IV, and other subdivisions (largely

medial) provide layer I innervation (Huang and Winer, 2000; Winer et al., 2005). In rodents, how-

ever, the TC projections to both layers I and IV of A1 seem to originate largely from the ventral

subdivision of MGB, with other subdivisions projecting more strongly to higher order auditory

cortices as in the cat (Huang and Winer, 2000; Ji et al., 2016; Vasquez-Lopez et al., 2017). Further-

more, evidence from rabbits describes co-innervation of layers I and IV by the same thalamocortical

axons originating in MGBv (Cetas et al., 1999). Whether this pattern of innervation exists in mice

and whether it is a canonical pattern of connectivity has not been explored, but functional and im-

munohistochemical measurements of thalamocortical connectivity suggest it as a major substrate for
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matched topographies between these two layers (Hackett et al., 2015a; Takesian et al., 2018; Vasquez-

Lopez et al., 2017).

Passive tone exposure can induce changes to auditory receptive fields during a critical period (CP)

from postnatal day (P)12 to P15 (Barkat et al., 2011; Liu et al., 2011; Zhang et al., 2001). Evidence from

visual cortex suggests a role for TC structural rearrangements following functional changes (An-

tonini and Stryker, 1993; Antonini et al., 1998, 1999). It is unknown, however, if structural changes

to thalamocortical axons mediate tonotopic plasticity. Despite the brevity of the tonotopic CP, TC

connectivity is functionally immature prior to CP onset (Barkat et al., 2011), and could be struc-

turally elaborated to reflect early auditory experience.
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Results

Multi-colored viral labeling of thalamocortical axons using thalamic-specific

promoter

To visualize TC axons, viral constructs capable of producing fluorescent proteins were stereotaxically

injected into the MGBv of adult mice (Fig. 2.1 A). AAV-Brainbow expresses random combinations

of four fluorescent proteins upon recombination by Cre recombinase (Cai et al., 2013), which was

expressed under control of the Protein Kinase C Delta (Prkcd) promoter, specific to thalamic nuclei

(Fig. 2.10) (Kalish et al., 2018). This method has the advantage of genetically restricting labeling to

thalamic cells. In addition, this fluorophore is membrane bound and thus advantageous in labeling

thin axons. Axons were imaged using confocal microscopy in 100 μm semi-horizontal slices (Cruik-

shank et al., 2002; Hackett et al., 2011), preserving the tonotopic axis of projections from MGBv to

A1 (Fig. 2.1 B, C). Large AAV injection volumes were used to fill thalamus and analyze “total” inner-

vation of A1, where axons terminated as expected predominantly in layers I, IV and VI (Fig. 2.1 D,E)

(Huang and Winer, 2000). Small volumes were used to limit density of labeling for axon reconstruc-

tion (Fig. 2.1 F, G).

Thalamocortical axons are structurally heterogeneous

Partial reconstructions were performed across the tonotopic axis of A1 between layers IV and I. Pre-

vious work has characterized the innervation of both layers IV and I in A1 as coming predominantly

from the ventral subdivision of MGB (Ji et al., 2016; Vasquez-Lopez et al., 2017). Although this dif-

fers from other mammalian systems (Huang and Winer, 2000), this supports the assertion that par-

tially reconstructed axon arbors within A1 originate in MGBv. Qualitatively, axons were anatomi-

cally diverse, spanning large vertical (columnar) and horizontal distances (Fig. 2.2 A), as measured
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Figure 2.1: Mul colored labeling of thalamocor cal axons | (A) Experimental meline for MGB injec on of AAVs
and ssue collec on. A1 was visualized in a thalamocor cal slice, prepared by cu ng 15 degrees off horizontal (B;
C, scale bar = 500 μm). Axons terminate in layers I, IV and VI (D) and are mul colored (E, scale bar = 5 μm). Smaller
injec on volumes yield sparser labeling for reconstruc ons (F, scale bar = 100 μm; G, scale bar = 25 μm).
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by their width, across the tonotopic axis, and their height, between layers I and IV (Fig. 2.5 A, B).

Reconstructed branches follow long (hundreds of microns) trajectories with consistent orientation.

The majority of axons branching within layer IV send a vertical collateral to layer I. The overall

percentage of axons reaching layer I was 40% (excluding smallest 10%; Brainbow = 40.4% n=55), but

increased with axon size, reaching 100% in the largest axons reconstructed (Fig. 2.2 C, reached 100%

at 70% of maximum axon size), suggesting that co-innervation occurs in the majority of thalamocor-

tical axons and is only missed when the axon is not reconstructed in enough of its entirety. Because

all reconstructions were started in layer IV with the intention of characterizing innervation in this

layer, 100% of axons existed within layer IV (data not shown). Recent work describes a matched

topography between layers I and IV (Takesian et al., 2018; Vasquez-Lopez et al., 2017), and this tha-

lamocortical branching pattern is the likely anatomical substrate. While previous work from rabbits

has described anatomical evidence for shared innervation between layers IV and I (Cetas et al., 1999),

this dense and full-coverage anatomical reconstruction and quantification across the tonotopic axis

provides substantial evidence for a predominant branching pattern that serves as the anatomical sub-

strate for matched topographic processing in these two layers (Takesian et al., 2018; Vasquez-Lopez

et al., 2017).

To determine the mean branching pattern, reconstructed axons were centered in both the vertical

and horizontal axis based on their center of mass, and the branch density was visualized using a con-

tour plot (Fig. 2.2 B). This contour spans approximately 300 μm horizontally and contains a vertical

element that covers the distance between layers I and IV. Thalamocortical axons in layer I contact a

population of interneurons that not only receive thalamic input but also modulate thalamic driven

activity in layer IV with their vertically descending axons. These axons show a slight diagonal skew,

which is comparable to the slight tilt in angle of the branch density contour both within layer IV

and up to layer I (Fig. 2.2 B) (Takesian et al., 2018). Although this skew is perhaps an artifact of the

unique slice angle, it nonetheless suggests alignment of topography within multiple circuit elements.
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Figure 2.2: Heterogeneity in thalamocor cal axonal branch pa erns | (A) Sample axon reconstruc ons from columnar
(orange), horizontal (purple) and diagonal (green) types. Scale bar = 100 μm. (B) Density contours were created by
centering all reconstruc on at their center of mass in X and Y. The three contours represent 75, 50 and 25% of maxi-
mum density across n=55 axons. (C) percentage of axons reaching layer I was 40.4% (excluding smallest 10%; n=55),
but reached 100% at 70% of maximum axon size)
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Sparse single-color viral labeling of thalamocortical axons using dilute vi-

ral delivery of Cre

It is known that thalamocortical axons project into A1 in a roughly topographic manner, with lat-

eral MGBv projecting to caudal, low frequency, A1, and medial MGBv projecting to rostral, high

frequency, A1 (Hackett et al., 2011). Considering the diversity of axon morphologies seen in the

Brainbow-AAV labeled reconstructions, we considered that these morphologies might tile in inter-

esting ways to explain some anatomical substrate underlying local heterogeneity within the globally

topographic map. The Brainbow-AAV labeled reconstructions are most successful with small injec-

tion volumes that label a smaller population of cells, yielding a sparser field of overlapping axons.

For the purpose of understanding topography of innervation across the long (>1mm) tonotopic axis,

we utilized an alternate labeling strategy that allowed full coverage but maintained sparse labeling of

thalamocortical axons (Fig. 2.3).

AAV-tdtomato expresses a single bright fluorescent protein upon recombination by Cre recombi-

nase, which was expressed by a co-injected AAV. In order to achieve sparse labeling, AAV-Cre was in-

jected at various dilutions spanning 1:1,000-10,000. Using this strategy, cells are labeled stochastically

because of low AAV-Cre titer, but brightly because of high AAV-tdtomato titer (Fig. 2.3 A). Large

volumes of virus are injected to ensure full spatial coverage of thalamus, but label density remains

sparse (Fig. 2.3 B). Because this label is cytosolic, it is advantageous for finding synaptic boutons

along the axon (Fig. 2.6).

Thalamocortical axon topography is modular

The diversity in branch morphology is relevant to questions of local heterogeneity and spectral

integration in A1. Axons branching in a columnar or horizontal pattern contribute differentially

to narrow or broadly tuned neurons, respectively. To quantify the diversity in branch morpholo-
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Figure 2.3: Sparse labeling of thalamocor cal axons | Sparse labeling was achieved by combining low ter of AAV-Cre
with high ter of AAV-tdtomato (A), shown in layer IV of A1 (B, scale bar = 25 μm). (C) Axon density contours were
created by centering all reconstruc on at their center of mass in X and Y. The three contours represent 75, 50 and
25% of maximum density across n = 78 naive (C) and n = 68 7 kHz (D) axons (n = 3 slices, 2 animals per condi on).
Red crosshairs in (C) and (D) represent 0 and 90 degrees (horizontal and ver cal) to illustrate the caudally diagonal lt
that is emphasized in 7 kHz exposed axons. Scale bar = 100 μm
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gies, branch orientation was classified using OrientationJ, a Fiji plugin which measures the structure

tensor across a 1 pixel Gaussian window slid across the axon’s backbone (Püspöki et al., 2016). The

axon’s local orientation, analyzed along its length, was translated to a color in HSV color space. I

then filtered each axon into vertical or horizontal components using simple HSV filters written in

Matlab (Fig. 2.4 A). Each axon was given a value for the percentage of horizontal, as compared to

vertical, elements within layer IV (Fig. 2.5 E).

The predominance of particular branching patterns varied systematically across the tonotopic

axis of A1 (Fig. 2.4 B, C), as quantified by the relative density of horizontal and vertical axons at each

point along the rostral-to-caudal axis. Interestingly, the horizontal branches were more regularly

periodic, showing greater autocorrelation peaks when compared to vertical branch density (Fig.

2.4 D, E). While the first peaks in the autocorrelation function differ between labeling strategies,

this likely originates from differences in the coverage of labeling. The location of the first peak in

the autocorrelation function of horizontal branch density (approximately 200 microns) is slightly

less than the horizontal extent of axon density contours in layer IV (approximately 300 microns)

(Fig. 2.4 E; 2.3 G; 2.2 C), suggesting that periodicity arises from overlap of horizontal branches. This

horizontal periodicity could reflect some maximum distance of spatial, and thus spectral, integration

within A1.

Thalamocortical synapse density is modular at a finer scale

The presence of long-range branches within layer IV does not determine whether innervation ex-

ists along these branches, contributing to local tuning heterogeneity, or if long branches are passing

through an area to provide precise synaptic input elsewhere. Thalamocortical axons innervate both

excitatory and inhibitory cells close to the cell body in layer IV, therefore the presence of synaptic

boutons would likely correspond to input onto a cell at that topographic location (rather than den-

drites originating in another layer or isofrequency column). To quantify synapse density, peaks in
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Figure 2.4: Thalamocor cal modularity arises from heterogeneous branch orienta on | Each axon was separated
into ver cal and horizontal components using Orienta onJ and HSV filters wri en in Matlab (A). Rela ve densi es
of horizontal or ver cal axons varied systema cally across the rostral to caudal axis in A1 (B), with horizontal axons
exhibi ng more regular periodicity as evidenced by greater autocorrela on (D, right).
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Figure 2.5: Axon reconstruc on sta s cs | Distribu on means of all parameters were unchanged across reconstruc-
on methods and rearing condi ons, with the excep on of the Brainbow-14 kHz group. The axons from these an-

imals were narrower (A) and shorter (B), but did not differ in their mean orienta on (C, E) or variance in orienta on
(D). Axons that were reconstructed along longer distances reached layer I (F). (Brainbow: naive n=55, 14 kHz n=75;
tdTom: naive =78, 7 kHz n=65) 27



intensity were identified along the reconstructed path, which has been described as an accurate es-

timate of synapse location because of the increase in volume and resultant increase in fluorescence

(Grillo et al., 2013). An algorithm built on this concept, EPB score, successfully identified synapses

with a threshold of 1.7x higher fluorescence than the axon backbone, and these synapses were con-

firmed using electron microscopy. We used this logic for our own algorithm using a stringent thresh-

old of 3x the backbone fluorescence. Density was then calculated for each pixel based on the sur-

rounding 500 μm of axon path.

Synapses were found along the entire horizontal and vertical extent of the axons, suggesting

that estimates of innervation width and height based on axon branch width and height is accurate.

Synapses were clustered along the axon rather than being evenly distributed, as there were hot spots

with higher synapse density (Fig. 2.6).

Structural plasticity of thalamocortical topography

Structural plasticity of TC axons following manipulations of acoustic experience during early crit-

ical periods has never been visualized directly in A1. Mice tone-reared during the critical period for

tonotopy (postnatal day, P12-15) (Barkat et al., 2011) showed distortions in TC innervation as adults.

Axonal innervation intensity became biased toward caudal portions of A1 at the expense of more

rostral regions (Fig. 2.7 A, left vs right). This long-range distortion was unique to layer IV, as layer

I exhibited a more focal increase in caudal innervation intensity when subtracted from control (Fig.

2.7 B, C)

To understand how single axon changes might contribute to this macroscopic shift in innerva-

tion intensity, axon reconstructions were again performed in a brainbow-labeled sample from a

mouse tone reared from P12-P15. One challenge of this experiment was to cover the tonotopic axis

as completely as possible to allow for reconstructions from potential subpopulations of affected and

spared axons at different points in the tonotopic axis. Using Brainbow-AAV labeling, this results

28



1

2

3

4

5

6

7
synapse density (100 μm

-1)

axon
synapse

A B

100 μm

synapse density (100 μm-1)

70C
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in a denser field of axons within which to perform reconstructions. Although Brainbow-labeled

tone-reared axons showed the same morphological diversity, exhibiting horizontal, columnar and di-

agonal axons, they were notably smaller (Fig. 2.5 A, B). It was unclear if the density of axon labeling

prevented these long reconstructions or if tone-reared axons do not maintain consistent morpholo-

gies over long distances.

Using AAV-tdtomato labeled axons, we could perform reconstructions across a relatively uni-

formly labeled field but with sparse axon density, as described previously (Fig. 2.3). Using this

method, axons were not shorter than their within-label control (Fig. 2.5 A, B). Were the shorter

axons in the Brainbow-AAV experiments simply a limitation of the density of labeling? While this

could certainly contribute to the failure to follow axons for long distances, we also noted that the

axons in tone-reared animals were more tortuous, changing direction more frequently across their

arbor extent. We measured a linearity index that compared the Euclidean distance versus path dis-

tance between two points separated by 100 pixels. Points whose Euclidean distance was smaller than

the path length (Fig. 2.8 A, B, red), suggesting a less direct (more tortuous) path, had a lower linear-

ity index and were more numerous in the caudal half of the tone reared map (Fig. 2.8 C, D). While

innervation along the isofrequency axis is challenging to quantify in this slice due to poor axial res-

olution, we noted examples of axons that covered the extent of the Z-axis (100 μm) in a short XY

distance (Fig. 2.8 G). This suggests that axons are winding locally within their isofrequency column

instead of sending consistently oriented fibers for long distances, as seen commonly in controls. This

not only contributes to the increased intensity seen caudally, but could describe a biological reason

for perceived reduced branch length in Brainbow-AAV reconstructions, as single-orientation branch

length would certainly be reduced with a great degree of tortuosity.

Another feature that was apparent in tone-reared A1 was the presence of caudally oriented diago-

nal axons. These axons were tall, connecting layers IV and I, but did not project perfectly vertically

(Fig. 2.9 A, right). This could contribute to increased caudal axonal innervation, but it also could re-
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Figure 2.8: Thalamocor cal axons are more locally tortuous a er tone rearing | Axons show many regions of low
linearity in layer IV a er tone rearing (A, scale bar is 100 μm), and this is more prominent in caudal A1 (B). Distribu-
ons of linearity are significantly different regardless of posi on or layer by ks test (C) but the effect size is highest in

caudal A1 (D). 7kHz exposed axons might also be more tortuous in the axial dimension (E).
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flect some complexities between the plasticity in layer IV and the matching of topographies between

layers I and IV. In recent studies, a functional assay of thalamocortical topography described that

shifts in layer IV after tone rearing were not matched by concomitant shifts in layer I topography. If

a layer I map needs to be maintained despite layer IV topography shifts, this would increase the an-

gle with which axons were projecting up to layer I. Interestingly, the increased frequency of caudally

oriented axons, as measured by orientation in layer II/III (Fig. 2.9 B), suggests that the increased

innervation intensity in caudal A1 comes from caudal axons expanding their territory rostrally, but

that these axons correct back to their original layer I location (Fig. 5.1, bottom).
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ks test in layers II/III (right) and IV (le ), but more drama cally so in layer II/III. Overall there is a bias for a caudal-
diagonal direc on that is enhanced with tone-rearing, which can also be seen in Fig. 2.3.
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Discussion

I have characterized the thalamocortical innervation pattern of primary auditory cortex as locally

heterogeneous, with both columnar and horizontal branch patterns, creating a periodic modular

macrostructure. These axons innervate both layers I and IV, serving as the structural mechanism

behind matched topographies in these layers. Finally, this innervation pattern is macroscopically

plastic, with shifts in innervation intensity due to local winding of axons in animals with altered

early acoustic environments. The systematic quantification of these innervation patterns across the

tonotopic axis in both naïve and tone reared animals provides important anatomical mechanisms

behind known physiological properties of topographic maps and their plasticity in primary auditory

cortex.

These findings reveal a periodic organization of TC axons within mouse A1, which carries several

implications. First, it has long been held that neocortical topography follows smooth gradients such

that A1 neurons with similar frequency tuning are grouped along a continuous axis. But, this view

has recently been debated at single-cell and synapse resolution by calcium imaging in mice (Issa et al.,

2014; Kanold et al., 2014; Vasquez-Lopez et al., 2017). The TC axon modularity found here is con-

sistent with the principle that global tonotopic gradients on a large scale are set up locally by inter-

digitated patchy, neuronal assemblies of similarly tuned neurons. Auditory cortical maps observed

via wide-field optical imaging depict the integration of both TC and cortico-cortical processing. Be-

cause TC axons branch in both columnar and horizontal fashion, they could functionally contribute

spectrally wider information than previously appreciated to some cortical neurons, yielding a source

of spectral integration independent of intracortical circuitry (C. C. Lee, 2004).

Second, it will be interesting to determine whether the topographic organization that TC axons

adopt in A1 is established by intermediate cues prior to entry into the cortex (Garel et al., 2002).

Patterning of projections between thalamus and cortex is influenced both by subcortical molec-
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ular gradients (ephrins) and transient subplate connections (Vanderhaeghen and Polleux, 2004;

Viswanathan et al.). The initial pattern of TC terminations in layer IV may be projected from a deep

tier (Agmon et al., 1993, 1995), rather than being sculpted by pruning of inappropriate branches

from an initially profuse arborization. Third, the speed with which experience can sculpt these TC

arbors will be of great interest. Functional changes in A1 tonotopy are rapid (within 3 days) (Barkat

et al., 2011), while macroscopic TC arbor reorganization in other sensory modalities reflects the etho-

logical salience of the input to mice, being faster in somatosensory (Catalano et al., 1995) and slower

in visual cortex (Antonini et al., 1999).

Finally, TC inputs appear to observe distinct rules of plasticity in layers I and IV. This may reflect

differences in thalamic axonal type in each layer. In the cat, the largest TC axonal trunks (up to 6

μm in diameter) arise from the medial division and end in layer Ia, where they run laterally for long

distances (Lee and Winer, 2008). Our studies offer the intriguing possibility that the same axons

that co-innervate layers I and IV may exhibit distinct plasticity mechanisms depending on the target

cell type. We find that the TC innervation of layer I is strikingly stable in the face of altered acoustic

input (Fig. 2.7). Notably, the primary TC targets are inhibitory interneurons regardless of layer.

Narrowly descending 5-HT3A receptor-bearing (layer I) input onto parvalbumin-positive cells (layer

IV) may orchestrate tonotopic plasticity by a columnar disinhibition (Takesian et al., 2018). Beyond

a purely relay function, auditory thalamus may thereby influence the cortex on a laminar basis when

convergent neuromodulatory signals arrive in layer I. A rigid, anatomical TC scaffold in layer I may

serve as a stable reference map for early experience to shape salient sensory perception within certain

limits to allow potential recovery of function (Froemke and Schreiner, 2015).
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Chapter contributions

This chapter was written by Erin E. Diel. EED and Takao K. Hensch designed the study. EED per-

formed the experiments and analyzed the data. Satoshi Kuroki and Shigeyoshi Itohara (RIKEN

Brain Science Institute) created and characterized the Prkcd-Cre-G mice.
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Methods

All experiments were conducted in accordance with procedures approved by the Institutional Ani-

mal Care and Use Committees of Harvard University and Boston Children’s Hospital.

Generating a dorsal thalamus-specific Cre line

A bacterial artificial chromosome (BAC) clone (RP23-220I8) containing the Prkcd gene was ob-

tained from the BACPAC Resource Center [http://bacpac.chori.org/home.htm]. The nuclear lo-

calization sequence (NLS)-Cre-poly A-FRT-amp-FRT cassette was inserted into the translation ini-

tiation site of Prkcd using Red/ET recombination techniques (Gene Bridges). The FRT-amp-FRT

selection marker gene cassette was subsequently deleted by expressing yeast-derived recombinase

FLP in the host E. coli cells. The resultant Prkcd-Cre BAC vector DNA was purified with Nucle-

oBond BAC100 kit (Macherey-Nagel), linearized, fractionated on a Sepharose CL4b column with an

injection buffer (10mM Tris-HCl pH7.4, 0.1 mM EDTA, 100mM NaCl), and microinjected into fer-

tilized C57BL/6J mouse eggs. The founder males were crossed with C57BL/6J females. The recom-

bination specificity of Prkcd-Cre-G line was determined by crossing with Gt(ROSA)26Sortm1Ito

(Rosa-NLSLacZ) reporter mice (Kobayashi et al., 2013).

Brainbow labeling and analysis

Adult Prkcd-Cre-G and C57 mice were anesthetized prior to undergoing aseptic surgery. A small

hole was drilled at 3.8 mm posterior to bregma and 2.5 mm lateral to the midline. A Hamilton sy-

ringe containing a titer-balanced cocktail of Brainbow-AAVs or tdtomato-AAV + Cre-AAV was

lowered 3.5 mm below the cortical surface, where 1 µL of virus solution was injected. After at least 4

weeks survival time, mice were perfused and brains were sectioned.
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Figure 2.10: Dorsal thalamus-selec ve recombina on in Prkcd-Cre-G mice | (A) LacZ staining of adult Prkcd-Cre-
G:Rosa-NLSLacZ double transgenic mice revealed selec ve recombina on in the dorsal thalamus. Sec ons were
lightly counterstained with hematoxylin. (B) High power views of the insets in (A) helped to iden fy recombined cells
at a single cell resolu on. In the ventral medial geniculate body roughly surrounded by a line, the recombina on rate
reached to more than 90% of cells. (C) The recombina on started around postnatal day 14 and increased to nearly
the adult level by postnatal day 21. Sec ons from three independent mice were shown.
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Images for anatomical analysis were taken on a Zeiss LSM 710 confocal using a 63x, 1.4NA oil

immersion PlanAPO objective.

For axon reconstructions, like-colored axonal segments were traced using the TrackEM plugin for

ImageJ. Axons were traced from a start point within layer IV until they reached a terminal bouton or

the limits of the imaging volume. Axons were traced completely within layer IV, but were not traced

horizontally within layer I because of limitations from axon density in this layer.

For orientation analysis, the OrientationJ plugin from ImageJ was used to quantify the dominant

orientation of reconstructed fibers.

To quantify synapse density, paths along reconstructed axons filtered from the original image

were determined using the Fiji plugin SimpleNeuriteTracer (Longair et al., 2011). Along that path,

peaks in intensity were identified using iPeak. An existing algorithm built on this concept, EPB

score, successfully identified synapses with a threshold of 1.7 higher than the axon backbone, and

these synapses were confirmed using electron microscopy (Grillo et al., 2013). We used a threshold of

3x the axon backbone, determined as the local minimum flouorsecence in the 500 μm of surround-

ing path. Density was then calculated for each pixel depending on how many synapses were present

in the local 500 μm of surrounding path along the axon.

Voltage-sensitive dye imaging and analysis

600 micron thick thalamocortical slices containing both A1 and MGBv were incubated in the voltage-

sensitive dye Di-4-ANEPPS (Life Technologies) before transfer to an ACSF recording chamber

(RT), then imaged using an Olympus MVX10 microscope with a 1x, 0.25NA objective. Stimulation

(1ms pulse) of six sites across MGBv with a glass pipette was controlled by a pulse generator linked to

a constant current stimulus isolation unit. Fluorescence changes were imaged using a CMOS-based

camera (recorded at 1000Hz for 512 periods), and averaged across 10 trials. Fluorescence change was

normalized to resting fluorescence (∆F/F0).
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For each slice, pixels covering A1 were correlated with the thalamic stimulus-evoked response.

Data is reported as correlation coefficients rather than ∆F/F0 with the intention of biasing signal

from axons rather than cell bodies in A1.
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“Of course it happening inside your head...but why on

earth should that mean it not real?”

J.K. Rowling

3
Molecular diversity of auditory critical period

plasticity revealed by single nuclear-RNA

sequencing

Auditory experience drives neural circuit refinement during critical periods of height-

ened plasticity, but little is known about the genetic regulation of these developmental windows.

The primary auditory cortex (A1) exhibits a critical period for thalamocortical connectivity be-

tween postnatal days P12-P15, during which tone exposure alters the tonotopic topography of A1.
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We hypothesized that a coordinated, multicellular transcriptional program governs this window

for patterning of the auditory cortex. To generate a robust multicellular map of gene expression,

we performed droplet-based, nuclear single cell RNA sequencing (scRNA-seq) of A1 homogenates

across three developmental time points spanning the tonotopic critical period (P10, P15, P20). We

also tone-reared mice (7kHz pips) during the 3-day critical period and collected A1 at P15 and P20.

Using semi-supervised clustering and marker genes, we identified and profiled neuronal (glutamater-

gic and GABAergic) and non-neuronal (oligodendrocytes, microglia, astrocytes, and endothelial)

cell types. This yielded cell type-specific and shared developmental gene programs. This data is a

rich resource for the identification of potential new tools for cell type-specific studies of A1. Fur-

thermore, we sought to identify novel candidate genes that may execute auditory critical period

plasticity. By comparing normally reared and tone-reared mice, we found hundreds of genes in both

glutamatergic and GABAergic cells with altered expression as a result of sensory manipulation in the

critical period. Our study uncovered previously unknown effects of developmental tone exposure

to interneuron developmental trajectories. This single cell transcriptomic analysis of the developing

auditory cortex and is a powerful discovery platform with which to identify mediators of tonotopic

plasticity.  

Introduction

Activity-dependent plasticity is a fundamental mechanism through which sensory experience shapes

the refinement of neural circuits (Katz and Shatz, 1996). Plasticity is heightened during distinct tem-

poral windows – termed critical periods – during which the anatomic and functional architecture

of the cortex undergoes dramatic organization in response to external stimuli (Hensch, 2004). This

plasticity and its genetic regulators have been widely studied in sensory systems because of their

unique tractability as topographic regions, whose anatomical and functional organization is refined
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across experience-dependent development (Buonomano and Merzenich, 1998). Decades of work

have defined windows of time under which microcircuits within cortex change both activity and

gene expression patterns to open and close critical periods (Hackett et al., 2015a, 2015b; Hensch,

2005; Takesian and Hensch, 2013). The changes in single-cell transcriptomes that coordinate to enact

network-level plasticity are still unknown because of a limited ability to concurrently access a likely

underestimated diversity of cell types and gene regulation networks. With the advancement of single

cell RNA sequencing techniques, studies of cortical plasticity are primed to uncover genetic pro-

grams with previously unexplored depth across entire circuits without bias to cell type (Klein et al.,

2015; Macosko et al., 2015).

While map refinement and plasticity during critical periods pervades sensory systems, cortical

processing across modalities is notably diverse. In primary auditory cortex (A1), cells tuned to a par-

ticular range of frequencies are organized spatially, a topography called tonotopy (Hackett et al.,

2011; Kaas, 2011). This tuning is refined and can be shifted during the critical period for tonotopy in

a process called tone rearing, where cells in auditory cortex will shift their tuning curves such that

more cells are tuned for the reared frequency at the expense of spectrally neighboring frequencies.

The critical period for tonotopy occurs earlier and for a shorter period of time when compared to

the visual critical period for monocular deprivation (Barkat et al., 2011; Villers-Sidani et al., 2007).

Common mechanisms have been implicated across critical periods - delayed closure of critical peri-

ods in A1 using noise is marked by decreased Parvalbumin expression (de Villers-Sidani et al., 2008),

as in dark-reared primary visual cortex (V1) (Fagiolini et al., 1994; Tropea et al., 2006). Recent dis-

section of a dis-inhibitory circuit mediating tonotopic plasticity (Takesian et al., 2018) highlights

the non-cell autonomous microcircuit activity that underlies plasticity, as seen in other sensory sys-

tems whose plasticity relies on a delicate balance between excitatory and inhibitory activity (Hensch,

2005; Takesian and Hensch, 2013). Because of known developmental timing differences and circuit

diversity, it is interesting to investigate whether A1 utilizes unique genetic programs to enact tono-
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topic plasticity in comparison to the widely studied plasticity to monocular deprivation in V1. In

this study, we utilize single nuclear RNA-sequencing (snRNA-seq) in A1 across developmental time

points spanning the critical period in mice with normal or altered acoustic experience in order to

build a model for network changes based on single-cell transcriptomics (Lacar et al., 2016).  
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Results

Application of single nuclear RNA-sequencing to the developing mouse au-

ditory cortex

We performed snRNA-seq to generate a multicellular map of gene expression in A1. We studied

three developmental time points spanning the tonotopic critical period (postnatal days 10, 15, and

20). We also tone-reared mice during the tonotopic critical period (postnatal days 12-15) and collected

A1 on postnatal days 15 and 20 (Fig. 3.1 A).

A1 was freshly dissected and flash-frozen. Bilateral hemispheres were combined and nuclei were

isolated. Nuclei were captured and their mRNA barcoded using the inDrops platform (Fig. 3.1 B).

In total, A1 from 12 mice were sequenced. After initial quality filtering (>500 genes detected per

nucleus), we retained 31,293 nuclei, detecting, on average, 1,913 transcripts (unique molecular identi-

fiers[UMIs]), and 1,244 genes per nucleus.

Cellular heterogeneity across early auditory development

Unsupervised clustering analysis (Macosko et al., 2015) followed by manual filtering identified 29

clusters with distinct transcriptional profiles (Fig. 3.2 B). We used canonical marker genes to classify

nuclei into eight main cell types: excitatory neurons (Slc17a7+), inhibitory neurons (Gad1+), oligo-

dendrocytes (Olig1+), astrocytes (Aqp4+), endothelial cells (Cldn5+), and microglia (Cx3cr1+) (Fig.

3.2).

To uncover molecular diversity within major cell types, we performed a sub-clustering analysis,

whereby cells classified within one of the main cell types were subjected to principal component

analysis to delineate cellular sub-populations. Excitatory neuron nuclei largely clustered by develop-

mental stage, with P10 excitatory neurons distinct from P15 and P20 neurons. We also found distinct
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cortical layer-specific clusters, including those belonging to cortical layer 5 (Bcl6 and Kcnn2+) and

cortical layer 6 (Foxp2 and Ctgf+). Sub-clustering analysis of interneurons revealed distinct clusters

that aligned with major interneuron subtypes, including three Sst+ clusters, two Pvalb+ clusters,

one Vip+ cluster, and one Npy+ cluster (Fig. 3.2 H). We identified a small population of interneu-

rons expressing the gene Htr3a, which encodes the serotonin receptor 5-HT3AR. Recent work de-

scribes that 5-HT3AR+ interneurons in cortical layer 1 mediate thalamocortical disinhibition, and

that the silencing of these interneurons impairs plasticity during the tonotopic critical period (Take-

sian et al., 2018). Differential expression analysis between interneuron cell clusters could identify

genes enriched within specific interneuron subsets.

Cell type-specific transcriptional programs during A1 critical period devel-

opment

We analyzed differential gene expression across time points and conditions to identify transcrip-

tional programs that underlie auditory development and tonotopic plasticity. We defined signifi-

cance using a false discovery rate (FDR) < 0.05 and a change in expression of 1.5-fold or greater. We

identified developmentally regulated genes in all cell types. The number of genes with significant

fold changes in expression was higher at P20 than at P15 compared to P10 in all cell types, but overall

neurons, in particular excitatory cells, exhibited the highest number of genes with altered expression

(Fig. 3.3; Excitatory cells: 2290 (P15), 2909 (P20); Interneurons: 1917 (P15), 2485 (P20); Astrocytes:

593 (P15), 646 (P20); Oligodendrocytes: 919 (P15), 1179 (P20); all compared to P10). Tone rearing in-

duced differential expression in fewer genes when compared to 5 or 10 days of development (Fig. 3.3,

right). Excitatory cells and interneurons showed differences in the age at which tone rearing induced

a change in the greatest number of genes, suggesting the temporal trajectory of plasticity could dif-

fer.
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Figure 2 | Identification of cell types by marker genes and unbiased clustering
(A) Identification of cell types by marker genes (B) tSNE plots of all cell clusters, (C) oligodendrocytes, (D) 
endothelial cells, (E) excitatory neurons, (F) inhibitory neurons, and (G) astrocytes identified by their corre-
sponding marker gene. (H) Sub-clustering cell types reveals subtype diversity in excitatory cells (left) and 
interneurons (right).

A

B D Cldn5

E Slc17a7 F Gad1 G Aldoc

H

tSNE1 tSNE1

tS
N

E2

tS
N

E2
C Olig1

Figure 3.2: Iden fica on of cell types by marker genes and unbiased clustering | (A) Iden fica on of cell types by
marker genes (B) tSNE plots of all cell clusters, (C) oligodendrocytes, (D) endothelial cells, (E) excitatory neurons, (F)
inhibitory neurons, and (G) astrocytes iden fied by their corresponding marker gene. (H) Sub-clustering cell types
reveals subtype diversity in excitatory cells (le ) and interneurons (right).
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Figure 3.4: Table 1 | Immediate Early Genes

Immediate early genes reflect the onset of activity-dependent competition

Immediate early genes (IEGs) are a class of genes that play a role in translating extracellular signals

into long-lasting modifications of cellular function and whose mRNA can be found in cells within

minutes after neural activity (Sheng and Greenberg, 1990); thus IEG expression can be used as a tool

to probe neuronal activity within sequencing data (Lacar et al., 2016; Wu et al., 2017). We found that

expression of IEGs broadly increases during the first 5 to 10 days after ear opening in both excitatory

cells and interneurons, and this timecourse has been validated using RT-qPCR (Fig. 3.4, top; Fig. 3.5

A). This substantiates the importance of the critical period as a window of broad increases in likely

feed-forward, experience-driven activity.
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Figure 3.5: qPCR valida on of differen ally expressed genes | qPCR was used to validate single cell sequencing re-
sults (A) IEG expression increased across early development, most significantly between P10 and P15 (n=4 per age;
2 way ANOVA, 68% of total varia on from age (p<0.0001), 13.10% by gene (p<0.0001) and 8.03% by interac on
(0.0011); Bonferroni post test between P10/P15 (all genes p<0.0001), P10/20 (egr1 p<0.0001, egr4 ns, junB ns,
nr4a1 p<0.05, fos p<0.001), P10/P35 (egr1 p<0.05, egr4, junB, nr4a1 and fos ns) (B) PV/PNN expression matched
sn-seq data, with increases in PV and Bcan and decreases in Vcan (n=4 animals and n=2 technical replicates per age;
2 way ANOVA, 16.51% of total varia on from age (p=0.0022), 14.47% by gene (p=0.0145) and 14.47% by interac-
on (0.0145); Bonferroni post test for PV p<0.05; Bcan p<0.01; Vcan ns

Genomic signatures of inhibitory maturation

The functional maturation of GABAergic innervation is an important driver of critical period pro-

gression (Hensch, 2005). Research from primary visual cortex (V1) describes that animals lacking a

key synthetic enzyme, GAD65, for the major inhibitory neurotransmitter in the CNS, GABA, live

in a permanently pre-CP state (Hensch et al., 1998). Their plasticity can be rescued by the adminis-

tration of benzodiazepines such as Diazepam, which sensitize the GABA receptor such that despite

the low levels of GABA due to loss of GAD65, inhibitory transmission is restored. Animals will

enter a critical period in V1 for monocular deprivation of relatively normal duration whenever this

rescue is administered. These hypotheses have so far not been tested in A1.

Our data show that expression of Gad1 and Gad2, the genes encoding the two GABA synthetic

enzymes GAD67 and GAD65, increase across early experience-dependent development in A1 in-
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terneurons (Fig. 3.6, top). To test whether GAD65 is essential to the onset of the tonotopic critical

period, GAD65 KO mice were reared in the presence of 7 kHz tone pips across the critical period,

which yields a shift in the tonotopic map and thalamocortical functional connectivity in control

mice. Thalamocortical functional connectivity was measured in an acute slice preparation, where

stimulation of sites in auditory thalamus (medial geniculate body, MGB) elicits topographic re-

sponses in A1 (Fig. 3.7 A). The relationship between the stimulus site in MGB and the site of max-

imal responsiveness in A1 is described as the topographic slope and is equal to 1 in control animals

but drops in animals tone-reared during the critical period (Fig. 3.7 B-D) (Barkat et al., 2011). The

GAD65 KO animals experience no shift in their topographic functional connectivity unless pre-

treated with Diazepam, consistent with the hypothesis that they lack normal critical period plasticity

(Fig. 3.7 B-E). Their critical period is not simply delayed or dampened, as late or prolonged tone

exposure also fails to alter the tonotopic map (Fig. 3.7 C, D). In C57 animals, administration of di-

azepam is also effective at driving plasticity if given prior to the normal critical period (Fig. 3.7 F,

G).

Inhibition also plays a role in driving maturation of A1 under conditions of normal auditory

experience. Thalamocortical functional connectivity in A1 matures across the critical period such

that stimulation of low or high-frequency (lateral or medial) MGB elicits homogeneous maximal

responses in A1 by P16. Prior to the critical period, functional connectivity in low-frequency A1 is

immature and stimulation of lateral MGB elicits small maximal responses. Icam, a gene encoding

the cell adhesion molecule Telencephalin that is expressed exclusively in the telencephalon, slows

spinogenesis and thalamocortical maturation. Deletion of Icam shortens the critical period such that

map plasticity happens over a shorter timescale, and functional connectivity in L4 matures by P13.

In our study, Icam5 was upregulated between P10 and P15 in excitatory cells (Fig. 3.6, top). We mea-

sured the maturation of functional connectivity in GAD65 KO mice, which failed to occur across

the normal developmental window (Fig. 3.7 H). This suggests that inhibitory circuit maturation
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Figure 3.6: Table 2 | Excitatory/Inhibitory balance genes
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Figure 3 | Inhibition triggers both the sharp onset of A1 plasticity and its closure
(A) Schematic of the 6 MGBv stimulus sites (colored arrows) and 18 L4 locations analyzed. Sample traces of Δ
F/F at two different L4 locations (8 and 13) as a function of time following a 1 ms stimulus pulse to MGBv site 1 
(blue) or 5 (yellow) in a P12 WT mouse. LGB, lateral geniculate body. Scale bars represent 100 ms and 0.1% Δ
F/F. (B) Schedule for tone exposure window and recording (arrows). (C) Location of L4 peak DF/F in response to 
different MGBv stimulus sites for mice non-exposed (n=9 for WT, 12 for GAD65-/-) or exposed to 7 kHz 
between P12-P15 (n=8 for WT, 12 for GAD65-/-) or P8-P20 (n=6 for GAD65-/-). (D) Corresponding topographic 
slopes (slopes of the curves in C). (E-F) Topographic slopes for (E) GAD65-/- mice exposed to 7 kHz between 
P12-P15 with (red, n=8) or without (black, n=9) DZ injection between P12-P15, (F) WT mice exposed to 7 kHz 
between P8-P11 with (red, n=8) or without (black, n=8) DZ injection between P8-P11 and (G) WT mice 
exposed to 7 kHz between P12-P15 with (red, n=8) or without (black, n=9) DZ injection between P8-P11.  *p < 
0.05; **p < 0.01; t-test. Data show mean ± SEM. (H) Normalized peak ΔF/F as a function of stimulus site for WT 
(black) and GAD65-/- (red) for 3 age groups (P8-12, n=13,7; P13-15, n=16,9; P16-20, n=16,13).

Table 1 | Immediate early genes

H

Figure 3.7: Inhibi on triggers both the sharp onset of A1 plas city and its closure | (A) Schema c of the 6 MGBv
s mulus sites (colored arrows) and 18 L4 loca ons analyzed. Sample traces of ΔF/F at two different L4 loca ons (8
and 13) as a func on of me following a 1 ms s mulus pulse to MGBv site 1 (blue) or 5 (yellow) in a P12 WT mouse.
LGB, lateral geniculate body. Scale bars represent 100 ms and 0.1% ΔF/F. (B) Schedule for tone exposure window
and recording (arrows). (C) Loca on of L4 peak DF/F in response to different MGBv s mulus sites for mice non-
exposed (n=9 for WT, 12 for GAD65-/-) or exposed to 7 kHz between P12-P15 (n=8 for WT, 12 for GAD65-/-) or
P8-P20 (n=6 for GAD65-/-). (D) Corresponding topographic slopes (slopes of the curves in C). (E-F) Topographic
slopes for (E) GAD65-/- mice exposed to 7 kHz between P12-P15 with (red, n=8) or without (black, n=9) DZ injec-
on between P12-P15, (F) WT mice exposed to 7 kHz between P8-P11 with (red, n=8) or without (black, n=8) DZ

injec on between P8-P11 and (G) WT mice exposed to 7 kHz between P12-P15 with (red, n=8) or without (black,
n=9) DZ injec on between P8-P11. *p < 0.05; **p < 0.01; t-test. Data show mean ± SEM. (H) Normalized peak ΔF/F
as a func on of s mulus site for WT (black) and GAD65-/- (red) for 3 age groups (P8-12, n=13,7; P13-15, n=16,9;
P16-20, n=16,13).

55



provides cues that drive the maturation of feed-forward thalamocortical inputs.

Parvalbumin-positive, fast-spiking interneurons tightly control the initiation and termination

of critical periods such as that for ocular dominance plasticity in the visual cortex (Fagiolini et al.,

2004; Kuhlman et al., 2013; Yazaki-Sugiyama et al., 2009). We found that expression of parvalbumin

(Pvalb) in interneurons dramatically increased from P10 to P20 (Fig. 3.6, top). Genes encoding the

Kv3 family of potassium channels that mediate delayed-rectifier currents and are attributed to the

high spike rate of fast-spiking interneurons (Kcnc1, Kcnc2, Kcnc3, Kcnc4) are upregulated across

the developmental window of study (Fig. 3.6, top) (Baranauskas et al., 2003; Du et al., 1996; Erisir

et al., 1999; Lien and Jonas, 2003; Okaty et al., 2009; Rudy and McBain, 2001). A subunit of the

mature GABA type A receptor, alpha-1, which is essential to critical period plasticity (Fagiolini et al.,

2004) is increased in interneurons from P10 to P15/20. This subunit is enriched at PV-PV reciprocal,

short-range synapses (Strüber et al., 2015). The rise in alpha-1 is matched by a decrease in alpha-5, a

previously characterized developmental subunit switch (Dunning et al., 1999). The subunit alpha-3

also declines in expression, which mediates slower conductance at synapses further from the PV cell

body, in contrast to alpha-1 that mediates fast and local inhibition onto other PV cells (Klausberger

et al., 2002; Lavoie et al., 1997; Strüber et al., 2015).

Mapping cell-type specific transcriptional response to tone rearing

Knowing the role of inhibition in visual, and now auditory, critical periods, we sought to under-

stand what gene expression changes facilitated map changes, especially in inhibitory populations.

We perturbed auditory experience during the tonotopic critical period by tone-rearing mice from

P12 to P15. Constant tone exposure during this period has been previously shown to shift the tono-

topic organization of A1 in rodents (Barkat et al., 2011; Villers-Sidani et al., 2007), and in other com-

parable windows across mammals (Schreiner and Polley, 2014). Therefore, we sought to identify the

transcriptional patterns that underlie this map plasticity.
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In contrast to the normal developmental trajectory, tone reared animals show reverse expres-

sion patterns of some inhibitory markers, such as Gabra3 and Gabra5, which are increased in P15

tone reared animals compared to their normally reared age-matched controls. Both GABA type-

A receptor subunits normally decrease across the same developmental window from P10 to P15.

GABA type-B receptors also show a reversal in trajectory after tone rearing (Fig. 3.6, bottom). Kcnc1

(Kv3.1) exhibits a decline in expression specifically in interneurons immediately following tone rear-

ing (Fig. 3.6, bottom), suggesting an immaturity in fast spiking interneuron firing properties. Kcnc4

(Kv3.4), in contrast, although not altered during early development, is upregulated by tone rearing

specifically in interneurons (Fig. 3.6, bottom). The combination of these subunits at particular stoi-

chiometries has been shown to change the repolarizing efficiency and thus spike rates of fast-spiking

interneurons (Baranauskas et al., 2003), so the converse changes in their expression could have com-

plex effects on PV firing properties. The delay in upregulation of Kcnc4 in comparison to Kcnc1

could represent a compensatory mechanism. Together, these expression changes in interneurons

suggest that tone rearing drives activity patterns that delay or distort the maturational trajectory of

inhibition within A1.

Genomic signatures of circuit stabilization by molecular brakes

In order to solidify the changes made to sensory maps during the critical period, molecular brakes

turn on at the closure of this window to prevent further circuit changes. One example is the extra-

cellular matrix, which has been implicated as a structural barrier to cortical plasticity. A particular

kind of ECM that surrounds predominantly PV cells, termed perineuronal nets (PNN), serves as

a powerful brake on critical period plasticity (Härtig et al., 1999; Pizzorusso et al., 2002). Overall,

PNN staining intensity increases in A1 across this 10 day developmental period (Fig. 3.9 D, E). While

some genes encoding core proteins, such as Neurocan and Versican, decrease in their expression

across early development in both excitatory cells and interneurons, others such as Brevican, which
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Figure 3.8: Table 3 | Perineuronal net genes

are specific to PV cells, show robust increases in expression (Favuzzi et al., 2017). Many genes encod-

ing proteases involved in turnover of PNNs increased across this period, and some such as Adamts15

increased specifically in interneurons (Fig. 3.8, top).

Another example of a molecular brake is the increased myelination of axons in cortex, which limit

axon regrowth potential and synaptic plasticity (Schwab and Strittmatter, 2014). Myelination re-

lated gene expression and myelin basic protein (MBP) staining increase dramatically across this 10

day window (Fig. 3.10, top; Fig. 3.9 B, C). The most robust increases in myelin-related gene expres-

sion was seen in oligodendrocytes, but substantial increases were also seen in neurons. Much of the
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Figure 3.9: Myelin and perineuronal net forma on reflect plas city offset in A1 | (A) Schedule for staining (arrows)
as compared to a normal cri cal period in WT mice. (B,D) Representa ve immunohistochemistry staining of MBP (B)
and PNN (D) in A1 WT mice. White squares denote regions of interest where staining intensi es have been mea-
sured. Scale bar, 125 µm. (C, E) Rela ve MBP (C) and PNN (E) quan fica on of staining intensity in P10 (n=5, 4), P13
(n=5, 4), P16 (n=4, 4) and P20 (n=4, 4) WT mice. *p < 0.05; **p < 0.01, t-test. Data show mean ± SEM.

59



!"#" !"# !$% !"# !$% !"# !$% !"# !$% !"# !$%
!"# +%)) +%(& +%,* (%&' $%+*
$%& )%-, &%))
$'# +%,- (%*. +%.. (%*- $%)& $%&' (%.) $%$$
$(& &%,, .%-)
)*& /*%-- +%,(
+,#- $%+( $%.. $%*. $%'$ )%&( &%&, $%.+ )%,'
./"0 /*%.. /*%.* *%-+

!"#" !"# !$% !"# !$% !"# !$% !"# !$% !"# !$%
!"# /*%,. /+%($
$%& /*%.*
$'# /*%-+
$(& /+%)&
)*& /+%*+
+,#- /*%,&
./"0

0123245678"129:7;91<567=9>#:7?@A9B>1"
?@A1"BB29#7H96:70I5#J"7K69J(L749<A51":73978+*N

0123245678"129:7C9#"7D"51":7/7-7EFG
?@A1"BB29#7H96:70I5#J"7K69J(L749<A51":73975J"/<534I":7#52M"N

?@4235391O P#3"1#">19# Q62J9:"#:194O3" RB3194O3"B ?#:93I"6256

?@4235391O P#3"1#">19# Q62J9:"#:194O3" RB3194O3"B ?#:93I"6256

!"#" !"# !$% !"# !$% !"# !$% !"# !$% !"# !$%
!"#$ $%&'
!"#% (%() (%** $%+) $%,( (%&( (%'(
&'"() -%(+

!")*"$ $%'- $%'- (%(- (%.& $%,*
!")*"+ /$%,& /$%+) /$%,. /$%&( /(%$. /*%$(
!")*", /(%(- /(%,( /(%,) /(%&+ /*%$. /)%*&
!"))*% /$%'- /(%..
-./.$ $%,+ (%,. *%$(
-./.% $%'. $%''
-./.+ $%,* (%(*
-./.0
1."2, $%''

!"#" !"# !$% !"# !$% !"# !$% !"# !$% !"# !$%
!"#$
!"#%
&'"()

!")*"$
!")*"+ $%'&
!")*", $%'' $%&$
!"))*% $%,$ $%'' (%*.
-./.$ /$%,'
-./.%
-./.+
-./.0 (%$.
1."2, (%$,

0123245678"129:7;91<567=9>#:7?@A9B>1"
?@A1"BB29#7C96:70D5#E"7F69E*G749<A51":73978($H

?@4235391I J#3"1#">19# K62E9:"#:194I3" LB3194I3"B ?#:93D"6256

0123245678"129:7M9#"7N"51":7/7,7OPQ
?@A1"BB29#7C96:70D5#E"7F69E*G749<A51":73975E"/<534D":7#52R"H

?@4235391I J#3"1#">19# K62E9:"#:194I3" LB3194I3"B ?#:93D"6256

Figure 3.10: Table 4 | Myelina on genes

myelin-related brakes on plasticity have been attributed to signaling through the Nogo Receptor

(NogoR) (Pernet, 2017). The neurite outgrowth inhibitor Nogo-A (Rtn4), which signals through

NogoR, was downregulated immediately after the critical period in neurons, but upregulated by

oligodendrocytes at P20 (Fig. 3.10, top).

Down-regulation of brake-like factors in tone-reared brains

To understand how the onset of critical period plasticity, attributed to inhibitory maturation,

is related to its closure, we questioned if the onset of brake-like factors would be delayed by al-

tered early acoustic experience in a similar pattern to inhibitory circuits. We found that the expres-

sion of myelin-associated genes was significantly and specifically decreased in tone-reared A1 oligo-

dendrocytes (Fig. 3.10, bottom). Some genes encoding core proteins (Ncan, Ptprz1) and proteases

(Adamts4, Mme, Mmp15) reversed their expression pattern in tone reared animals (Fig. 3.8, bot-
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tom). Many changes were exhibited by oligodendrocytes, suggesting they could be key mediators of

delayed brake onset, which could enhance map plasticity (Carulli et al., 2010; Pizzorusso et al., 2002).
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Discussion

This study describes the maturational trajectory of transcriptomes in diverse cell types in A1, im-

plicating common mechanisms from other sensory cortex such as inhibitory-gated plasticity on-

set and structural molecular brakes on plasticity such as PNNs and myelin. This multicellular and

temporal investigation suggests a novel mechanism for map plasticity upon manipulations such as

tone rearing, where the aberrant acoustic input impairs normal developmental trajectories of both

GABAergic circuits and subsequent expression of molecular brakes. This is necessarily mediated by

a multicellular, cell-extrinsic mechanism by which the immaturity of inhibitory circuits could allow

a permisive environment for structural (Fig. 3.11; Chapter 1) and functional plasticity in excitatory

cells and interneurons over a potentially extended period due to delayed onset of brake-like factor

expression by oligodendrocytes.

The idea that abnormal acoustic experience during the critical period alters maturation trajecto-

ries has been sugggested by other studies. For example, GABAB mediated inhibitory long term de-

pression (iLTD) is triggered by pre-post pairing of action potentials at PV to principal cell synapses

during the critical period, which is thought to underlie a disinhibitory mechanism permissive for

plasticity (Vickers et al., 2018). This iLTD switches to potentiation (iLTP) across early development.

In addition, presynaptic GABAB receptors have been shown to regulate the expereince-dependent

switch from depression to faciliation in inhibitory plastcity (Takesian et al., 2010). Accordingly, our

data shows that the gene encoding GABAB subunit-2 decreases across early development (Fig. 3.6,

top). After tone rearing, the number of cells responsive to the rearing frequency increases in a topo-

graphic zone of A1, and they exhibit a premature switch to iLTP (Vickers et al., 2018). In contrast,

we report that tone reared animals exhibit an increase in GABAB-2 expression (Fig. 3.6, bottom),
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Table 5 | Cytoskeletal genes Figure 3.11: Table 5 | Cytoskeleton genes
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which should mediate continued iLTD. One possibility is that tone rearing drives both iLTP and

iLTD in a topographic manner to mediate map expansion to the rearing frequency and compen-

satory retraction in others.

The auditory system is a tractable model of experience-dependent plasticity due, in part, to its

topographic organization. While we were successful at subclustering excitatory cells by layer, we

have not yet explored the possibility of subclustering cells by their tonotopic location. It is possible

that this could be done in particular in the tone-reared animals by dividing cells by their activation

state using IEG expression. This would allow for further dissection of whether gene trajectories

were specifically disrupted in topographic portions of the map. It is not clear whether distortion of

inhibitory maturation and molecular brake onset ocurs within the tone-responsive areas of cortex

in response to over-stimuilation, or if the neighboring part of the tontoopic map is silenced in an

competitive manner.

snRNA-seq is a powerful tool for profiling single cell transcription, but this approach has several

limitations. First, snRNA-seq has low capture efficiency, such that a small proportion of a cell’s to-

tal transcriptome is represented in the final sequenced library. This challenge makes it difficult to

distinguish between biologic variability and technical noise for low abundance transcripts. The low

amount of input material leads to high levels of technical noise, again making it difficult to observe

biologic variation. Owing to low capture efficiency and stochastic gene expression, gene dropout

(where gene expression is zero in a given cell) is quite common, leading to zero-inflated expression

data. Another potential source of bias is the tissue dissociation method, as enzymatic treatments

may affect cell viability. Given these limitations, findings from snRNA-seq should be validated by

other experimental methods. Nonetheless, snRNA-seq is an important discovery tool with which

we can obtain previously-impossible degrees of cellular resolution.
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Chapter contributions

This chapter was written by Erin E. Diel. EED, Brian Kalish (Harvard Medical School), Takao K.

Hensch and Michael Greenberg (Harvard Medical School) designed the sequencing study. EED

designed and performed tone-rearing and tissue collection time points; BK performed single cell

sequencing and clustering analysis; BK and EED performed fold change analysis and EED plotted

this data. EED trained Bluyé DeMessie as an undergraduate in the lab, and he performed qPCR

validation experiments shown in Figure 3.5. These experiments and others will contribute to his

undergraduate thesis in 2019. Tania Barkat performed VSDI and immunostaining experiments for

Figures 3.7 and 3.9.
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“Can I sail through the changing ocean tid ? Can I

handle the seasons of my life?”

Stevie Nicks

4
Inhibition shapes topographic cortical activity

The topographic organization of sensory cortices is traditionally studied by sampling

receptive fields of single units across the topographic axis. The critical period represents a window

of profound synaptic rearrangements between diverse cell types, each with potentially unique ki-

netics of plasticity, which collectivity orchestrate map changes that are challenging to capture at

the single unit level. Alternatively, the topography of how activity elicited from a single stimulus

spreads across a cortical region reveals emergent network-level control of activity moving between

and within layers. In this work, we find that horizontal spread of cortical activity narrows during

a period of experience-dependent circuit refinement and inhibitory circuit maturation, and we use
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both genetic and experience manipulations to dissect the mechanisms behind this change.

Introduction

During development, experience-driven activity transmitted to cortex via thalamocortical axons

drives the refinement of cortical circuits by activity-dependent competition (Hensch, 2004). The

topography of sensory cortices and associated map plasticity is traditionally studied by sampling re-

ceptive fields of single units, but even simple stimuli produce waves of activity across large spatial

scales (Grinvald and Hildesheim, 2004; Grinvald et al., 1994). Precise topographies defined by tun-

ing curve peaks are blurred when analyzed from the perspective of summed suprathreshold activity,

and further tempered when considering subthreshold activity (Hackett et al., 2011). The spread of

activity across or between layers reflects both the topography of inputs and the emergent network-

level control of that activity.

Topographies are not only excitatory in nature, as subtypes of inhibitory cells are tuned with sim-

ilar bandwidths as their excitatory neighbors intermingled in a globally topographic map (Moore

and Wehr, 2013; Wehr and Zador, 2003). Thalamocortical axons that provide tuned input to cortex

innervate both excitatory and inhibitory cells strongly and close to the cell body in layers IV and I

(Cruikshank et al., 2007; Richardson et al., 2009; Takesian et al., 2018). This tuning is refined across

early development during the same period in which excitatory cells can shift their tuning to reflect

atypical experience (Dorrn et al., 2010; Li et al., 2012; Sun et al., 2010). In V1, map plasticity in re-

sponse to monocular deprivation also happens at the receptive field level in inhibitory cells, perhaps

prior to excitatory cells (Aton et al., 2013; Kuhlman et al., 2013; Yazaki-Sugiyama et al., 2009).

Inhibitory interneurons create gates for excitatory propagation across the cortex. During early de-

velopment, inhibitory maturation tightly controls the timing and extent of map plasticity (Hensch,

2005; Hensch and Stryker, 2004; Hensch et al., 1998). A particular subtype of inhibitory neurons,
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Parvalbumin-positive (PV), fast-spiking interneurons has been implicated in critical periods plas-

ticity in the visual cortex (Fagiolini et al., 2004; Kuhlman et al., 2013; Yazaki-Sugiyama et al., 2009)

and auditory cortex (Vickers et al., 2018; de Villers-Sidani et al., 2008). PV cells make synapses close

to the cell body of both pyramidal and other PV cells, allowing them to tightly control spiking in

their targeted network (Kisvárday et al., 1993; Tamás et al., 1998). Furthermore, they are coupled by

gap junctions that enable them to be synchrony detectors (Galarreta and Hestrin, 2001; Tamás et

al., 2000). Both properties have been associated with the role of PV cells in critical period plastic-

ity. Across early development, these cells mature in their connectivity (Di Cristo et al., 2007; Gu

et al., 2016), expression of receptor subtypes (Okaty et al., 2009), and firing properties (Du et al.,

1996; Rudy and McBain, 2001). A particular subunit of GABAA receptors, α1, has been implicated

in critical period plasticity and is enriched at proximal PV-PV synapses (Bogart et al., in preparation;

Fagiolini et al., 2004; Strüber et al., 2015).

We altered inhibitory development using both genetic and experience-dependent manipulations

to determine its effects on the topography of activity spread in cortex.
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Results

Inhibitory gating of horizontal activity spread in visual cortex

Delay of visual experience by dark rearing delays the maturation of inhibitory circuits and associ-

ated ocular dominance plasticity (Chen et al., 2001; Fagiolini et al., 1994; Morales et al., 2002). This

deprivation also structurally and functionally weakens the interconnectivity of the PV-PV circuit

(Bogart et al., in preparation). To investigate potential network effects of this disconnectivity, we

incubated V1 slices in the voltage sensitive dye Di-4-ANEPPS and monitored the laminar spread of

activity elicited by electrical stimulation using high-speed optical imaging. Stimulation of a point in

white matter below V1 (Fig. 4.1, A) typically produced a wave of ‘on-beam’ activity, which in con-

trol (light-reared, LR) slices rapidly propagated through lower layers and spread laterally only after

funneling through L4 (Fig. 4.1 A and B, LR). In contrast, activity in deeper layers spread further and

persisted longer in dark-reared (DR) slices, before moving upward as a broad front. We quantified

this lateral spread by arraying regions of interest horizontally within both L2/3 and L5, and measur-

ing the integrated change in fluorescence over the 100ms following stimulation. Activation of L5

regions far from the stimulation site was increased in this model of adult plasticity (Fig. 4.1 C, D).

Pharamcological work has dissected a particular subunit of the GABA type A receptor, namely

α1, as the key contributor to critical period plasticity, and this subunit is enriched at PV-PV synapses

(Fagiolini et al., 2004). PV-cell axons may make distinct synaptic contacts as a function of lateral dis-

tance: utilizing GABAAR α1-subunits at synapses onto nearby target cells, while recruiting slower

α3-containing receptors at more distant contacts (Strüber et al., 2015). When α1 is knocked out of PV

cells, the same PV-PV disconnectivity is seen (Bogart et al., in preparation). We hypothesized that a

reduction of ‘local’ α1-mediated recurrent inhibition would result in a relative strengthening of the

remaining ‘long-range’ contacts onto more distant PV-cells mediated by α3-containing receptors.

This effect, particularly in L5 where PV-cell connections are especially dense, should lead to a disin-
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Figure 4.1: Weak recurrent inhibi on broadens laminar spread of excita on | (A) (Le ) Schema c of voltage-sensi ve
dye imaging (VSDI) setup, indica ng loca on of electrical s mula on (asterisk) in the white ma er (WM) below
V1m. (A, middle/top; B, top) By 10ms posts mula on in LR slices, ac vity has le lower layers and spread laterally
only once reaching superficial layers. In DR and KO slices, enhanced lateral spread and persevera on of ac vity
was observed in L5, which then propagated superficially as a broad front (A and B, middle and bo om). Red box,
1mm. (A, right) Example traces of ΔF/F for the most lateral region of interest in L5 (black squares on images) reveal
elevated ac vity in DR and KO slices with ‘off-beam’ distance from s mulus (posi on 0 on graph). (C) Curves showing
integrated L5 fluorescence change (first 100ms post-s mulus) vs. distance from s mulus, indica ng greater ac vity
in DR slices at distal loca ons. (D) Integrated L5 fluorescence change at the most distal loca on (arrow in (C)) across
groups (t-tests). (E) Subtracted response plots (in standard devia ons above background noise, see color bar) reveal
areas of greater (red) and lesser (blue) spread in DR/α1(-/-) mice. (F) Model of ‘local’ PV-basket synapses enriched
for GABAAR α1-subunits, while synapses on more distal targets u lize slower α3-subunits. Reduced local PV-PV
inhibi on in DR and KO mice strengthens ‘long-range’ PV-PV transmission, enhancing lateral spread of PYR cell
ac va on.
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hibition of pyramidal cells at a distance and broader laminar activation. Similar to DR slices, activity

in deeper layers spread further and persisted longer in PV:GABAAR-α1(-/-) slices, before moving up-

ward as a broad front (Fig. 4.1 B, E). Our data confirm the re-weighting from ‘local’ to ‘long-range’

inhibition between PV-cells following a genetic disruption of GABAA α1 subunits and suggest a

physical sparsification of PV-PV connections by DR (Fig. 4.1 F).

Horizontal activity spread is anisotropic in developing A1

To study the topography of thalamic activity in A1, we utilized the thalamocortical acute slice prepa-

ration (Cruikshank et al., 2002), which maintains axons connecting auditory thalamus, the medial

geniculate body (MGB), and primary auditory cortex (A1). This preparation allows precise stimu-

lation of sites in ventral MGB that elicit topographic activity (Hackett et al., 2011), rather than bulk

white matter stimulation. Prior to the critical period, stimulation of medial (high frequency) sites

in MGBv is more effective at driving A1 activity than lateral (low-frequency) MGBv, and rostral A1

exhibits higher magnitude responses (Fig. 4.2; Chapter 3 Fig. 3.7 H, left; Barkat et al., 2011). Further,

rostral activity is best correlated with thalamic ΔF, with little correlation in caudal A1 (Fig. 4.3, top).

High correlations suggest the measured ΔF is from thalamic axons or their immediate postsynaptic

partners (Barkat et al., 2011). After the critical period, thalamic-correlated activity is evenly spread

across the tonotopic axis and is focused in layer IV (Fig. 4.3, bottom). It is unclear to what extent the

leveling of thalamic driven responses across the tonotopic axis can be attributed to the elaboration of

thalamic axons or the maturation of inhibitory circuitry.

Modular manipulation of inhibitory development in A1

We hypothesized that manipulation of auditory experience, similar to dark-rearing, would also alter

the topography of cortical activity spread. In Chapter 3, sequencing experiments showed that similar
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Figure 4.2: MGBv-driven ac vity in A1 is rostrally biased prior to the cri cal period | Responses curves (le ) and peak
normalized DF/F (middle) for ROI across L4 from caudal to rostral A1, compared between P10 and P20 (n=5, n=5),
reveal lower caudal ac vity in P10 compared to P20 slices (right).
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Figure 4.3: MGBv-correlated ac vity in A1 is rostrally biased prior to the cri cal period | To bias quan fica on of
ΔF/F of the VSD to thalamocor cal axonal responses (in contrast to postsynap c cellular responses), ΔF/F values
in A1 were correlated with ΔF/F in MGBv. Correla on coefficients are reported. In post-cri cal period A1 (P20,
n=6), responses across A1 are localized in L1 and L4, two major thalamorecipient layers (right). In contrast, P10 (n=3)
correla on coefficients exhibit less laminar organiza on and a rostral bias (le ). Low correla on coefficients in P10
slices are not due to lower DF/F (data not shown).
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patterns of inhibitory development mediate critical period plasticity in A1. Parvalbumin expression

increases, as does GABAA subunit α1 at the expense of decreasing α5 and α3 expression. Further,

GAD65 knockout mice exhibit a lack of tonotopic map plasticity unless their inhibitory system is

enhanced by administration of diazepam, as has been shown in the primary visual cortex during the

critical period for monocular deprivation (Hensch et al., 1998). Therefore, we hypothesized that

manipulations equivalent to dark rearing in A1 would yield changes to activity spread.

The auditory system’s one-dimensional frequency gradient allows for uniquely precise manip-

ulations of auditory experience. The auditory equivalent of dark-rearing is white noise-rearing,

which similarly delays auditory cortical activity-dependent maturation by eliminating any activity-

dependent competition (Chang and Merzenich, 2003). Similarly, structured noise delays develop-

ment of modules of auditory cortex within the noise band, while those outside the noise band de-

velop normally (de Villers-Sidani et al., 2008). Noise-exposed, putatively immature, regions exhibit

lowered PV expression an are still plastic to the effects of tone exposure on the tonotopic map.

We used two complementary band-limited noise stimuli, covering either the low (<12.5 kHz,

BLNlow) or high (12.5-25 kHz, BLNhigh) part of the frequency range represented in A1. In band-

limited noise reared mice, thalamic stimulation in “noise” regions produces a wider response curve

than stimulation in “noise free” regions (Fig. 4.4 A, B), yielding a summed greater area under the

curve for all sites in the noise and noise free regions (Fig. 4.4 C, D).

The effects of early life seizure on topographic inhibitory development and

activity spread

Although early life imbalance in excitation and inhibition plays a role in the plasticity that uniquely

and adaptively shapes the brain, it also yields vulnerability such as early life seizure, as seizures are

most commonly found in neonates (Rakhade and Jensen, 2009; Rakhade et al., 2008). Therefore, in

a more dramatic but clinically relevant manipulation of early cortical activity, seizures were induced
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Figure 4.4: Modular manipula on of func onal connec vity in A1 | (A) Response curves elicited by s mula on of
low frequency (S2) or high frequency (S5) zones of MGBv are wider when they fall within a noise band (A, blue,
n=4, 2way ANOVA p value = 0.0315; B, orange, n=4, 2way ANOVA p value = 0.0884, ns). The area under the curve
summed for noise sites is larger than for noise free sites (C, unpaired one-tailed t-test p=0.055; D, unpaired one-
tailed t-test p=0.0007). For each loca on in L4, the s mulus site in MGBv that op mally drove responses is plo ed
based on its mapped frequency from in vivo recording (Hacke et al. 2011) (E, F). MGBv sites within the noise band
are best at driving responses in A1.
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Figure 4.5: VSDI of P15 PTZ mice exhibit increased spread of MGBv-driven ac vity in caudal A1 | (A) Average nor-
malized responses (ΔF/F) to electrical MGBv s mula on across caudorostral A1 in mice injected with either saline
(n=15) or PTZ (n=15) and imaged at P15. (B) Peak ΔF/F in rostral or caudal regions of A1, indicated by do ed boxes
throughout figure (*p<0.05). (D) Enhanced A1 spread by PTZ is only present in cor cal layers (L)4 and L1 (MGBv-
recipient layers, but not in L3 or L5)

prior to the critical period from P9-P11 using pentylenetetrazol (PTZ). This has been shown to alter

plasticity by prematurely driving the maturation of excitatory connectivity in A1 (Sun et al., 2018),

but the effects on inhibitory circuitry have not been explored. We found that activity was biased to

caudal A1 in PTZ-treated animals compared to controls at P13 (Fig. 4.5). Accordingly, inhibitory

circuitry was dampened, as measured by decreased PV expression using in situ hybridization (Fig.

4.6 A-C). This was pronounced in caudal A1, where PV cell number, measured using immunohisto-

chemistry, was decreased (Fig. 4.6 D). We hypothesize that this period might exhibit greater vulnera-

bility to insults of experience in caudal A1 because of its immaturity in functional connectivity.
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Table 1

SALINE PTZ

CAUDAL CENTER ROSTRAL CAUDAL CENTER ROSTRAL
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Figure 4.6: PV mRNA is expressed in a gradient across the rostro-caudal axis of A1 and is significantly reduced in
PTZ-treated mice | (A) PV mRNA, as measured by in situ hybridiza on in a thalamocor cal slice prepara on at P13,
is expressed in a gradient across A1, with low expression in caudal A1 and high expression in rostral A1. While PTZ-
treated animals also exhibit this gradient in expression (A, right), they show significant reduc ons in PV-mRNA ex-
pression compared to saline-treated controls (B). (C) This reduc on occurs across layers. (D) There is also a reduc on
in PV cell number in L2/3 , measured at P12 (saline n=11; PTZ n=9; 2 way ANOVA with Bonferroni mul ple compari-
son correc on: L2/3 SAL vs. PTZ effect p=0.0074; L4 Rostral vs. Caudal effect p=0.0407)
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Discussion

Classic experiments describe an increase in ocular dominance column width and contrast upon

pharmacological increases in inhibition (Hensch and Stryker, 2004). The authors hypothesize that

strengthened lateral inhibition enhances the contrast necessary for activity dependent competition

to refine OD columns, thus producing a wider spatial range where a single eye’s input dominates.

In contrast, decreasing inhibitory transmission produces thinner and blurrier columns, suggesting

that ineffective lateral inhibition muddles the outcome of activity dependent competition such that

a single input wins over a smaller region and less completely. We show that increased local disinhibi-

tion, mediated by apha-1 receptors within PV cells, provides a tight scaffold for activity spread that

could yield high contrast. Conversely, when distal α3 dominates, activity spread is diffuse and less

organized. One major limitation of our studies is that mice do not have ocular dominance columns,

but instead neighboring monocular and binocular regions. In contrast, the topography of isofre-

quency columns in A1 could be utilized to understand the local and distal effects of lateral inhibi-

tion.

Passive tone exposure can induce changes to auditory receptive fields during a critical period (CP)

from postnatal day (P)12 to P15 (Barkat et al., 2011; Villers-Sidani et al., 2007; Zhang et al., 2001).

Tone exposure flattens the topographic slope describing the functional connectivity between MGB

and A1 (Barkat et al., 2011). This is achieved by a stimulus response curve widening and overtaking as

the maximum driver of responses in L4 – the slope flattens because all stimulus sites elicit responses

in a particular zone in cortex. This response curve widening is remarkably similar to what occurs af-

ter noise rearing, specifically in the noise-inclusive bands. Upon tone rearing with 7 kHz, the widest

response curves are not those corresponding to low frequencies (sites 1 and 2), but instead to mid or

high frequencies (especially site 4) (Barkat et al., 2011), suggesting a loss of inhibitory tone in regions

adjacent to the tone-responsive zone. Perhaps these two manipulations are driving changes in E/I
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balance in similar ways in regions lacking or losing activity dependent competition.

We describe that activity patterns in cortex prior to the critical period are biased to rostral A1,

suggesting a functional immaturity that is more pronounced in caudal compared to rostral A1. It is

possible that tone rearing and other manipulations differentially affect caudal A1 simply because it is

functionally immature, as is seen in the effects of seizures prior to the critical period.
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Chapter contributions

This chapter was written by Erin E. Diel. EED, Anne Takesian, Yeri Song, Frances Jensen, and Takao

K. Hensch designed the study. EED performed experiments for Figures 4.1, 4.2, 4.3, and 4.4. AT

performed experiments for Figure 4.5. EED and YS performed experiments for Figure 4.6.
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Methods

in vitro voltage sensitive dye imaging

Changes in thalamocortical topography were evaluated in vitro using a previously described method.

Brains were sectioned perihorizontally (600μm, 15°) to preserve the MGBv and its projection to A1.

Slices were incubated in voltage-sensitive dye (Di-4-ANEPPS). Six discrete sites in the MGBv spaced

at 100μm intervals along the tonotopic latero-medial axis were stimulated. Emitted fluorescence was

imaged, and signals were integrated across ROI at a constant depth from pia to upper L4 along A1

tonotopic rostro-caudal axis, standardized across slices using an anatomical landmark (most rostral

point of hippocampus). Individual time course traces were averaged across 10 trials. Peak ΔF/F was

defined as the maximum response across all L4 locations within A1. Topographic slopes for each

animal were calculated as the linear relation of the position of peak ΔF/F along A1 rostro-caudal axis

as a function of MGBv stimulation location. Experiments were performed blind to the condition

(saline vs. PTZ).

in situ hybridization

Brains were harvested and sectioned at 25μm. Sections were fixed in 4% PFA and dehydrated with

EtOH. Triple fluorescence in situ hybridization was performed using the RNAscope probes (Ad-

vanced Cell Diagnostics), synthesized and performed according to manufacturer’s protocol.

Immunohistochemistry

Mice were perfused across development. Sixteen-micron coronal sections containing A1 were col-

lected and stained for PV (Swant), biotinylated Wisteria floribunda lectin (for PNN, Vector), and

NeuN (Millipore). PV+ cells without PNN (PV+ only) and PV cells with PNN (PV PNN+) in
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each cortical layer of a section were counted blindly and normalized per area. For each animal,

sections were subdivided into rostral or caudal categories based on anatomical landmarks, and av-

erage cell numbers were calculated before averaging across all animals for each age and condition

(mean±SEM). T-tests were performed at each age to assess differences between conditions.

PTZ-induced seizures

Acute seizures were induced in male C57BL6/J mice with daily IP injections of PTZ (60mg/kg)

from P9-11. Saline-injected littermates were used as controls.
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“Don’t adventur ever have an end? I suppose not.

Someone else always h to carry on the story.”

J.R.R. Tolkien

5
Conclusion

Collectively, the work in this dissertation defines the topography of primary auditory cortex

(A1) at three diverse levels of resolution – using anatomical reconstruction, single nuclear RNA se-

quencing, and network-level voltage sensitive dye imaging – to build a multidimensional mechanism

of map plasticity upon tone rearing.

First, labeling and reconstruction of thalamocortical axons revealed a caudal shift in their in-

nervation pattern after early acoustic experience dominated by low frequency tones (Chapter 2).

Tone-reared caudal axons are more tortuous, suggesting they wind locally within a potentially isofre-

quency environment. This is accompanied by a caudally oriented diagonal shift in vertical collaterals

83



to layer I. This suggests a spectral shift in the tonotopic gradient in layer IV, but a correction to their

original topographic location in layer I. Measures of functional thalamocortical connectivity after

tone-rearing demonstrate a consistent scaffold in layer I (Takesian et al., 2018).

Second, single nuclear RNA sequencing uncovered the cortical transcriptomic changes across

cell types that orchestrate map plasticity upon altered acoustic experience (Chapter 3). These se-

quencing studies implicated many gene families common to other systems from inhibitory matu-

ration to myelination; however, they also uncovered a surprising outcome of tone rearing, where

many such developmental trajectories were reversed or delayed. Markers of immature inhibition,

such as GABA type A receptor (GABAA) subunits corresponding to slow GABA currents (α3 and

α5), were upregulated immediately following tone rearing. The increased expression of these sub-

units without a decrease in mature subunits like α1 suggest inhibitory currents might be present but

slow (Dunning et al., 1999; Lavoie et al., 1997) and biased to long-range rather than local inhibition

(Strüber et al., 2015). GABA type B receptor (GABAB) subunits associated with inhibitory long

term depression (iLTD) were upregulated with tone rearing, suggesting a disinhibitory environment

permissive for map changes (Vickers et al., 2018). Myelin-related genes were also downregulated

specifically in oligodendrocytes, potentially allowing for greater structural rearrangements mediated

by the broad upregulation of cytoskeletal genes. This multicellular understanding of gene expres-

sion changes highlights the complex cascades initiated across a circuit during tone rearing, and the

surprising conclusion that developmental trajectories might be shifted by aberrant experience. It

remains unclear whether these transcriptomic changes might vary with topographic location.

Finally, considering the multicellular contributions to transcriptomic changes and remaining

questions regarding the topography of changes, I measured the topography of thalamic-driven activ-

ity in developing cortex with both genetic and experiential manipulations (Chapter 4). Overall, I de-

termined that immaturity of the cortical circuit, either induced by delayed experience (dark or noise

rearing) or genetic manipulations, increased horizontal spread of thalamic driven activity. I deter-
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mined that this was mechanistically related to the maturation of inhibitory circuits, as the deletion

of GABAA subunit α1, which mediates fast inhibitory conductances, from Parvalbumin positive

interneurons also increased horizontal spread. All models of circuit immaturity with increased hori-

zontal spread of thalamic driven activity exhibited extended plasticity into adulthood in response to

experience.

A multidimensional mechanism for map plasticity

Using the multiple scales of analysis in these studies, I attempt to build a model on how tone pre-

sentation during the critical period might drive topographic changes to inhibitory circuits to widen

horizontal activity spread and mediate structural plasticity in thalamocortical axons. Experience-

dependent plasticity is not mediated by a simple upregulation of inhibition, but a fine-tuning of

ultimately correlated excitatory and inhibitory receptive fields (Dorrn et al., 2010). Therefore, I hy-

pothesize that a distortion of inhibitory circuit developmental trajectories might be topographically

localized.

I found that areas of increased activity spread corresponded with immature inhibitory circuits,

both based on experience and genetic manipulation. In both tone reared and white noise reared

animals, functional connectivity mapping showed a flattened topographic slope (Chapter 3, Barkat

et al., 2011). In band limited noise studies, the area under the response curves that were largest cor-

responded to sites in thalamus that activated noise-exposed frequencies compared to noise-free

frequencies, which show low and high levels of parvalbumin staining respectively (Chapter 3, de

Villers-Sidani et al., 2008). When revisiting response curves from tone reared animals in previously

published work, the widest response curves are not those corresponding to low frqeuencies (sites 1

and 2), but instead of mid or high frequencies (especially site 4). I hypothesize that inhibition might

be decreased specifically in non-exposed neighboring regions of the topographic map in a compen-

satory fashion.
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The modest adjustment of inhibitory tuning during early development to match excitatory tun-

ing is accelerated by presentation of repetitive tones. The presentation of repetitive stimuli increases

inhibitory and excitatory conductances to that frequency, consistent with a local increase in thala-

mic drive and feed-forward inhibition (Dorrn et al., 2010). Accordingly, GABAA mediated iLTD

switches to iLTP across early development, a switch that occurs prematurely upon tone rearing in

a topographic zone responsive to the presented tone (Vickers et al., 2018). Our data shows a de-

velopmental decrease in GABAB2, but a converse upregulation with tone rearing. The increase in

GABAB signaling would mediate continued iLTD and local disinhibition, in contrast with measure-

ments of a premature switch to iLTP with tone rearing. Other signatures of immature inhibition in

our data include slow-current mediating GABAA subunits α3 and α5. In light of these differences, I

hypothesize that the majority of the topographic map not stimulated by the presented tone domi-

nates the gene expression changes captured by RNA sequencing. Thus, we conclude that in contrast

to the stimulus-responsive cells, cells outside of that topographic zone experience a converse switch

in inhibitory trajectory to maintain decentralized (α3, (Strüber et al., 2015)) low levels (iLTD) of inhi-

bition.

Pharmacological titration of local inhibition using Diazepam and DMCM, which increase and

decrease GABAA currents respectively, in visual cortex modulated the size of ocular dominance

columns by altering the level of lateral inhibition and the spatial extend over which activity depen-

dent competitions were won or lost (Hensch et al., 2004). Higher inhibition created wider columns

with more precise monocular responses, which is similar to the expanded isofrequency zone after

tone-rearing (Barkat et al., 2011). I describe increased caudal innervation upon tone rearing with ax-

ons that are more locally tortuous, consistent with a wider column with high spectral contrast (Fig.

5.1). Further, the expansion and retraction of axon modules within layer IV would produce a caudal-

diagonal orientation in collaterals heading to their original map location in layer I. This would yield

a shifted layer IV but stable layer I topography (Takesian et al., 2018).
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Figure 5.1: Model of distorted thalamocor cal innerva on
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Considering the brevity of the critical period for tonotopy, it has been an open question whether

or not and how structural changes could occur over a brief window, when thalamocortical structural

plasticity seen in mouse V1 occurs across weeks (Antonini et al., 1999). The delay of brake onset

seen in tone-reared mice (Chapter 3) could allow for extended plasticity. Further, these mice show

extensive structural modifications as evidenced in their thalamocortical axons (Chapter 2) and local

cortical gene expression (Chapter 3).

Insights from dense reconstructions

With advent and improvements in calcium imaging tools, recent studies have defined the tono-

topic map at the cortical cellular level at greater spatial resolution than previous electrical record-

ings and wide-field imaging experiments (Bandyopadhyay et al., 2010; Issa et al., 2014; Kanold et al.,

2014; Rothschild et al., 2010; Vasquez-Lopez et al., 2017). New complexities in the tonotopic map

emerged, specifically that a local heterogeneity underlies the global gradient in frequency tuning,

and that topography was matched between layers IV and I (Takesian et al., 2018; Vasquez-Lopez et

al., 2017).

To complement novel insights into the diversity of cortical tuning from dense optical recording,

reconstructions of thalamocortical axons were performed in a dense but distributed area to cover

the tonotopic axis. Despite evidence from electrical recordings that thalamocortical axons give rise to

the tuning bandwidth of thalamorecipient neurons in layer IV (Li et al., 2013), it was unclear if this

was equally true across heterogeneously tuned but spatially close neurons. If so, what might be the

structural substrate for global tonotopy and local heterogeneity? The diversity of thalamocortical

axon branch patterns suggest similarly novel organizational principles.

First, vertical collaterals connecting layers IV and I are a likely substrate for aligned topographies

between layers (Takesian et al., 2018; Vasquez-Lopez et al., 2017). Second, these vertical branches

were comingled with long, horizontal branches that likely contribute heterotopic tuning across the
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Figure 5.2: Model of modular thalamocor cal innerva on

tonotopic axis. A periodicity in the density of horizontal branches contrasted the even distribu-

tion of vertical axons (Fig. 5.2). An even distribution of vertical axons might be the substrate for a

smooth gradient, while heterotopically projecting horizontal axons gives rise to heterogeneity in the

local tuning properties. Alternatively, the clustering of axonal innervation could give rise to local

areas of heterogeneity at their borders (Fig. 5.3).

A method to the modularity

From the cochlea to the cortex, cells tuned for frequency have a response curve spanning multiple

frequencies called their bandwidth, which determines their resolution of spectral distances (King et

al., 2015; Schreiner et al., 2000). These principles of tuning bandwidth are not only relevant to neu-

ronal coding, as psychoacoustic behavioral measures also describe perceptual units of frequency res-

olution. Critical bands are psychoacoustic phenomena that describe frequency ranges within which
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a central frequency can be masked by other frequencies in the critical band (Fletcher, 1940). Simi-

lar to tonotopy, principles of spectral bandwidth arise in the cochlea, where a range of frequencies

activate the same region of the basilar membrane; in fact, critical bands represent consistent spatial

separations in the basilar membrane of approximately 1 mm, which correspond to approximately 1/3

octave (Greenwood, 1961).

There are multiple previously described functional modules and the anatomies that subserve

them within auditory nuclei that are implicated in spectral processing (Schreiner and Winer, 2007;

Schreiner et al., 2000). Many auditory nuclei, including the cochlea, exhibit functional responses

that follow a “stair-step” progression in characteristic frequency across space, rather than a smooth

gradient when measured near threshold (Shera, 2015). Furthermore, there exists anatomical modu-

larity that supports such a coding scheme (King et al., 2015). In the inferior colliculus, layers contain-

ing interconnected networks of neurons are separated by frequencies 1/3 octave apart, producing a

discontinuous tonotopic gradient near threshold (Malmierca et al., 2008; Schreiner and Langner,

1997). This pattern of discontinuous functional responses has also been seen in MGB (Cetas et al.,

2001) and A1 (Ehret and Schreiner, 1997; Malmierca et al., 2008). Furthermore, the anatomical clus-

tering of thalamocortical axons has been described in both the isofrequency and tonotopic dimen-

sion (Huang and Winer, 2000; Velenovsky et al., 2003; de Venecia and McMullen, 1994). Prior to

this study, there had not been a characterization of the mechanism by which single thalamocortical

axons contributed to modularity along the tonotopic axis.

This is the densest exploration of thalamocortical innervation across the tonotopic axis in A1,

which adds a new perspective to the anatomy underlying cortical spectral integration. The modu-

larity in thalamocortical axon branch orientation characterized along the tonotopic dimension are

approximately 200 μm wide, and the average length of horizontal connections was approximately

300 μm. Does this periodicity match the spatial and spectral distance of a critical band in A1? The

separation of critical bands in the mouse IC is approximately 1/3 octave, comparable to other species

91



(Egorova et al., 2006). This would require approximately 15 modules, which is not possible with our

described dimensions of thalamocortical modules. Alternatively, MGB and A1 could differ in their

organization, as anatomical and functional data from rabbit MGBv and A1 describes modularity

spanning almost 1 octave (Cetas et al., 2001; Velenovsky et al., 2003). This division of spectral space

could be covered by the 200 μm seen in this study. Further, the mouse auditory cortex does not

in fact represent the entirety of its hearing range in the tonotopic axis, in fact only covering 2-3 oc-

taves. Finally, considering the variation in frequency bandwidth along the isofrequency dimension

(Schreiner et al., 2000), it is possible that the module width within the tonotopic axis will change

along the dorso-ventral (isofrequency) axis.

Along the isofrequency dimension, not explored in this study, clusters of cells share common

tuning bandwidths (Read et al., 2002). These clusters are defined by modular thalamocortical pro-

jections and intrinsic connections within clusters (Huang and Winer, 2000; Read et al., 2001, 2002).

Because I hypothesize that vertical and horizontal axons contribute differentially to tuning band-

width, it would be informative to quantify the two dimensional properties of the known modular-

ity along both axes simultaneously. A limitation of the analysis presented in this dissertation is their

restriction to the thalamocortical slice preparation, which might divide critical band or other mod-

ules at an angle that distorts their characterization. Evidence of a tilt in axon reconstructions, both in

this study of thalamocortical axons and in L1 descending axons (Takesian et al., 2018), suggests that

this slice preparation is off some axis of circuit connectivity. New tissue clearing techniques com-

bined with the sparse but bright labeling strategy described in Chapter 2 could be used to character-

ize 3D topography without sectioning. It is possible that single thalamocortical axons contribute to

diverse organizational domains beyond what can be characterized within a single axis.

Another kind of modularity seen in the axon reconstruction data was that of the bouton cluster-

ing along axons. While axons had putative synapses across the entirety of their length, the boutons

themselves were not distributed regularly. Although cortical tuning is wide at the subthreshold level
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(Hackett et al., 2011), and heterogeneous (Kanold et al., 2014), suprathreshold coding in A1 is quite

sparse, with simple or complex stimuli eliciting strong responses in only about 5% of the neuronal

population (Hromádka et al., 2008). Clustered synapses along a long, single orientation fiber, could

be a substrate for distribution of tuning information and widening of horizontal activity spread,

while maintaining sparse coding.

The topography of inhibition

Considering the importance of inhibition to cortical tuning (Zhang et al., 2003; Wu et al., 2006), the

diversities in tuning among interneuron subtypes (Li et al., 2014; Moore and Wehr, 2013; Vickers et

al., 2018), and the hypothesized role of topographic inhibition to map plasticity (Chapter 3, Hensch,

2005; Hensch and Stryker, 2004), the putative synapses along reconstructed thalamocortical axons

should be characterized by their postsynaptic partner. Because thalamocortical axons make synapses

close to cell bodies, a study of this kind is more feasible (Cruikshank et al., 2007; Richardson et al.,

2009). If the bandwidth of inhibitory tuning is wider or offset in a particular direction depending

on the central frequency (Zhang et al., 2003), this should be reflected in anisotropies of excitatory or

inhibitory innervation along an axon’s length.

Plasticity as a tool

The tonotopic map is only one of many overlapping topographies in A1, some of which are or-

ganized into patches or gradients within A1 or across multiple auditory fields (Polley et al., 2007).

There are also sequential sensitive periods where the same stimulus yields different map shifts, from

changes in the tonotopic gradient to shifts in preferred direction of frequency sweeps (Insanally et

al., 2009). This suggests that you can temporally isolate map coding parameters in developmental

stages. This principle is reminiscent of the bootstrapping process described in language develop-
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ment (Werker and Yeung, 2005).

Temporally separable sensitive periods could be leveraged as tools to understand how thalamo-

cortical tuning contributes to each of these map parameters and its associated shifts. This can also

be combined with behavioral assays to assess how distortion of one map metric changes behavioral

ability in another. After tone rearing during the critical period for tonotopy, the ability to recognize

the presented frequency is worse when the animal is tested as an adult (Han et al., 2007). But, early

training in a task does seem to improve task performance later in life if the same stimulus is used

(Sarro and Sanes, 2011). This could reflect a difference in passive experience and perceptual learning

(Polley et al., 2006; Schreiner and Polley, 2014).

This work describes tonotopic map plasticity at new levels of resolution by using dense recon-

struction of individual thalamocortical arbors and the analysis of gene expression changes in single

cells across cell types and time points. I have contributed new hypotheses to the mechanisms behind

map plasticity and spectral integration in A1, but I have also described new questions and methods

to answer them that would further characterize the complexity of A1 topography. In the auditory

system, thalamocortical information arrives to A1 with complex activity patterns reflecting coding

performed previously in the circuit. This gives rise to an intermixing of cells that respond to a range

of simple and complex stimuli (Hromádka et al., 2008). The correspondence between this rich func-

tional repertoire and the now known complex innervation pattern of thalamocortical axons can be

dissected with improved calcium imaging methods and the anatomical reconstruction techniques

described in this dissertation. This would allow a characterization of topography in multiple dimen-

sions in the context of the functional responses that drive its organization. Topographic maps reflect

a complexity of drivers, but this dissertation describes the prominent role of experience-driven ac-

tivity in setting the parameters of organization. My characterization of the modular topography in

auditory cortex and its malleable refinement provides a new perspective that has implications for

understanding thalamocortical circuit organization and its role in computations and plasticity.
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A
Clinical applications of cortical plasticity:

Amblyopia

In clinical cases of amblyopia, the common standard for diagnosis and treatment is the pres-

ence and severity of monocular acuity loss. Treatment of amblyopia is typically benchmarked by im-

provements in acuity, where a reduction in the interocular difference in acuity is the treatment goal.

However, it is known that amblyopic individuals, even those who have been treated for acuity losses,

often suffer a diversity of deficits related specifically to binocular and/or high order visual functions

(Daw, 2014). These additional deficits are also present in animal models, particularly nonhuman pri-
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mates (Kozma and Kiorpes, 2003). Investigation of cortical correlates of amblyopic vision in animal

models has been focused mainly on primary rather than higher order visual cortex, although there

have been a few studies of neural deficits beyond V1 (Bi, Zhang, Tao et al., 2011; El-Shamayleh, Kior-

pes, Kohn et al., 2010; Shooner, Hallum, Kumbhani et al., 2015; Tao, Zhang, Shen et al., 2014). Here,

we discuss what is known from both human studies and animal models of amblyopia regarding the

cortical correlates of visual deficits found in amblyopia, particularly those relevant to binocular vi-

sion and high-order vision in striate and extrastriate cortex, and relevant associated visual behaviors.

In this chapter we focus mainly on anisometropic and strabismic amblyopia, rather than the more

severe deprivation amblyopia, which is comparatively rare in humans.

Binocular Vision

While cortical responses to stimulation of an amblyopic eye are degraded, meaning that the range

of spatial stimuli to which amblyopic eye neurons respond is often reduced, the severity of these

monocular changes does not fully explain changes in visual behavior (Shooner, Hallum, Kumbhani

et al., 2015). Furthermore, binocular cortical responses are strongly reduced both in anisometropic

and strabismic amblyopes (Bi, Zhang, Tao et al., 2011; Kiorpes, Kiper, O’Keefe et al., 1998; Smith,

Chino, Ni et al., 1997). Understanding the cortical correlates of the binocular combination of visual

information is therefore essential to understanding the deficits associated with amblyopia.

Binocular Vision – Suppression

Even during normal binocular viewing, competition between inputs from the two eyes occurs at the

cortical level. When the binocular inputs are discordant, there is a need to eliminate or adjust the

signals so as to prevent diplopia or confusion. Depending on the degree of discordance, input from

one eye can be suppressed (dichoptic masking) or the two retinal images will alternate (binocular
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rivalry) (Schor, 1977). It is unclear if these two processes are mechanistically distinct, particularly be-

yond the level of V1, but both are likely relevant for range of retinal disparity seen in anisometropic

and strabismic amblyopes. In fact, the depth of suppression can vary depending on the type of am-

blyopia: weaker suppression is seen in anisometropic amblyopia (similar to dichoptic masking) com-

pared to strabismic amblyopia (similar to rivalry suppression) (Harrad, Sengpiel and Blakemore,

1996). Moreover, strabismics lacking suppressive mechanisms frequently experience diplopia - this is

particularly true when strabismus occurs later in adult life due to paralytic causes. Neural correlates

of binocular suppression induced either by incongruities present in the retinal images in amblyopes

or created artificially in normal individuals have been found in LGN, V1, and V2 (Sengpiel, 1997;

Sengpiel, Blakemore and Harrad, 1995).

The anatomical substrate for silencing retinal input from one eye in favor of another could be in-

dependent of amblyopia; however, in the case of amblyopia, suppression or rivalry may be invoked

on a more sustained basis, potentially leading to a less reversible rewiring of normal circuitry. Since

suppression is common across normal and amblyopic individuals, we propose that suppression

itself is not a circuit abnormality; rather, the stimulus leading to aberrant suppression should be cor-

rected. This is consistent with treatments to correct either the anisometropia or eye misalignment in

amblyopes. An alternative hypothesis is that some pathological adaptation to mismatched visual in-

put must be overcome to fully correct cortical binocular interactions, in which case the time-course

and extensiveness of correction could depend on age and plasticity of the brain. Therefore, the de-

velopment of appropriate treatments will diverge depending on the cortical correlate of amblyopic

suppression when compared to normal vision or across types of amblyopia.

Questions regarding the degree of suppression found across the visual field are particularly rele-

vant to amblyopia. Suppression itself can vary dramatically depending on the stimulus used (Joosse,

Simonsz, Spekrejse et al., 1997, 2000), and suppressive mechanisms could vary depending on the

degree or type of amblyopia. Because the size of receptive fields and the degree of acuity loss in am-
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blyopia differ across visual space, the mechanisms of suppression and the sensitivity to retinal dis-

parities, and thus the suppressive response, could be very different depending on whether stimuli

are foveal or peripheral (Sireteanu and Fronius, 1981, 1989). For example, many corrected strabismics

retain a small angle strabismus that could recruit high levels of local suppression, perhaps most dra-

matically in the fovea. Physiological recordings from animal models are typically biased away from

the fovea due to the difficulty of recording foveal responses, and the lack of a fovea in some animal

models. Therefore, physiological data relevant to the implications of small foveal disparities are lim-

ited. Correlates of foveal suppression should be investigated further.

Many studies on binocular suppression have focused on neural correlates in V1, however, it is

unclear the extent to which downstream visual areas contribute to suppression either in normal or

amblyopic vision. Strabismic amblyopic macaques are found to have increased binocular suppres-

sive interactions in both V1 and V2; the V2 result may be established as a feedforward consequence

or may be qualitatively different, but the degree of change is similar in the two areas (Bi, Zhang, Tao

et al., 2011). In general, it is unknown whether amblyopia represents a feedforward dominance of the

fellow eye or the feedback selection of the dominant eye’s input via a top-down attentional mecha-

nism that originates in extrastriate cortex. However, the representation of the amblyopic eye feeding

forward is clearly compromised (Bi, Zhang, Tao et al., 2011; Shooner, Hallum, Kumbhani et al., 2015)

and likely contributes to abnormal binocular interactions. While the contribution of extrastriate ar-

eas to amblyopia is likely complex (discussed below), knowing the higher order cortical correlates of

rivalry or suppression and their time-courses of development could be illuminating in understand-

ing whether suppression of the amblyopic eye input is driven by low or high level processing.

Binocular Vision – Stereopsis

One of the major benefits of correlated binocular input is stereoscopic depth perception, which is

based on disparities between the location of an object on the two retinae. Both absolute and rela-
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tive disparities are important for depth perception, but the ability to code for relative disparity is

essential for stereoacuity, which is severely impaired in amblyopic individuals. While neural corre-

lates of absolute disparity have been recorded in V1, relative disparity seems to be encoded elsewhere

(Cumming and Parker, 1999; Parker and Cumming, 2001). V2, MT/V5 and V4 have all been shown

to exhibit neural correlates of relative disparity and thereby stereoscopic depth perception (Krug

and Parker, 2011; Thomas, Cumming and Parker, 2002; Umeda, Tanabe and Fujita, 2007). How-

ever, it has been suggested in humans that absolute disparity is encoded by the dorsal stream, while

the ventral stream is the source of neural coding for relative disparity (Neri, Bridge and Heeger,

2004). While studies have been done on relative disparity tuning in V1 and V2 of strabismic mon-

keys (Mori, Matsuura, Zhang et al., 2002; Nakatsuka, Zhang, Watanabe et al., 2007), to date no

recordings have been done in amblyopic primates performing relative depth tasks. This type of data

could be central to understanding where in visual cortex stereoacuity deficits are most pronounced.

Alternatively, because the loss and recovery of stereoacuity in human amblyopes is not fully under-

stood and may be different depending on the disparity range in question (Giaschi, Lo, Narasimhan

et al., 2013), locating a brain region of interest, especially in an animal model, could be clouded by

insufficiencies in characterization of the deficits themselves. In addition, human anisometropic am-

blyopes recover stereoacuity more readily than their strabismic counterparts (Astle, McGraw and

Webb, 2011; Ding and Levi, 2011; Levi, Knill and Bavelier, 2015; Wallace, Lazar, Melia et al., 2011), so it

is important to consider both populations in future studies. It could perhaps be more beneficial to

study the recovery of stereoacuity in human amblyopes using techniques such as high density EEG

(Cottereau, McKee, Ales et al., 2012) or functional MRI to obtain a more complete picture of the

origin of the deficits and changes that take place during recovery.

An underexplored area of research in regards to the disruption of stereoacuity in amblyopes in-

volves the circuitry associated with vergence, which likely has both sensory and motor contributions.

Because vergence is the scaffold for stereopsis, a loss in cortical binocular combination could re-
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sult in a disconnect between sensory and motor circuits that serve fusion. Data from nonhuman

primate models suggest that indeed there is a relative independence of sensory and motor fusion,

but that stereo and vergence anomalies exist at both coarse and fine levels of disparity (Fredenburg

and Harwerth, 2001; Harwerth, Smith, Crawford et al., 1997). However, accommodative vergence

is essentially normal in strabismus and amblyopia, despite disrupted disparity vergence, suggest-

ing that some motor aspects of vergence remain functional (Kelly, Felius, Ramachandran et al.,

2016; Kenyon, Ciuffreda and Stark, 1980, 1981). It is an open question whether the loss of dispar-

ity vergence has differential importance for the recovery of fine or coarse stereoacuity, and whether

it contributes differentially to coding disparities across retinotopic space in amblyopic individuals.

Considerable work has been done in the past on the circuitry underlying vergence in animal mod-

els other than primates (Hughes, 1972; Stryker and Blakemore, 1972; Zuidam and Collewijn, 1979).

However, it is unclear how relevant studies in mammals lacking a true fovea will be to understand-

ing the circuitry behind and the deficits in vergence in amblyopic primates; more work is needed to

draw a comparison across species. The interplay between motor and visual circuitry in amblyopia

emphasizes the importance of studies beyond V1 and perhaps an emphasis on whole brain mapping,

which can be best achieved using high resolution EEG and fMRI methods.

Extrastriate Cortex

The majority of studies of neural loss in amblyopia have been directed at striate cortex, V1. Here,

in addition to the reduced binocularity discussed above, neurons driven by the amblyopic eye show

reduced acuity (Kiorpes, Kiper, O’Keefe et al., 1998) and contrast sensitivity (Movshon, Eggers, Gizzi

et al., 1987), but otherwise relatively normal receptive field properties. Studies of extrastriate areas

are motivated by the findings that the losses in V1 sensitivity are not sufficient to explain the be-

haviorally measured deficits (Kiorpes, Kiper, O’Keefe et al., 1998; Shooner, Hallum, Kumbhani et
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al., 2015) and that patients and animal models show high order functional vision deficits, including

deficits in motion perception, which persist in some cases after “successful” treatment with patch-

ing (Giaschi, Chapman, Meier et al., 2015; Grant and Moseley, 2011; Lerner, Pianka, Azmon et al.,

2003; Levi, Yu, Kuai et al., 2007; Rislove, Hall, Stavros et al., 2010). The search for the correlates of

these losses should avoid the simplistic notion of pairing a visual behavior with an anatomical brain

region, and instead focus on pinpointing the location of a breakdown in information transmission

along a processing stream that is essential to a visual behavior.

Extrastriate Cortex – Additional deficits beyond V1

Neural recording beyond V1 in animal models, especially nonhuman primates, have found an am-

plification of losses seen in V1, as well as qualitatively different abnormalities. Amblyopic V2 shows

abnormalities of receptive field structure and orientation tuning that are not seen in V1 (Bi, Zhang,

Tao et al., 2011; Tao, Zhang, Shen et al., 2014). Deficiencies at the level of V2 correlate strongly with

those seen behaviorally in the same animals. Ocular dominance imbalance is amplified in V2 and

MT/V5 compared with V1 (Bi, Zhang, Tao et al., 2011; El-Shamayleh, Kiorpes, Kohn et al., 2010).

Functional losses in motion sensitivity are reflected in population models of MT processing, al-

though not consistently at the single unit level (El-Shamayleh, Kiorpes, Kohn et al., 2010). These

and other recent studies (Shooner, Hallum, Kumbhani et al., 2015) highlight the need to under-

stand the neural output at each stage, including interneuronal interactions and correlations, to fully

appreciate the quality of the information feeding forward from the amblyopic eye. Functional imag-

ing studies have also made important contributions to understanding at what levels of the visual

hierarchy correlates of functional losses might be found. For example, population receptive fields

measured by fMRI can be analyzed for both their size and position to address questions regarding

amblyopic losses in resolution or topological precision between visual areas (Clavagnier, Dumoulin

and Hess, 2015). These methods will contribute substantially to the understanding of neural deficits
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beyond V1 and how these deficits are fed forward or backward along processing streams.

Extrastriate Cortex – Hierarchical Critical Periods

Across sensory systems, both sensory behaviors and associated neural structures exhibit distinct peri-

ods of maturation, suggesting a differential level of plasticity across the brain during certain periods

of life (Hensch, 2005). Symptoms of amblyopia are not fully explained by V1 deficits, suggesting

that circuit abnormalities could be found outside of V1. One hypothesis is that a cascade of develop-

ment, where downstream (extrastriate) areas do not mature until upstream input has matured (V1),

would leave higher-level visual behaviors differentially vulnerable to amblyopia and to inadvertent

treatment effects.

High order deficits may persist in treated amblyopes perhaps because treatment is focused on

low-level functions, specifically monocular acuity. If extrastriate areas are actually more plastic than

V1, due to longer or later critical periods, treatment focusing on V1 functionality could overly impact

high order visual behaviors. For example, patching an eye for long enough to effect a change in V1

could produce novel deprivation amblyopia in a higher order cortical area. On the other hand, since

the identified deficits in neuronal acuity at the level of V1 do not account fully for the behavioral

losses or predict higher-order losses, treating acuity alone is unlikely to affect the degree of higher

order deficits. Again, it is important to understand the differential contribution of feedforward and

feedback causality in amblyopia, as well as the nature of the developmental hierarchy, to determine

which points in the cortical stream of information should be the focus of treatment for full recovery.

What is the best way to measure sequential cortical maturation?

Functional MRI data have been helpful in understanding neural correlates of amblyopia, but these

data represent a very coarse scale of analysis and are difficult to obtain in young children. Multiunit
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physiological recording across brain areas, ages, and behavioral tasks is technically quite challeng-

ing and has not been attempted. A useful technique for understanding brain maturation as well

as changes related to amblyopia is high density EEG (Cottereau, McKee, Ales et al., 2012), which

can be implemented in a non-invasive and spatially broad way to track the development of many

brain areas across age. EEG recording can also be made in other species, and in correlation with

psychophysics the results can be compared with direct neural measurements.To understand the

progression of development, as a hierarchical or holistic process, and the relationship between the

organization of feed-forward and feedback projections and critical periods for amblyopia, as well as

critical brain areas involved in recovery during treatment, these coarser-scale tools have the potential

to provide valuable information to move the field forward.
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Chapter contributions

This chapter was written in response to the Lasker/International Retinal Research Foundation

Initiative on Amblyopia meeting, in which I acted as a scribe for the session on Cortical Corre-

lates of Amblyopia, chaired by Nigel Daw and Lynne Kiorpes. Other session participants included

Oliver Braddick, Yuzo Chino, Serge Dumoulin, Simon Grant, Paul McGraw, Tony Movshon, Ewa

Niechwiej-Szwedo, Tony Norcia, Frank Sengpiel, Pawan Sinha, Sam Solomon, and Michael Stryker.

I wrote the chapter with helpful edits from Lynne Kiorpes and Nigel Daw, and I am grateful for the

opportunity to work with and learn from them. This work was published in Visual Neuroscience,

Volume 35 in April 2018 (https://doi.org/10.1017/S0952523817000189), where my contribution was

not acknowledged with authorship. In objection to this, I publish my contribution here in my dis-

sertation.
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