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Abstract

THE POSTNATAL REFINEMENT OF INTERAREAL CIRCUITS IN FERRET VISUAL
CORTEX

by
Reem Khalil
Advisor: Jonathan B. Levitt

Visual cortical areas are presumed to subserve different perceptual functions as
a result of their rich network of interareal anatomical circuits. Interareal circuits have
been shown to undergo extensive remodeling in the postnatal period. Revealing the
timing of when brain circuits mature may help us assign particular neural substrates to
particular visual functions. To illuminate perceptual development, we assessed the
postnatal anatomical refinement of interareal feedforward and feedback projections in
ferret visual cortex. We also described the developmental trajectory of zinc levels in
ferret visual cortex, reflecting a subset of glutamatergic interareal feedforward and
feedback processes. We find that the period of major reorganization in feedback
circuits, feedforward circuits, as well as the dramatic decline in zinc levels in ferret visual
cortex occurs in the month following eye opening.

In chapter 1, we demonstrated that zinc histochemistry can be reliably used to
distinguish visual cortical areas in juvenile visual cortex and further reveals circuit
refinement. We show that the postnatal decline in levels of synaptic zinc follows a
broadly similar timecourse in multiple areas of ferret visual cortex. In chapter 2, we
assessed the developmental refinement of feedback projections between primary visual
cortex and extrastriate areas in the juvenile ferret brain. We reveal substantial

refinement in the spatial organization of feedback projections arising from multiple visual



areas to primary visual cortex of the ferret during the period after eye opening. We find
that while certain aspects of feedback circuitry refine with a similar timecourse in all
areas, other aspects refine asynchronously. In chapter 3, we investigated the postnatal
development of feedforward projections from V1 to different target areas. Before eye
opening, at 4 weeks postnatal, synaptic bouton density is very high, and interbouton
interval along individual axons is quite short. In all areas examined, both bouton density
decreased, and interbouton interval increased substantially from 6 weeks to 8 weeks
postnatal. Therefore, feedback and feedforward cortical circuits appear to share a
broadly similar developmental trajectory. Our findings are consistent with the notion that
visual experience is necessary and crucial in the refinement of these cortical circuits.
Furthermore, our findings suggest that at least some aspects of cortical maturation

occur largely synchronously in multiple visual areas.
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CHAPTER 1
INTRODUCTION



1.1 Anatomical organization of adult visual cortex

1.1.1 Cortical laminae and cell types

The mammalian visual cortex, located in the occipital lobe of the cerebral cortex
is comprised of a number of functionally and anatomically distinct areas. Area 17, also
known as primary visual cortex, V1, or striate cortex, has been the most extensively
studied area and best understood in a number of species. Itis referred to as the primary
visual cortex mainly because it is the primary recipient of the input from the retina via
the lateral geniculate nucleus (LGN) of the thalamus. However, higher visual areas, or
extrastriate areas receive visual information mostly from V1, or from other extrastriate
areas. In the monkey, the middle temporal area (MT) also receives a direct projection
from the LGN of the thalamus. Furthermore, in carnivores such as cats and ferrets,
areas 17 and 18 both receive a direct projection from the LGN of the thalamus.

While each visual cortical area is anatomically unique due to the specificity of its
connectional pattern, its cytoarchitecture, and the visual response properties of its
neurons, there are basic architectural features common to the entire cortex. Cerebral
cortex is comprised of six laminae that contain different cell types, run parallel to the pial
surface of the brain, and vary in thickness among the different areas. Each cortical layer
consists of a unique distribution of neuronal cell types. Layer 1, also called the
molecular layer is closest to the cortical surface and composed mostly of dendrites and
axons of cells in deeper layers. Directly below Layer 1 is the external granular layer
(layer 2), which is composed of small granule cells and lies above the external
pyramidal layer (layer 3), which is primarily made up of pyramidal cells. These layers

are generally referred to as the supragranular layers. In V1, the internal granular layer



(layer 4) is composed of small stellate cells and pyramidal cells. The internal pyramidal
layer (layer 5) contains large pyramidal cells, while the multiform layer (layer 6) borders
the white matter, and contains various types of cells (Lund, 1973). Layers 5 and 6 are
referred to as the Infragranular layers.

Cells residing in the different layers of the cortex have unique morphologies that
dictate the types of synaptic connections in which they participate. There are three basic
types of neurons in the primate visual cortex; spiny pyramidal cells (excitatory), spiny
stellate cells (excitatory), and smooth or sparsely spinous interneurons (almost all are
GABAergic) neurons. Also, in primates, each cortical layer contains distinct types of
GABAergic neurons (Lund, 1987; Lund et al., 1988; Lund and Yoshioka, 1991; Lund
and Wu, 1997, reviewed in Buzas et al., 2001), all of which contribute to forming either
local or long-range intrinsic inhibitory connections. Hendry et al. (1987) report that many
areas of monkey cortex contains a homogeneous number and proportion of GABA
neurons, and the main difference between areas is the laminar distribution of GABA
neurons which may be related to the varied positions of thalamocortical afferent
terminations in these areas. Furthermore, Kritzer et al. (1992) show different patterns of
inter- and intralaminar GABAergic connections in V1, V2, and V4 of monkey cortex and
offer examples of different organizational principles found in these areas.

Layers 2 and 3 contain pyramidal cells, which are large excitatory neurons,
characterized by a single apical dendrite, and basal dendrites near the axon. These
pyramidal neurons serve as the major source of output to extrastriate areas. Because of
their size, they are well suited in forming longer connections from the upper layers to

other cortical areas and layer 5, which has some of the largest pyramidal cells.



Furthermore, in both primates and carnivores, layer 4C is the primary recipient of
thalamic input from the lateral geniculate nucleus (LGN). It is comprised of small
excitatory spiny stellate cells, and inhibitory smooth stellate cells. Also, layer 4 forms
vertical connections with the upper layers 2 and 3. The majority of projections from layer
4 to layer 2 and 3 are excitatory and furnished by the spiny stellate cells, with a small
fraction of these inputs arising from smooth stellate cells with an inhibitory influence. A
distinction between primates and carnivores is that primate layer 4 is subdivided into
4A, 4B, and 4Calpha and 4Cbeta, while carnivore layer 4 seems to have 2 tiers and is
subdivided into 4A and 4B (Lund et al., 1979). Pyramidal cell projections arising from
layer 5 make connections to layers 2, 3, and 6 (Gilbert and Wiesel, 1983), corticocortical
connections, and connections to the superior colliculus, pulvinar and the pons. Neurons
in the deepest layer of the visual cortex (layer 6) are known to vary widely in their
morphological as well as physiological characteristics. Therefore, layer 6 is unique
because of its large diversity of neuronal cell types; each specialized to participate in
distinct neural circuits. This layer is comprised of multiple distinct classes of pyramidal
neurons, a broad category of oddly shaped excitatory neurons, and a variety of
inhibitory neurons (Lund et al., 1979, 1988; Prieto and Winer, 1999; Callaway, 2004;

Douglas and Martin, 2004; Andjelic et al., 2009).

1.1.2 Cortical columns
A striking organizational feature of the mammalian cerebral cortex is the cortical
column. The column has recently received more attention primarily questioning whether

its functional relevance even exists. In 1955, Mountcastle et al. made a seminal
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discovery while recording in cat somatosensory cortex. The term ‘column’ was initially
coined to describe a discrete structure spanning the layers of the somatosensory cortex,
comprised of cells responsive to a common sensory modality, such as skin or joint
receptor. Over the years the meaning of the term column may have transformed and
investigators may have used it to refer to various anatomical entities, a column now
refers to cells in any vertical cluster that share the same tuning property for a given
receptive field attribute (Horton and Adams, 2005).

Subsequent to Mountcastle’s discovery, examples of columns have been
revealed in multiple cortical areas. Itis now accepted that each cortical column lies
perpendicular to the cortical surface and traverses all six layers. The best characterized
and most extensively studied, first described in cat primary visual cortex by Hubel and
Wiesel (1962, 1968), is the orientation preference column. They observed that by
advancing an electrode along a penetration perpendicular to the cortical surface,
successively recorded cells shared an identical orientation of their receptive field axis.
This is in marked contrast to tangential penetrations that yield systematic changes in the
receptive field properties of neurons. In macaque striate cortex, Hubel and Wiesel also
found that optimal orientation tuning changes systematically through 180° with an
electrode advance of between 0.5 and 1.0 mm. They coined the term ‘hypercolumn’ to
refer to a complete rotation of columns (e.g. 0, 10, 20...180°; Hubel and Wiesel, 1974b).
The term hypercolumn now refers to a unit containing a full set of values for any given
receptive field parameter. It has subsequently been used to reveal maps for direction
preference, spatial frequency (Weliky et al., 1996; Hubener et al., 1997; Everson et al.,

1998; Issa et al., 2000) and perhaps color (Ts’o et al., 2001b; Landisman and Ts’o,



2002; Xiao et al., 2003). The hypercolumn appears to be comparable in size for each of
these systems.

Another system of columns that has been shown to exist in a number of species
is the ocular dominance columns. Axon terminals from LGN cells serving either the right
eye or the left eye terminate in a system of alternating stripes called ocular dominance
columns (Hubel and Wiesel, 1969). Segregating ocular inputs, these columns represent
input from right and left eye at common points in the visual field map. In normal animals,
they can be detected using multiple techniques such as single cell recording, silver
stains, anterograde transneuronal tracers and optical imaging (LeVay et al., 1975, 1985;
Hubel and Wiesel, 1977; Blasdel and Salama, 1986; Blasdel, 1992a). Staining for
Cytochrome oxidase (CO), a mitochondrial enzyme, is one of the easiest techniques to
apply (Wong-Riley, 1989). Ocular dominance columns can be well labeled by staining
striate cortex for cytochrome oxidase (CO) after removal of one eye. As a result, a
pattern of dark and light CO stripes emerges in layer 4C. The CO level diminishes in
columns formerly served by the affected eye. In normal adult animals, CO activity in
layer 4C is homogenous. These stripes are identical to those labeled anatomically by
injection into one eye of a transneuronal tracer, such as [3H ]proline, proving that they
represent ocular dominance columns (Sincich and Horton, 2003a). A popular and
effective way to visualize their complete patternis to unfold the occipital lobe and to flat-
mount the cortex prior to sectioning.

Other examples of cortical ‘columns’ have been found in visual, auditory, as well
as motor areas. The definition of a cortical column now broadly means either a cluster

of cells sharing a common receptive field property, or periodic projection fields arising



from intra or inter cortical axonal connections (Horton and Adams, 2005). In area V3,
cells with similar disparity tuning are grouped together (Adams and Zeki 2001). Cells in
V3 also make columnar projections to other visual areas (Felleman et al., 1997,
Angelucci et al., 2002). Cells in area MT that have the same direction preference are
clustered (Albright et al., 1984). Furthermore, tracer injections in MT reveal patch-like
clusters of intrinsic projections (Malach et al., 1997). In the inferotemporal cortex, single
cell recordings and optical imaging have shown that columns of cells are about 400 um
wide, responsive to similar features of objects (Fujita et al., 1992; Wang et al., 1998). In
the auditory cortex, tracer injections in the upper layers yield patches of label from
intrinsic horizontal projections, similar to those seen in V1 and MT. These horizontal
projections preferentially link regions with similar bandwidth along isofrequency domains
(Read et al., 2001). Language cortex in humans contains columnar, horizontal, long-
range connections that are spaced 20% more widely in the left hemisphere (Galuske et
al., 2000). Although columns have been found most frequently in sensory regions of the
cortex, they also occur in motor areas. For example, cells in macaque primary motor
cortex with the same preferred direction vector are organized into clusters 200 um
apart, interleaved with clusters of cells preferring the orthogonal direction vector
(Amirikian and Georgopoulos, 2003).

Despite the numerous studies dedicated to unraveling the function of the cortical
column, Horton and Adams (2005) believe their function remains elusive and much
effort is needed to disentangle their true function, if any exist. Although the cortical
‘column’ has been shown to exist in many regions of the mammalian cortex and in many

species, there are caveats that are difficult to reconcile with assumptions about the



functional importance of columns. For instance, some species lack obvious ocular
dominance columns (Tigges et al., 1977; Hendrickson et al., 1978). More surprising is
the variability found between individuals within the same species. Adams and Horton
(2003a) have shown that ocular dominance columns in squirrel monkeys can range
from very well defined in some individuals to nearly absent in other individuals.
Furthermore, while the existence of orientation columns has been proved in monkeys,
cats, ferrets, and other species (LeVay and Nelson, 1991), there is little evidence for
orientation columns in mice, rats, and hamsters (Drager, 1975; Shaw et al., 1975; Tiao
and Blakemore, 1976). Despite the cortical column’s ubiquitous nature in the cerebral
cortex, much effort is required to truly understand if this structure indeed underlies an

important function.

1.1.3 Organization of intrinsic connections

Corticocortical projections in the mammalian visual cortex can be classified as
intrinsic that link cells within an area, or extrinsic, linking cells between two areas.
Intrinsic connections, which are often termed, horizontal, tangential, or intraareal
connections, have axons that do not travel in the white matter. Long-range horizontal
connections formed by excitatory pyramidal cells, link clusters of cells across long
distances in cortex. A distinguishing feature of the mammalian cerebral cortex, they
form an extensive network of axons running parallel to the cortical surface. The
observed laminar pattern of horizontal connections indicates that these projections are
prominent in the supragranular layers (1-3), rare in layer 4, but may also be found in

layer 5. (Lund, 1973; Gilbert and Wiesel, 1979; Rockland et al., 1982; Rockland and



Lund, 1982; Rockland, 1985). Anatomical tracer studies have shown that intrinsic
connections to a single V1 locus form a patchy pattern where the number of
monosynaptic connections declines with distance from that locus. Furthermore, a
restricted locus in visual cortex was shown to furnish projections spanning several
millimeters across the cortical surface and have axons that ramify into terminal clusters
at discrete locations across the cortex (Rockland and Lund, 1982, 1983; Gilbert and
Wiesel, 1979, 1983). A conspicuous feature common to all intrinsic connections is their
anisotropy. These projections usually spread out from the injection site along one axis.
Another prominent feature typical of intrinsic connections is their reciprocity. Terminal
clusters are usually found to coincide with retrogradely labeled cells indicating that
pyramidal cells generally receive inputs to cortical columns to which they project.

It is well known that in primates and carnivores, anatomical circuits serve to
connect cells with similar functional properties. For instance horizontal connections
interconnect neurons in similar orientation columns within macaque V1 (Gilbert and
Wiesel, 1989). Malach et al. (1993) examined the specificity of horizontal projections in
layer 2/3 of macaque V1 related to ocular dominance columns. They showed that
injections in monocular regions resulted in preferential labeling in other monocular
regions corresponding to the same eye. Injections in binocular regions preferentially
labeled other binocular regions. Since CO blobs tend to be monocular and interblobs
binocular, these observations are in agreement with the earlier observation that blobs
are preferentially linked to blobs and interblobs to interblobs (Livingstone and Hubel,
1984b). They further suggest that blobs are connected selectively to other blobs having

the same ocular dominance. However, recent findings by Yoshioka et al. (1996) are
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somewhat contradictory. By analyzing a large sample of biocytin injections in layer 2/3
of V1 using similar methods, these investigators showed that in some cases biocytin
labeling was more prominent in ocular dominance columns corresponding to the
opposite eye, and in other cases labeling was not blob specific. Therefore, not all the
connections were blob-specific and ocular dominance specific. Although less common,
interconnections between neurons with different properties also exist. Some of the
apparent lack of ocular dominance specificity can be attributed to differences between
the analyses of Yoshioka et al. (1996) and Malach et al. (1993). Lastly, cross correlation
studies provide further evidence that intrinsic patchy connections link cells with similar
functional properties. Ts’o et al. (1986) used the cross correlation method to
demonstrate that cells separated by several millimeters with the same orientation,

direction, and eye preference showed correlated firing.

1.1.4 Organization of extrinsic connections

Extrinsic corticocortical connections link neurons located in different cortical
areas. When extrinsic connections interconnect neurons located in the same
hemisphere, they are termed intrahemispheric connections. When extrinsic connections
link neurons in opposite hemispheres, they are classified as interhemispheric
connections (Salin and Bullier, 1995). A further classification of extrinsic corticocortical
connections as feedforward or feedback has been proposed by (Rockland and Pandya,
1979) to arrange visual cortical areas in a hierarchical fashion, with Area 17 at the
lowest level and extrastriate cortical areas located at successively higher levels. This is

so because primary visual cortex receives the majority of visual information via the
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LGN, and almost all extrastriate areas depend on V1 for their activation (Salin and
Bullier, 1995). The hierarchical analysis of visual cortical areas (Rockland and Pandya,
1979; Maunsell and Van Essen, 1983; Felleman and Van Essen, 1991) represents a
widely used approach to finding common organizational features in connectional data.
This approach examines the patterns of laminar origins and terminations of projections
between cortical areas. Figure 1.1 shows a schematic of the organization of the visual
cortex in the monkey (Felleman and Van Essen, 1991). This illustration reveals the
complexity of the organization of different visual cortical areas (boxes) and the flow of
information through feedforward and feedback connections between them (lines).
Visual information is conveyed out of V1 to higher processing levels via
feedforward corticocortical connections. Feedforward connections originate mainly from
the supragranular layers and terminate most densely in layer 4, and more sparsely in
the supragranular and infragranular layers. Therefore, termination of connections in
layer 4 is a hallmark of feedforward corticocortical connections. Visual information
processed in higher order cortical areas is relayed back to V1 via corticocortical
feedback connections. Feedback connections originate mostly from the infragranular
layers and terminate outside of layer 4 (Lund et al., 1975; Rockland and Pandya, 1979;
Maunsell and Van Essen, 1983; Kennedy and Bullier, 1985). Therefore, one
distinguishing feature of feedforward and feedback connections is their axon terminals;

the former ramify across all layers, while the latter tend to avoid layer 4.
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Figure 1.1. Schematic of visual cortical areas in the macaque monkey
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From Felleman and Van Essen (1991)

Hierarchy of visual cortical areas in the macaque brain. Boxes represent visual areas and the
lines connecting them represent the neural connections between them.
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Individual corticocortical pathways exhibit a precise laminar distribution of the
parent neurons characterized by the percentage of labeled supragranular layer
neurons-SLN% (Barone et al., 2000). Following injections of tracers in area V4, these
authors show that SLN% increases at successive lower hierarchical levels, so the
SLN% is 63% in area V3, 93% in V2, and 100% in V1. Conversely, there is a
progressive decrease in SLN% at successive higher levels. Consequently, the value of
SLN% relates to the number of hierarchical levels separating two cortical areas, which
they refer to as hierarchical distance. This makes SLN% values extremely powerful in
generating hierarchical models of the visual cortex (Barone et al., 2000).

In comparing corticocortical feedforward and feedback connections, it has been
shown that feedforward connections provide converging inputs (convergence) to their
target areas while feedback connections provide diverging inputs (divergence) to their
target areas. More specifically, convergence refers to the number of neurons sending
converging inputs to a given neuron and divergence refers to the number of neurons
contacted by a given cortical cell. To understand the functional significance of the
convergence and divergence of corticocortical connections in the processing of visual
information, it is important to know the extent of visual field represented by neurons
converging on a given cortical cell. Because of the visuotopic organization of cortical
areas, this is usually possible by measuring the extent of cortex containing the
converging neurons (Salin and Bullier, 1995). The convergence region can be defined
as the cortical region containing neurons converging on a small column of cells oriented
perpendicular to the surface. Likewise, it is possible to define the divergence region as

the extent of cortex containing the target neurons of a column of cells. The spatial
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extents of the convergence and divergence regions have been measured for extrinsic
connections. Using paired injections of retrograde tracers, Salin and colleagues (Salin
et al., 1989: Salin et al., 1993) found values of 5-18 mm for the rostrocaudal extents of
convergence and divergence values in the cat corticocortical connections of the visual
system. Furthermore, data from paired injections in area V1 of macaque monkeys
suggest that the divergences of feedback connections to this area from various

extrastriate cortical areas also cover 5-7 mm (Perkel et al., 1986).

1.2 Functional aspects of adult visual cortex

1.1.1 Receptive fields

Neurons in the visual system like other sensory neurons are selective filters,
allowing only relevant information to be transmitted through the visual pathways and
discarding the rest. Neurons in the retina and higher stages of the visual pathways have
unique characteristic properties that determine the spatial and temporal attributes of the
signals they transmit (Lennie, 2003). The neuron’s receptive field (RF) can be thought of
as a neuronal filter, the spatial structure and temporal profile of which is largely
determined by its functional role and hierarchical level in the visual processing
pathways. In visual cortex, receptive fields become increasingly larger and more
selective for specific stimulus features as one ascends the visual processing hierarchy.
The receptive field of a neuron in the visual system is defined by its synaptic inputs.
Each cell's receptive field results from the combination of receptive fields of all of the

neurons providing input to it (Levitt, 2009). The receptive field properties of primary



15

visual cortical (V1) neurons have been extensively studied and are well characterized in
a number of species.

The receptive field was originally described in the retina as the region of the
visual field from which a stimulus can elicit a response from a neuron (Hartline, 1938;
Kuffler, 1953). While the concept of a receptive field may seem straightforward, defining
the borders of the receptive field of a neuron in visual cortex has never been a simple
issue. This is because the characteristics of a cell's receptive field crucially depend on
how one fundamentally measures it. The classical method to determine the location and
extent of the receptive field is to present discrete stimuli at different locations in the
sensory periphery (i.e. on the retina). The region that causes a change in the spike
discharge rate has been variously referred to as the receptive field, the classical
receptive field, the receptive field center, the discharge field or discharge center, the
minimum discharge field, or the minimum response field (Hubel and Wiesel, 1962;
Barlow et al., 1967). A more recent approach is to define the receptive field center as
the area of visual space over which increasing the stimulus size elicits a larger response
until the response ceases to increase (DeAngelis et al., 1992, 1994: Levitt and Lund,
1997: Sceniak et al., 1999). This is typically assessed using a high contrast sine-wave
grating of optimal orientation, spatial and temporal frequencies for the cell. The spatial
extent of the receptive field is therefore defined as the smallest stimulus dimensions that
produce the maximum discharge rate. This has been defined as the high contrast
summation field (hsRF) and corresponds to the region of visual field over which the cell
summates stimuli (Angelucci and Bullier, 2003). This method typically provides

estimates that are larger than the minimum response field (mRF). Since receptive fields



16

of cortical neurons have proved to be more complex than their simple definition, the
modern definition of the receptive field can now be thought of as the region over which
one could influence the firing of a cell, not simply drive it.

It is generally agreed upon that the selectivity of a cortical neuron’s receptive field
to a particular parameter is a result of the ordered convergence of afferents from lower
stages. Moreover, visual cortical neurons sum the input they receive from subcortical
structures (i.e LGN) and other cortical neurons in order to shape their receptive fields.
Hubel and Wiesel (1962) first proposed that V1 receptive fields of simple cells have
distinct and elongated, excitatory (on) and inhibitory (off) subregions that are
constructed from the precise alignment of concentric RFs of LGN afferents, which in
turn supply excitatory and inhibitory input to be integrated by cortical RFs. In turn, the
integration of excitatory and inhibitory input from several simple receptive fields then
construct receptive fields of complex cells, which do not themselves have discrete ‘on’
and ‘off’ regions. The elongated receptive fields of cortical neurons underlie the
orientation selectivity presumed to emerge at the thalamocortical synapse.

V1 is unique in that it is the first place in the mammalian visual pathways where
distinctive receptive field properties such as orientation selectivity emerge (Hubel, 1982:
Hubel and Wiesel, 1962, 1968, 1977). Simple and complex cells in V1 both respond
preferentially to a particular orientation, but simple cells prefer a particular spatial
arrangement of oriented light and dark regions, whereas complex cells respond to
appropriately oriented patterns at all spatial positions within the RF (Wyeth, 2005). The
F1/FO measure is typically used to classify cells into “simple” or “complex’. This

measure expresses the amount of temporal modulation at the fundamental frequency



17

(F1) of a drifting grating relative to the mean evoked response (F0) (Skottun et al.,
1991). Simple cells have large F1 values, whereas complex cells, being phase-
insensitive, have low F1 values. A distinctive quality of simple cells is their non-
overlapping ON and OFF spatial RF subregions (Mata and Ringach, 2005). Overall,
simple cells tend to sum linearly the light intensities falling on their receptive fields
(Hubel and Wiesel, 1962: Movshon et al., 1978a: Tolhurst and Dean, 1987: Carandini et
al,. 1997). By contrast, complex cells exhibit significant non-linearities of spatial
summation (Hubel and Wiesel, 1962: Movshon et al., 1978b: Palmer and Davis, 1981:
Dean and Tolhurst, 1983). Hubel and Wiesel (1962) proposed that the functional
relationship between simple and complex cells is a hierarchical one in which the
structure of simple cell CRFs is determined by the excitatory convergence of a number
of LGNd neurons and the structure of complex cell CRFs is derived from the excitatory
convergence of a number of simple cells (for reviews, Ringach, 2004: Martinez et al.,

2005).

1.2.2 Modulatory surround effects

It is widely held that although stimuli presented outside of the cell's receptive field
do not by themselves change a neuron’s spiking activity, they can however exert robust
suppressive or facilitative effects when presented simultaneously with a stimulus in the
classical receptive field. Hubel and Wiesel (1965) demonstrated that increasing the
stimulus beyond the spike discharge region of the receptive field often caused a
decrease in response. Furthermore, there were unresponsive regions that when

stimulated alone did not elicit a response from a cell. However, it became apparent that



18

if a stimulus was presented within these regions simultaneously with a stimulus in the
classical receptive field, that often impacted the vigor of the neuron’s response (Maffei
and Fiorentini, 1976).

It is now appreciated that the response of cells in V1 and extrastriate cortex can
be modulated by contextual stimuli lying far outside the neuron’s receptive field.
Modulatory surround effects change the specificity of responses to stimuli within the
classical receptive field and are dependent on the specific sum of input a particular
cortical neuron receives (Blakemore and Tobin, 1972; Nelson and Frost, 1978; Gilbert
and Wiesel, 1990). For instance, parafoveal receptive fields in macaque V1 only span a
degree or less, but the surround modulatory effects or contextual effects were found to
span distances up to 10 degrees of visual space (Zipser et al., 1996; Sceniak et al.,
2001; Levitt and Lund, 2002). These findings suggest that V1 cells are receiving input
from cells that provide information about the visual field at least 10 degrees outside the
classical receptive field of these neurons.

These modulatory surround effects can vary substantially and either inhibit or
facilitate the cell's response depending on the parameters of the surround relative to
those in the receptive field. Mainly, these effects can change the magnitude of the cell’'s
response depending on the spatial relationship and contrast of surround stimuli (Levitt
and Lund, 1997; Henry et al., 2013; Sceniak et al., 1999). It is now appreciated that
center-surround interactions have a dynamic relationship and are complex in nature.
One factor that directly influences the size of the RF center is stimulus contrast
(Angelucci and Bullier, 2003). At low contrast, the summation RF is on average twice as

large as when it is measured at high contrast (Sceniak et al., 1999). As a result, regions
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flanking the mRF along the line of optimal orientation (collinear stimuli) can facilitate the
center (mRF) response at low contrast, but suppress it at high contrast (Kapadia et al.,
1999: Polat et al., 1998). Thus, it has been possible to identify three overlapping regions
in the RF center of a cortical neuron: the mRF, the hsRF and the summation RF at low
contrast (IsRF) (Angelucci and Bullier, 2003). Modeling studies have shown that center—
surround interactions in macaque V1 neurons can be represented as a center excitatory
gaussian overlapping a surround inhibitory gaussian, with the center gaussian
corresponding to the IsRF (Sceniak et al., 1999). On the other hand, regions beyond the
RF center (mRF or hsRF) that suppress the response of the center to high contrast
stimuli have been included in the surround. As a consequence, the regions between the
hsRF and the IsRF, that can be suppressive at high contrast, would belong to the
surround. Beyond the ISRF lies the remaining portion of the surround. High contrast
optimal grating stimuli expanding over the neuron’s RF center have been used to
determine the surround size and is typically defined as the stimulus diameter at which
the cell’'s response asymptotes (i.e. ceases to decrease). Surround sizes in macaque
V1 have been found to be on average about five times larger than V1 cells’ hsRF
(Angelucci et al., 2002; Levitt and Lund, 2002).

Moreover, stimuli presented in the surround can change the orientation tuning
depending on the axis of the surround orientation relative to the neuron’s preferred
orientation (Gilbert and Wiesel, 1990; Lund et al., 1995; Sengpiel et al., 1997). The
strongest suppressive modulatory effects occur when the orientation of the surround
stimulus matches the orientation of the center stimulus (Gilbert and Wiesel, 1990).

However, when the orientation of the surround stimuli is significantly different or
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orthogonal to the center orientation, it facilitates the neuron’s responses to stimuli within
the receptive field. Evidence for contrast-dependent collinear facilitation comes from a
study conducted by Mizobe et al. (2001). They showed that facilitation with collinear
flankers occurred most frequently at target contrasts just above the cell's firing threshold
and suppression prevailed at high contrasts. Furthermore, both facilitation and
suppression occurred often in the same cells, when orientations of the target and
flankers matched the receptive-field's optimal orientation. Lastly, in addition to stimulus
orientation and contrast, Li and Li (1993) showed in cat that the inhibitory or facilitory
effects of surround depend on the spatial frequency and speed of the surround stimulus.
More recently, Shushruth et al. (2013) demonstrated that surround suppression in the
near surround (subserved by horizontal connections) is more sharply orientation tuned
than far surround suppression (subserved by feedback connections) in macaque V1
and human perception.

Taken together, these findings suggest that, like the receptive fields, the surrounds
are also tuned for specific stimuli. In addition, these studies emphasize the dynamic
nature of the relationship between V1 neurons’ RF and the surrounding region of visual
space, and further show that V1 RFs have dynamic spatial properties, changing in size

depending on stimulus contrast.

1.2.3 Retinotopic maps
The mammalian cerebral cortex can be divided into multiple functionally and
anatomically unique regions, for example, motor cortex, auditory cortex, somatosensory

cortex, and visual cortex. All cortical sensory areas contain a topographically ordered
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map based on the spatial order of the sensory receptors and the environment to which
they respond (Mountcastle, 1957). It is generally accepted that visual cortex in
carnivores and primates contains a map of visual space unique to each area. This
retinotopic (visuotopic) map is a map of visual space and based directly on its
projections from the retina (Daniel and Whitteridge, 1961; Allman and Kaas, 1971,
1971a,b, 1975, 1976; Palmer et al., 1978; Tusa et al., 1978, 1979; Van Essen and Zeki
1978; Tusa and Palmer, 1980; Gattass et al., 1981, 1988; Manger et al., 2002). The
retinotopic maps found in visual cortex are typically described as degrees of elevation
(i.e lines of constant elevation span horizontally across the visual field), and degrees of
azimuth (i.e lines of constant azimuth scan vertically across the visual field).
Furthermore, these maps are produced by adjacent neurons having adjacent or
overlapping receptive fields. The topographically organized representation of the visual
field is faithfully relayed through multiple stages of processing in the mammalian visual
pathways.

While each cortical area contains a map of visual space, the representation of
visual space can vary in spatial extent and selective emphasis on certain parts of the
visual field. The extent to which the central or peripheral portions of the visual field are
emphasized in each area can vary greatly. However, in general, there seems to be an
overemphasis on the central visual field. Additionally, primary visual cortex (Area 17)
has the most complete representation of the visual field. Allman and Kaas (1974) have
classified the transformation of the visual field onto cortex into first order and second
order transformations, both of which represent the contralateral half of the visual field. A

first order transformation is when adjacent points in the cortex respond to adjacent
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points in the contralateral half of the visual field. A second order transformation is when
the representation of the contralateral half of the visual field is more complex. Primary
visual cortex contains a first order transformation of the visual field, and has a point-to-
point representation on visual cortex. Second order transformations are found in
extrastriate areas, where there is often more than one representation of the visual field
within an area, and the representation of the horizontal meridian is usually split (Palmer
et al., 1978). There can be a point-to-point representation, or a point-to-line
representation. In the latter case a single point in visual space, such as the center of the
visual field, is represented as a line on visual cortex (Palmer et al., 1978). Both
representations of the visual field are advantageous in visual perception. The point-to-
point representation preserves the order of visual space in the cortex. However, the
point-to-line transformation of, say, the horizontal meridian is useful for functions that
require extensive cellular interactions within central locations in the visual field such as

stereopsis and control of vergent eye movements (Tusa et al., 1981).

It is now widely recognized that there is an increased number of cellular
interactions within the center of the visual field, which is projected on the fovea in
primates and area centralis in carnivores. This in turn has lead to a marked increase in
the amount of cortex dedicated to the central portion of the visual field relative to the
periphery. Numerous studies across a number of species have shown that the cortical
magnification factor, defined as millimeters of cortex corresponding to 1° of visual field
(Talbot and Marshall, 1941; Daniel and Whitteridge, 1961), in V1 and extrastriate areas
decreases with eccentricity, which is the distance from the fovea or area centralis in

degrees (Hubel and Wiesel, 1974b; Gattass et al., 1981; Van Essen et al., 1984; Law et



23

al., 1988; Pinon et al., 1998). In addition, the central visual field, horizontal, and vertical
meridians have multiple representations across cortex because they are represented in
each cortical area, and often have multiple representations within a given area. They
also form the borders between some visual areas (Allman and Kaas, 1971a, 1971b;
Van Essen and Zeki, 1978; Tusa et al., 1978; Gattas et al., 1981, 1988; Manger et al.,
2002). While the unequal allocation of cortex results in distortions in the maps of visual
space, even in point-to-point and first order transformations, it does emphasize the
sensory information coming from the center of the visual field. Furthermore, receptive
fields located in the foveal region or area centralis tend to be smaller than receptive
fields located in the periphery (Daniel and Whitteridge, 1961). This in turn provides

better spatial resolution in the center of the visual field.

Visual cortical areas each have a distinct representation of the visual field that’s
largely dictated by the physiological role of each area. For example, by comparison with
V1, the map in monkey MT overemphasizes the peripheral visual field (Albright and
Desimone, 1987) and hugely overemphasizes its lower temporal quadrant (Maunsell
and Van Essen, 1983). In contrast, in areas V3 and V4, the representation of the central
visual field is magnified relative to that of the periphery. Furthermore, in cat visual
cortex, the four caudal areas within the suprasylvian sulcus (PMLS, PLLS, VLS, and
DLS) have a limited representation of the vertical meridian and an extentive
representation of the horizontal meridian (Tusa et al., 1981). Presumably, each cortical

area has adequate visual field representation for the particular functions it performs.



24

1.2.4 Functional maps

Visual cortical neurons are differentially tuned to specific stimulus features, such
as their position in visual space, orientation, direction of motion, spatial frequency, color,
and temporal frequency (Hubel and Wiesel, 1962, 1968; Maffei and Fiorentini, 1973;
Movshon, 1974). In carnivores and primates, neurons with similar stimulus preferences
are clustered into radial columns, which are arranged in a systematic fashion across the
cortical surface. This unique arrangement of response preference in primary visual
cortex forming functional maps was first recognized by Hubel and Wiesel nearly fifty
years ago.

One of the most striking functional properties of neurons in the adult primary
visual cortex is their orientation selectivity. The majority of neurons in primary visual
cortex of primates and carnivores are exceptionally sensitive to the orientation of a
stimulus. Furthermore, neurons with similar preferred orientations are clustered together
into radial columns running perpendicular to the cortical surface, as was first shown by
Hubel and Wiesel (1962) in cat visual cortex. In contrast, parallel to the cortex, the
preferred orientation changes continuously in most locations, forming orientation
preference maps (Hubel and Wiesel, 1962, 1963, 1965). Orientation preference maps in
V1 of carnivores and primates are characterized by numerous iterations of pinwheel
motifs and linear zones that represent orientation preference in a smooth and
continuous fashion across the surface of V1 (Bonhoeffer and Grinvald, 1991; Bosking et
al., 1997; Blasdel, 1992). Moreover, orientation columns span 180 degrees, and as one
moves tangentially across cortex they are mainly ordered sequentially but sometimes

form a nonsequential pinwheel pattern (Hubel and Wiesel, 1963; Blasdel, 1992).
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Interestingly, Coppola et al. (1998) have demonstrated that more circuitry in the ferret
visual cortex is devoted to processing contours oriented in the cardinal axes than to
oblique contours. There is also evidence that in several other species there are fewer
neurons tuned to oblique orientations than horizontal or vertical orientations (De Valois
et al., 1982; Maffei and Campbell, 1970; Mansfield, 1974; Zemon et al., 1983). This
anisotropy in the visual system favoring the representation of cardinal orientation may
reflect the real world prevalence of contours in the cardinal axes and possibly explain
the greater sensitivity of many animals to vertical and horizontal stimuli.

The ocular dominance map, established in layer 4 of primary visual cortex is
organized to accommodate the two sets of monocular inputs that arise from the
principal layers of the LGN. Cells within an ocular dominance column receive their major
input from the same eye and therefore respond preferentially to one eye or the other
(Hubel and Wiesel, 1962). Although all these columns are independent of each other
(Hubel and Wiesel, 1968), they are formed by the same principle; functionally related
cells are associated with each other, and create a functionally based architecture in
cortex (reviewed in Gilbert, 1992; White et al., 2001). Unlike the ocular dominance maps
in primates and cat, ferrets have a fairly complex ocular dominance map (White et al.,
1999). Ocular dominance domains in the more peripheral parts of the binocular region
are of the familiar stripe or patch type. However, the central region of area 17 often
consists of a single elongated region of contralateral eye dominance and the entire
representation in area 18 is exclusively monocular. The authors further reveal significant
discontinuities in the mapping of visual space along the V1-V2 border, which

correspond to the boundary between these monocular representations.
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Neurons in visual cortex are also tuned to a preferred spatial frequency. The
organization of spatial frequency preference in cats was shown to be laminar in origin
by Maffei and Fiorentini (1977). The authors demonstrated that cells in a column
running perpendicular to the cortex have different preferred spatial frequencies while
cells of the same layer maintain the same preferred spatial frequency and visual acuity.
Tootell et al. (1981) on the other hand demonstrated in cat that the spatial frequency
map was columnar in nature. Their results indicate that striate neurons tuned to
particular spatial frequencies are anatomically arranged in columns, perpendicular to
the cortical surface. It seems that high spatial frequency columns are confined to the
foveal region of striate cortex while low spatial frequency columns extend more
peripherally. Furthermore, using optical imaging of intrinsic signals, Issa et al. (2000)
showed that grating stimuli of different spatial frequencies drifting at various speeds
produce distinct activity patterns. Rather than observing a map of continuously changing
spatial frequency preference across the cortical surface, they found only two distinct
sets of domains, one preferring low spatial frequency and high speed, and the other
high spatial frequency and low speed. Collectively, these studies suggest that, like
ocular dominance, the spatial frequency preference of cortical cells in cats and monkeys
varies both tangentially across the cortical surface and radially throughout cortical
laminae.

Neurons in primary visual cortex of monkeys and cats also form direction
preference maps. Payne et al. (1981) and Tolhurst et al. (1981) have provided evidence
for direction preference maps in area 17 of cats. They also showed that there were

frequent 180" reversals in direction preference, as well as of a local clustering extending
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over lateral distances of up to about 300 um. Tolhurst et al. (1981) also present
evidence that direction preference, like orientation preference remains constant with
depth in the cortex, i.e., has a columnar organization. Weliky et al. (1996) reveal that the
map of direction preference in ferret primary visual cortex consists of many regions
within which direction preference changes in a slow and continuous fashion. These
regions are separated by discontinuities (fractures)across which direction preference

shifts abruptly.

1.2.5 Functional relationship to the underling connectivity

1.2.5.1 Contribution of feedforward input to the classical receptive field

The functional distinction between the receptive field center that produces spike
discharge and a surrounding region that modulates the response to stimuli in the center
naturally led to the question of the underlying cortical circuitry that mediate these
effects. It is now appreciated that the receptive field center and surround of a V1 neuron
are mediated by fundamentally different cortical circuits. Feedforward connections
provide much of the excitatory drive that shapes the classical receptive field center
(Schiller and Malpeli, 1977). In addition, feedforward connections relay a message by
defining the patterns of activity at each stage in the visual processing hierarchy. The
selectivity of a neuron in a higher order area is presumably constructed by the ordered
arrangement of feedforward inputs from lower order areas. It is thought that these inputs
contribute to the construction of progressively larger and more complex receptive fields
at successive levels of the hierarchy (Felleman and Van Essen, 1991). Sherman and

Guillery (1998) have made the distinction between ‘drivers’ and ‘modulators’ in the
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retinogeniculate and geniculocortical pathway based on a set of criteria. They define a
driver as the transmitter of receptive field properties and the modulator as altering the
probability of certain aspects of that transmission. Driver inputs presumably have large,
powerful synapses, while modulator inputs are small and weak. In addition, driver
synapses activate only ionotropic receptors, while modulator synapses activate
metabotropic receptors as well. Based on these descriptions by Sherman and Guillery
(1998), feedforward connections in the visual cortex can be thought of as drivers, while
feedback connections can be thought of as modulators.

Results from inactivation experiments of feedforward connections also confirm
that the ordered arrangement of feedforward connections is important in establishing
the receptive field selectivities in higher order areas (Bullier et al., 1994; Bullier, 2001).
In addition to these functions, feedforward inputs channel inputs into the ventral and
dorsal processing streams that are specialized for the representation of visual objects

and spatial relationships (Maunsell and Newsome, 1987).

1.2.5.2 Contribution of feedback and horizontal connections to the non-classical
receptive field

Candidate circuits mediating the surround effects in V1 are presumed to be
feedback connections from extrastriate cortex, intrinsic connections within V1, and
feedforward input from LGN. At present, the issue of the relative contribution of each
circuit or whether intrinsic connections in V1 or feedback connections from extrastriate
cortex are more important in the modulation of the RF center by the surround remains
unresolved. Elucidating the neural circuits that mediate these contrast and orientation

dependent center-surround interactions has been the subject of intense focus for over
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two decades. The notion that long range intrinsic connections play a role in establishing
receptive field surround effects rests heavily on their extent. Since, horizontal
connections extend for distances across the cortical surface that allows them to link
neurons with non-overlapping receptive fields.

Axons of intrinsic neurons within V1 appear not to drive their target neurons, but
only elicit subthreshold responses (Hirsh et al., 1991: Yoshimura et al., 2000), thus
exerting a modulatory influence on their target neurons. Accordingly, horizontal
connections are thought to be the underlying anatomical substrate accountable for
some of the modulatory effects exerted on the responses of V1 neurons. Neurons linked
by horizontal connections in V1 can respond only to a limited spatial extent in visual
space, and can therefore only summate information from a restricted area. Horizontal
connections arising from pyramidal cells are recruited in the facilitatory surround effects
since they link cells along a collinear axis in the map of visual space and link neurons
with similar orientation preferences (Gilbert and Wiesel, 1989; Malach et al., 1993;
Fitzpatrick, 1996). Facilitation is frequently seen when the surround stimulus is
presented along the collinear axis in space in a similar orientation to the cell’s preferred
orientation (Maffei and Fiorentini, 1976; Nelson and Frost, 1985; reviewed in Fitzpatrick,
2000). However, recruiting appropriate groups of horizontal fibers can also have a
suppressive effect (Hirsh et al., 1991).

Similar to horizontal connections, feedback connections are presumed to have a
modulatory influence on the responses of lower order neurons, i.e. information already
processed (Zeki and Shipp, 1988). Therefore, these connections may produce

modulatory effects that enable objects to be perceived in context (Lamme et al., 1988).
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Input from feedback connections can supposedly elicit changes in the response to
stimuli within the receptive field. In primates, Angelucci et al. (2002) found that feedback
connections link cells that respond to non-overlapping areas of visual space that are still
centered on the same retinotopic location. Therefore, they provide for the convergence
of larger visuotopic areas onto smaller visuotopic areas in V1, and integrate information
across large distances in the visual field (Bullier et al., 1998; Salin et al., 1992). The
physiological role of feedback connections has been most effectively studied by
reversible cooling of higher cortical areas and recording of the effects of neuronal
responses in lower cortical areas. Experiments in monkeys have shown that feedback
inputs from both V3 and V2 to V1 facilitate responses to stimuli moving within the
classical receptive field (Sandell and Schiller, 1982) and enhance suppression from
outside the receptive field (Sherk, 1978; Girard et al., 1991; Hupe at al., 1998; Huang et
al., 2007). These effects suggest that feedback connections are involved in the
discrimination of objects relative to the background.

Studies have shown that there is an early suppressive modulatory component
(Alitto and Usrey 2008; Xing et al., 2005) that likely arises through fast feedforward
lateral geniculate nucleus (LGN) afferents. It seems that LGN neurons already exhibit
extraclassical surround suppression (Alitto and Usrey 2008; Ozeki et al. 2004; Sceniak
et al. 2006; Solomon et al. 2002; Webb et al. 2005a) and therefore make a substantial

contribution to contrast dependent spatial summation in V1.
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1.3 The postnatal development of visual circuits

1.3.1 Developmental sequence of visual cortical areas

It is widely held that the differentiation and specification of neocortical areas is
controlled by an interplay between intrinsic mechanisms, i.e. genetic mechanisms that
operate within the cortex, and extrinsic mechanisms such as the sensory periphery
and thalamic input. However, there is less agreement about the order in which cortical
areas reach functional and structural maturity. While some studies support concurrent
maturation in all cortical areas, others provide evidence for a hierarchical sequence of
maturation. Nonetheless, the notion that the postnatal maturation of cortical areas
indeed proceeds in a hierarchical fashion with lower order areas maturing first,
followed by the maturation of higher order association areas seems to be functionally
adaptive. Evidence in support of the concurrent maturation view is provided from
studies conducted by Bourgeois et al. (1989,1994). They show that the rapid
proliferation phase of cortical synaptogenesis occurs simultaneously in multiple and
diverse regions of the cerebral cortex. The earliest accounts supporting the concept of
hierarchical maturation of cortical areas come from classic studies by Flechsig (1920).
He showed that during the first years of postnatal life, pathways to the primary motor,
somatosensory, visual, and auditory cortical areas are the firstto be myelinated. More
recently, in vivo imaging studies have confirmed Flechsig’s finding and similarly
showed regional differences in the rate of cortical maturation (Girard, 1991; Paus,
2001; Sowell, 2002). Chiron (1992) showed that blood flow in human cerebral cortex

reaches adult levels first in primary sensory regions and last in association cortices.
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Conde et al. (1996) examined the postnatal maturation of visually related areas
in the macaque cortex to determine if their maturation progress proceeds from
posterior primary visual cortex to anterior prefrontal regions. They followed the timing
and patterns parvalbumin expressions in two major classes of local circuit neurons,
basket chandelier cells, in areas V1, V2, TE, 7a, and 46 in two series of macaque
monkeys ranging in age from embryonic day 132 to adult. Their findings suggest that
the number of laminar distribution of parvalbumin labeled neurons reached adult levels
first in area V1, followed by the adjacent visual association area V2, then by higher
order visual area TE, 7a, and area 46. Bourne and Rosa (2006) provided further
evidence in support of the concept of hierarchical maturation of cortical areas. They
labeled the cortex of New World marmoset monkeys of late fetal and early postnatal
ages with an antibody to a neurofilament protein (a marker of structural maturation of
a subset of pyramidal cells) and found labeled cells at birth in V1, S1, A1, and not
most other cortical areas.

An unanswered question is whether the functional connectivity between visual
cortical areas ensues in a sequential fashion from posterior to anterior regions,
reflecting the proposed functional hierarchy of these regions, or if they exhibit similar
developmental trajectories. It is plausible that lower order visual areas would mature
first, establishing functionally stable connections and relaying information to higher
order areas. Higher cortical areas would thereby rely on lower cortical areas for their
input, so that the relatively mature corticocortical connections established in lower
areas can provide a stable input on which the higher areas can then build. Burkhalter

(1993) determined the sequence in which feedforward and feedback connections
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develop between V1 and V2 of infants and concluded that while the laminar
distribution of labeled fibers and cell bodies in V1 and V2 indicate that feedforward
and feedback connections emerge shortly before birth, the laminar termination pattern
of feedforward connections appears relatively mature before feedback connections

reach their mature form.

1.3.2 Regressive events and the pruning of inappropriate connections

A major developmental strategy commonly used by many developing
corticocortical pathways is the initial overproduction of projections followed by the
selective removal of a subset to yield the mature adult pattern of connections. While
the phenomenon seems to be widespread, the magnitude of exuberance and time
course of selective elimination might differ among species. Despite any observed
differences, it seems like this common event of cortical development is critical in the
construction of neural circuits, thus ensuring the proper formation of functional
circuitry. Studies in primates have indicated that elimination of immature projections is
not a major mechanism in the development of feedforward pathways, although it
seems to be a common feature of feedback pathways.

The laminar refinement of interareal feedback connections in monkey visual
cortex has been investigated in the monkey (Barone et al., 1995). The authors
established that each visual cortical area in the adult monkey has a characteristic
laminar distribution of feedback cells. Moreover, although a greater proportion of
feedback cells were found in supragranular layers of a number of extrastriate visual

areas, there appears to be an area specific reduction in that proportion. Furthermore,
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their findings also reveal that the developmental decline in the proportion of labeled
supragranular neurons is complete by the one to two months after birth, thus
establishing the adult configuration. Similarly, Batardiere et al. (2002) investigated the
development of cortical connectivity of area V4 to illustrate a major difference in
strategy in the formation of feedforward and feedback pathways. The development of
area V2 to V4 seems to be complete early in prenatal life and does not involve a large
scale elimination of transitory axons. However, there seems to be a prolonged
remodeling of feedback projections involving massive pruning of early formed
connections. Remarkably, despite the massive reorganization, there is a clear
specification of hierarchy in the prenatal monkey cortex as well as throughout
development.

In kittens, the immature cortex lacks a hierarchical organization of feedback
projections present in the young monkey. Batardiere et al. (1998) established that the
laminar distribution of feedback neurons to area 17 in kittens is uniform across
individual extrastriate areas and the selective reduction of the supragranular neurons
generates the laminar distribution characteristic of each area in the adult. The authors
also found a relative decrease in the number of feedback neurons in the periphery of
the labeled cell clusters in the supragranular layers. By contrast, they observed little or
no refinement of the extent of feedback connections in the infragranular layers.

A number of studies have demonstrated the presence of ipsilateral and
contralateral transient auditory projections to kitten visual cortex as well as exuberant
connections between adjacent visual cortical areas. Innocenti and Clark (1984) found

transitory connections from primary and secondary auditory areas to ipsilateral and



35

contralateral area 17 and 18 in newborn kittens. These auditory to visual projections
disappear by postnatal day 38 through axon elimination rather than neuron death.
Similarly, Dehay et al. (1988) used tracer injections to demonstrate the existence of
ipsilateral transient cortical projections to areas 17, 18, and 19 from frontal, parietal,
and temporal cortices in the kitten. Transiently projecting neurons were found to be
mostly in the supragranular layers. Furthermore, anterograde tracer injections at the
site of origin of transient projections showed only a few retrogradely labeled cells in
areas 17,18, and 19, demonstrating that transient projections to these areas are not
reciprocal.

Area 17 in the neonate of numerous species receives exuberant projections from
cortical areas that are subsequently pruned in the adult. The adult laminar distribution
of feedback neurons to area 17 is characteristic for each cortical area. It seems that
this distribution emerges during development from an immature state in which labeled
neurons are more numerous in supragranular. This developmental elimination of
neurons may well be related to the maturation of retinotopic maps and their spatial
precision.

The elimination of transitory projections seems to be a general feature of cortical
development leading to the adult pattern of interareal connections thus establishing
which areas will be connected in the adult. The overproduction of exuberant
projections and what can be achieved through their selective elimination seems
unclear. Electrophysiological evidence indicates that exuberant inhibitory connections
in the ferret visual cortex undergo remodeling, which might relate to the emergence of

selective response properties (Chen et al., 2005). Indeed, an important function of
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exuberant connections could be to endow the system with a high degree of flexibility

and developmental plasticity.

1.3.3 Development of long-range horizontal connections

The highly specific and clustered pattern of horizontal connections in adult V1 is
the end product of developmental processes that extensively remodel this circuit
during development. Horizontal connections that span over distances of several
millimeters within individual cortical layers have been variously termed as tangential,
intralaminar, or intrinsic, and are especially prominent in layers 2/3 and 5 of the visual
cortex in primates and carnivores. Similar to other cortical circuits, horizontal
connection in V1 require a period of substantial postnatal refinement ultimately leading
to an adult-like pattern of connections. The maturational processes that yield the adult
pattern of intrinsic circuits in V1 are common to a variety of species.

In the primary visual cortex of kittens, intrinsic connections largely furnished by
pyramidal cells in layers 2/3 initially extend long collaterals in a diffuse, unclustered
pattern. Clustered intrinsic connections arise from an initially diffuse network extending
an average distance of 2—-3.5 mm from an injection site (Luhmann et al., 1986;
Callaway and Katz, 1990; Lubke and Albus, 1992). Limited clustering of retrogradely
labeled cells is first discernible by postnatal day 8 (Callaway and Katz, 1990). By PND
12-15, crude clusters of retrogradely labeled cells then emerge, with an adult-like
periodicity of 1 mm (center-to-center). During this period, the intercluster areas
contain a large number of retrogradely labeled cells (Callaway and Katz, 1990).

Cluster refinement takes place over the next 3—4 weeks leading to an adult-like
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topography with distinct clusters and few labeled cells in intercluster areas (Callaway
and Katz, 1990).

Similarly, the development of horizontal projections in ferret visual cortex was
studied by Durack and Katz (1996). The authors demonstrated that axon collaterals of
layers 2/3 pyramidal cells first appear around P22 and require several weeks of
refinement until distinct adult-like clusters are observed at P45. Interestingly, since
ferrets open their eyes around P30, these presumably orientation specific patches
begin to develop in the absence of patterned visual input and when cortical neurons
are not yet tuned for orientation. While these results suggest that spontaneous activity
plays a critical role in initiating cluster formation, Krug et al. (2001) believes some
patterned input is necessary. Indeed, the refinement of clustered connections has
been shown to coincide with the maturation of orientation selective responses
(Chapman and Stryker, 1993). Given that these connections link iso-orientation
columns in the mature cortex, it is not surprising that the refinement of clusters would
coincide with the refinement of orientation tuning (Ruthazer and Stryker, 1996). For
ease of comparison, (Fig. 1.2) illustrates the relative timing of major events in the
development of the visual cortex in the ferret and its connections with the thalamus
(Sur and Leamey, 2001). Looking at this timeline, one can appreciate the remarkable
precision in the timing of some of these developmental events.

It is well known that the final adult-like topography of clustered connections may
be affected by visual experience. Manipulation studies whereby pattered visual input
was altered have revealed how critical experience is in the precise refinement of these

connections. Callaway and Katz (1991) demonstrated that depriving kittens of
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patterned visual experience by binocular lid suture prior to eye opening had minimal
effect on the formation of crude clusters. By contrast, visual deprivation had a major
impact on the subsequent maturation and refinement of clusters. Lowel and Singer
(1992) reared kittens with an artificially induced strabismus to eliminate correlation
between signals from the two eyes. The resulting pattern of local connections in V1
was altered such that intracortical projections preferentially connect cell groups driven
by the same eye. Taken together, the findings suggest that experience plays a critical
role in sculpting the final pattern of intrinsic connections and the precision of

connections.

Figure 1.2. Comparison of the relative timing of visual developmental
events in the ferret
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The development of local axonal connections within the visual cortex of human
infants was first studied by (Burkhalter et al., 1993). Using the fluorescent dye Dil to
trace axonal projections in postmortem human brains, the investigators showed that
local circuits within primary visual cortex are assembled in a sequence in which vertical
connections between layers develop at the beginning of the third trimester of gestation.
Long horizontal connections within layers do not emerge until shortly before birth and
continue to develop throughout the first postnatal year and possibly beyond.
Furthermore, the authors show that unlike the patchy horizontal projections within layers
4B and 5, which seem to develop through a process of collateral elimination, long-range
projections within layer 2/3 are patchy from the outset and seem to develop with greater

topographical precision.

1.3.4 Development of interareal feedforward and feedback connections

Despite the ubiquitous nature and functional importance of feedforward and
feedback connections in the mammalian visual cortex, the literature regarding the
anatomical emergence of each circuit during development remains sparse.
Nevertheless, interareal feedforward and feedback circuits in the visual cortex of a few
species have been shown to refine and reorganize early in postnatal life. A major
developmental strategy commonly used by many developing corticocortical pathways is
the initial overproduction of projections, followed by the selective removal of a subset to
yield the mature adult pattern (Changeux and Danchin, 1976; Innocenti and Price, 2005;

Rakic et al., 1986). It is important to mention that cortical immaturities are undoubtedly
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limited by or partly due to subcortical immaturities, as the response properties of V1
neurons are inherited from LGN neurons (Hawken et al., 1997)

Developmental studies in the cat and monkey have demonstrated a reduction in
the proportion of feedback arising from the supragranular layers of extrastriate areas
(Kennedy et al., 1989; Kato et al., 1991; Barone et al., 1995), while little refinement
was observed in the infragranular layers. Specifically, Batardiere et al. (1998) showed
that in newborn kittens, the tangential spread of labeled supragranular neurons was
coextensive with that of the infragranular layers. However, during the course of
development there is a relative decrease in the number of labeled neurons in the
periphery of supragranular cell clusters but not in the infragranular cell clusters.
Furthermore, it has been demonstrated in kittens that the laminar distribution of
feedback projections to area 17 is uniform across individual extrastriate areas and the
selective reduction in the proportion of supragranular layer neurons leads to the
stereotyped distribution characteristic of each area (Batardiere et al., 2002). However,
this does not seem to be the case with feedback connections in primate visual cortex.
In primates, there appears to be a rudimentary stereotypical laminar proportion of
feedback projections reflecting the hierarchy of visual areas right at the start of
corticocortical pathway formation (Barone et al.,1995).

The postnatal development of feedforward connections from V1 to extrastriate
cortex has been examined in the cat by Price and Blakemore (1989). By injecting an
anterograde tracer into V1, the authors showed that dense orthograde label at
topographically appropriate regions was present only in area 18 of P4 kittens. At P4 and

P8, area 19, 21a, and suprasylvian contained only sparse label. Furthermore, dense
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orthograde label in area 19, 21a, and suprasylvian was observed only in animals aged
12 days or older. Consistent with the concept of hierarchical maturation, the authors
provide further evidence that lower order areas form basic anatomical connections
before higher order areas. Using retrograde and anterograde tracers targeted at areas
17 in newborn kittens, Cari¢ and Price (1996) demonstrated that innervation of the
superficial layers of extrastriate cortex from area 17 is much more spatially precise from
the outset, while innervation of the deep layers from area 17 occurs with much less
specificity. To date, there has been no detailed analysis of developmental changes in
the distribution of feedforward terminals from area 17 to other extrastriate visual areas
in the ferret.

The development of feedforward and feedback connections between V1 and V2
of human visual cortex was investigated by Burkhalter et al. (1993). The fluorescent
dye Dil was injected into V1 and V2 of postmortem human brains of different pre and
postnatal ages, the author demonstrates asynchronous refinement of each pathway.
By 4 months of age feedforward connections from V1 to V2 have assumed the laminar
features of mature connections. They arise from layers 2/3, 4B, 5, and 6 of V1, and
terminate in layers 3 and 4 of V2. In contrast, at 4 months of age feedback
connections to V1 are still relatively immature, showing terminations in layers 4B, 5, 6,
but no input to layers 2/3. The findings suggest that feedforward connections from V1
to V2 attain their mature termination pattern before feedback connections from V2 to
V1.

Recent work in mouse visual cortex by Berezovskii et al. (2011) provides evidence

for dissociation in the timing of axonal outgrowth of feedforward and feedback
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connections. Using retrograde tracers targeted at primary visual cortex, the authors
convincingly demonstrate that feedforward axon terminals from primary visual cortex to
extrastriate cortex were present at the earliest age studied (P2). In contrast, feedback
neurons were first observed in the lateral medial area (LM) of extrastriate cortex nearly
ten days later (P11). Feedback neurons remained relatively few in number through P14
and adult levels of feedback neurons was reached by (P18). The results are in
agreement with previous study in monkeys and humans (Batardiere et al., 2002;
Burkhalter, 1993) suggesting that feedforward connections from primary visual cortex
develop relatively early in postnatal development and feedback connections are delayed

in their timing of axonal outgrowth.

1.4 The postnatal development of functional properties of V1 neurons

1.4.1 Development of cortical orientation selectivity

Electrophysiological and optical imaging studies have revealed the timing of the
development of orientation selectivity at the single-cell level. Moreover, pharmacological
manipulations and visual deprivation studies have investigated the roles of spontaneous
and visually driven neuronal activity. These studies have shown that orientation
selectivity and its orderly representation in orientation preference maps appear early in
development. In addition, they demonstrate that normal neuronal activity patterns are
essential for the development of proper orientation selectivity. However, visually driven
activity is not needed for the initial development of orientation selectivity or orientation
maps. The basic structure of orientation maps is therefore innate, but experience is

necessary for specific features of these maps, as well as for maintaining the
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responsiveness and selectivity of cortical neurons (Chapman et al., 1996; Godecke et
al., 2006)

The critical question of how orientation selectivity or selectivity to any stimulus
feature develops during early postnatal life and the role of visual experience in this
process is of great interest. The question becomes particularly perplexing in light of the
observation that orientation selectivity develops in the absence of patterned visual input,
e.g. before kittens and ferrets open their eyes (Hubel and Wiesel, 1970, Movshon and
Van Sluyters, 1981; Fregnac and Imbert, 1984; Crair et al., 1998). Interestingly, Krug et
al. (2001) showed weak orientation selective responses from V1 neurons in juvenile
ferrets through the closed eyelids.

Some of the earlier developmental studies on orientation selectivity were carried
out in monkey primary visual cortex by Hubel and Wiesel (1974a). Remarkably, it was
observed that orientation tuning is adult-like at or soon after birth. In kittens, orientation
selective responses were found in the deep layers of primary visual cortex at postnatal
day 6 (P6) (Albus and Wolf, 1984; Fregnac and Imbert, 1984). The maturation of
orientation tuning proceeds for the next several weeks to an adult-like state. This
development appears to be mostly independent of the presence or absence of visual
experience until after P18 (Crair et al., 1997a). However, young ferrets have proven to
be more useful in studying the development of orientation selectivity as they provide a
robust electrophysiological preparation during chronic optical imaging. They have a
visual system which is quite similar to cats (Law et al., 1988), but they are born
developmentally 3 weeks younger (Linden et al., 1981). The first to investigate the

normal development of orientation selectivity in young ferrets were Chapman and
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Stryker (1993). They demonstrated that visual cortical responses can be recorded as
young as P23, with 25% of cells in all layers showing some orientation selectivity. These
immature responses continue unchanged till roughly postnatal week 5, the time at which
a major development in orientation selectivity occurs in layer 2/3.

Although it is well known that visual experience is not required for the initial
development of orientation selectivity, it is indeed necessary for the maintenance and
maturation of both orientation selectivity at the single cell level (Chapman and Stryker,
1993) and orientation preference maps (Crair et al., 1998). Manipulating the pattern of
spontaneous or visually driven neuronal activity has proven useful in understanding how
orientation selectivity develops in visual cortex. Chapman and Stryker (1996) showed
that blocking all activity in ferret cortex with tetrodotoxin (TTX) prevents the
development of orientation selectivity beyond the initial state observed at P23. Godecke
and Chapman (1998) demonstrated that blocking the visual responses of ON-center
retinal ganglion cells with DL-2-amino-4-phosphonobutyric acid (APB), leaving OFF
responses intact, also prevents the development of orientation selectivity beyond the
state observed at P23. Furthermore, Chapman and Stryker (1993) showed that even
during binocular visual deprivation some degree of single cell orientation selectivity
does develop in ferret visual cortex. Early maps are seen in ferret visual cortex before
the time of natural eye opening (Chapman et al., 1996). The findings suggest that the
proper maintenance and normal maturation of both individual cell orientation selectivity
and orientation preference maps occurs only if patterned visual input is present
(Chapman el al., 1996). Furthermore, their findings indicate that appreciably more

circuitry in the ferret visual cortex is devoted to processing contours oriented in the
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cardinal axes than to oblique contours, a bias in the mature visual cortex that accords
with the early emergence of orientation domains that respond preferentially to cardinal

stimuli (Chapman el al., 1996).

1.4.2 Development of direction selectivity

Neurons in primary visual cortex are also selective for the direction of motion of a
stimulus across their receptive field. Direction selectivity is distinct from other neuronal
response properties in the visual cortex in that it relies on detecting the temporal order
of stimulus presentation. Similar to orientation selectivity, direction selectivity is first
observed at the level of cortical circuits and, like both ocular dominance and orientation
preference, neurons that are tuned for the same direction of motion are clustered into
columns that are further organized into a map of direction preference (Weliky et al.,
1996). However, unlike orientation selectivity, which has been shown to be present at
eye opening in kittens and juvenile ferrets (Hubel and Wiesel, 1970, Movshon and Van
Sluyters, 1981; Fregnac and Imbert, 1984; Crair et al., 1998; Chapman and Stryker,
1993; Chapman et al., 1996; White et al., 2001), neurons in primary visual cortex lack
selectivity to a particular direction of motion at eye opening.

The development of direction selectivity in primary visual cortex of juvenile ferrets
was examined in a study conducted by Li et al. (2006). Using optical imaging
techniques and electrophysiological recordings of single cells in primary visual cortex,
the authors convincingly show that direction selectivity first emerged after eye opening
and then rapidly achieved mature levels of tuning over the following 2 weeks.
Furthermore, the authors revealed that ferrets reared in absolute darkness immediately

after eye opening did not develop normal direction selectivity tuning and required visual
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experience during this formative period for the development of direction selectivity.
Additionally, the development of direction selectivity lagged behind the establishment of
ocular dominance and orientation preference, both of which were present and organized
into functional maps at the time of eye opening in these same individual. Remarkably, a
few hours of experience with a moving stimulus, but not a flashing stimulus, is sufficient
to produce the rapid emergence of direction-selective neurons and direction columns in
visually naive ferrets (Li et al., 2008). Clemens et al. (2012) examined the laminar
chronology of the development of direction selectivity in ferret visual cortex around the
time of eye opening. Not surprisingly, the authors found that direction selectivity in all
cortical layers was weak just before natural eye opening. Layer 4 neurons exhibited
increases in direction selectivity that occurred earlier than layer 2/3 neurons, and both of
these layers showed robust increases in direction selectivity several days after eye
opening. Moreover, just after the time of eye opening, increases in direction selectivity
were primarily due to increases in spiking responses to the preferred direction, while in
subsequent days, increases were mainly due to decreases in spiking responses to the
null direction.

Hubel and Wiesel (1963) recorded direction selective responses in very young
visually inexperienced kittens. The authors noted that in the 8 day old kitten, some
neurons in striate cortex responded well to two opposing direction of motion, while some
responded well to one direction and not at all to the other. Furthermore, the authors
noted that all receptive field properties in the adult cortex such as orientation specificity,
direction selectivity, and binocularity can also be found in the naive cortex (Movshon

and Van Sluyters, 1981). In contrast, Pettigrew (1974) found no cell in the early
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postnatal period having orientation selectivity and only some cells possessed selectivity
for the direction of stimulus motion. Furthermore, Pettigrew noted that the proportion of
neurons selective for a particular direction of motion approached the adult values after
the fifth postnatal week. Albus and Wolf (1984) obtained similar results when they
examined the development of direction selectivity in striate cortex of young kittens. The
authors revealed a significant increase in the proportion of cells selective for a particular
direction of motion during the first postnatal month. This proportion increases from
about 50 in the second postnatal week to 28% at the beginning of the fourth week,
which is approximately equal to the number of directionally selective cells found in the
adult cat (Albus, 1980). Most subsequent studies investigating receptive field properties
in young kittens have provided evidence that suggest a maturity level of cells
somewhere between Hubel and Wiesel (1963) and Pettigrew (1974)’s claim.

Hatta et al. (1998) used single unit recordings in monkey V1 to show that
direction selective responses can be elicited in very young monkeys. However, overall
directional sensitivity and the peak monocular response amplitudes of units in the
juvenile were significantly lower during the first 4 weeks of life than in adults.
Furthermore, Chino et al. (1997) also observed direction selectivity in nearly all simple
and complex cells in monkeys younger than 4 weeks postnatal. However, the
abnormally broad tuning of V1 cells shortly after birth suggests the presence of cortical

immaturities.
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1.4.3 Development of spatial and temporal frequency tuning

Neurons in primary visual cortex of adult monkeys and cats show sharp spatial
frequency tuning to a stimulus (Maffei and Fiorentini, 1973; De Valois et al., 1982,
Schiller et al., 1976¢; Movshon et al., 1978c). Using sinusoidal gratings of varying
spatial frequencies one can obtain a tuning curve of a V1 neuron to reveal its preferred
spatial frequency. Derrington and Fuchs (1981) were the first to study the normal
development of this neuronal property in kittens. The authors revealed that neurons in
area 17 of young kittens had low sensitivities and responded only to low spatial
frequencies. Selectivity for spatial frequency defined as the proportion of selective cells
and the narrowness of their tuning curves improved rapidly and reached adult values
within the first 6 weeks. Derrington (1984) has also investigated the effects of visual
experience on the development of spatial frequency tuning in young kittens. The results
indicate that kittens up to 3 weeks of age show an initial improvement in spatial
frequency tuning. However after 3 weeks of age, visual experience is necessary for
further maturation of this neuronal response property. Chino et al. (1997) has shown
that in 1 week old monkeys, cells in V1 have a very low optimal spatial frequency. The
peak response amplitude for these cells was substantially lower than that for the adult
cells. The authors also demonstrate that both the optimal spatial frequency and the
spatial resolution quickly increase in the next 3—4 weeks with a steady but slow
improvement over the following several months.

The development of temporal frequency tuning and contrast sensitivity of V1 and
V2 neurons in macaque monkeys was investigated by Zheng et al. (2007). Using

microelectrode recordings, the authors demonstrate that temporal response properties
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and contrast sensitivity of V1 and V2 neurons were immature during the first 4 weeks of
life but become mostly adultlike by 8 weeks of age. However, optimal temporal
frequency and temporal resolving power of V2 neurons did not reach adult levels even
at 8 weeks of age. DeAngelis et al. (1993) investigated the spatiotemporal organization
of simple-cell receptive fields in the cat's striate cortex during development using
reverse correlation methods at 4 and 8 weeks postnatal as well as adults. Their results
indicate that spatial and temporal aspects of receptive-field structure mature with a
different time course. The spatial extent of simple-cell receptive fields is adult-like by 8
wk postnatal, although the response latency and time duration of spatiotemporal
receptive fields do not mature until well beyond 8 wk postnatal. By 8 wk postnatal,
spatial frequency tuning appears to have reached adult values. On the contrary,
temporal frequency selectivity remains noticeably immature at 8 wk. Moreover, they
authors also examined the distribution of optimal spatial and temporal frequencies.
From 4 wk postnatal until 8 wk postnatal, the range of optimal spatial frequencies
increases substantially, whereas the range of optimal temporal frequencies remains
largely unchanged. From 8 wk postnatal until adulthood, there is a large increase in
optimal temporal frequencies for cells tuned to low spatial frequencies. However, for
cells tuned to high spatial frequencies, the distribution of optimal temporal frequencies

does not change much beyond 8 wk postnatal.

1.4.4 Development of spatial and temporal contrast sensitivity

Cortical neurons are sensitive not only to the orientation and direction of motion

of a visual stimulus but also to other stimulus properties including spatial and temporal
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contrast sensitivity. The spatial and temporal contrast sensitivity of human and monkey
infants are reduced compared to that of adults. Zheng et al. (2007) investigated how
neurons in the primary visual cortex (V1) and visual area 2 (V2) of infant monkeys
respond to temporal modulation of spatially optimized grating stimuli and a range of
stimulus contrasts. Their results suggest that temporal response properties and contrast
sensitivity of V1 and V2 neurons were immature during the first 4 weeks of life and
become mostly adultlike by 8 weeks of age. However, the optimal temporal frequency
and temporal resolving power of V2 neurons did not reach the adult level even at 8
weeks of age. Their findings are in accord with the hierarchical model of cortical
maturation whereby lower order visual areas reach functional maturity before higher
visual areas.

Gary-Bobo et al. (1995) investigated the development of contrast sensitivity to
spatial and temporal frequencies in the visual cortex of 6 week old kittens reared from
birth with 3 different conditions: normal, dark-reared (DR) and dark-reared after 6 h of
visual experience. The authors demonstrate that compared to the low values found in
the DR kittens, animals dark reared after 6 hours of visual experience possess cells with
higher spatial frequencies that are comparable to those found in adults. Moreover, an
increase of contrast sensitivity at low temporal frequencies was observed as well as a
shift of the cell optimum towards 3 Hz, all values close to the normal ones. Contrast
sensitivity and detection of higher temporal frequencies continue to develop with age

and visual experience.
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1.4.5 Development of cortical binocularity

Behavioral studies suggest that some aspects of basic binocular connections are
functionally immature at birth because newborn humans and macaque monkeys are
unable to detect objects embedded in random dot stereograms. Stereopsis appears to
emerge suddenly at 4 weeks in monkeys (O’Dell et al., 1997) and 4 month of age in
humans (Birch et al., 1982). However, physiological data on a single cell level indicates
this is not attributable to the absence of disparity-sensitive neurons in V1, but rather it
could be either the behavioral methods are not sensitive enough to detect their
stereoscopic vision or the presence of immaturities in higher level visual areas. Chino et
al. (1997) investigated the physiological basis for the absence of stereoscopic vision in
monkey neonates by measuring the disparity sensitivity of individual V1 neurons in
infant rhesus monkeys ranging in age from 6 d to 16 weeks. The authors concluded that
the binocular connections for encoding binocular disparity information are operating in a
qualitatively normal manner in primate V1 only a few days after birth. Furthermore, they
found an adultlike proportion of cells sensitive to interocular image disparity as early as
postnatal day 6. However, the monocular spatial-frequency response properties of
these disparity sensitive cells were immature in that their responsiveness was far lower
than that in adults. By the forth postnatal week, the spatial frequency response
properties and peak response amplitude rapidly improve to adult levels. Binocularity in
striate cortex of kittens was studies by Pettigrew (1974). As early as 2 weeks postnatal,
monocular responses could not be elicited, nevertheless a strong binocular response
was present. Although he found some neurons selective for binocular disparity in

animals younger than 4 weeks postnatal, the degree of binocular specificity found in the
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adults was not achieved until the fifth postnatal week. The development of binocular
vision in kittens was later investigated by Freeman and Ohzawa (1992) with the aim of
understanding when binocular vision becomes adultlike. The authors recorded from
single units in striate cortex of 2, 3, and 4 week old cats to compare with adult values.
Binocular interactions such as phase specific and non-phase specific suppression or
facilitation of cells in 3 and 4 week old kittens were comparable to those found in the
adult. Moreover, monocular and binocular tuning characteristics were also similar
between kittens and adult cats. However, the author report distinct changes that occur
with age such as optimal spatial frequency and peak responses. Their results suggest
that the functional connections required for binocular vision are present in early
postnatal development, but require normal visual experience for the fine tuning of
response properties present in the adult.

The maturation of cortical binocularity during postnatal development is known to
be adversely affected by early abnormal visual experience. The maturation and
refinement of neural connections that subserve binocular vision can be readily
perturbed by the presence of conflicting visual images between the two eyes. This may
arise early in development from unilateral form deprivation, optical defocus
(anisometropia), or an interocular misalignment of the visual axes (strabismus)
(Movshon and Van Sluyters, 1981). Hubel and Wiesel (1965) were the first to study the
effects of rearing kittens with an interocular misalignment (strabismus) and showed a
dramatic loss of binocularly activated cortical neurons and, in some cases, a shift in
ocular dominance toward one eye. Moreover, Crawford et al. (1975) found that nearly

half the cells studied in a monkey that had been binocularly deprived early in life were
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unresponsive to visual stimulation. A more recent study conducted by Chino et al.
(1994) investigated the binocularity of neurons in striate cortex of cats at 4 weeks of age
reared with different durations of discordant binocular visual experience. The authors
measured the sensitivity of cells to binocular image disparity and concluded that a short
period (2 wks) of optically induced strabismus in young kittens initiated strong
suppressive interactions in the cortex, which continued even after the removal of optical
dissociation and recovery period. However, extended periods of interocular
misalignment, either optically or surgically induced, drastically reduced binocular
interactions, including interocular suppression. This caused the majority of cortical
neurons to become monocular, and often exhibited a spatial-frequency-dependent
contrast sensitivity loss. Collectively, the results suggest that the normal development of
binocularity in the visual cortex of young animals is highly dependent on normal visual

experience.

1.5 The postnatal maturation of visual perceptual abilities

1.5.1 Development of orientation sensitivity

Vision is relatively poor in infant monkeys and humans and matures in the
following months or years. There is an extensive literature assessing the behavioral
development of visual functions in humans and to a lesser extent in non-human
primates (for reviews see Teller, 1997; Braddick and Atkinson, 2011). A common
behavioral method used to investigate infant vision by researchers is the forced choice
preferential looking (FPL) test. The preferential looking technique was originally

conceived by Fantz (1961), as a means of revealing infants’ visual discriminative
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abilities. Inthe mid 70’s, Teller et al. (1974) invented the combination of preferential
looking with forced choice by a ‘blind’ observer (forced-choice preferential looking =
FPL). Since then, various research groups have used FPL. This method takes
advantage of infants’ preference to look at something patterned over something plain.
For example, to test an infant’s grating acuity, black-and-white stripes paired with a gray
stimulus of the same mean luminance is shown, and the size of the stripes is varied
across trials. A tester watches the baby’s eye movements, and the measure of grating
acuity is the smallest size of stripe for which the tester can judge correctly from the
baby’s eye movements where the stripes are located (Lewis and Maurer, 2005).
Orientation sensitivity is one of the first visual functions to appear after birth. To
reveal orientation-selective responses, Braddick et al. (1986) isolated infants’ VEPs to
reversals of grating orientation between opposite obliques by embedding them in a
series of random shifts in the gratings’ spatial phase. The VEP is an electrical signal
elicited by a visual stimulus, which reflects the summed activity of many neurons,
measured non-invasively from the surface of the head. This reliable signal can be
identified as a repetitive signal at a frequency related to alternations between stimuli of
2 different orientation (Atkinson and Braddick, 2003). Therefore, with a suitable stimulus
sequence this signal provides evidence for orientation selective mechanisms. Braddick
et al. (1986) showed that orientation-selective responses first appeared around 6 weeks
of age. However, subsequent research revealed that at lower reversal frequencies (i.e
the frequency at which the orientation was reversed), the response could be recorded at

3 weeks (Braddick, 1993).
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Behavioral experiments subsequently conducted by Atkinson et al. (1988) revealed
broadly similar results with VEP data obtained from Braddick et al. (1986) with one
exception. Orientation discrimination was measured behaviorally in two infant control
habituation procedures, with both dynamic and static patterns. When dynamic patterns
identical to those in previous VEP studies were used, the first sign of orientation
discrimination was found at around 6 weeks postnatally. Therefore, the time course of
both the VEP and the behavioral measures was similar. Nevertheless, with static
patterns, evidence of orientation discrimination by newborns was found only when the
infants were allowed to compare the habituated and novel orientations in a paired
simultaneous comparison after habituation, but was not found when the habituated and
novel stimulus were presented sequentially. Their results suggest that some orientation
discrimination in newborns is present and can be used for discrimination of static
patterns. However, some maturation over the next few weeks is required before a
positive electrophysiological VEP response can be measured for dynamic patterns
changing in orientation. The results from Atkinson’s group (1988) were later
corroborated by Slater et al’'s. (1988) study using similar behavioral experiments. The
authors concluded that even in newborn infants, some orientation discrimination
capabilities are present at birth. It appears that even though orientation selective
responses emerge early in postnatal life, mature orientation discrimination abilities

require several months before becoming adult like in nature.

1.5.2 Development of motion perception
Direction selective responses to motion have been shown to emerge early

postnatal development, but lag behind orientation selectivity. Wattam-Bell (1991)
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isolated VEPs for reversals of motion direction, which are embedded in a series of non-
directional transitions to study the development of visual motion mechanism in infants.
This response was not seen in infants under 10-12 weeks of age. Furthermore, the
author concluded that the development of direction selectivity starts at low velocities
and extends to higher velocities with age.

Using forced-choice preferential looking (FPL), Wattam-Bell (1992) found that
infants aged 8 weeks and above were able to discriminate between opposite directions
of motion. The author used random-dot patterns in which a target region moved in the
opposite direction to the background; for adult observers the opposite directions
resulted in perceptual segregation of the patterns. Between 8 and 15 weeks, dmax
(maximum displacement limits) for discrimination of coherent from incoherent motion,
and for discrimination of opposite directions of coherent motion, increased with age.
These results suggest that while directional mechanisms are present in the visual
system by 8 weeks, infants’ sensitivity to direction is confined to a limited range of
velocities. Later research by Wattam-Bell (1996) using preferential looking experiments
in 1 month old infants showed that direction discrimination at any of the test velocities
used was not present. The author also measured velocity thresholds (Vmin and Vmax) for
direction discrimination and showed between 10-13 weeks of age Vmin decreased while
at the same time Vmax increased. The results suggest that 1 month old infants appear to

be insensitive to the direction of visual motion.
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1.5.3 Development of contrast sensitivity

The function relating an observer’s contrast sensitivity to the spatial frequency of
a sinusoidal grating test target is the spatial contrast sensitivity function (Movshon and
Kiorpes, 1988). Young monkeys and humans have poor spatial contrast sensitivity; both
the peak contrast sensitivity and the spatial resolution of the visual system are
significantly lower young humans and monkeys than they are in adults. Boothe et al.
(1988) assessed the development of spatial contrast sensitivity longitudinally in
monkeys using operant conditioning methods. The authors report several changes that
occur in the contrast response function during development, including an overall
increase in sensitivity to contrast, a shift in the peak of the function toward higher spatial
frequencies, and an increase in the cutoff spatial frequency. Furthermore, they show
that the timecourse for the changes in the contrast sensitivity function were
characterized by rapid development during the first 10-20 weeks, followed by a gradual
more protracted development to adult levels over the remainder of the year.
Interestingly, sensitivity to contrast for different spatial frequencies was also found to
develop with a different timecourse; sensitivity to low spatial frequencies reached adult
levels much earlier than sensitivity to high spatial frequencies.

Atkinson et al. (1977) assessed contrast sensitivity in infants aged 5-12 weeks by
measuring fixation preference for static or drifting sinusoidal gratings over a uniform
field assessed by two-alternative forced choice by a “blind” observer. The investigators
found that there was a rapid improvement in the contrast sensitivity between 5 weeks
and 8-12 weeks. Both contrast sensitivity and visual acuity improve substantially, and

the older groups showed evidence of a low spatial-frequency cutoff, which the younger
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group did not have. Acuity and contrast sensitivity was similarly measured in 1,2, and 3
month old infants by Banks and Salapatek (1978). The results are broadly consistent
with Aktinkon’s group (1977) in that the spatial frequency cut off (reflecting visual acuity)
increased with age. Furthermore, evidence for the presence of a low-frequency fall-off
at 2 and 3 months, but not at 1 month further suggest an improvement in contrast
sensitivity and visual acuity.

While most studies of visual development have focused on visual development of
infants, the number of studies that have extended this to children and revealed the point
at which visual function is adultlike are sparse. Benedek et al. (2003) investigated the
development of visual contrast sensitivity (CS) in children between 5 and 14 years of
age. The authors revealed significant maturation of CS, which reached the adult-like
values by 11 — 12 years of age. Moreover, the development was more pronounced at
low spatial frequencies (<2 cycles/degree) and in the dynamic condition. Leat et al.
(2009) found that visual acuity was fully mature between the ages of 5 and the mid
teenage years, while contrast sensitivity was reported to be fully mature between the
ages of 8 to 19 years.

Temporal vision is known to develop comparatively quickly. Stavros and Kiorpes
(2008) described the time course of temporal contrast sensitivity development in
monkeys and found that adult levels are reached by about 6 months after birth,
substantially earlier than spatial contrast sensitivity. Similarly, Ellemberg et al. (1999)
reported that temporal contrast sensitivity in human children reaches adult levels before

spatial contrast sensitivity. The authors take the difference in the time course of
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development between spatial and temporal contrast sensitivity as evidence to suggest

that the two functions are mediated by different underlying mechanisms.

1.5.4 Development of grating acuity

Visual acuity of newborn infants is poor at birth and improves rapidly during the
first 6 months. For infants, acuity is measured with stripes of decreasing size, and the
measure of acuity can be revealed by determining the finest stripes that the infant can
resolve—a measure known as grating acuity (Lewis and Maurer, 2005). Generally,
there are two methods that can be used to measure the visual acuity in children. The
first is psychophysical/ behavioral methods, which require some response from the
child. The second is an objective method, such as pattern VEP (pVEP) (Leat et al.,
2009). When tested behaviorally with preferential looking, newborns’ grating acuity is
typically about 40 times worse than that of visually normal adults tested under the same
conditions (Brown and Yamamoto, 1986; Courage and Adams, 1990; Dobson et al.,
1987; Mayer and Dobson, 1982): Newborns preferentially look at stripes only if they are
30 to 60 min wide whereas adults can resolve stripes less than 1 min wide (One minute
is 1/60 of a degree of visual angle). It has been shown that by 6 months of age, grating
acuity improves from being about 40 times worse than that of normal adults to being
only 8 times worse. Thereafter, grating acuity improves more gradually and reaches
adult values at 4 to 6 years of age (Courage and Adams, 1990; Ellemberg et al., 1999;
Mayer and Dobson, 1982). Norcia and Teller (1985) used the VEP method to study
infants’ visual acuity and concluded that during the first year of life VEP acuity increased

from 4.5 c/deg in the first month to 20 c/deg by the end of the first year. Moreover, mean
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acuities of 17-22 c/deg found for the 8-13 month old infants do not quite reach the adult
mean of 24.3 c/deg.

Poor visual acuity of newborns is largely attributable to immaturities in the
morphology and arrangement of retinal cones, optics of the eye, as well as immaturities
in the central visual pathways (LGN and primary visual cortex). Although a great deal of
retinal maturation takes place between birth and early childhood, the 45-month old’s
retina is not completely adultlike (Yuodelis and Hendrickson, 1986). These authors have
shown that the morphology of the photoreceptor’s outer segment undergoes great
changes during development. The marked improvement in visual acuity during the first
6 months reflects, in part, the maturation of foveal cones in their ability to filter out less
information and allow finer and finer detail through to tune cells in the visual cortex
(Banks and Bennett, 1988; Wilson, 1988, 1993). The more gradual changes observed
through age 4 to 6 years likely reflect further refinement of the retinal and cortical
connectivity (Garey and De Courten, 1983; Huttenlocher, 1984; Huttenlocher et al.,
1982; Kiorpes and Movshon, 1998). Therefore, it seems that poor vision at birth is due

to both optical as well as neural immaturities.

1.5.5 Development of vernier acuity

Similar to grating acuity, vernier acuity, which is the smallest detectable
misalignment reflecting the spatial position sensitivity of the visual system has also been
shown to be impoverished in human infants, but matures to adult levels during the
course of development. Using a preferential looking procedure, Shimojo et al. (1984)

assessed the development of grating acuity and vernier acuity in human infants aged 2-
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9 months. The authors found that vernier acuity was found to be superior to grating
acuity only after 3 months of age. These two visual functions were similar in terms of
their developmental time-courses up to three four months of age. However, vernier
acuity continues to improve up to the oldest age tested, while grating acuity asymptotes
around five months of age. Manny and Klein (1984) used a similar experimental
paradigm and found that vernier acuity, like grating acuity, improved about 3 octaves
over the first 6 months of life. Furthermore, the authors found that vernier resolution of
infants, as in adults, was better than grating resolution. Shimojo and Held (1987) used
similar methods and reported that vernier acuity is less than grating acuity at 11-12
weeks of age or younger. However, they revealed that the developmental rate of vernier

acuity is greater than that of grating acuity in the first 6 months of life.

Skoczenki and Norcia (1999) assessed the development of vernier and grating
acuity in infants aged 8-80 weeks postnatal using the VEP method. The investigators
found that VEP vernier acuity and grating acuity develop at different rates, with grating
acuity approaching adult levels earlier than vernier acuity. Furthermore, VEP vernier
acuity remains rather immature throughout the first year of life, similar to behavioral
vernier acuity. The authors also report that vernier thresholds at 50 weeks were
approximately 10 times lower than adult values; this marked immaturity of the
displacement thresholds contrasts with grating acuity, which is within a factor of two of

adult values at 50 weeks of age.

Kiorpes (1992a) assessed the developmental timecourse of vernier acuity and

grating acuity in normally reared monkeys. Behavioral measurements of vernier acuity
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and grating acuity reflect the positional sensitivity and spatial resolution of the visual
system. Near birth, grating acuity was found to be relatively more mature than vernier
acuity. The author found that the two measured visual functions develop at different
proportional rates, but approach adult levels at about the same postnatal age. During
the course of development, grating acuity improved 15-fold whereas vernier acuity
improved about 60-fold. Furthermore, both visual functions appeared to approach adult
levels by about 40 weeks of age. The author attributes poor grating and vernier acuity
early in development largely to retinal limitations and credits the improvement in both
visual functions to the maturation in the morphology and topography of photoreceptors.
The time course of development for both vernier acuity and grating acuity were similarly
assessed in experimentally induced strabismic monkeys by Kiorpes (1992b). The
findings suggest that similar to human strabismic amblyobes, monkey strabismic
amblyobes have greater deficits in vernier acuity than in grating acuity. However, the
developmental time course for vernier acuity and grating acuity seem to be disrupted in
parallel. The author proposes that these deficits seem to result from a slowing of the

development of spatial vision for the deviated eye.

1.5.6 Development of Stereopsis

Binocular interactions and the development of stereopsis in human infants have
shown that the onset of stereopsis in the human visual cortex is between 10 and 16
weeks of age (for reviews see Braddick and Atkinson, 1983; Braddick et al., 1983). A
number of groups have focused on studying the development of stereopsis in human
infants (Birch et al., 1982; Braddick et al., 1980; Fox et al., 1980; Held et al., 1980;

Julesz et al., 1980). Braddick et al. (1980) and Julesz et al. (1980) both have measured



63

VEPs while infants watched a dynamic random-dot correlogram. A periodic VEP
response, which corresponds to alternations between a correlated and anticorrelated
display can be tracked longitudinally in individual infants. Smith et al. (1988) used a
similar random dot correlogram in a forced choice preferential looking test and found
broadly consistent results. The same infants were tested both with the VEP and FPL
technique and a strong correlation was found between the ages at which a reliable
response of each kind was detected. However, the average age of onset using the FPL
technique was two weeks later compared with the VEP method. Birch et al. (1982)
made measurements using the FPL method with line stereograms rather than random
dots. The authors find that infants show a preference for a display of three vertical bars
in which the central bar has a crossed disparity relative to the others, compared with a
set of bars which line in a single stereo plane. Despite the difference in stimuli used,
both Birch et al. (1982) and Braddick at al. (1980) find that the onset age for disparity
sensitivity is typically 12-16 weeks. Furthermore, Birch’s group also tested the minimum
disparity for which infants show a preference. The authors find that after the initial onset
of sensitivity, stereoacuity shows a rapid increase, typically going from 80 min arc to 1
min arc in a period of 4-5 weeks.

O’Dell and Boothe (1997) assessed stereoacuity in infant monkeys using a force
choice preferential looking technique. The authors show that by 8 weeks of age all of
the monkeys were responding to at least coarse levels of disparity, and by 13 weeks of
age all were responding to fine levels of disparity. Although electrophysiological
evidence (Chino et al., 1997) suggests the presence of units with binocular receptive

fields that were disparity sensitive within the first week after birth, there are still some
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receptive field properties such as overall responsiveness and spatial frequency tuning
that are immature. Chino et al. (1997) implicates the maturation of receptive fields in the

behavioral onset of sensitivity to disparity.

1.5.7 Development of contour integration

While the more basic visual functions mature early in development, more
complex visual functions that presumably depend on the maturation of extrastriate
visual areas have a more extended developmental timecourse. The maturation of
extrastriate visual areas in turn allows for the efficient integration of signals received
from V1, which only encodes local stimulus properties. Moreover, it is now accepted
that contour integration requires the ability to process local orientation cues and
subsequently organize coherent elements into a global texture or shape. For instance,
contour integration (the ability to integrate information over space) abilities develop
comparatively late. Kovacs et al. (1999) reported that children younger than 3 years of
age were unable to identify a coherent contour defined by a circular ring of Gabor
patches imbedded in noise, and their ability to perform the task improved into their
teenage years. The authors attribute this early inability not to the lack of long-range
spatial interactions, but rather to functional immaturities in terms of their spatial range.

In monkeys, the ability to perform a contour integration task develops late as
well. Kiorpes and Bassin (2003) studied the development of contour integration, a
global perceptual task, in comparison to that of grating acuity in macaque monkeys. The
task required the detection of a specific feature (a circular contour) in the presence of

background noise. Presumably, detection of the contour requires perceptual linking of



65

the elements in the ring in the presence of noise elements. This is considered to be a
“global” task, as the feature linking cannot be solved on the basis of detection of the
local features alone (Kiorpes and Bassin, 2003). The authors reveal that contour
integration develops substantially later than acuity. Monkeys were first able to perform
contour integration reliably at 5—6 months, around the time that acuity development is
complete and continues to mature well into the second postnatal year. EI-Shamayleh et
al. (2010) assessed the development of second-order form sensitivity by training
monkeys to discriminate the orientation of pattern modulation in a two-alternative forced
choice paradigm. The authors showed that infant monkeys were able to discriminate the
orientation of texture-defined form as early as 6 weeks postnatal, and their behavioral
sensitivity was essentially adultlike around 40 weeks of age. Furthermore, sensitivity to
both texture- and contrast-defined form was found to be mature earlier than sensitivity
to luminance-defined form. Wilkinson and Crotogino (1995) studied the development of
texture segmentation in kittens by using a two-alternative forced choice-jumping
paradigm. Their results show that kittens younger than 80 days are unable to perform
an orientation based texture segmentation task. However, kittens older than 90 days

were able to perform this task quite easily.

Atkinson and Braddick (1992) investigated visual segmentation of oriented
textures by infants and concluded that the segmentation of textures based on
orientation differences emerges between 10 and 16 weeks of age, and is slower to
develop than segmentation based on luminance differences. By recording visual-evoked
potentials, Norcia et al. (2005) tested whether young infants can detect orientation-

defined textures and contours. They measured responses to an organized texture
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comprised of many Gabor patches of the same orientation, alternated with images
containing the same number of patches, but all of random orientation. Their results
reveal differential responsiveness to organized versus random textures emerges no
later than 2—-5 months of age. Moreover, responsiveness to orientation-defined contours

emerges no later than 6—13 months.

A more recent study conducted by Palomares et al. (2010) investigated whether
4- to 5.5-month-old infants are sensitive to the global structure of Glass patterns by
measuring visual-evoked potentials. Glass patterns are moirés created from a sparse
random-dot field paired with its spatially shifted copy (Palomares et al., 2010). The
authors found that sensitivity to the global structure of the Glass patterns in the infants
spanned a very limited range of spatial separation. However, they observed robust
responses in the infants when the dot pairs of the Glass pattern were connected with
lines. Their results suggest that infants’ insensitivity to structure in conventional Glass
patterns is due to their inability to extract local orientation cues generated by the dot
pairs. Once the local orientations are made unambiguous, infants can integrate these
signals over the image. A similar study was conducted by Lewis et al. (2004) studying
the development of sensitivity to global form in 6-year-olds, 9-year-olds, and adults
using Glass patterns with varying ratios of paired signal dots to noise dots. The authors
concluded that thresholds were equally immature for both types of pattern (concentric or
parallel) at 6 years of age (about twice the adult value) but were adult-like at 9 years of
age. Taken together, the studies suggest that while sensitivity to glass patterns may be
found in infants, the processes underlying Glass pattern recognition have a protracted

developmental period.
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1.5.8 Development of global motion perception
Another visual function that also depends on extrastriate cortical processing is

global motion sensitivity. It is important to distinguish between low-level mechanisms
that provide local motion signals from higher-level mechanisms that integrate motion
information across space and time. Kiorpes and Movshon (2004) studied global motion
sensitivity in monkeys ranging in age from birth to 3 years. The authors show that unlike
contour integration tasks, monkeys could perform the motion direction discrimination
task at the earliest ages studied (3—5 weeks). However, the maturation of this visual
function continued up to 3 years. These data suggest a long developmental timecourse
for complex visual functions that depend on extrastriate cortical areas. A recent study of
Kiorpes and Movshon (2012) aimed at exploring the relative development of the dorsal
and ventral extrastriate processing streams by studying the development of sensitivity to
form and motion in macaque monkeys between the ages of 5 weeks and 3 years. By
using Glass patterns and random dot kinematograms (RDK) to reveal global form and
motion sensitivity, the authors measured coherence threshold for discrimination of the
global form or motion pattern from an incoherent control stimulus. The authors
concluded that sensitivity to coherent motion in RDKs was measurable earlier than
sensitivity to Glass patterns and was higher at all ages, but adult performance on both
tasks was reached at a similar age, 2-3 years. The findings suggest that the
development of global form and motion sensitivity for the particular stimuli used in their
study proceeds at a similar timecourse.

Bucher et al. (2006) investigated the development of the visual motion system to

reveal potential maturational changes in adolescents (15 — 17 years) and adults (20 —
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30 years) by measuring brain activity with event-related EEG potentials (ERPs) and
functional magnetic resonance imaging (fMRI) in these two groups. Subjects had to
perform a visual form discrimination task—with forms being either defined by motion or
luminance contrast. The authors concluded that the spatial organization of the basic
visual network for processing motion- and luminance-defined shape is established by
the age of 15 — 17. However, the authors argue that visual motion processing in area
MT continues to become faster and more efficient during late development. Parrish et
al. (2005) studied the development of global motion and texture-defined form sensitivity
in children ranging in age from 3 to 12 years to reveal any maturational difference in
their developmental time course. The investigators found no significant improvement in
global motion sensitivity, as measured by coherence threshold, between age 3 years
and adult. However, other metrics of motion sensitivity continued to mature up to age 7.
Furthermore, their results for texture-defined form sensitivity showed continued
maturation up to age 10—11 years. The results suggest that certain aspects of both
global motion and texture-defined form develop at different times in school aged
children.

Ellemberg et al. (2003) compared sensitivity to first- versus second-order motion
in 5-year-olds and adults tested with stimuli moving at slower (1.5° s-1) and faster (6 ° s-
1) velocities. The authors measured thresholds for the discrimination of direction using
patterns of random noise that were either added to (first-order stimulus) or multiplied by
(second-order stimulus) a sinusoidal grating modulated in luminance. The authors
concluded that sensitivity to second order motion develops more slowly than sensitivity

to first-order motion. Their findings are consistent with notion that first-order and
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second-order motion are represented by different mechanisms and that they mature at
different rates. A study conducted by Wattam-Bell et al. (2010) using high high-density
VERP study in human infants found global motion responses to be more prevalent in 4
month olds than global form responses, although the activation patterns were different
in infants compared to adults (Wattam-Bell et al., 2010). Therefore, their findings are in
line with previous studies suggesting that dorsal stream function matures earlier than
ventral stream. Collectively, behavioral data on the development of sensitivity to form
and motion suggests that motion sensitivity may appear and mature earlier in humans
and non-human primates than form sensitivity. In addition, behavioral data revealing
earlier maturation of motion sensitivity, presumably reflecting dorsal stream functioning,
is consistent with anatomical data (Bourne and Rosa, 2006; Condé et al., 1996).
Therefore, it seems that vision is rather poor at birth in infant monkeys and
humans and requires some postnatal visual experience to mature to adult levels. Visual
acuity and contrast sensitivity develop similarly in human and non-human primates,
becoming adultlike between 3 and 7 years in humans, and between 9 and 12 months in
monkeys (Boothe et al., 1988; Ellemberg et al., 1999; Kiorpes, 1992, 2008; Teller,
1997). In human infants orientation discrimination abilities first appear around 6 weeks
postnatal and require several months of postnatal experience to become adultlike in
nature (Braddick et al., 1986). This ability is followed by the discrimination of direction of
motion, which appears at 8 weeks of age and similarly requires several months of
postnatal experience (Wattam-Bell, 1991). Recent evidence suggests that at least some
aspects of intermediate level form vision mature simultaneously with basic spatial vision

and not necessarily follow sequentially (El-Shamayleh et al., 2010). More complex



70

visual functions seem to appear relatively late in development and require even more
postnatal visual experience for full maturation. For instance, Kovacs and colleagues
(Kovacs et al., 1999; 2000) demonstrated that children under the age of 3 could not
identify a contour defined by a circular ring of Gabor patches imbedded in noise, and
the ability to perform the task improved well into the teenage years. Similarly, this
integrative task develops late in monkeys as well, with the ability to perform contour
integration appearing around 16 weeks and full maturation requiring at least one year
(Kiorpes and Bassin, 2003).

In summary, the onset, duration, and time at which particular visual functions
attain their adult like state differs substantially; this differs among species. The
developmental timecourse and duration of refinement varies significantly as more basic
visual functions mature earlier and require less time than more complex ones, which
require considerable postnatal time to refine. To compare the developmental timing of
different visual functions discussed above, we constructed a timeline reflecting the
relative onset and duration of maturation in humans, monkeys, and ferrets from
physiological as well as behavioral data in the literature (Fig. 1.3).

This thesis consists of three chapters on the postnatal refinement of interareal
circuits in ferret visual cortex. In chapter 1, | describe the use of zinc histochemistry in
delineating areal boundaries between different visual areas and more importantly how
the zinc expression reveals circuit refinement of feedforward and feedback projections
in ferret visual cortex. In chapter 2, | describe developmental refinement of feedback
projections between primary visual cortex and extrastriate areas in the juvenile ferret

brain. In the third chapter, | describe the postnatal development of feedforward
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projections from V1 to different target areas. The overarching goal of this thesis is to

reveal potential differences in the rate at which distinct feedforward and feedback

pathways refine postnatally. This is relevant as the refinement of cortical circuits

underlies the maturation of neuronal physiological properties and more broadly distinct

visual functions. Therefore, by understanding the timing of when distinct feedforward

and feedback are qualitatively adultlike, we can attribute particular neural substrates to

particular visual functions.

Figure 1.3. Developmental timeline of different visual functions

Birth Eye opening
PO P5 P10 P15 P20 P25 P30 P35 P40 P45 P50 P55 P60
Cortex responds to visual stimuli |
Orientation selectivity |
Ferret I l Direction preference |
PO 3mos 6 mos 9mos 1yr 15mos 18mos 21mos 2yrs 27mos 30mos 33mos 3yrs
Cortex responds to visual stimuli
Orientation selectivity
Mon keil | Direction preference
Grating acuity
| Contrast sensitivity |
Contour integration |
Stereoacuity
PO 6mos 1yr 2yrs 3yrs 4yrs 5yrs 6yrs Tyrs 8yrs 9yrs 10yrs  Adolescence
[ Cortex responds to visual stimuli___|
Orientation selectivity
Human I Direction preference
| Grating acuity
Contrast sensitivity
[ Contour integration
Stereoacuity |

From Khalil and Levitt (2012a)

Timeline reflecting the relative onset and duration of maturation of different visual

functions in ferrets, monkeys, and humans from physiological as well as behavioral

data.




CHAPTER 2
Zinc histochemistry reveals circuit refinement and distinguishes visual areas in the
developing ferret cerebral cortex

(published in Brain Struct Funct. 2013 Sep;218(5):1293-306. [Epub 2012 Sep 30.])
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2.1 Abstract

A critical question in brain development is whether different brain circuits mature
concurrently or with different timescales. To characterize the anatomical and functional
development of different visual cortical areas, one must be able to distinguish these
areas. Here, we show that zinc histochemistry, which reveals a subset of glutamatergic
processes, can be used to reliably distinguish visual areas in juvenile and adult ferret
cerebral cortex, and that the postnatal decline in levels of synaptic zinc follows a broadly
similar developmental trajectory in multiple areas of ferret visual cortex. Zinc staining in
all areas examined (17, 18, 19, 21, and Suprasylvian) is greater in the 5-week-old than
in the adult. Furthermore, there is less laminar variation in zinc staining in the 5-week-
old visual cortex than in the adult. Despite differences in staining intensity, areal
boundaries can be discerned in the juvenile as in the adult. By 6 weeks of age, we
observe a significant decline in visual cortical synaptic zinc; this decline was most
pronounced in layer |V of areas 17 and 18, with much less change in higher-order
extrastriate areas during the important period in visual cortical development following
eye opening. By 10 weeks of age, the laminar pattern of zinc staining in all visual areas
is essentially adultlike. The decline in synaptic zinc in the supra- and infragranular
layers in all areas proceeds at the same rate, though the decline in layer IV does not.
These results suggest that the timecourse of synaptic zinc decline is lamina specific,
and further confirm and extend the notion that at least some aspects of cortical
maturation follow a similar develop- mental timecourse in multiple areas. The postnatal
decline in synaptic zinc we observe during the second postnatal month begins after eye

opening, consistent with evidence that synaptic zinc is regulated by sensory experience.
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2.2 Introduction

Interareal corticocortical projections are largely furnished by pyramidal neurons
that utilize glutamate as their primary neurotransmitter. A subpopulation of
glutamatergic neurons sequesters zinc into synaptic vesicles of their terminal boutons
(Beaulieu et al. 1992; Martinez-Guijarro et al. 1991). This subpopulation could constitute
an anatomically and functionally distinct subset of interareal projections, with distinct
physiological properties. Furthermore, the cerebral cortex is characterized by a highly
specific regional and laminar pattern of zinc staining (Dyck et al. 1993; Garrett et al.
1991, 1994). The supragranular and infragranular layers of cortical areas exhibit high
zinc levels, while layer IV has the lowest levels. This patternis especially obvious in
primary sensory areas such as S1 and V1, and results because the thalamocortical
recipient layer IV of primary sensory areas is nearly devoid of zinc-positive synapses
(Casanovas-Aguilar et al. 1998; Garrett et al. 1992). Furthermore, zinc-rich
corticocortical projections in the rat appear to be organized in a highly specific manner,
forming two segregated systems, one arising from the supragranular layers and the
other from the infragranular layers (Casanovas-Aguilar and Miro-Bernie 2002).

Synaptic zinc is known to be developmentally regulated in cat primary visual
cortex (Dyck et al. 1993), rat and mouse forebrain (Garrett and Slomianka 1992,
Valente et al. 2002) as well as mouse somatosensory cortex (Czupryn and Skangiel-
Kramska 1997). Our aim in this study was to examine the change with age of the
distribution of synaptic zinc in five visual cortical areas of the juvenile ferretfrom 5 to 10
weeks postnatal (as well as in adults) to establish the age at which synaptic zinc density

is adultlike. Ferrets (Mustela putorius furo) are ideal for use in developmental



75

connectional studies because of their protracted postnatal period of brain development,
and their relatively smooth cerebral cortex that facilitates access to all visual cortical
areas. These ages were chosen to span the period just after eye opening, during which
emergent visual responses undergo much of their refinement to the adultlike state. We
wished to determine if the change in zinc staining proceeds at the same rate in different
visual areas. Of course accurate anatomical identification of these cortical areas is
essential to the characterization of their anatomical and physiological development. In
the course of these studies, we discovered that synaptic zinc histochemistry can be
used to reliably distinguish visual areas in juvenile ferret visual cortex as early as 5
weeks postnatal. This is important since the myelination of juvenile ferret cortex is not
complete until the end of the second postnatal month (Barnette et al. 2009); thus, the
commonly used myelin stain to distinguish cortical areas in the adult is not a suitable
anatomical marker of visual cortical areas in early postnatal development.

Here, we describe the developmental trajectory of zinc staining in five visual
cortical areas of the ferret brain. We provide evidence for a decline in zinc staining in
layer IV of several visual cortical areas in the period after eye opening; this change was
most prominent in areas 17 and 18 (which unlike higher-order areas receive a
prominent thalamic input from the lateral geniculate nucleus). We observed less of a
decrease in staining in the supragranular and infragranular layers in all areas over this
same period. Our measurements suggest that synaptic zinc levels in visual cortex are
essentially adultlike by 6 weeks postnatal, and suggest that this aspect of cortical

maturation follows a similar developmental timecourse in all visual cortical areas.
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2.3 Materials and Methods

Animal treatment

We studied twenty-four female ferrets (Mustela putorius furo) at five postnatal
ages: 5 weeks (n = 3), 6 weeks (n = 5), 8weeks (n=4), 9weeks (n=4), and 10weeks
(n=3), plus adults (n = 5). Adult ferrets were sexually mature and at least 1 year old.
Animals were obtained from Marshall Farms (North Rose, NY); kits were housed with
the jill under a 12 h light/dark cycle. The ages of ferret kits were determined by their
recorded birthdates. Some of these animals underwent anatomical injection
experiments yielding data for a separate study; anatomical tracer injections were
performed as described in Cantone et al. (2005). Histochemical markers are routinely
used in conjunction with anatomical tracer injections, and typically do not affect tissue
quality or staining. All procedures conformed to National Institutes of Health guidelines.
Animals were lightly anesthetized with an intra- muscular injection of ketamine (25
mg/kg) and xylazine (2 mg/kg), and then received an intraperitoneal injection of the zinc
chelator sodium selenite (15 mg/kg). Following the injection, selenium salts travel to the
brain and react with endogenous zinc, rendering precipitates that can be enhanced by

silver development (Danscher 1982).

Tissue preparation

At 40-60 min after receiving the selenite injection, animals were euthanized with
an overdose of sodium pentobarbital (100 mg/kg, i.p) and perfused transcardially with
0.9 % NaCl for 10 min, followed by 4 % paraformaldehyde for 20 min. A final 10 %

sucrose in 4 % paraformaldehyde solution was used with a total fixation time of roughly
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1 h. The brains were quickly removed from the skull, hemi- spheres were separated,
and the posterior part of the brain was blocked and postfixed in 4 % paraformaldehyde
in 0.1 M phosphate buffer (PB) for several hours. Blocks were then placed into a 30 %
sucrose solution in 0.1 M PB. Once the brains were sunk, 40 uym thick sections were cut
through visual cortex on a freezing, sliding microtome. The sections were separated into
numbered series. For both juvenile and adult animals, one series was immediately
mounted on eggwhite subbed slides, dried overnight at room temperature, and
processed histochemically for synaptic zinc. For juveniles, another full series was
processed for cytochrome oxidase using the modified protocol of Wong-Riley (1979):
incubation for 2—8 h at 40 °C with 3 % sucrose, 0.015 % Cytochrome C, 0.015 %
catalase and 0.02 % diaminobenzidine in 0.1 M PB, The remaining series for the adult
animals was divided so that alternate sections were stained for myelin (Gallyas 1979) or

cytochrome oxidase. Myelin-stained sections are not shown here.

Synaptic zinc histochemistry

Histochemical localization of synaptic zinc was revealed using a modification of
the method described by Danscher (1982). This selenium-based histochemical method
is specific for zinc in the brain that is localized to presynaptic vesicles of neurons that
use zinc (Danscher et al. 1985; Frederickson 1989; Frederickson and Danscher 1988).
The coincidence of the zinc distribution shown by silver amplification with that shown by
specific zinc fluoroprobes con- firms that the labeled metal in the vesicles is zinc (TSQ,
zincquin: Frederickson et al. 1992); this TSQ fluorescent method produces bright

fluorescence when complexed with zinc, but not when complexed with other transition
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metals such as iron or copper (Frederickson 2003). Briefly, slides were fixed in absolute
alcohol for 15 min and allowed to dry at room temperature. Sections were then
immersed briefly in a 1 % gelatin solution and allowed to dry at room temperature. The
sections were then reacted in the dark in a freshly prepared silver developing solution
containing the following: 60 ml of 30% gum Arabic in dH20,10 ml of 2.52g citric acid
plus 2.35 g sodium citrate in dH20 at pH 4.0, 15 ml of 0.85 g hydroquinone in dH20,
and 15 ml of 0.11 g silver lactate in dH20. Solutions were mixed in the order in which
they were described. The sections were allowed to develop at room temperature in total
darkness, and generally required 120—-180 min for complete development. The
development of the reaction was visually inspected every 30 min. Once the desired
intensity was achieved, the reaction was terminated by rinsing the slides in warm water
for 10 min to remove the gelatin coat and the outer silver deposit. Slides were allowed
to dry at room temperature, and were then dehydrated in 100 % EtOH, cleared in
xylene, and cover slipped with Permount. Sections from three animals without previous
selenite treatment (negative controls) underwent silver amplification but showed no

staining; the lack of staining was independent of age.

Areal and laminar boundaries

The architecturally defined features of visual cortical areas in the adult ferret
(Innocenti et al. 2002) were utilized to aid in the identification of different areas. The
borders of cor- tical areas in the adult were determined by comparing the pattern of
staining in myelin, cytochrome oxidase (CO), and synaptic zinc stain. Areal boundaries

in the juveniles were similarly determined by comparison of the CO and synaptic zinc
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stain. Sections were examined and photographed with bright field illumination using a
Nikon Eclipse Ti inverted scope at low power (49) lens. Contrast and brightness of
photomicrographs were enhanced in image processing software (Adobe Photoshop
CS5, v.12) for display purposes, but were otherwise unaltered. Images used for optical

density measurements were not altered in any way.

Densitometric analysis

To quantitatively assess the developmental change in zinc staining, we
measured the optical density of selected zinc- stained sections in areas 17, 18, 19, 21,
and Suprasylvian (Ssy) at 5, 6, 8, 9, and 10 weeks postnatal, and in the adult. This was
accomplished by randomly choosing a cortical column 300-500 pm wide from
photomicrographs spanning all cortical layers from the pial surface to the white matter.
At least one sample column was chosen from each of at least three sections in each
area, at each age. Column images were imported into ImageJ (NIH, v.1.44) and
contrast inverted. Optical density profiles were generated from these images; each
value in these profiles represents the average gray scale value at each depth across the
width of the column. Because of variation in overall staining intensity across animals
due to different reaction times, tissue stainability, and other variables, we use the
relative density of synaptic zinc to make quantitative comparisons. To calculate relative
zinc density, plot profile values were smoothed with a boxcar average of every
successive 20 pixels (1 pixel = 2.5 ym) in depth, and normalized to maximum intensity
for each sample. We also used a second normalization whereby density values were

produced by dividing each value by the mean white matter value for each section. White
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matter optical density values were obtained from sample cortical columns (300-500 um
wide) that included the underlying white matter (approximately 150 um below layer 6) in
areas 17, 18, and Ssy. The white matter values obtained at each age below each area
were similar, and were averaged together. We then calculated the mean minimum pixel
value in the lightly stained region of layers IV and VI, and the mean maximum pixel
value in layer V. Mean values were determined in the depth range encompassing the
minimum or maximum value by +5 pixels. The mean pixel intensity of the supragranular
and infragranular layers was also calculated. The limits of layer IV, supragranular, and
infragranular layers in the contrast-inverted images were judged by comparison with the
original photomicrographs as well as the adjacent CO section. This allowed us to be
confident of the identity of each layer examined, and precluded the possibility of
intruding on adjacent layers.

All statistical analyses were performed in MATLAB (The Mathworks, Natick, MA).
We used the Kruskal- Wallis test to assess statistical differences in mean optical
density values among age groups and areas with a significance level of p < 0.05. Post
hoc pair-wise comparisons between ages (in each area) and areas (at each age) were

then computed using a Bonferroni correction.

2.4 Results

Synaptic zinc staining distinguishes visual cortical areas in adult and juvenile ferret
brain.
Visual cortical areas in the adult ferret are readily distinguishable with the aid of

several histochemical markers, such as those for myelin and cytochrome oxidase (CO).
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The cytoarchitecture and myelination patterns of different visual areas in the adult ferret
cortex have been well characterized (Innocenti et al. 2002; Cantone et al. 2005). Here,
we demonstrate that synaptic zinc staining similarly differs among visual cortical areas,

even in the juvenile cortex.

Areal boundaries and laminar features of zinc staining in adult and juvenile ferret visual

cortex

Adult and 5-week-old

Areas 17 and 18 The distribution of synaptic zinc staining in the adult ferret visual
cortex is illustrated in a representative semi-tangential section in Fig. 2.1a. The arrows
mark areal boundaries. In general, intense synaptic zinc staining is observed in layers |,
I, 11, and V (though we note that layer 1 stains more intensely in areas 17 and 18 than
in areas 19, 21, and Ssy); layer VI is only moderately stained, while layer IV is nearly
devoid of zinc. The adjacent section stained for cytochrome oxidase (CO) (Fig. 2.1b)
reveals similar locations of areal boundaries and illustrates the reciprocal nature of CO
and synaptic zinc in layer IV; in areas 17 and 18 regions of low zinc staining generally
correspond to those of high CO staining. A high power view of the laminar features of
zinc staining in the adult is illustrated in Fig. 2.2a. Representative photomicrographs of

columns
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Figure 2.1. Synaptic zinc staining in the adult and juvenile ferret brain
distinguishes different visual cortical areas. Photomicrographs of adjacent semi-
tangential sections stained for a synaptic zinc or b cytochrome oxidase (CO) in the
adult, and c synaptic zinc or d CO in the 5-week-old juvenile. Arrows mark areal
boundaries. Photomicrographs of adjacent semi-tangential sections of thalamus stained
for e synaptic zinc or f CO in the adult, and g synaptic zinc or h CO in the 5-week-old
juvenile. Arrows indicate lateral geniculate nucleus. Ssy Suprasylvian cortex, A anterior,
D dorsal. Scale bar 1 mm



Figure 2.2. Variation of zinc and CO staining in different visual cortical areas in
the adult and juvenile ferret. Photomicrographs of columns taken from adjacent
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sections in adult cortex stained for a synaptic zinc or b CO, and juvenile cortex stained

for ¢ synaptic zinc or d CO. Roman numerals indicate cortical layers (I-VI). Scale bar

200 pm.
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from pia to white matter were taken from each visual cortical area. Area 17 is to the left
with successively more rostral areas to the right. The cortical layers are indicated by the
roman numerals. Primary visual cortex (area 17) and area 18 are unique in that layer IV
stain very lightly (Figs. 2.1a, 2.2a). The lack of zinc staining in layer IV of area 17
contrasts with the intensely labeled layer IV band found in CO-stained material (Fig.
2.1b); the darkly stained layer IV in area 17 maintains a sharp border with layers Il and
V. The high power columnar photomicrographs of adjacent sections better illustrate the
laminar CO reactivity pattern in each area in Fig. 2.2b.

Synaptic zinc staining in area 18 is qualitatively similar to area 17 with subtle
laminar differences. Layers IV and V of area 18 stain even lighter than in area 17 (Figs.
2.1a, 2.2a). Layer VI is characterized by its bipartite staining with a moderately stained
sublamina just below layer V, and a thin darkly stained sublamina just above the white
matter. This is more clearly seen in the low power view in Fig. 2.1a. In CO preparations
(Figs. 2.1b, 2.2b), the intense layer IV band characteristic of primary visual cortex is
maintained in area 18 with a slight decrease in intensity. Moreover, the upper boundary
of this band blurs with layer IlI, but maintains a sharp border with layer V (Fig. 2.2b).
The distribution of synaptic zinc in a semi-tangential section at 5 weeks of age is
depicted in Fig. 2.1c. The most striking difference in zinc staining between the 5-week-
old and the adult is that the overall staining intensity is greater in the juvenile. Similar to
the adult, the supragranular layers, and layer V of areas 17 and 18 stain very intensely,
while layer VI is of moderate intensity. Layer | in all areas of the 5-week-old stains very
intensely. Also similar to the adult is the subtle decrease in zinc intensity in area 18

relative to area 17 (Figs. 2.1c, 2.2c). Unlike the adult, however, layer IV of areas 17 and
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18 is of moderate intensity. Similar to the adult, the intense CO band occupying layer IV
characteristic of area 17 is maintained in area 18 with a slight decrease in intensity (Fig.
2.2d). Moreover, the upper boundary of this band blurs with layer Ill, but maintains a
sharp border with layer V (Fig. 2.2d).

Area 19 The distribution of synaptic zinc in adult area 19 is different than in areas
17 and 18 in that there is less laminar variation (Figs. 2.1a, 2.2a), as well as a thinner
and moderately stained layer IV that fills in. Layers IV and VI of area 19 are of similar
intensity, while the supragranular layers and layer V stain intensely. In the
complementary CO section (Figs. 2.1b, 2.2b), there is little CO staining in area 19, with
a weak and inconsistent CO band in layers |l and 1V. Area 19 in the 5-week-old also
has less laminar variation in zinc staining, but greater staining intensity than area 19 of
the adult (Fig. 2.1c). As in the adult, area 19 of the 5-week-old is characterized by very
low CO reactivity (Figs. 2.1d, 2.2d).

Area 21 Area 21 has a qualitatively similar synaptic zinc distribution as area 19
(Figs. 2.1a, 2.2a), with a very subtle increase in intensity in layer IV. However, the
bottom of layer VI stains more intensely in area 21 than in area 19. In CO-stained
material (Figs. 2.1b, 2.2b), area 21 is characterized by the reappearance of the layer
[11/IV band present in area 18. Area 21 of the 5-week-old shows a slight increase in
laminar variation with a thinner layer IV that is comparable in zinc intensity to layer VI
(Fig. 2.2c). In CO-stained material (Figs. 2.1d, 2.2d), area 21 is characterized by the
reappearance of the layer Ill/IV band present in area 18.

Suprasylvian cortex (Ssy): Ssy lies immediately rostral and ventral to area 21,

and lies along the posterior bank of the Suprasylvian sulcus (SsyS). In zinc-stained
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sections, Ssy is characterized by a pale and thin layer IV, and pale layer VI. Layer V
stains intensely and the supragranular layers are of variable intensity (Fig. 2.1a). In CO-
stained material, it can be distinguished from adjoining areas mainly in the
supragranular layers (Fig. 2.1b). The supra- granular layers are more intensely stained
than the adjoining caudal posterior parietal (PPc) and lateral temporal visual areas.

The laminar variation in zinc staining characteristic of Ssy in the 5-week-old is
comparable to that in area 21, with a slight decrease in zinc intensity in layer VI (Figs.
2.1c, 2.2c). The dark CO band reappears in layer |V of area 21 and Ssy. However, layer
VI of Ssy shows more CO reactivity relative to that in area 21 (Fig. 2.2d). Although there
is less laminar variation across areas and an overall greater staining intensity in the 5-
week-old than in the adult, areal boundaries in the 5-week-old correlate well with
boundaries observed in the adult (Fig. 2.1c).

As further confirmation of the observed staining pat- terns, Fig. 2.1e—h shows
adjacent semi-tangential sections of the thalamus in the adult and 5-week-old stained
for zinc or CO. The lack of zinc staining in the lateral geniculate nucleus of the
thalamus, indicated by the arrow, is consistent with previous reports (Dyck et al. 1993;
Valente et al. 2002). Taken together, the lack of staining in the LGN and white matter,
and the observed areal and laminar differentiation of zinc staining, suggests that the

dark zinc staining in visual cortex of younger animals is genuine.
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Figure 2.3. Synaptic zinc staining and laminar variation in the 9-week-old juvenile
ferret brain distinguishes different visual cortical areas. Photomicrographs of
adjacent semi-tangential sections stained for a synaptic zinc or b (CO).
Photomicrographs of columns taken from adjacent sections stained for ¢ synaptic zinc
or d CO. Ssy Suprasylvian cortex, A anterior, D dorsal. Scale bar 1 mm
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Figure 2.4. Laminar distribution of synaptic zinc in different visual cortical areas
in the adult and juvenile ferret. Representative photomicrographs of columns through
all cortical layers wit corresponding normalized optical density profiles in a adult and b
5-week-old. Low synaptic zinc density in layer IV of adult areas 17 and 18 is indicated
by the trough in the profile plot. In each plot profile, filled ovals in the trough of layer IV
indicate the values used to determine average minimum pixel intensity value. Scale bar
200 pm

Nine-week-old

Areas 17 and 18 The zinc staining and CO reactivity in the visual cortex of the 9-week-
old are shown in Fig. 2.3a and b respectively. The semi-tangential zinc and CO sections
in Fig. 2.3a were taken at a similar cortical depth to the representative sections from the

5-week-old and adult. By 9 weeks of age, the areal and laminar pattern of synaptic zinc

across areas is nearly identical to that found in the adult. Columnar photomicrographs
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taken from a section in a 9-week-old stained for synaptic zinc are shown in Fig. 2.3c.
Similar to the adult (and unlike the 5-week-old), layer |V of areas 17 and 18 in the 9-
week-old is only lightly stained. Further, layer IV of area 18 is slightly paler than layer IV
of area 17. Areas 17 and 18 show stereotypical high intensity staining in the
supragranular layers as well as in layer V, layer VI is of moderate intensity, while layer

IV is of very low intensity.
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Area 19 Similar to the adult, the distribution of synaptic zinc in area 19 of the 9-
week-old is clearly different than in areas 17 and 18. There is less laminar variation (Fig.
2.3a, ¢) in area 19, and the most obvious difference is the thinner and moderately
stained layer IV that fills in. In the complementary CO section (Fig. 2.3b, d), there is little

CO staining in area 19, with a weak and inconsistent CO band in layers Ill and IV.
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Area 21 The subtle laminar variation in zinc staining found in area 21 of the adult is
also seen in area 21 of the 9-week-old (Fig. 2.3a, ¢). The complementary adjacent CO
section shown in Fig. 2.3b similarly reveals a staining pattern shared between the 9-
week-old and adult. The laminar pattern of CO reactivity unique to each area shared in
the 9-week-old is better illustrated in Fig. 2.3d.

Suprasylvian cortex (Ssy) Both the laminar distribution of zinc staining and pattern
of CO reactivity observed in the adult are also seen in the 9-week-old. The laminar
variation in zinc staining characteristic of Ssy in the 9-week-old is comparable to that in
area 21, with a slight decrease in zinc intensity in layer IV (Fig. 2.3a, c). The dark CO
band reappears in layer |V of area 21 and Ssy. How- ever, layer VI of Ssy shows more
CO reactivity relative to that in area 21 (Fig. 2.3d).

At all postnatal ages, areal transitions in zinc staining correlate well with those
seen in CO staining. Furthermore, areal transitions seen in zinc staining and CO

staining in the juvenile are consistent with those observed in the adult.

Quantitative changes in synaptic zinc density during development

We quantitatively assessed the distribution of synaptic zinc in all visual cortical
areas at several postnatal ages; comparisons between the 5-week-old and adult
revealed a significant decline in zinc density in layer IV. Optical density values were
normalized to the maximum intensity value in that section. Plots of normalized optical
density values were then constructed as a function of cortical depth. Each value in
these profiles represents the average gray scale value at successive cortical depths.

Columnar photomicrographs of representative adult zinc-stained sections and their
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complementary normalized optical density plot profiles are shown in Fig. 2.4a. The most
striking feature is the trough in the plot profile of areas 17 and 18 that corresponds to
the low zinc density in layer V. The filled-in ovals represent the mean minimum pixel
intensity value. This significant drop in zinc density in layer IV of areas 17 and 18 is less
obvious in areas 19, 21, and Ssy, and is demonstrated by the subtle dip within layer IV.
Typically, the supragranular layers and layer V of areas 17 and 18 stain more intensely
than layer VI.

In contrast, we find a significantly different pattern in the 5-week-old (Fig. 2.4b).
Optical density measures reveal more intense zinc staining in layer |V of areas 17 and
18 (indicated by the subtle dip in the plot profile) relative to that found in the adult.
However, zinc staining density in layer IV of areas 19, 21, and Ssy is only slightly
greater in the juvenile relative to that in the adult. Both the supragranular and
infragranular layers appear to have greater synaptic zinc density in the 5-week-old
relative to the adult.

The greater dip in relative zinc staining density in adult layer IV might reflect
different changes with age in absolute zinc staining in different cortical layers. We
therefore compared the synaptic zinc optical density in layer IV of each area to the
mean values in the supragranular and infragranular layers. We calculated ratios of zinc
optical density in layer IV to the mean of that in both supra- and infragranular layers,
and plotted values as a function of age (Fig. 2.5). The mean ratio of optical density in
layer IV compared to the upper layers (LIV/supra) in all areas of the 5-week-old was
0.95, indicating nearly equal zinc staining in layers II/lll and 1V of these areas (Fig.

2.5a). By 6 weeks of age, the mean ratios in areas 17 and 18 (dashed and dotted lines,
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respectively) decrease markedly to 0.62 (p < 0.05). However, there is a modest decline
from 10 weeks until adulthood, suggesting a more protracted developmental process.
The LIV/supra ratios in areas 19, 21, and Ssy (long dashed and dotted, short dashed,
and solid lines, respectively) show a less prominent decline from 0.95 to 0.90 from 5 to
6 weeks of age. From 6 weeks until adulthood, the ratios in all areas remained
essentially unchanged with no significant differences among ages.

Similar to LIV/Supra ratios, ratios of optical density between those in layer IV and
infragranular layers (LIV/ Infra) are initially high (mean 0.98) in all areas of the 5-week-
old (Fig. 2.5b). By 6 weeks of age, the ratios in areas 17 and 18 (dashed and dotted
lines, respectively) show a marked decrease to 0.66 (p < 0.05). From 6 to 10 weeks of
age LIV/infra ratios in areas 17 and 18 are relatively stable, with a gradual decline from
10 weeks until adulthood. Areas 19, 21 and Ssy (long dashed and dotted, short dashed,
and solid lines, respectively) show a subtle decrease to 0.96 from 5 to 6 weeks of age,
with ratios remaining unchanged thereafter, with no significant differences among ages.
From 6 weeks of age, the LIV/infra ratios in areas 17 and 18 remain significantly
different than the LIV/infra ratios in areas 19, 21, and Ssy (p < 0.05).

We further separately quantified the relative mean optical density of synaptic zinc
in layer 1V, supra- and infragranular layers to reveal whether the postnatal declines in
(LIV/supra) and (LIV/infra) ratios were due to a decrease in optical density in specific
layers. The decline in the (LIV/supra) and the (LIV/infra) ratios may be due to a
decrease in zinc density in layer IV and an increase in zinc density in the supra- or
infragranular layers. However, our findings show that the zinc density decreases with

age in all layers, though most in layer IV.
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Unlike the values obtained previously from the LIV/ Supra and LIV/Infra ratios
whereby each normalized plot profile value was divided by the mean value in the supra-
granular or infragranular layers, the relative mean optical density in LIV, supragranular,
and infragranular layers is simply normalized to the highest pixel value in each sample.
The mean relative optical density of synaptic zinc in layer IV of all visual areas is plotted
as a function of age in Fig. 2.6a. Typically, the mean relative layer IV optical density in
all areas of the 5-week-old was high (94 %). By 6 weeks of age, mean relative optical
density in layer IV of areas 17 and 18 (dashed and dotted lines, respectively) decreased
to 60% (p < 0.05). From 10 weeks until adulthood we observe a gradual decrease in
mean relative optical density in layer |V of areas 17 and 18, suggesting a longer
maturation phase. Areas 19, 21, and Ssy (long dashed and dotted, short dashed, and
solid lines, respectively) showed a less prominent yet statistically significant (p < 0.05)
drop in mean relative optical density in layer IV from 5 to 6 weeks, as well as a slow
decrease from six weeks until adulthood. Therefore, it appears that zinc staining in layer
IV of areas 17 and 18 decreases more than in layer IV of areas 19, 21, and Ssy. From 6
weeks until adulthood, mean relative optical density in layer IV remains unchanged in
areas 19, 21, and Ssy. At all ages examined, the mean relative optical densities in layer
IV of areas 17 and 18 are significantly lower (p < 0.05) than in layer 1V of areas 19, 21,
and Ssy.

The relative optical density in the supragranular layers initially averages 97 % in
all areas of the 5-week-old (Fig. 2.6b). All areas show a subtle insignificant decrease in
relative optical density from 5 to 6 weeks of age (to a value of 94 %). From 6 weeks to

adulthood, relative supragranular optical density values appear essentially unchanged.
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Similarly, relative zinc optical densities in the infragranular layers in all areas of the 5-
week-old are high (95 %) (Fig. 2.6¢). By 6 weeks of age, areas 17 and 18 exhibit a
similarly modest, yet significant decrease in relative optical density in their infragranular
layers (p < 0.05), while areas 19, 21, and Ssy show a subtle and insignificant decrease
in relative optical density in their infragranular layers. It therefore appears that the
developmental decline in the LIV/supra and LIV/infra ratios is largely due to the
decrease in the relative optical density of zinc in layer 1V, with a minor contribution from
the decline in relative optical density of zinc in the supragranular and infragranular
layers.

We sought to confirm the major decline in relative zinc density in layer IV as well
as the minor decline in the supra- and infragranular layers of all areas by normalizing
optical density values of synaptic zinc to the mean white matter (WM) value in each
sample. The mean white matter value serves as a baseline measure against which gray
matter values could be compared. The relative optical density values reflect the
proportion of zinc density relative to the maximum pixel value in each section. Maximum
pixel intensity may be the same for some ages; revealing the WM-normalized values
with age, thus seems more informative as it allows us to unequivocally assert that
overall staining intensity is greater in the juvenile, and that the decline in zinc density in
layer IV is most pronounced in areas 17 and 18. We therefore calculated WM-
normalized optical density values by dividing each plot profile value by mean white
matter (WM) value in each section. We did not observe a developmental change in the

white matter values. In fact, white matter values were very similar across all examined
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Figure 2.6. Average normalized synaptic zinc optical density (OD) in layer IV,
supragranular Il/lll, and infragranular V/VI (a—c), and average white matter (WM)
normalized synaptic zinc (OD) in layer IV, supragranular Il/lll, and infragranular
V/VI (d-f) in different visual cortical areas at different postnatal ages. Adult mean
values are plotted on the right for comparison. Error bars represent +SEM
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ages, except at 8 weeks of age. This is why we observe a dip in optical density in the
gray matter from 6 to 8 weeks of age. Figure 2.6d shows the WM-normalized optical
density values in layer IV as a function of age. Like the relative optical density values in
Fig. 2.6a, the WM-normalized values in layer |V of all areas in the 5-week-old were
relatively high (mean 6.4). By 6 weeks of age, WM-normalized mean optical density
values in areas 17 and 18 (dashed and dotted lines, respectively) drop significantly to
2.3, while areas 19, 21, and Ssy (long dashed and dotted, short dashed, and solid lines,
respectively) showed a less prominent, yet still, significant drop in mean optical density
in layer IV (mean 3.4).

The WM-normalized mean optical density value in the supragranular layers of all
areas of the 5-week-old is 6.7 (Fig. 2.6e). All areas show a similarly significant decrease
in optical density at 6 weeks of age (mean 3.8). Similarly, Fig. 2.6f shows that the WM-
normalized optical density values in the infragranular layers in all areas of the 5-week-
old are high (mean 6.5), but undergo a significant decline by 6 weeks of age (mean 3.6).
These data corroborate our previous results, and show that the rate and magnitude of
decline in the optical density of both the infragranular and supragranular layers are

comparable across all five areas.

2.5 Discussion

We have shown that synaptic zinc staining can be used to distinguish visual areas
in the adult and developing ferret cerebral cortex. Although zinc staining in the juvenile
is darker with less obvious laminar variation than adults, the laminar pattern is

discernible; areal boundaries were consistently identifiable and correlated well with
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boundaries found in the adult. In both juvenile and adult ferret, laminar staining patterns
differ among areas; this differs among species. For example, our results show that layer
| is dark in all areas in young animals, and darker in areas 17 and 18 than in 19, 21, and
Ssy in the adult. Layer | in adult cat area 17 is dark (and distinguishable from layer 1),
but is dark and indistinguishable from layer Il in areas 18 and 19 (Dyck et al. 1993).
Brown and Dyck (2004) showed that layer | stains intensely in multiple cortical areas of
the mouse forebrain, but layer la is zinc-poor in rat S1 (Land and Shamalla-Hannah
2002) and macaque TEO (Ichinohe et al. 2010). Therefore, it appears that regional and
laminar differences are species specific.

To our knowledge, this is the first study to simultaneously investigate the
developmental trajectory of zinc circuits in multiple visual cortical areas. We have shown
that synaptic zinc staining in all layers of all five areas studied declines dramatically and
on a broadly similar timecourse. By 6 weeks of age, we observe a significant decline in
visual cortical synaptic zinc; this decline was most pronounced in layer IV of areas 17
and 18, with much less change in higher-order extrastriate areas during the important
period in visual cortical development following eye opening. Synaptic zinc is a calcium-
and activity- dependent neuromodulator implicated in synaptic function and plasticity
(for review see Nakashima and Dyck 2009), and thus likely to play a key role in
experience-dependent reorganization of visual circuits.

Previous studies have demonstrated the use of zinc histochemistry in
distinguishing cortical areas in adult mouse (Garrettetal. 1991, 1994; Brown and Dyck
2004), developing and adult rat (Pérez-Clausell 1996; Valente et al. 2002), and

developing and adult cat (Dyck et al. 1993). We demonstrate here that zinc
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histochemistry similarly distinguishes cortical areas in the developing ferret visual
cortex. While visual cortical areas in the adult ferret cortex may easily be distinguished
based on cyto-, chemo- and myeloarchitecture, it is more difficult to do so in young
ferrets as the myelination of visual cortical areas is not complete until the end of the
second postnatal month (Barnette et al. 2009). Another criterion used to identify cortical
areas is the connectional pattern unique to each area (Kaas 2002). Synaptic zinc
histochemistry can be interpreted as another indicator of an area’s connectional pattern.
This is so because the laminar zinc distribution unique to each area reflects a particular
set of afferents.

Zinc histochemistry, like other histochemical markers, at some areal boundaries
reveals transition zones and not necessarily sharp boundaries, but one can still
distinguish areas reliably. Furthermore, areal boundaries we observe are broadly
consistent with previous studies (Homman-Ludiye et al. 2010; Innocenti et al. 2002).
Zinc histochemistry may prove useful in other cortical areas or sensory systems,
although with some limitations. Many studies have reported that levels of synaptic zinc
can be rapidly and dynamically regulated in conditions of sensory deprivation (Brown
and Dyck 2002; Dyck and Chaudhuri 2003), so use of zinc as an areal marker

necessarily assumes normal visual experience.

What circuits are being revealed?
In the adult ferret, layer |V of areas 17 and 18 receives a substantial LGN input,
while areas 19, 21, and Ssy do not. The relative lack of zinc staining in layer IV of adult

areas 17 and 18 presumably reflects the lack of zinc in geniculocortical terminals
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(Casanovas-Aguilar et al. 1998; Brown and Dyck 2004). The intense zinc staining in
layer IV of juvenile ferretareas 17 and 18 suggests a developmental loss of zinc from
thalamocortical afferents; this is consistent with Ichinohe et al.’s (2006) report of
transient presence of zinc in thalamic afferents to rat barrel cortex. Layer |V of areas 19,
21 and Ssy is instead largely occupied by feedforward corticocortical terminals.
Corticocortical terminals have been shown to sequester zinc (Garrett et al. 1992;
Casanovas-Aguilar et al. 1995, 1998; Casanovas- Aguilar and Miro-Bernie 2002; Brown
and Dyck 2004). Consistent with this finding, the relatively high zinc staining we observe
in layer IV of these areas suggests that corticocortical feedforward input terminals are
rich in synaptic zinc (though we do note that layer IV in area 18 appeared to stain less
intensely for zinc than area 17). Our results suggest that there is either a decrease in
the number of thalamocortical terminals in layer IV through postnatal development, or a
decrease in the proportion of those terminals containing synaptic zinc, or a decrease in
the amount of zinc in each terminal.

Alternatively, the dramatic decline we observe in synaptic zinc in layer IV of areas
17 and 18 could also be a consequence of the loss of early functional inputs from
subplate neurons. Subplate neurons are a transient neuronal cell population that is
integral in the functional development of thalamocortical connections and ocular
dominance column formation (Ghosh and Shatz 1992; Kanold et al. 2003). They provide
the first postsynaptic targets for afferent thalamocortical axons (McConnell et al. 1989;
Molnar et al. 1998), and project into the cortical plate (Finney et al. 1998; Friauf et al.
1990). This projection is mainly glutamatergic (Finney et al. 1998). We speculate that

the synaptic zinc staining we observe in layer IV of areas 17 and 18 reflects transient
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input from subplate neurons that sequester high levels of zinc at their terminals; these
could later be replaced by thalamic axons that sequester very little zinc at their
terminals.

Using intracerebral injections of sodium selenite to retrogradely label zinc-positive
neurons, Casanovas-Aguilar et al. (1995) examined the origin of zinc-positive pathways
in rat visual cortex and revealed ipsilateral as well as callosal label. This study showed
that labeled neurons were present in layers Il1-Ill and VI. Similarly, Brown and Dyck
(2005b) showed that zinc-positive projections arise exclusively from within the cortex
and reciprocally interconnect the mouse barrel cortex with other cortical and limbic
regions. Their results demonstrated that the majority of zinc-positive projections to the
barrel cortex arose from ipsilateral and callosal neurons, in the superficial and deep
layers. Several lines of evidence suggest that a subset of intrinsic connections within an
area is also zinc positive. Casanovas-Aguilar et al. (1998) mapped the zinc-positive
afferents in rat neocortex by tracing zinc-positive projections to the visual cortex with
intracerebral selenite injections. Selenite injections in several visual cortical areas (Oc1,
Oc2M, and Oc2L) yielded a substantial number of zinc-positive neurons within each
area. Brown and Dyck (2005b) similarly used selenite injections to reveal intrinsic
connections in the superficial and deep layers of rat somatosensory cortex. Further
evidence that zinc-positive neurons constitute a subset of intrinsic connections comes
from Ichinohe et al. (2010). Using focal injections of sodium selenite into multiple visual
cortical areas of the macaque ventral stream, they reported zinc-positive labeled
intrinsic connections with an area-dependent laminar distribution.

Zinc-rich corticocortical projections appear to be a major component in the general
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system of feedforward and feedback circuits. Retrograde tracing of zinc-positive
neurons was also utilized by Casanovas-Aguilar and Miro- Bernie (2002). They
examined the regional and laminar distribution of zinc-positive neurons in the rat visual
cortex. Their findings revealed a laminar distribution of zinc-positive neurons typically
observed in feedforward and feedback projections between multiple visual cortical
areas. Zinc-positive projections from Oc1 to Oc2L (feed- forward projections) were
numerous and arose preferentially from supragranular layers, whereas feedback
projection neurons (from Oc2M to Oc2L, or from Oc2L to Oc1) were more abundant in
the infragranular layers. Ichinohe et al. (2010) further reported zinc-positive neurons in
several feedback pathways after selenite injections in areas V1, V4, and TEO of
macaque visual cortex. Surprisingly, unlike the results obtained by Casanovas-Aguilar
and Miro-Bernie (2002) showing that zinc-positive neurons were found in both the
feedforward and feedback pathways in rat visual cortex, Ichinohe et al. (2010) report
that feedforward pathways are zinc negative in macaque. Feedback projections have
been shown to originate mainly from the infragranular layers and terminate densely in
layer | (Rockland and Pandya 1979). This is consistent with the pattern of zinc staining
we observe in the adult ferret visual cortex. Zinc staining in layer | of areas 17 and 18 is
consistently more intense than in layer | of areas 19, 21, and Ssy. This presumably
reflects corticocortical feedback projections to areas 17 and 18 from higher visual areas.
Therefore, it seems that zinc-positive inputs are a subclass of callosal, intra- and
interareal connections; the staining we observe reflects the axon terminals of these

cells.
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Comparison with other developmental events and other species

The ages examined in this study (5—10 weeks postnatal) were chosen to span the
period just after eye opening (around P32 in ferret), during which emergent visual
responses undergo much of their refinement to the adultlike state. These ages are
approximately equivalent to: P12—P24 in a mouse, P15-P30 in a rat, P18-P56 in a cat,
and E154— P65 in macaque monkey (extrapolated from Clancy et al. 2001). For
example, mice typically open their eyes around P12, rats around P15, cats around P7,
and macaque monkeys are born with their eyes open. The ferret brain is perhaps more
immature at birth than cats and monkeys; for example, the differentiation and
neurogenesis of layer IV of primary visual cortex, as well as the arrival and synapse
formation of geniculate axons within layer |V occurs around P21 in the ferret (Johnson
and Casagrande 1993; Jackson et al. 1989), but occurs prenatally in the monkey (Rakic
1977).

Several other aspects of cortical function appear to mature during this same
postnatal period shortly after eye opening, over which we observe the major decline in
zinc staining in layer IV of areas 17 and 18. (1) While ocular dominance columns are
established early in the ferret (P16: Crowley and Katz 2000), the critical period for
ocular dominance plasticity roughly coincides with the period of major decline in zinc
staining in layer IV and continues until the end of the second postnatal month (Issa et al.
1999). (2) The development and refinement of horizontal projections in layers Il/1Il of
ferret visual cortex starts around P22 and continues until distinct adult-like clusters are
observed at P45 (Durack and Katz 1996; Ruthazer and Stryker 1996); the refinement of

this aspect of cortical circuitry appears adult-like just when zinc staining in the
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superficial layers of ferret visual cortex first appears adult-like. (3) Chapman and Stryker
(1993) showed that orientation selective responses are first detected as early as P23,
with 25 % of cells in all layers showing some orientation selectivity. These immature
responses continue unchanged until roughly postnatal week five, when the orientation
preference of V1 neurons is qualitatively adultlike. (4) Li et al. (2006) used optical
imaging and electrophysiological techniques to show that direction selectivity in ferret
visual cortex emerges shortly after eye opening, and is qualitatively adultlike by P45. (5)
Cortical feedback projections to ferret primary visual cortex also appear to refine to their
adultlike state during the second postnatal month (Khalil and Levitt 2008).

The changes in synaptic zinc density we observe during the postnatal development of
juvenile ferret visual cortex are consistent with previous studies in other species; cat
primary visual cortex (Dyck et al. 1993), rat forebrain (Valente et al. 2002) as well as
mouse somatosensory cortex (Czupryn and Skangiel-Kramska 1997; Ichinohe et al.
2006; Land and Shamalla-Hannah 2002). Synaptic zinc has been associated with
various forms of experience dependent and developmentally regulated synaptic
plasticity. In the rat somatosensory cortex, postnatal reduction in zinc staining is
observed in the core of barrels, but high levels can be sustained by depriving the animal
of sensory information through whisker trimming (Czupryn and Skangiel-Kramska 2003;
Land and Shamalla-Hannah 2002). Furthermore, manipulating sensory experience in
adults through whisker trimming causes a rapid and transient elevation of zinc in the
core of the barrels (Brown and Dyck 2002, 2005a; Land and Akhtar 1999). Similar
effects have been observed in the visual system of the monkey; monocular deprivation

provokes a rapid elevation of zinc levels in the deprived eye ocular dominance bands
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(Dyck and Chaudhuri 2003). An important unanswered question is the role of neurons
that use zinc in the maturation, organization, and function of the cerebral cortex. In
addition, it is of great interest to reveal if synaptic zinc is simply an indicator of the

maturity of a region, or plays a key role in mediating the maturation process.

Asynchronous versus concurrent refinement of zinc-positive circuits in different cortical
areas

While some aspects of cortical circuitry may refine con- currently in a number of
areas, other aspects exhibit a hierarchical sequence of maturation with primary areas
maturing before secondary and multisensory areas. Rakic et al. (1986) provided
evidence in support of the concurrent maturation view. They showed that the rapid
proliferation phase of cortical synaptogenesis and subsequent refinement occurs
simultaneously in multiple and diverse regions of the cerebral cortex. In contrast,
Conde’ et al. (1996) suggested asynchronous postnatal maturation of macaque cortical
areas by showing that a subclass of local circuit neurons are adult-like firstin primary
sensory areas, but later in higher-order association areas. Bourne and Rosa (2006)
provided more evidence in support of the concept of hierarchical maturation of cortical
areas by noting that a subset of pyramidal neurons in V1, MT, S1, and A1 were
histochemically mature at birth in New World monkeys, but not in higher-order
association areas.

We have demonstrated reorganization of zinc circuits in ferret visual cortex

during the second postnatal month, the period immediately after eye opening. Most

strikingly, the reduction in zinc density is greater in layer IV of areas 17 and 18 than in
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areas 19, 21, and Ssy. One could argue that our results reveal different rates of zinc
circuit refinement in different areas as the rate and magnitude of change differs between
areas 17 and 18 versus areas 19, 21, and Ssy. This presumably reflects changes in the
relative weight of thalamocortical versus corticocortical inputs to those areas. However,
although areas 17 and 18 show a greater decline in zinc staining than areas 19, 21, and
Ssy, minimum staining intensity in all areas is reached at the same postnatal age (6
weeks), and therefore developmental trajectories among areas appear fundamentally
similar in this respect. In contrast, another indicator of glutamatergic system maturation
appears clearly asynchronous; different vesicular glutamate transporters (VGLuUT1) and
(VGLuUT2), which are differentially expressed in particular brain circuits, have been
shown to refine on different time scales (Liguz-Lecznar and Skangiel-Kramska 2007;
Nakamura et al. 2005). Whether areas 17 and 18 share a different developmental
timecourse for zinc staining than areas 19, 21, and Ssy, or all areas manifest a similar

rate of change is open to interpretation.
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CHAPTER 3
Developmental remodeling of corticocortical feedback circuits in ferret visual cortex
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3.1 Abstract

Visual cortical areas in the mammalian brain are linked through a precise system
of interareal feedforward and feedback connections, which presumably underlie
different visual functions. We characterized the refinement of feedback projections to
primary visual cortex (V1) from multiple sources in juvenile ferrets ranging in age from
four to ten weeks postnatal. Our goal was to determine whether the refinement of
different aspects of feedback circuitry from multiple visual cortical areas proceeds at a
similar rate in all areas. We made injections of the neuronal tracer cholera toxin B (CTb)
into V1, and mapped the areal and laminar distribution of retrogradely labeled cells in
extrastriate cortex. Around the time of eye opening at four weeks postnatal, the
retinotopic arrangement of feedback appears essentially adultlike; however,
Suprasylvian cortex supplies the greatest proportion of feedback, whereas area 18
supplies the greatest proportion in the adult. The density of feedback cells and of the
supragranular feedback contribution declined in this period at a similar monotonic rate in
all cortical areas. The regularity of cell spacing, the proportion of feedback arising from
layer IV, and the tangential extent of feedback in each area all remained essentially
unchanged during this period, except for the infragranular feedback source in area 18
which expanded. Thus, while much of the basic pattern of cortical feedback to V1 is
present before eye opening, there is major synchronous reorganization in its areal,
tangential, and laminar organization after eye opening, suggesting a crucial role for

visual experience in this remodeling process
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3.2 Introduction

The mammalian brain is immature at birth, with major developmental events such
as the establishment of basic neural circuitry and its subsequent refinement ensuing
during the postnatal period. A major developmental strategy commonly used by many
developing corticocortical and intracortical pathways is the initial overproduction of
projections, followed by the selective removal of a subset to yield the mature adult
pattern (Changeux and Danchin, 1976; Rakic et al., 1986; Innocenti and Price, 2005).
Intracortical connections within primary visual cortex (V1) of several species (cat, ferret,
human, monkey) undergo substantial postnatal refinement (Huttenlocher, 1979; Price,
1986; Callaway and Katz, 1990; Burkhalter et al., 1993; Coogan and Van Essen, 1996;
Durack and Katz, 1996; Ruthazer and Stryker, 1996). Similarly, corticocortical
connections between different mammalian visual cortical areas have been shown to
refine and reorganize as well (Dehay et al., 1988; Price and Blakemore, 1989; Price and
Zumbroich, 1989; Barone et al., 1995; Batardiere et al., 1998, 2002). The anatomical
refinement of cortical circuits presumably underlies the maturation of neuronal
physiological properties, and is thus one indicator of functional maturity. We are
particularly interested in characterizing the postnatal refinement of interareal
connections in the ferret visual cortex; specifically we wish to know whether feedback
projections to V1 from multiple extrastriate areas refine with a similar postnatal
timecourse. Differential development of distinct cortical circuits could underlie the known
differences in the rate at which various perceptual abilities mature (Harwerth et al.,

1986; Lewis and Maurer, 2005; Braddick and Atkinson, 2011).
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There are currently two prevailing theories that describe the developmental
sequence of anatomical and functional maturation. The hierarchical theory holds that
the maturation of a given functional property or anatomical circuit proceeds in a
sequential fashion with more basic functional properties or anatomical circuits maturing
before more complex ones. The earliest accounts supporting the concept of hierarchical
maturation of cortical areas come from classic studies by Flechsig (1901) on the human
brain. He showed that during the first years of postnatal life, pathways to the primary
motor, somatosensory, visual, and auditory cortical areas are the first to be myelinated.
Consistent with this, Condé et al. (1996) showed that parvalbumin expression in a
subset of GABAergic neurons in the monkey brain appears during development in a
sequential fashion across the visual cortical hierarchy - first in V1, and later in more
rostral areas. More recent in vivo imaging studies in humans have also confirmed
Flechsig’s findings, showing similar regional differences in the rate of cortical maturation
(Girard et al., 1991; Paus et al., 2001). Zhang et al. (2005) provided physiological
evidence supporting the hierarchical theory. The authors reported that the receptive
field surround of monkey V1 neurons is mature by four weeks of age, whereas in V2 the
receptive field surround size and surround suppression were not adultlike until after
eight weeks of age. In contrast, the concurrent theory posits that functional or
anatomical aspects of multiple brain regions mature in concert. This theory derives from
anatomical data in monkey suggesting that synaptogenesis and synapse elimination
occur concurrently in multiple diverse regions of cerebral cortex (Rakic et al., 1986;
Bourgeois et al., 1994). What remains unclear is which aspects of cortical function and

circuitry mature synchronously, and which in a sequential or hierarchical fashion.
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Several aspects of corticocortical connectivity refine postnatally, such as the
laminar and tangential distribution of cells furnishing interareal projections. In cats and
monkeys, there is a developmental refinement of the topography of interareal
projections, a decline in the infragranular contribution to feedforward projections (also
observed in the rat by Coogan and Burkhalter, 1988), and a decline in the supragranular
contribution to feedback projections (Price and Blakemore, 1985; Kato et al., 1991;
Price et al., 1994; Barone et al., 1995; Batardiere et al., 1998, 2002). The selective
reduction in supragranular feedback cells leads to a unique laminar distribution
characteristic of each area in the adult. Feedforward and feedback pathways may not
refine similarly. Batardiere et al. (2002) suggested a difference in the development of
different types of cortical connections of primate area V4; the laminar distribution of the
feedforward pathway from area V2 to V4 is adultlike early in prenatal life, while
feedback projections from V4 to V2 undergo extensive remodeling. Burkhalter (1993)
demonstrated a similar developmental sequence of events in human infants; the laminar
termination pattern of feedforward connections matures before that of feedback
connections. Likewise, Berezovski et al. (2011) examined the development of
feedforward and feedback connections in mouse visual cortex between V1,
anterolateral area (AL), and lateromedial area (LM). Feedforward connections were
present at the earliest time point examined (postnatal day 2), while feedback
connections were not detectable until postnatal day 11. Thus, changes during postnatal
developmental in certain aspects of the interareal connectivity of primary visual cortex

have been reported.
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What is lacking is simultaneous quantitative descriptions of the organization of
the feedback pool to V1 from multiple visual areas at different postnatal ages; this will
clarify whether there is synchronous versus sequential development of cortical areas
and the links among them. Here we describe the developmental refinement of feedback
projections arising from multiple visual areas in ferret visual cortex from four weeks to
ten weeks postnatal. We have quantified different anatomical aspects related to the
topography of feedback projections. Specifically, we are interested in determining
whether different anatomical features of feedback circuitry refine simultaneously in all
visual cortical areas. We find that the overall retinotopic pattern of feedback connections
from extrastriate cortex is qualitatively adultlike as early as 4 weeks of age (in the period
just before eye opening), though there are differences from the adult in areal, tangential,
and laminar distribution; these all refine in the weeks after the eyes open. Significantly,
the refinement of different anatomical aspects of cortical feedback maturation appears
to follow a similar developmental timecourse in all visual cortical areas. Our results
suggest that while the overall pattern of feedback projections from extrastriate cortex to
primary visual cortex is present before eye opening, the fine scale refinement of the
spatial layout of feedback connections in multiple visual areas occurs largely

synchronously, and requires early postnatal visual experience.
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3.3 Materials and Methods

Anatomical tracer injections:

We studied 16 female sable ferrets (Mustela putorius furo) at six postnatal ages:
4 weeks (n=3), 5 weeks (n=3), 6 weeks (n=2), 7 weeks (n=2), 8 weeks (n=3), and 10
weeks (n=3). Animals were obtained from Marshall Farms (North Rose, NY); kits were
housed with the jill under a 12 h light/dark cycle. All procedures conformed to National
Institutes of Health guidelines. Prior to surgery, ferrets were sedated with an
intramuscular injection of ketamine (25 mg/kg) and xylazine (2 mg/kg). The animal’s
head was fixed in a stereotaxic apparatus, and secured with ear bars. The animals were
respired using a pump, which delivered a mixture of 1%-2% isoflurane, in O2. A small
mask was placed on the nose and snout to administer isoflurane throughout the
surgery. The EKG, pulse, tissue oxygenation, and rectal temperature were continuously
monitored throughout the rest of the surgery, and maintained at appropriate levels.
During a sterile surgery, Lidocaine HCI was injected into the scalp prior to incisions. The
scalp was retracted, and a craniotomy and durotomy were performed on either the left
or right hemisphere. Cholera toxin B subunit (CTb: List Biological Laboratories,
Campbell CA) was reconstituted in 0.1M potassium phosphate buffer (1%, pH.6), and
either pressure injected or delivered with current into primary visual cortex.
lontophoretic injections using glass micropipettes (aperture 10-15 ym) were made by
passing current at 2 pA for 10 minutes with a 7-second on-off cycle at two cortical
depths to ensure that the extent of the injection site spanned both the upper and lower

layers of the cortex. This method of injection typically yields an injection core with a
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diameter of 800-1000 um. Pressure injections were delivered with a Picospritzer (Parker
Hannifin, Fairfield, NJ), using glass micropipettes (aperture 30-40 um) at two cortical
depths with 2 X 10 msec pulses at each location. Both injection methods yielded
comparable injection core volumes.

Following the injections, craniotomies were filled with sterile Gelfoam. Lidocaine
was injected into the wound margins before the scalp was sutured, and an
intramuscular injection of a broad spectrum antibiotic (ampicillin: 25 mg/kg) and
analgesic (buprenorphine: 0.05 mg/kg) was administered for 2 days postoperatively.
After a survival period of five to seven days, the animals were sedated with ketamine
(25 mg/kg) + xylazine (2 mg/kg), given an intraperitoneal injection of sodium selenite (15
mg/kg) for subsequent labeling of synaptic zinc, then euthanized with an intraperitoneal

overdose of pentobarbital (100 mg/kg).

Tissue fixation and histological processing:

Animals were transcardially perfused with a 0.9% NaCl solution followed by a 4%
paraformaldehyde in 0.1M phosphate buffer (PB) solution, then a 4% paraformaldehyde
plus 10% sucrose solution. The brains were removed from the skull, then the posterior
cortex was blocked and placed in a postfix solution of 4% buffered paraformaldehyde
plus 30% sucrose for 2-3 hours. The brains were then placed into a 0.1 M PB solution
with 30% sucrose for 2 days until they were sunk.

Frozen tangential or sagittal sections were cut at 40 microns using a sliding
microtome. The sections were separated into four numbered series. The first and the

third series were processed to reveal the CTb label using a modified version of the
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standard CTb protocol (Angelucci et al., 1996; Cantone et al., 2005). All procedures
were done on free-floating sections, and all solutions were made with 0.1M phosphate
buffered saline (PBS) (pH 7.4). Sections were rinsed in PBS, incubated in a 1% H20:
solution to eliminate endogenous peroxidase, and rinsed again in PBS. This was
followed by a short incubation in 0.1M glycine solution, rinsed in PBS, then incubated
overnight at 4° C in a blocking solution containing 4% normal rabbit serum (NRS), 2.5%
bovine serum albumin (BSA), and 1% Triton-X solution or 4% fish gelatin to reduce non-
specific staining. The sections were rinsed in PBS, then incubated for 48 hours in a
solution containing a 1:5,000 dilution of goat anti-choleraganoid (primary antibody, List
Biological Laboratories, Campbell CA), 2% NRS, 2.5% BSA, and 1% Triton-X. The
sections were then rinsed in PBS, and incubated in a 1:200 dilution of biotinylated rabbit
anti-goat 1gG (secondary antibody, Vector Laboratories, Burlingame CA), 2% NRS,
2.5% BSA, and 2% Triton. After several rinses in PBS and a brief incubation in blocking
solution, the tissue sections were incubated in a solution containing Standard Elite ABC
Kit (Vector Laboratories, Burlingame CA). Finally the tracer was developed with
diaminobenzidine, and sections were mounted on subbed slides, dehydrated and
cleared in xylene, and coverslipped in Permount.

Sections from the remaining series were processed for cytochrome oxidase (CO)
(Wong-Riley, 1979), Nissl substance, or synaptic zinc following the protocol described in
Khalil and Levitt (2012). These were compared with adjacent CTb stained sections to

assign cells to particular areas and layers.
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Reconstruction of label:

We relied on the following criteria to ensure that our injections were restricted to
area 17 and did not intrude onto area 18 or white matter. The laminar location of the
injection core was visually inspected using adjacent sections stained for Nissl, CO, or
synaptic zinc to ensure that none of our cases intruded on white matter. Injection core
was defined as the uniform, densely labeled region of CTb. We observed a typical
pattern of label in all the layers (A, A1, and C) of the lateral geniculate nucleus (LGN)
following our area 17 injections. Consistent with previous reports (Baker et al., 1998),
the density of labeled cells was greatest in the two A layers, but a small number of cells
were also present in the C layers. In contrast, if the injection intruded on area 18, there
would be many more cells in the C-layers of the LGN. Furthermore, the lack of
extensive label in ventral cortex (which results from area 18 injections) was interpreted
as further evidence that the location of our injections was indeed restricted to area 17.
All the cases analyzed in this study had injection cores that were restricted to area 17
without intruding onto area 18 or white matter.

Section outlines from every fourth semi-tangential section containing CTb label
were traced, and retrogradely labeled cells found within each visual area were plotted in
the Neurolucida tracing and reconstruction program (MicroBrightField, Williston VT).
Fiducial landmarks such as blood vessels were marked, and comparison of CTb
tracings with adjacent CO, synaptic zinc, or Nissl stained sections was used for precise
local alignment. CTb-labeled cells were then assigned to a cortical area and layer.
Accurate laminar assignment of cells was further verified by measuring the distance

from the pial surface to the bottom of particular layers and subsequently compared with
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similar measurements in adjacent CO, synaptic zinc, or Nissl stained sections. Three-
dimensional reconstructions of section outlines containing CTb label were generated by
carefully stacking and aligning tracings of serial sections containing retrogradely labeled
cells. Vascular landmarks and other anatomical features were used to accomplish
precise alignment by pairing two consecutive tracings. Correct determination of laminar
and areal boundaries was critical to our analysis. We have previously shown that visual
cortical areas in juvenile ferrets may reliably be distinguished in sections stained for
synaptic zinc (Khalil and Levitt, 2012); observed areal boundaries in zinc-stained
sections were well correlated with adjacent CO sections and prior descriptions
(Innocenti et al., 2002). Histochemical methods did not always reveal sharp areal
boundaries, but rather showed transition zones. Therefore, cells found in transition
zones were assigned to border zones 18/19 and 19/21. The proportion of cells that were
assigned to border zones was less than 2% of the total pool of feedback cells and were
therefore not included in subsequent figures.

We note that oftentimes, clusters of feedback cells were offset from one another,
which further facilitated the assignment of cells to areas. Sections containing CTb-
labeled cells or stained for CO, zinc, or Nissl were examined and photographed with
bright field illumination using a Nikon Eclipse Ti inverted scope with a low power (4x)
lens. Contrast and brightness of photomicrographs were enhanced in image processing
software (Adobe Photoshop CS5, v.12) for display purposes, but were otherwise
unaltered. All figures were assembled in Adobe Photoshop (CS5, v.12), and all line

graphs and histograms were generated in MATLAB (The Mathworks, Natick, MA).
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Cell counts and cell densities:

Because of variation in the absolute number of labeled cells in extrastriate cortex
due to differences in injection core size and extent of laminar intrusion, we determined
the proportion of labeled feedback cells in each area as a fraction of the total pool of
labeled cells to more accurately reflect developmental changes in the distribution across
areas. The relative proportion of labeled cells located in each visual area was
determined by dividing the number of cells in a given visual area by the total number of
labeled cells in extrastriate cortex. Similarly, the proportion of labeled cells located in the
different layers of each area was determined by dividing the number of labeled cells in
the supragranular or infragranular layers of a given area by the total number of labeled
cells found within that area. We then computed supragranular to infragranular ratios
(supralinfra) to determine the relative contribution of the upper vs. lower layers, and
used this ratio as a measure to assess developmental changes in the contribution of
each set of layers. We also determined the proportion of feedback to area 17 arising
from layer IV of each extrastriate area. We determined the peak density of feedback
cells in each area, defined in the region in each area with the highest density within a
cluster of cells in any section of the reconstructed stack (this was often found in at least
5-6 sections in the stack). A circumscribed area that contained the highest peak density
was subsequently delineated with a 200 ym diameter circle. We chose a small area to
include the highest peak density in the middle of the cluster, and to exclude cells in the
periphery of the cluster. The volume of each sample was then calculated by multiplying
the area of the circle by the section thickness (40 um). Peak density values were then

calculated using the sample volumes obtained.
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To further assess the spatial distribution of feedback cells, we assessed the
distribution of nearest neighbor distances (NND) of labeled cells in a given visual area.
The nearest neighbor distance represents the distance of a single cell to that of the
closest adjacent cell in a 2D plane within that visual area. We determined nearest
neighbor distances within a 300 um diameter circle centered over a cluster of feedback
cells. This region includes cells in the densest region of the cluster as well as those in
the periphery. We separately computed nearest neighbor distances in the supra- and
infragranular layers in each area, and constructed frequency histograms of these
values. To assess developmental changes in the spatial distribution of nearest neighbor
distances, we computed the median and third quartile values (Q3) in each area at each
developmental age. The Q3 is the value below which 75% of the NND values lie.

Neuronal density was determined using Nissl-stained sections from areas 17, 18,
19, 21, and SSy at 4 and 6 weeks of age, as well as in adults. Using Neurolucida,
columns encompassing a region of interest were drawn perpendicular to the pial
surface, extending to the white matter. Each column contained a sample box
superimposed on each of the five layers, except for layer 1, which is cell sparse.
Sample boxes were 45 ym x 45 ym. Three sections were used from each animal and
two to three samples were obtained from each section. Neurons were counted using a
light microscope at 100x oil immersion. Neurons with a reliably distinct nucleolus were
counted through the depth of each box, with an exclusion zone of 4 ym at the top and
bottom of the section. To minimize over counting, nucleoli were counted if they fell
entirely within the box, or touched the top and right sides; nucleoli touching the bottom

and left sides of the counting box were excluded. Glial cells containing multiple granules
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(lacking clear single nucleoli) were not counted. Section shrinkage in the z-plane varied
from 50 to 75% and the resulting sample volumes were adjusted accordingly.

To more explicitly reveal an underlying regularity in the spatial distribution of
nearest neighbor distances we also computed a “conformity ratio” (Cook, 1996), which
reflects “the degree of conformity of the measured set of NNDs to their own mean
value”. This CR value is simply the mean of the NND divided by the standard deviation;
the more regular the arrangement of neurons, the higher the CR. This ratio is immune to
boundary effects as well as undersampling effects in the region of interest. To test if any
of our NND distributions were significantly different from a random arrangement of
neurons (at the p<0.01 significance level), we compared our values to Cook’s
calculations of critical values of conformity ratios (Figure 2, Cook 1996).

All statistical analyses were performed in MATLAB (The Mathworks, Natick, MA).
Initially, Barlett’s test was used to confirm that each data set had a normal distribution;
we then assessed statistical differences between slopes (the slope of each line
corresponding to the change with time of a particular measure in an area) by applying
the ANCOVA (analysis of covariance) with a significance level of p<0.05. When a value
of p<0.05 was obtained, post hoc pair-wise comparisons between slopes were then
computed using a Bonferroni correction. Where appropriate, a non-parametric
permutation test was used to address whether there was a significant correlation
between other measured variables in each area and developmental age. The
permutation test estimates the probability of obtaining our data by chance. Statistical
testing consisted of randomly permuting the raw data points within a single visual area

between different age groups 10,000 times (without replacement). On each iteration, a
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random reassignment is accomplished and a correlation is computed. After many
iterations, we compared the distribution of reshuffled correlations with our observed
correlation. Our observed correlation was deemed significant if it resulted in a p<0.05.
We used a more stringent criterion value of p<0.01 to test for a significant change in the
conformity ratios. A permutation test was separately conducted for each visual area. To
asses statistical significance among age groups, areas, and layers in our neuron density
counts we used the Kruskal-Wallis test with a significance level of p < 0.05. Subsequent
post hoc comparisons were computed using a Bonferroni correction when significance

was observed.

3.4 Results

All injection cases are summarized in Table 1. The injection core was defined as
the uniformly dense region of CTb label, with a mean diameter of 1020 um at all ages
studied. We confirmed that all injection sites were confined to area 17, and spanned all
six layers without intruding on the white matter. This was verified by comparing tracings
of the injection core with adjacent sections stained for CO, synaptic zinc, and Nissl
substance; this allowed us to identify the areal borders between areas 17 and 18 in
juvenile visual cortex (Innocenti et al., 2002; Khalil and Levitt, 2012). Correct
identification of visual cortical areas in the juvenile was crucial to our analysis as one of
our primary goals was to track simultaneously the postnatal refinement of feedback

projections from multiple visual areas to primary visual cortex.



Table 1.1. Characteristics of injection cases
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Age Case Core Core Mean Core | MaxDV | Max ML Laminar Total #labeled | Nomalized | Mean #
diameter volume volume extent extent intrusion cells #labeled labeled
(um) (mm?) (mmd (am) (um) cells cells
dwks | 519 800 0.32 200 480 Mostly SG/ 1180
very little I_G
20 200 042 1.156 1000 800 MO’I‘; 2%"““9 2412 271 2644
Equal uptake
247 1450 273 2300 1280 a0 4340
5wks Equal uptake
231 1100 154 1500 1280 et 1a 4912
4 200 103 1193 1000 960 Mostly SG/ 3642 325 3848
ery little IG
249 1000 1.01 1500 960 Mostly SG/ 2090
some IG
6wks | 555 1100 126 192 1500 800 Eqsug ;pgke 3683 6193 11890
Equal uptake
256 1500 258 2400 1280 e 8207
Twks | o5 950 097 1.04 1600 800 Eqé‘g' ;ptéke 4850 3668 3815
248 900 1.1 1300 800 Mostly SG/ 2779
some IG
8wks | o 850 046 800 640 Mostly SG/ 1221
some IG
29 800 046 0.446 200 800 Mostly SG/ 200 4626 2066
\ery little IG
235 700 042 1000 640 Mostly SG/ 2778
some IG
10 wks Equal uptake
250 1600 251 2300 1440 a0 15351
251 600 021 134 700 480 Mostly SG/ 1677 4808 6443
ery little IG
Mostly
258 1000 1.30 1300 640 S G 2300
Age Case Area 18 # cells Area 19 # cells Area 21 # cells Area Ssy #cells | Area18/19 Area 19/21
%Supra/lnfra %Supra/lnfra %Supra/infra %Supra/lnfra border border
4wks 219 228 /062/0.33 136/046/054 | 273/024/075 | 535/042/0.33
220 850/065/0.16 | 553/056/044 | 219/073/027 | 790/056/0.26
247 | 1285/064/023 | 888/041/022 | 866/064/021 | 1208/053/0.29 31 25
5wks 231 810/031/043 | 1178/036/042 | 943/035/060 | 1690/0.54/0.35
Py 1736 /0.30/044 | 900 /0.39/041 180/0.34/066 | 808/050/0.25
249 944 /0.31/049 138 /0.38/0.60 534 /0.60/040 | 1186/0.42/0.33 19
6wks 255 | 2109/024/053 | 727/029/055 | 365/036/053 | 455/040/037 18
256 | 2544/036/047 | 1688/028/064 | 892/0.14/085 | 2359/0.35/0.50 53
7wks 215 1631/021/061 | 1137/028/063 | 969/041/059 | 947/0.36/044
248 | 1590/021/053 | 313/047/0.35 150 /0.08/098 | 699/0.29/0.34
8wks 200 743 /017 /053 235 /0.26/0.65 92/0.29/065 151 /0.26/0.44
229 | 1166/039/046 | 489/027/049 154 /0.32/058 | 391/0.39/047
235 | 1092/025/052 | 710/037/047 | 314/0.31/061 639 /0.26 /048
10wks | 250 | 6206/022/052 | 2935/027/034 | 1818/0.16/0.77 | 2805/0.29/045 130 234
251 1078 /0.24/043 | 267 /024/055 130/0.26/0.82 | 202/0.32/049
258 1315/026/049 | 419/015/080 | 285/033/066 | 281/0.38/048
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Figure 3.1. Representative area 17 injection in a 5 week old ferret with feedback
label in extrastriate cortex. Photomicrographs of a semi-tangential brain section
showing the typical pattern of feedback labeling in extrastriate cortex after a CTb
injection in area 17. A: Area 17 injection site with overlapping clusters of orthogradely
labeled terminals and retrogradely labeled cells in areas 18, 19, 21, and Ssy. Dashed
square indicates region shown at higher magnification in B. B: Laminar distribution of
feedback cells in Suprasylvian cortex (Ssy). Dashed lines indicate boundaries of layer
IV. Most labeled cells are found in the infragranular layers, but supragranular and layer
IV cells are labeled as well. C: High power photomicrograph of feedback cells in area
18. Arrows point to feedback cells. Stars in panels B and C indicate corresponding
blood vessel. Ssy: Suprasylvian cortex, A: anterior, D: dorsal. Scale in A= 500 um, scale
in B= 200 ym, scale in C= 50 pm.
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The pattern of feedback labeling in extrastriate cortex of a juvenile ferret (5
weeks old) is depicted in a representative photomicrograph of a semi-tangential section
in Fig. 3.1A. The numbers indicate visual areas that provide substantial feedback to
area 17. We find that in all areas examined, feedback cells and feedforward terminal
clusters are typically found at corresponding locations, reflecting the reciprocity of
connections between primary visual cortex and these extrastriate visual areas. Genuine
cell label was distinguished from nonspecific labeling by its greater intensity and
discontinuous cellular distribution. The ringlike pattern of feedback label found in Fig.
3.1A is qualitatively similar to the pattern of label we observe in the visual cortex of the
adult. Fig. 3.1B is a higher magnification image of the dashed rectangle in panel A
within the Suprasylvian region (Ssy); feedback cells can be found throughout all
laminae. Although the majority of feedback cells were found in layers Il/1ll and V/VI,
labeled cells are also found in layer IV (see Fig 3.3C below). Fig. 3.1C is a higher
magnification image of layer IV of Ssy with labeled feedback cells.

To examine the overall pattern of feedback label in extrastriate cortex, and to
assess developmental changes in the pattern, we generated serial reconstructions of
semi-tangential sections in a young and an older juvenile (Fig. 3.2). We accomplished
this by outlining the contour of every fourth section, and plotting every labeled feedback
cell in extrastriate cortex. Each dot represents a single feedback cell. In both
reconstructions (Fig. 3.2A,B), superficial sections are to the left with successive sections
being more medial. Fiducial landmarks and blood vessels were used for precise local
alignment of all the serial sections in Fig. 3.2A and 3.2B to yield a collapsed image of

the overall pattern in Fig. 3.2C and 3.2D.
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Figure 3.2. Serial reconstructions of retrogradely labeled cells in the visual cortex
of juvenile ferrets. The semi-tangential sections are arranged serially (lateral=left).
Black dots represent retrogradely labeled cells. A,B: Feedback label in every fourth
section in a 4 week old (A) and an 8 week old (B) ferret. C, D: Superimposed and
aligned images of the serial sections from the reconstructions shown in A and B to
reveal the complete pattern of label. At 4 weeks postnatal, the overall label pattern
resembles that seen in the adult. The sparse labeling anterior to area 21 and dorsal to
the suprasylvian area (Ssy) is located in areas PPr and PPc. A: anterior, D: dorsal.

One clear and striking similarity between the 4 week old (Fig. 3.2C) and 8 week old (Fig.
3.2D) reconstructions is the stereotypical ring-like pattern of feedback label that is
qualitatively similar to the pattern observed in adult ferret visual cortex. (Cantone et al.,

2005). Therefore, it appears that by 4 weeks of age (shortly before eye opening) the
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pattern of feedback label is broadly comparable to the feedback pattern of adult labeling
for an injection at a similar retinotopic location. We observed this ring-like pattern at all
postnatal ages studied.

We first asked whether the absolute number of extrastriate cells providing
feedback to area 17 decreases with age. Table 1 shows that mean injection volumes
were essentially the same at all ages studied (with the exception of 8 week olds, in
which injection volumes were somewhat smaller than at other ages). We determined the
total number of feedback cells labeled in extrastriate cortex as a function of injection
core total volume (reasoning that injection core total volume was a better metric than
maximal tangential extent, as the spread of CTb tracer is usually anisotropic). We found
a highly significant linear correlation between the total number of labeled cells in
extrastriate cortex and injection core total volume (r?= 0.82, p =0.0006), with no
differences among areas in this relationship. Since absolute number of labeled cells in
extrastriate cortex scaled linearly with injection core volume, we determined a
normalized number of labeled cells at each age by using the regression line to
determine the number of cells in each case if the injection volume had been1 mm3.
Normalized cell counts for each age group are recorded in Table 1. With the exception
of a few cases (250, 256) that had larger injection cores and thus a greater number of
labeled cells, there was no obvious change with age in the number of cells in
extrastriate cortex providing feedback to area 17. Therefore, it appears that at all of the
postnatal ages studied here, similarly sized injection cores in area 17 yielded

comparable number of labeled feedback cells in extrastriate cortex. We see no
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compelling evidence for a decrease with age in absolute numbers of feedback cells, yet
we show that peak density of feedback projections declines with age.

Given that the total number of feedback cells resulting from an area 17 injection
appears not to change significantly with age, we wondered what spatial features of the
feedback pool change throughout development. In the adult ferret, Cantone et al. (2005)
have shown that area 18 provides the greatest proportion of the total number of cells
providing feedback to area 17 (mean 45.5%). Areas 19, 21, and Ssy each provide
similar smaller feedback contributions. We were therefore interested in revealing
whether the proportion of feedback arising from each visual area changes throughout
postnatal development. Secondarily, we wanted to know whether the refinement of
feedback connections in each visual area proceeds at a similar rate or if each visual
area has a unique developmental trajectory. Since absolute number of labeled feedback
cells could vary with injection core size and laminar intrusion, the proportion of feedback
from each area is a normalized measure that more appropriately reflects changes in the
total pool of feedback to area 17.

The change in the relative proportion of feedback connections arising from each
visual area as a function of age is plotted in Fig. 3.3A. Adult values are plotted on the
right for comparison. Unlike the adult, in which area 18 (black squares) provides the
greatest proportion of feedback, at 4 weeks of age we find that area Ssy provides the
greatest feedback input (about 36% of the total), somewhat greater than that from area
18. Within 2 weeks, bye the age of 6 weeks (soon after eye opening), the adultlike

distribution of feedback is attained: area 18 provides the greatest amount of feedback
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(mean 44%), while areas 19, 21, and Ssy provide roughly the same amount of feedback

(areal means range from 10%-20%).
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Figure 3.3. Developmental changes in the areal and laminar distribution of
feedback cells in the visual cortex of juvenile ferrets. A: Proportion of feedback
projections to area 17 arising from areas 18, 19, 21, and Ssy as a function of age.
Before eye opening, Ssy makes the largest feedback contribution to area 17; by 6
weeks postnatal, area 18 feedback input is largest. B: Ratio of the proportion of
feedback to area 17 arising from supragranular to that of infragranular layers in each
area. The supragranular contribution to feedback declines synchronously in all
extrastriate areas from 4 to 6 weeks. C: The proportion of feedback arising from layer 1V
in each area changes little in this period, except for feedback from area 18 whose layer
IV contribution increases. Regression line is plotted for area 18. Adult mean values are
plotted on the right for comparison in panels A and B. Error bars represent £SEM
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The proportion of feedback arising from area 18 shows a positive linear
correlation with age from 4 to 8 weeks (r?= 0.90), while the change in the proportion of
feedback arising from Ssy shows a negative linear relationship over this same period
(r>= 0.85). There was no significant change in the feedback contribution made by areas
19 and 21 (r’= 0.021 and r?= 0.51, respectively). After 6 weeks, there is little change in
the proportion of feedback arising from different cortical areas. A permutation test was
separately conducted for each area to determine whether there was a significant
correlation between the proportion of feedback in each area and developmental age.

The permutation test estimates the probability of obtaining our data by chance.
Statistical testing consisted of randomly permuting the raw data points within a single
visual area between different age groups 10,000 times (without replacement). This
repeated random reassignment between age groups was used to test the null
hypothesis that there is no relationship between proportion of feedback and
developmental age. The permutation test yielded a p<0.0032 for area 18, p<0.5077 for
area 19, p<0.05832 for area 21, and p<0.0002 for Ssy. Thus, there is a significant
change with age in the proportion of feedback to area 17 arising from areas 18 and Ssy,
but there is not a significant change in the proportion of feedback arising from areas 19
and 21. Feedback cells were also labeled in the lateral temporal (LT), posterior parietal
(PP), and auditory areas in the younger animals. The proportion of feedback deriving
from PP was about 3%, 6% in LT, and less than 1% in auditory cortex. These small
contributions did not appear to change with age. We also assessed the developmental
change in the laminar distribution of feedback cells in each visual area. Fig. 3.3B shows

the ratio of the proportion of feedback
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arising in each area from the supragranular layers to that from the infragranular layers.
Higher supral/infra ratios reflect a greater proportion of feedback arising from the
supragranular layers. At 4 weeks of age, the majority of labeled cells in all areas were
found in the supragranular layers; area 18 seems to have the greatest proportion of
feedback arising from the supragranular layers, while area 19 appears to have a more
balanced contribution from the supragranular and infragranular layers (ratio 1.3).

A permutation test was separately conducted for each area to determine whether
there was a significant correlation between the ratio of supra- to infragranular neurons in
each area and developmental age. The permutation test yielded a p<0.0032 for area 18,
p<0.0077 for area 19, p<0.01832 for area 21, and p<0.0002 for Ssy. Thus, with age,

there is a significant change in the supragranular contribution resulting in lower
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supral/infra ratios. By 6 weeks of age, similar to the areal rearrangements described
above, the laminar pattern of feedback appears similar to that in the adult.

We consistently found labeled feedback cells in layer IV of all the visual areas
that provide input to area 17. We therefore quantified the relative proportion of feedback
cells in layer IV of areas 18, 19, 21, and Ssy to determine if the contribution from layer
IV changes with age (Fig. 3.3C). Areas 18, 19, and Ssy had a substantial proportion of
their feedback arise from layer IV (means 10-20%). At all ages, Layer IV of area 21
seems to provide a minor feedback contribution (roughly 5%). We performed a
permutation test to reveal if there was a significant change with age in the proportion of
feedback arising from layer IV of each visual area. We found that the proportion of
feedback arising from layer 1V of areas 19, 21, and Ssy does not change significantly

with age (area 19: p=0.297; area 21: p=0.298; Ssy: p=0. 369). However, we found that
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the increase in the proportion of feedback arising from layer |V of area 18 is statistically
significant (p=0.01).

We next compared the peak densities of labeled cells in these areas at different
developmental stages. We defined the peak density within a cortical area as the region
of highest density in any one of the reconstructed sections, delineated with a 200 um
diameter circle. The peak density of feedback cells in the supragranular layers of all
areas at 4 weeks of age is initially very high (mean=13,840 cells/mm?3) (Fig. 3.4A). The
peak density of feedback cells in the supragranular layers of all areas examined
decreased monotonically with age. By 10 weeks of age, the peak densities declined
dramatically (mean=4,860 cells/mm?3). Comparison of the regression lines for each
area’s data revealed that the slopes were not significantly different from each other
(ANCOVA, p=0.6004); this indicates that feedback cell density declined at a similar rate
in all areas. We similarly plotted the peak density of feedback cells in the infragranular
layers of all areas as a function of age (Fig. 3.4B). The peak density at 4 weeks of age
averages 10,600 cells/mm?® across all areas. Like the supragranular layers, the peak
density of cells in infragranular layer also declines linearly, albeit at a slower rate. We
likewise found that the slopes were not significantly different from each other (ANCOVA,
p=0.2730), indicating indistinguishable rates of feedback loss.

Declining density of feedback cells could result either because a fixed proportion
of cells in the neuropil provide feedback but overall neuronal density declines with age,
or because neuron density remains unchanged but fewer of those cells furnish feedback
axons to area 17. To distinguish these possibilities, we measured neuronal density in

Nissl-stained material from each extrastriate area. We find that in area 18, neuronal
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density declined by 10 weeks postnatal to about 75% of the value in 4 week olds (layer
II: 53,000 to 38,000 cells/mm?; layer I1I: 42,000 to 31,000 cells/mm?3; layer V: 25,000 to
19,000 cells/mm?3; layer VI: 43,000 to 32,000 cells/mm3. Similarly, in area Ssy, neuronal
density declined by 10 weeks postnatal to 56-75% of the value in 4 week olds (layer II:
55,000 to 31,000 cells/mm?3; layer III: 40,000 to 30,000 cells/mm?; layer V: 30,000 to
19,000 cells/mm?3; layer VI: 36,000 to 26,000 cells/mm3. We found no clear evidence for
declines in cell density in areas 19 and 21. For comparison, peak density of feedback
cells in areas 18 and Ssy declined to about 43% and 29% (respectively) of the 4 week
old value in the supragranular layers, and to about 64% and 33% in the infragranular
layers; in areas 19 and 21, the declines in feedback cell density were to 25-50% of the 4
week value (Fig. 3.4). Thus, the developmental decline in density of feedback cells may
in part reflect decreasing neuronal density. However, this cannot be entirely attributed to
declines in overall neuronal density (presumably reflecting not neuronal loss but rather
brain growth due to increased volume occupied by axons, dendrites, and glial cells).
The decline in peak density could reflect an increase with age in the areal extent
of the region providing feedback. We determined whether the size of the region in each
area encompassing 90% of the peak density of feedback cells changes with age. Fig.
3.5A shows that there is no significant change with age in the areal extent of this region
in the supragranular layers of all areas examined (permutation test, 0.661< p <0.829).
Fig. 3.5B similarly shows that the areal extent of the region that encompasses 90% of
the peak density of feedback cells in the infragranular layers remains unchanged
throughout development in areas 19, 21, and Ssy (0.156< p <0.793). However, in area

18 the areal extent of the region that encompasses 90% of the peak density in the
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infragranular layers does appears to increase with age (permutation test, p=0.004;
r’=.62).

We next assessed developmental changes in the spatial distribution of the
feedback population by quantifying nearest neighbor distances (NND) between cells in
each visual area providing feedback to area 17. For every cell within a region of interest,
the distance to its nearest neighbor was computed and a frequency histogram for all the
nearest neighbor distances was subsequently constructed. This measure also indicates
the density of feedback projections from each visual area (high NND values reflecting
lower cell density). but also reveals more about the spatial layout of the feedback pool.
Specifically, it can reveal if the distribution reflects spatial randomness, clustering,
uniform tiling, or a more dispersed distribution.

Figures 3.6A and 3.6B illustrate the distribution of nearest neighbor distances
between feedback cells in the supra- and infragranular layers of each area at all
postnatal ages studied. The black and gray arrowheads indicate the median and third
quartile values, respectively. The shape of the distribution is positively skewed for all
areas at all postnatal ages. However, at younger ages (4 and 5 weeks), the distribution
of NNDs is more peaked, with lower median NND values in all areas. With age, the
median NND values as well as the Q3 values shift towards longer distances. The shape
of the distribution also changes with age; the tail of the distribution becomes more
prominent, indicating that with age the proportion of longer NND distances increases

(indicated by bins with dark shading, representing values exceeding 60 um).
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Figure 3.6. Developmental changes in the distribution of nearest neighbor
distances (NNDs) between feedback cells in juvenile visual cortex. Frequency
distribution histograms of NNDs in the supragranular (A) and infragranular (B) layers of
areas 18, 19, 21, and Ssy. Dark shaded bins represent NND values exceeding 60 pum.
Black arrowheads indicate median NND values, and gray arrowheads indicate the 3rd
quartile NND values. In all areas, with age there is an increase in median NND, and an
increase in the proportion of NNDs exceeding 60 um.
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Figure 3.7. Age dependent increase in the median nearest neighbor distance
(NND) between feedback cells in the juvenile ferret visual cortex. A,B: Median
nearest neighbor distance between feedback cells in the supragranular (A) and
infragranular (B) layers of areas 18, 19, 21, and Ssy as a function of age. Median NND
increases monotonically at the same rate in all areas. Regression lines are plotted for
each visual area. Error bars represent £SEM C: Conformity ratio (mean NND/Standard
deviation of NND) in supra- and infragranular layers of each area as a function of age.
This measure of regularity of spacing between feedback cells remains unchanged with
age, and provides no strong evidence for a nonrandom distribution of cells.

We plotted the median nearest neighbor distance value in the supragranular
layers of each visual area as a function of age (Fig. 3.7A). At 4 weeks of age, the
median NND value in all areas is quite low and similar in all areas (mean= 25 uym). To

10 weeks postnatal, the median NND value appears to increase in all areas to a value

between 40-60 um, and the median NND values seem to diverge among areas. We
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compared regression lines among areas, and find that there are no significant
differences among the slopes (ANCOVA, p=0.1205). We also plotted the change with
age in median nearest neighbor distance in the infragranular layers of each visual area
(Fig. 3.7B). At 4 weeks of age, the median NND value in all areas is quite low and
similar in all areas (mean= 30 ym). We find that there is a significant difference between
area 18 and Ssy’s slope (ANCOVA, posthoc test; p=0.009); the increase in the median
NND value in the infragranular layers of area 18 seems to occur at a slower rate than in
Ssy. Therefore, it appears that the median NND value in the supragranular and
infragranular layers of all areas share a broadly similar developmental trajectory.
However, the increase in the median NND values in the infragranular layers of all areas
seems to proceed at a slower rate.

The nearest neighbor analysis is informative in revealing details of how the
spacing of neurons changes with age. To more explicitly reveal an underlying regularity
in the spatial distribution of nearest neighbor distances we also computed conformity
ratios (Cook, 1996) for our NND samples. This measure is the mean of the NND divided
by the standard deviation; the more regular the arrangement of neurons, the higher the
conformity ratio. In (Fig.3.7C) the conformity ratios in the supra- and infragranular layers
of areas 18, 19, 21, and Ssy are plotted as a function of age. The conformity ratios
appear to fluctuate around the value of 2 during this postnatal period, but appear not to
change with age. A permutation test was separately conducted for each area to assess
whether there was a significant correlation between the conformity ratio in each area
and developmental age. We found no significant change in conformity ratio with age

(p<0.01). We also tested whether conformity ratios for any of the NND distributions were
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Figure 3.8. Developmental changes in the distribution of nearest neighbor
distances (NND) between feedback cells in juvenile ferret visual cortex. A, B:
Correlation between the 3rd quartile NND values (Q3) and median NND values in the
supragranular (A) and infragranular (B) layers of areas 18, 19, 21, and Ssy. In all areas,
the Q3 NND similarly increases with age faster than the median NND, indicating that the
distribution of NNDs is not simply uniformly shifting with age to larger values, but is also
specifically developing a subset of larger NND values. C,D: The proportion of NNDs in
the supragranular (C) and infragranular (D) layers of areas 18, 19, 21, and Ssy that
exceed 60 uym as a function of age. These increase with age at the same rate in all
areas. Regression lines are plotted for each visual area. Error bars represent +SEM

significantly different from a random arrangement. Almost all conformity ratio values
were not significantly different from complete randomness (p<0.001: although
conformity ratios for at least one area at each postnatal age suggested statistically

significant deviation from randomness). Thus, during this postnatal period while peak

density declines and nearest neighbor distances increase, the underlying regularity of



142

the feedback pool in each area seems indistinguishable from a random arrangement,
and does not change with age.

To further examine the refinement of feedback connections, we used the 3™
quartile (Q3) value in conjunction with the median NND value to better characterize the
change in the shape of the NND distribution. An increase in the median NND with age
reflects a decrease in the density of feedback cells. However, this measure alone does
inform about the underlying distribution. The median NND value could conceivably
increase without reflecting a change in the distribution. For example, with age the entire
distribution of NND values could simply shift to the right and subsequently yield a higher
median NND value; in this case the Q3 value would increase by the same amount as
the median value. However, if the change in the Q3 value differs from that of the median
NND value, this suggests a change in the shape of the NND distribution (and hence the
underlying arrangement of feedback cells). We plotted the Q3 value in the
supragranular layers of each area as a function of median NND value (Fig. 3.8A);
individual data points represent values at different ages. The dashed line through the
origin with a slope of one indicates equal change in Q3 and median values. We find a
strong correlation between median NND and the Q3 value in each area (0.75 < r?2<
0.95). The slopes do not differ significantly among areas (ANCOVA, p=0.779). However,
the slopes do differ significantly from 1 (slope test, p=0.01). Thus, in all areas examined,
the rate at which the Q3 value increases is greater than that for median NND. The same
holds in the infragranular layers (Fig. 3.8B). We find a strong correlation between
median NND and Q3 value (0.89 < r?< 0.99). Taken together, the results suggest that

both the median NND value and Q3 value in the supragranular and infragranular layers
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of all areas examined are monotonically increasing with age, but the Q3 value is
increasing at a greater rate. The greater rate of increase in the Q3 value confirms a
change in shape of the NND distribution (emergence of larger values), rather than a
simple shift of the entire distribution to larger values.

We quantified the emergence of these longer nearest neighbor distances among
feedback cells in each area. We chose a criterion distance of 60 um, since at 4 weeks
of age almost no NNDs exceeded this value. We determined whether the proportion of
NNDs in each area that exceeded 60 um changed with age. In both the supra- and
infragranular layers of all areas examined, the proportion increased linearly (Fig. 3.8C,
3.8D). At 4 weeks of age, the proportion of NNDs that exceed 60 ym is on average 6-
10%. However, by 10 weeks of age, that proportion rises considerably (areal mean
range between 35% to 64%). The rate of increase of this population did not significantly
differ among areas in the supragranular layers (ANCOVA, p=0.103). The rate of
increase did not differ among areas in the infragranular layers as well (ANCOVA,

p=0.0472).

3.5 Discussion

We have shown substantial refinement in the spatial organization of feedback
projections from multiple visual areas to ferret primary visual cortex during the period
after eye opening. There is major reorganization in the areal and laminar proportion of
feedback arising from each visual area from 4 to 6 weeks postnatal (in the period after
eye-opening). However, peak density, median NND, and Q3 values decline

monotonically from 4 to 10 weeks postnatal. Our results also indicate that much of the
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overall pattern of feedback label in extrastriate cortex is present as early as four weeks
postnatal, before the eyes open. Our results are in agreement with previous studies
showing that feedback projections undergo a period of prolonged remodeling (Barone et
al., 1995; Batardiere et al., 1998, 2002; Burkhalter, 1993). Our results provide evidence
for a developmental process operating with the same time constant in all visual areas to
refine peak density, median NND and Q3 values, with another process governing the

refinement of areal and laminar distribution of feedback projections to area 17.

1) Relationship to feedback circuitry in the adult ferret

In the adult ferret, (Cantone et al., 2005) have shown that area 18 provides the
greatest proportion of the total number of cells providing feedback to primary visual
cortex. Areas 19, 21, and Ssy each provide similar smaller feedback contributions.
However, at four weeks of age, we find that area Ssy provides the greatest proportion of
feedback to primary visual cortex. Moreover, in the adult ferret, the majority of feedback
cells are found in the infragranular layers with fewer cells in the supragranular layers.
The inverse relationship exists in the juvenile ferret; at the youngest age examined (4
weeks postnatal) the contribution from the supragranular layers is greater than that from
the infragranular layers. Our results are in agreement with previous studies showing that
feedback cells are more numerous in the supragranular layers of visual cortical areas
early in development (Barone et al., 1995; Batardiere et al., 1998). Peak density of
feedback cells in both the supragranular and infragranular layers was roughly six to
eight times greater in each area at four weeks of age than in the adult. Peak density of

feedback cells declines monotonically with age, yet adult values are not reached by ten
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weeks of age. Thus, it appears that there is a prolonged period that extends later than

ten weeks in which the peak density continues to decrease.

The decline in peak density of feedback projections we observe is partly due to
the decline in overall neuronal density (presumably because of brain growth and not cell
death). However, the developmental decline in peak density cannot be entirely
attributed to declines in overall neuronal density. We also show that the area
encompassing 90% of the peak density does not change significantly with age (except
for area 18, which increases with age). Further, the NND value declines with age. These
data may seem incompatible. However, it is certainly possible that the areas
encompassing 90% of the peak density does not change with age, yet the remaining
10% of the peak density does change with age. To clarify, the region used to calculate
the peak density in each area was a 200 um diameter circle and the region used to
calculate the NND values encompassed more of the feedback cluster (300 um diameter
circle)

Our nearest neighbor analysis data corroborate our very high peak density
counts as the median nearest neighbor distance is substantially lower at four weeks of
age and increases monotonically with age. The fact that the median nearest neighbor
distance is much lower in the younger animals suggests that feedback cells are more
closely spaced per unit area. To our knowledge, this is the first study to quantify the
nearest neighbor distance of feedback cells in multiple visual areas throughout
developmental. Cantone et al. (2005) did not quantify the spatial distribution of feedback

cells in the adult ferret, therefore we can not unequivocally claim that the nearest
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neighbor values at ten weeks of age are comparable to adult values. Interestingly, the
authors do claim that feedback label in Ssy of the adult was observed as sparse. This is
in agreement with our NND analysis as the median NND value in Ssy in both the supra-
and infragranular layers remains the highest by ten weeks of age. Our data reveal that
the Q3 value shifts towards longer distances throughout development, as does the
median NND value. This is not surprising given that the peak density value of feedback
cells also decrease in all visual areas. This could reflect a selective developmental loss
of inappropriate feedback connections from extrastriate visual areas to primary visual
cortex to attain the adult like spatial configuration. Moreover, we plotted the change in
the Q3 value as a function of median NND value and our results suggest that the rate at
which the Q3 value is increasing is greater. This implies that the nearest neighbor
distribution is not simply shifting towards longer distances, but rather the distribution is

developing a tail.

2) Comparison with other aspects of anatomical developmental in the ferret

A number of other anatomical features appear to refine during this same
postnatal period shortly after eye opening. We have shown (Khalil and Levitt, 2012) that
the major period of zinc circuit refinement (reflecting a subset of feedforward and
feedback pathways) occurs shortly after eye opening. This phase of major decline in the
synaptic zinc levels in areas 17 and 18 (particularly in layer V) coincides with the period
of reorganization of feedback projections from multiple visual areas to area 17. This is
not surprising given that zinc-positive inputs to area 17 are a subset of feedback

projections from multiple visual cortical areas. Similarly, the refinement of horizontal
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projections in layers Il/I1l of ferret visual cortex begins around P22 and continues until
distinct adult-like terminal clusters are observed at P45 (Durack and Katz, 1996;
Ruthazer and Stryker, 1996). Around the time of eye opening, these long-range
horizontal connections are limited in spatial extent, and are less clustered than in the
adult. While ocular dominance columns are established early in the ferret (P16: Crowley
and Katz, 2000), the critical period for ocular dominance plasticity roughly coincides with
the period of major reorganization of feedback circuitry, and continues until the end of
the second postnatal month (Issa et al., 1999).

Therefore, it appears that the period of major refinement of feedback circuitry in
ferret visual cortex occurs on a similar timescale as the refinement of certain other
features of anatomical circuitry. The onset of visual experience seems to be a critical
factor for this refinement process of feedback projections as well as other anatomical
features of the visual cortex. For example, the density of thalamocortical synapses in
layer 4 of ferret area 17 increases rapidly in the month that follows the onset of
patterned visual experience (Erisir and Harris, 2003). Furthermore, manipulation of
sensory experience has been shown to affect the anatomical refinement of circuits. For
instance Callaway and Katz (1991) demonstrated that depriving young cats of patterned
visual experience by binocular lid suture prior to eye opening reduced the specificity of
terminal clusters of horizontal connections in V1. The refinement of different aspects of
feedback projections we document here appears to be differentially affected by visual
experience. The slow monotonic rate of refinement in peak density, median NND, and
Q3 values (which start before eye opening), contrasts with the sharp decline in areal

and laminar proportion of feedback we observe right after eye-opening. We suggest that
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the critical period for the refinement of the areal and laminar proportion of feedback is
from four to six week postnatal. However, since peak density, median NND, and Q3
values seem to decline prior to eye opening, the critical period for their normal

refinement may start before eye opening and extend for a longer period of time.

3) Comparison with anatomical development in other species

Other studies in monkey (Barone et al., 1995; Batardiere et al., 2002) have
shown that feedback connections undergo extensive remodeling involving selective
pruning of a subset to yield the adultlike pattern of connections. Barone et al.(1995)
investigated the refinement of the laminar distribution of feedback connections reporting
a decrease in the proportion of supragranular neurons that differs among areas. This
laminar refinement of feedback connections is largely complete by one to two months
after birth. Similarly, the laminar distribution of feedback neurons to area 17 in kittens is
uniform across individual extrastriate areas and the selective reduction in the
supragranular neurons Yyields the laminar distribution characteristic of each area in the
adult (Batardiere et al., 1998). Price and Blakemore (1985) have reported that
feedforward neurons in area 17 projecting to area 18 in the kitten are distributed in
bands of uniform density. These bands refine in the following two weeks to yield
discrete dense clusters of feedforward projections, characteristic of the adult pattern.

Developmental studies investigating the sequence of refinement of interareal
feedforward and feedback connections in the visual cortex of human infants have
concluded that while the laminar distribution of labeled fibers and cell bodies in V1 and

V2 indicate that feedforward and feedback connections emerge shortly before birth, the
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laminar termination pattern of feedforward connections appears relatively mature before
feedback connections reach their mature form (Burkhalter, 1993). A similar study in
mouse visual cortex was conducted more recently by Berezovski et al (2011). The
authors examined the development of feedforward and feedback connections between
mouse V1, anterolateral area (AL), and lateromedial area (LM). The findings showed
that FF connections were present at the earliest time point examined (postnatal day 2),
while FB connections were not detectable until P11 and suggests that feedforward

connections refine earlier than feedback connections.

4) Relationship to V1 neuronal properties

Feedback projections from extrastriate visual areas have been shown to
influence the response properties of V1 neurons. Itis now accepted that different visual
response properties of V1 neurons mature and attain adultlike characteristics at
different times and rates in postnatal development. Orientation and direction selectivity
of V1 neurons appear to refine and become adult like during the same refinement
period of feedback projection. There appears to be some degree of orientation
selectivity as early as visual responses can be elicited, two weeks before the time of
natural eye opening, but that adult-like selectivity is not reached until about a week after
eye opening (Chapman and Stryker 1993, Krug et al., 2001). Moreover, orientation
maps in V1 are present prior to eye opening and the overall map layout does not
change much throughout development (Chapman et al., 1996). The basic structure of
orientation maps is therefore innate, but experience is necessary for specific features of

these maps, and for maintaining selectivity of cortical neurons. Optical imaging and
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electrophysiological techniques have revealed the absence of direction selectivity in
ferret visual cortex at eye-opening, which develops during the subsequent two weeks
from P30 to P45 (Li et al., 2006). Patterned visual input appears to be critical in the
development of cortical direction selectivity, as dark rearing ferrets after eye opening
precludes the formation of direction maps and V1 neurons lack direction tuning.

Our results are in agreement with the developmental timeline for direction
selectivity (Li et al., 2006) as the proportion of feedback from Ssy decreases from four
to six postnatal and remains fairly stable throughout development. This suggests the
adultlike proportion of feedback from Ssy is achieved by six weeks of age. Ssy has
been shown to be the primate homologue of area MT, an area implicated in motion
perception. Feedback connections from Ssy presumably shape direction selective-
responses of V1 cells. Therefore, if feedback circuits from Ssy to V1 are adultlike by 6
weeks of age, it is likely that these circuits contribute to the direction selective
responses of V1 cells. In addition, it seems that the maturation of direction selectivity in
area 17 in the ferret is in accord with the maturation of feedback circuits from Ssy, the
input of which presumably shapes direction-selective responses.

Understanding how the spatial organization of feedback projections refines in
ferret visual cortex during development to generate the adult like patternis a
prerequisite for assessing their physiological development. In the monkey, Zhang et al.
(2005) have shown that the size of receptive field center of V1 neurons in infants are
considerably larger than that of the adult receptive field center. The RF centers of V2
neurons at 2 weeks of age can be up to three times larger than the size of adult RF

center. Their results suggest that at the time that certain receptive field properties are
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mature in V1 and V2 the modulatory surround effects are not. Feedback projections in
visual cortex have been implicated in these modulatory surround effects. Therefore, it is
likely that feedback projections to V1 and V2 from other extrastriate visual areas have
not yet assumed their adultlike organization. Taken together, their results suggest that
the spatial extent of both the RF center and surround refine throughout the course of

development.

5) Comparison with behavioral studies

The anatomical refinement of feedback circuits presumably parallels or precedes
the maturation of neuronal physiological properties and more broadly visual perceptual
abilities, and is therefore one indicator of functional maturity. Visual cortical areas
subserve different perceptual functions as a result of their interareal anatomical circuits,
and feedback circuits are one class of interareal projections. Feedback circuits must first
be assembled during development and visual experience subsequently fine-tunes these
circuits yielding mature anatomical connections. It is known that different visual
functions mature and become adultlike at different times and rates in development. The
timecourse and duration of refinement varies significantly as more basic visual functions
mature earlier and require less time than more complex ones, which require
considerable postnatal time to refine. The variability in the rates and duration of the
postnatal refinement period appears to reflect the maturational status of distinct cortical
circuits that mediate these specific perceptual abilities.

Behavioral studies on human infants have revealed that many basic visual

functions are absent at birth, but develop soon thereafter. For instance, by isolating
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infants’ VEPs (visual evoked potentials) Braddick et al. (1986) found that orientation-
selective responses first appeared around 6 weeks of age. Wattam-Bell (1991) reported
that responses to direction of motion by isolating VEPs was not possible until 10-12
weeks of age. Interestingly, comparison of orientation selective and direction-selective
VEP responses in the same infants shows that these two perceptual abilities do not
emerge together, but that direction consistently lags orientation in development
(Braddick, 1993; Braddick et al., 2005). These studies are also consistent with studies in
ferret V1 showing that orientation selectivity develops and matures somewhat earlier
than direction selectivity (Chapman and Stryker, 1993; Li et al., 2006). Furthermore,
human infants do not show stereopsis until about 4 — 6 months of age (Birch, 1993;
Birch et al., 1983; Brown et al., 2007; Held et al., 1980). Similarly, newborn monkeys
are also unable to detect objects embedded in random dot stereograms and stereopsis
emerges suddenly around 4 weeks of age (O’Dell et al., 1991).

Complex visual functions that presumably depend on the maturation of
extrastriate visual areas have an extended developmental timecourse. For instance,
contour integration abilities develop comparatively late. Kovacs et al. (1999) reported
that children younger than 3 years of age were unable to identify a coherent contour
defined by a circular ring of Gabor patches imbedded in noise, and their ability to
perform the task improved into their teenage years. In monkeys, this integrative task is
late to develop as well, with an inability to perform contour integration prior to about 16
weeks and full maturation requiring at least one year (Kiorpes and Bassin, 2003).
Kiorpes and Movshon (2004) showed that unlike contour integration tasks, monkeys

could perform a motion direction discrimination task at the earliest ages studied (3-5



153

weeks), but the maturation of this visual function continued up to 3 years. Although,
human infants can detect directional motion cues at about 2 months of age (Braddick et
al., 2003), coherent motion sensitivity was found to be adultlike at around 3 years of age
(Parrish et al., 2005). However, some aspects of motion perception appear immature up
to 7 years or more (Ellemberg et al., 2003; Giaschi and Regan, 1997; Parrish et al.,
2005), and even perhaps even into adolescence (Bucher et al., 2006). Therefore, the
different developmental trajectories of different aspects of feedback connections (drastic
change in areal and laminar proportion from 4-6 weeks versus the slow monotonic rate
of refinement in peak density, median NND and Q3 values) mirrors the multiple
developmental trajectories of different visual functions.

We have shown that feedback connections to ferret primary visual cortex from
the supra- and infragranular layers of multiple visual areas undergo extensive
remodeling in their spatial layout during the period after eye-opening. Remarkably, the
presence of aspects of ‘adult-like’ connections at four weeks of age suggests that the
basic pattern of feedback connections to primary visual cortex is present before eye
opening. Baldwin et al. (2012) recently demonstrated that the adultlike pattern of cortical
connections between V1 and V2 is also present in early postnatal monkeys. However,
they also show refinement of connections between 2 to 8 weeks postnatal. Lastly, we
show that while the change in the areal and laminar proportion of feedback from each
visual area takes on a different developmental trajectory, many features of feedback
circuitry from multiple sources do in fact refine at similar rates. Our results confirm and
extend the notion that at least some aspects of cortical maturation occur in concert in

multiple visual areas.
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CHAPTER 4
Postnatal maturation of feedforward projections from ferret primary visual cortex
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4.1 Abstract

The mammalian visual cortex is comprised of multiple areas interconnected by a
complex network of interareal feedforward and feedback circuits. We studied the
postnatal development of feedforward projections from ferret primary visual cortex (V1)
to multiple cortical targets from four to eight weeks postnatal. Our objective was to
determine whether the postnatal refinement of feedforward projections parallels that of
feedback cortical circuits. We also wished to reveal if feedforward pathways from V1 to
different target areas refine with a similar rate. We injected the neuronal tracer CTb into
V1 of juvenile ferrets, and visualized the distribution and pattern of orthogradely labeled
axon terminals in extrastriate cortex. We then quantified the laminar and tangential
extent of terminal fields in each area, as well as the density of labeled synaptic boutons
and the interbouton interval along individual labeled axons. By 4 weeks postnatal
(before eye opening) there are substantial numbers of orthogradely-labeled axons and
terminals in areas 18, 19, 21, and the Suprasylvian cortex. As early as 4 weeks of age,
orthogradely labeled terminals and retrogradely labeled cells were organized into
essentially overlapped clusters, indicating reciprocal feedforward and feedback
connections of each extrastriate area with V1. Bouton density of feedforward projections
to all areas examined declines from six weeks to eight weeks postnatal (5.5 x107 to 2.1
x107 boutons per mm3). Similarly, interbouton intervals along feedforward axons to all
visual areas increase over the same postnatal period (6-8 weeks) from 0.85 um to 1.52
um. Furthermore, maximum tangential extent of individual feedforward terminals
decrease in areas 18 and Ssy over the same postnatal period, while in areas 19 and 21

extent remains unchanged. Our results suggest while the basic organization of
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feedforward projections from V1 to multiple visual areas is present before eye opening,
these circuits remodel extensively in the weeks following eye opening. This postnatal
period of refinement occurs at a similar rate in all visual cortical areas and appears to

require early postnatal visual experience.

4.2 Introduction

The pattern of anatomical connections in the adult visual cortex is remarkably
precise, and ultimately dictates receptive field properties of individual neurons and adult
cortical function. However, during postnatal development, visual circuits undergo a
period of extensive remodeling ultimately leading to the emergence of mature adult
circuits. A common mechanism governing the refinement of many developing
corticocortical and intracortical pathways is the initial overproduction of projections,
followed by the removal of inappropriate connections to yield the mature adult pattern
(Changeux and Danchin, 1976; Rakic et al., 1986; Innocenti and Price, 2005).
Intracortical connections within primary visual cortex (V1) of several species (cat, ferret,
human, monkey) undergo substantial postnatal refinement (Huttenlocher, 1979; Price,
1986; Callaway and Katz, 1990; Burkhalter et al., 1993; Coogan and Van Essen, 1996;
Durack and Katz, 1996; Ruthazer and Stryker, 1996). Similarly, corticocortical
connections between different mammalian visual cortical areas have been shown to
refine and reorganize as well (Dehay et al., 1988; Price and Blakemore, 1989; Price and
Zumbroich, 1989; Barone et al., 1995; Batardiere et al., 1998, 2002). The anatomical
refinement of visual cortical circuits presumably underlies the maturation of neuronal

physiological properties, and is therefore one indicator of functional maturity. We are
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particularly interested in characterizing the postnatal refinement of interareal
feedforward connections in the ferret visual cortex. Specifically we wish to reveal
whether different aspects of feedforward projections from V1 to multiple extrastriate
areas refine with a similar postnatal timecourse; we also wish to compare the postnatal
maturation of interareal feedforward and feedback circuits between V1 and its cortical
partners. Differential development of distinct cortical circuits could underlie the known
differences in the rate at which various perceptual abilities mature (Harwerth et al.,

1986; Lewis and Maurer, 2005; Braddick and Atkinson, 2011).

Feedforward projections from V1 to extrastriate visual areas refine during the
postnatal period in a number of species. Price and Zumbroich (1989) examined the
postnatal development of feedforward projections from cat V1 to extrastriate areas 18,
19, 12a, and Ssy. Their data suggested a hierarchical sequence of development of
feedforward projections. At postnatal day 4, dense orthograde label at topographically
appropriate regions was found only in area 18; areas 19, 21a and Ssy contained only
sparse label. By postnatal day12, dense label was found in all areas. Cari¢ and Price
(1996) revealed an improvement in the accuracy with which corticocortical cells in V1
target appropriate regions in extrastriate cortex. Specifically, this change occurs
primarily among those V1 neurons that innervate a wide region of the deep layers of
extrastriate cortex at birth. Similarly, in a longitudinal study on the development of
feedforward and feedback connections between V1 and V2 in human brains, Burkhalter
et al. (1993) demonstrated that by 4 months of age feedforward connections from V1 to
V2 have assumed the laminar features of mature connections. In contrast, at 4 months

of age feedback connections to V1 are still relatively immature, showing terminations in
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inappropriate layers. The findings suggest that feedforward connections from V1 to V2
attain their mature termination pattern before feedback connections from V2 to V1.
Recent work in mouse visual cortex by Berezovskii et al. (2011) provides evidence for
dissociation in the timing of axonal outgrowth of feedforward and feedback connections
as well. The authors revealed that feedforward axon terminals from primary visual
cortex to extrastriate cortex were present at the earliest age studied (P2). In Contrast,
feedback neurons were first observed in the lateral medial area (LM) of extrastriate
cortex nearly ten days later (P11). The results are in agreement with previous study in
monkeys and humans (Batardiere et al., 2002; Burkhalter, 1993) suggesting that
feedforward connections from primary visual cortex develop relatively early in postnatal
development, while feedback connections are delayed in their timing of axonal
outgrowth. Therefore, feedforward projections appear to refine in the postnatal period
and attain maturity before feedback circuits. We are now poised to compare the
refinement of feedforward projections from V1 to multiple visual areas with the
refinement of feedback projections from these same areas we have previously

described to determine if there is a dissociation in their timecourse of refinement.

There has been no detailed analysis of developmental changes in different
aspects of feedforward projections from V1 to extrastriate visual areas in any species. In
this study, we describe the developmental refinement of feedforward projections from
V1 to multiple visual areas in ferret visual cortex from four weeks to eight weeks
postnatal. We quantified the tangential extent of terminal fields in each area, as well as
the density of labeled synaptic boutons and the interbouton interval along individual

labeled axons. Specifically, we were interested in determining whether these different
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anatomical features of feedforward circuitry refine simultaneously in all visual cortical
areas. By 4 weeks postnatal (before eye opening), we find substantial numbers of
orthogradely-labeled axons and terminals in areas 18, 19, 21, and the Suprasylvian
cortex. In addition, orthogradely labeled terminals and retrogradely labeled cells were
organized into essentially overlapped clusters, indicating reciprocal feedforward and
feedback connections of each extrastriate area with V1. Bouton density of feedforward
projections to all areas examined declines from six weeks to eight weeks postnatal.
Similarly, interbouton interval of feedforward projections to all visual areas increase over
this same postnatal period. This mirrors our finding that there is a greater density of
retrogradely labeled cells providing feedback to area 17 in the juvenile ferret compared
to the adult. Furthermore, our results suggest that feedforward circuitry from V1 to
multiple cortical areas undergoes extensive refinement around the time of eye opening.
This refinement process occurs at a similar rate in all visual cortical areas and requires

early postnatal visual experience.

4.3 Materials and Methods

Protocol for anatomical tracer injections

We studied 6 female ferrets (Mustela putorius furo) at four postnatal ages: 4
weeks (n=2), 6 weeks (n=2), and 8 weeks (n=2). Animals were obtained from Marshall
Farms (North Rose, NY); kits were housed with the jill under a 12 h light/dark cycle. All
procedures conformed to National Institutes of Health guidelines. Prior to surgery,
ferrets were sedated with an intramuscular injection of ketamine (25 mg/kg) and

xylazine (2 mg/kg). The animal’'s head was fixed in a stereotaxic apparatus, and
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secured with ear bars. The animals were respired using a pump, which delivered a
mixture of 1%-2% isoflurane, in O2. A small mask was placed on the nose and snout to
administer isoflurane throughout the surgery. The EKG, pulse, tissue oxygenation, and
rectal temperature were continuously monitored throughout the rest of the surgery, and
maintained at appropriate levels. During a sterile surgery, Lidocaine HCL was injected
into the scalp prior to incisions. The scalp was retracted and a craniotomy and durotomy
were performed on either the left or right hemisphere. Cholera toxin B subunit (CTb: List
Biological Laboratories, Campbell CA) was reconstituted in 0.1M potassium phosphate
buffer (1%, pH.6), and either pressure injected or delivered with current into primary
visual cortex. lontophoretic injections using glass micropipettes (aperture 10-15 pm)
were performed by passing anodal current at 2 pA for 10 minutes with a 7-second on-off
cycle at two cortical depths to ensure that the extent of the injection site spanned both
the upper and lower layers of the cortex. This method of injection typically yields an
injection core with a diameter of 800-1000 ym. Pressure injections were delivered with a
Picospritzer (Parker Hannifin, Fairfield, NJ), using glass micropipettes (aperture 30-40
pMm) at two cortical depths with 2 X 10 msec pulses at each location. Both methods of
injections applied iontophoretically or by pressure yielded comparable volumes of CTb
in the brain.

Following the injections, craniotomies were filled with sterile Gelfoam. Lidocaine
was injected into the wound margins before the scalp was sutured, and an
intramuscular injection of a broad spectrum antibiotic (ampicilin: 25 mg/kg) and
analgesic (buprenorphine: 0.05 mg/kg) was administered for 2 days postoperatively.

After a survival period of five to seven days, the animals were sedated with ketamine
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(25 mg/kg) + Xylazine (2 mg/kg), then euthanized with an intraperitoneal overdose of

pentobarbital (100 mg/kg).

Protocol for tissue fixation and histological processing

Animals were transcardially perfused using saline solution followed by a 4%
paraformaldehyde solution, then a 4% paraformaldehyde plus 10% sucrose solution.
The brains were removed from the skull and the posterior portion was blocked, and
placed in a postfix solution of 4% buffered paraformaldehyde plus 30% sucrose for 2-3
hours. The brains were then placed into a 0.1 M PB solution with 30% sucrose for 2

days until they were sunk.

Frozen tangential or sections were cut at 40 microns using a sliding microtome.
The sections were separated into four numbered series. The first and the third series
were processed to reveal the CTb label using a modified version of the CTb protocol
described by Angelucci et al. (1996). All the procedures performed were done on free
floating sections, and all solutions were made with 0.1 PBS PH (7.4). Sections were
rinsed in PBS, incubated in a 1% H202 solution to eliminate endogenous peroxidase,
and rinsed again in PBS. This was followed by a short incubation in 0.1M glycine
solution, rinsed in PBS, then incubated overnight at 4° C in a blocking solution
containing 4% normal rabbit serum (NRS), 2.5% bovine serum albumin (BSA), and 1%
Triton-X solution to reduce non-specific staining. The sections were rinsed in PBS, then
incubated for 48 hours in a solution containing a 1:5,000 dilution of goat anti-
choleraganoid (primary antibody, List Biological Laboratories, Campbell CA), 2% NRS,

2.5% BSA, and 1% Triton-X. The sections were then rinsed in PBS, and incubated in a
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1:200 dilution of biotinylated rabbit anti-goat IgG (secondary antibody, Vector
Laboratories, Burlingame CA), 2% NRS, 2.5% BSA, and 2% Triton. After several rinses
in PBS and a brief incubation in a blocking solution, the tissue sections were incubated
in a solution containing Standard Elite ABC Kit (Vector Laboratories, Burlingame CA).
Finally the tracer was developed with diaminobenzidine, and sections were mounted on

subbed slides, dehydrated and cleared in xylene, and coverslipped in Permount.

Sections from the remaining series were processed for cytochrome oxidase (CO)
(Wong-Riley, 1979), Nissl substance, or synaptic zinc following the protocol described in
Khalil and Levitt (2012). Sections stained for CO and synaptic zinc were compared with

adjacent CTb stained sections to assign cells to particular areas and layers.

Reconstruction of label

We relied on the following criteria to ensure that our injections were restricted to
area 17 and did not intrude onto area 18 or white matter. The laminar location of the
injection core was visually inspected using adjacent sections stained for Nissl or
synaptic zinc to ensure that none of our cases intruded on white matter. Injection core
was defined as the uniform, densely labeled region of CTb. We observed a typical
pattern of label in all the layers (A, A1, and C) of the LGN following our area 17
injections. Consistent with previous reports (Baker et al., 1998), the density of labeled
cells was greatestin the two A layers, but a small number of cells were also present in
the C layers. In contrast, if the injection intruded on area 18, we would have found many

more cells in the C-layers of the LGN. Furthermore, the lack of extensive label in ventral
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cortex (which results from area 18 injections) was interpreted as further evidence that
the location of our injections was indeed in Area 17.

Section outlines from every fourth semi-tangential section containing CTb labeled
feedforward terminal clusters were traced, and axon terminals found within each visual
area were plotted in the Neurolucida tracing and reconstruction program
(MicroBrightField, Wiliston VT). Fiducial landmarks such as blood vessels were
marked, and comparison of CTb tracings with adjacent CO, synaptic zinc, or Nissl
stained sections was used for precise local alignment. Correct determination of laminar
and areal boundaries was critical to our analysis. We have previously shown that visual
cortical areas in juvenile ferrets may reliably be distinguished in sections stained for
synaptic zinc (Khalil and Levitt, 2012); observed areal boundaries in zinc-stained
sections were well correlated with adjacent CO sections and prior descriptions
(Innocenti et al., 2002). Depending on the retinotopic location of our injection cores, one
or several feedforward terminal clusters were found in each extrastriate area. Sections
containing CTb-labeled terminal clusters or stained for CO, zinc, or Nissl were
examined and photographed with bright field illumination using a Nikon Eclipse Ti
inverted scope either at low power (4x), (10x) lens or high power (100x) oil immersion
lens. Contrast and brightness of photomicrographs were enhanced in image processing
software (Adobe Photoshop CS5, v.12) for display purposes, but were otherwise
unaltered. All figures were assembled in (Adobe Photoshop CS5, v.12) and all line

graphs and histograms were generated in Microsoft Excel.
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Bouton density and interbouton interval

We analyzed the refinement of feedforward terminals by quantifying the density of
labeled synaptic boutons and interbouton interval along individual labeled axons. In
each target area, feedforward projections from V1 were analyzed by marking all reliably
detectable synaptic boutons in a randomly placed 10 um square at three different
locations in the terminal cluster. We placed 3-4 sample boxes in the very center of the
terminal field, at locations 50% of the distance from center to terminal edge (mid-
periphery), and 95% of the distance from center to terminal edge (periphery). Samples
were collected from at least 3 sections in each animal. Boutons were positively
identified based on their staining intensity, which was much higher than adjacent
portions of the axons. Boutons were typically round or oval shaped and are three times
as thick as the adjacent axon portion. Boutons were counted through the depth of each
box, with an exclusion zone of 1 um at the top and bottom of the section. To minimize
overcounting, boutons were counted if they fell entirely within the box, or touched the
top and right sides; boutons touching the bottom and left sides of the counting box were
excluded. Bouton density was calculated separately for each sample by dividing the
number of boutons in a sample box by the volume of tissue. To assess developmental
changes in bouton density of feedforward projections to each target area, we computed
median values in each area at each developmental age. Similarly, boutons along
individual axons in each target area were marked in the core of the terminal cluster as
well in the periphery. The number of axons traced varied with age (6-10 axons). We
subsequently pooled interbouton intervals to construct frequency histograms. To assess

developmental changes in interbouton intervals of feedforward projections to each
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target area, we computed median values in each area at each developmental age.

Tangential extent of terminal clusters

To reveal developmental changes in the territory occupied by feedforward
projections from V1 to each target area, we quantified the tangential extent of terminal
fields in each visual area throughout development. We tracked individual feedforward
clusters through successive sections, and traced the maximum tangential extent of each
cluster in any one section. In some cases, there were multiple terminal clusters in each
area; therefore the maximum tangential extent of every individual cluster was
measured. Terminal clusters were photographed with bright field illumination using a
Nikon Eclipse Ti inverted scope or Olympus BX60 scope and imported into (Adobe
Photoshop CS5, v.12). Contrast and brightness of photomicrographs were subsequently

enhanced to reveal fine axonal details, but were otherwise unaltered.

Feedback cells in each area were typically superimposed upon feedforward
terminal clusters, but spanned a wider region. To compare feedforward input to each
target area with the amount of feedback provided to V1 throughout development, we
computed a ratio of the maximum areal extent of all feedback clusters by the maximum
areal extent of all feedforward clusters. We tracked successive sections to locate the
section containing the maximum areal extent of the feedback cluster. We subsequently
outlined the region that encompassed 90% of the areal extent of feedback clusters.
Similarly, the section that contained the maximum extent of a feedforward cluster was
chosen and a contour was drawn around the area that contained 90% of the

feedforward terminals. We computed the ratio of the areal extent of the region
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encompassing 90% of feedback cells to the areal extent of the region encompassing
90% of the feedforward terminals. To establish whether the area of overlap between
feedback cells and feedforward terminals change throughout development we
computed the ratio of the areal extent of feedforward terminal clusters by the areal

extent of feedback cell cluster.

All statistical analyses were performed in MATLAB (The Mathworks, Natick, MA).
We used the Kruskal-Wallis test to assess statistical differences in bouton density,
interbouton interval, and spatial extent values among age groups and areas with a
significance level of p < 0.05. Post hoc pair-wise comparisons between ages (in each

area) and areas (at each age) were then computed using a Bonferroni correction.

4.4 Results

The characteristics of all our injection cases are summarized in Table 4.1.
The injection core is defined as the uniformly dense region of CTb label typically ranging
between 700 and 1500 um in diameter. We confirmed that all injection sites were
confined to area 17, and spanned all six layers without intruding on the white matter.
This was verified by comparing tracings of the injection core with adjacent sections
stained for CO, synaptic zinc, and Nissl substance to locate the areal borders between
areas 17 and 18 in juvenile visual cortex based on prior descriptions (Innocenti et al.,
2002; Khalil and Levitt, 2012). Correct identification of visual cortical areas in the

juvenile was crucial to our analysis as one of our primary goals was to track
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simultaneously the postnatal refinement of feedforward projections from primary visual

cortex to multiple visual areas.

The pattern of feedforward labeling in extrastriate cortex of a 6 week old
ferretis depicted in a representative photomicrograph of a semi-tangential section in
Fig. 4.1A. The black arrowheads indicate feedforward terminal clusters in area 18. The
black arrow indicates a small feedforward terminal cluster in area 19. The white
arrowheads indicate feedforward clusters in area Ssy. We find that in all areas
examined, feedforward terminal clusters are typically superimposed with feedback cells,
reflecting the reciprocity of connections between primary visual cortex and these
extrastriate visual areas. Typically, a single feedforward terminal cluster was observed
in each target area. Multiple distinct feedforward clusters in a single area were observed
in rare cases. Fig. 4.1B is a higher magnification image of the region indicated by the
dashed rectangle in panel A encompassing a feedforward cluster in area 18. In Fig.
4.1B, feedforward axon terminals are observed in layer lll, although feedforward
terminals can generally be found throughout all laminae, but at much lower density. In
Fig. 4.1C, a higher magnification image of an axon terminal in area 18 with multiple
small and large boutons is shown. We find that axons formed both terminal boutons and
boutons en passant, although the majority of boutons found at all ages were en
passant. However, it was our impression that terminal boutons were found more

frequently in the 8 week olds than in the younger animals.



Table 4.1. Characteristics of injection cases

Age Case Core Core MeanCore | MaxDV | Max ML Laminar # of labeled FF clusters
diameter | volume volume extent extent intrusion 18/19/21/Ssy
(um) (mm’) (mm) (um) (um)
dwks | %00 042 1575 1000 goo | More SGlitle 171/1/1
less IG
Equal uptake
247 1450 273 2300 1280 i 1/1/1/1
6 wks Equal uptake
25 1100 1.26 192 1500 800 e 412/2/2
Equal uptake
2% 1500 258 2400 1280 e 1/1/1/1
Bwks | o 850 046 044 800 640 Mostly SG/ 1111171
some IG
25 700 042 1000 640 Mostly SG/ 1717171
some IG
Age Case Total #of marked | Total # of marked | Total # of marked | Total # of marked
boutons in 18 boutons in 19 boutons in 21 boutons in Ssy
(core) / (periphery) | (core) / (periphery) | (core) / (periphery) | (core) / (periphery)
dwks | o 201 /125 122 1125 131 /126 11 /117
247 110 /115 132 /133 140 /106 151 /126
6wks | 555 129 /138 114 /155 100 /130 170 /163
2% 120 /125 119 /133 180 /129 174 /112
8wks | o 21 /158 143 /139 143 1172 199 /305
235 158 /300 180 /228 178 /220 243 /194

172
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Figure 4.1. Representative area 17 injection in a 6 week old ferret with
feedforward terminal clusters in extrastriate cortex. Photomicrographs of a semi-
tangential brain section showing the typical pattern of feedforward labeling in
extrastriate cortex after a CTb injection in area 17. A: Area 17 injection case with
overlapping clusters of orthogradely labeled terminals and retrogradely labeled cells in
areas 18, 19, 21, and Ssy. Black arrowheads point to clusters in area 18. Black arrow
points to a cluster in area 19. White arrowheads point to clusters in Ssy. Dashed square
indicates region shown at higher magnification in B. B: Feedforward terminal cluster in
area 18. Dashed square indicates region shown at higher magnification in C. C: CTb
labeled axon with en passant boutons appearing as tiny swellings. Arrowheads point to
representative boutons. A: anterior, D: dorsal. Scale in A= 500 um, scale in B= 50 um,
scale in C= 10 pm.
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Figure 4.2. Reconstruction of boutons along an orthogradely labeled axon in area
19 of an 8 week old ferret. A: High power photomicrograph of a CTb labeled axon with
a bifurcating node with en passant and terminal boutons. B: Neurolucida drawing of the
axon shown in A with all the marked boutons shown in green. Arrow points to a terminal
bouton and arrowhead points to en passant bouton. Scale bar = 10 ym. The image in A
was captured in a focal plane to reveal the majority of labeled boutons. Therefore, the
marked boutons shown in green in B may not all be visible in A.

Figure 4.2A shows a representative high power photomicrograph of an
orthogradely labeled axon terminal in area 19 of an 8 week old with multiple boutons.
The corresponding reconstruction is shown in Fig 4.2B with all boutons marked in
green. Not all boutons were in the same focal plane and therefore may not be all be
visible in the photomicrograph in Fig 4.2A. The white arrowhead points to an en passant
bouton and the white arrow points to a terminal bouton.

To examine developmental changes in feedforward projections from V1 to
extrastriate visual areas, we calculated bouton density in each target area at several

different ages. We determined this value separately in the core, mid-periphery, as well

as periphery of the terminal cluster because we wished to reveal if bouton density from
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Figure 4.3. Developmental
decrease in bouton density of
feedforward projections to
extrastriate cortex of juvenile
ferrets. Bouton densities in the core
(A), mid-periphery (B), and periphery
(C) of feedforward terminal clusters
in areas 18, 19, 21, and Ssy decline
with age. Error bars represent
+SEM.
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core to periphery was uniform, or if declined. We compared the decline with age of
bouton density in each area. Figure 4.3 depicts the change in bouton density in the
core, mid-periphery and periphery of each terminal cluster (solid, dashed, and dotted
line respectively) as a function of age in areas 18, 19, 21, Ssy. Bouton density at 4
weeks was greatest and ranged from 5.64 x 107 boutons per mm3 in area 18 t0 2.62 x
107 boutons per mm3 in area 21. In area 18, bouton density values in the mid-periphery
and the periphery were comparable at all ages examined. The developmental changes
in bouton density in area 18 and Ssy (Fig 4.3A and 4.3D) are broadly similar. In both
areas, bouton density was greatest at 4 weeks of age and declined modestly from 4 to 6
weeks. Moreover, bouton density in the core, mid-periphery and periphery in both areas
declines from 6 to 8 weeks of age (Kruskal-Wallis, p<0.001 in area 18 and Ssy).
Similarly, bouton density in areas 19 and 21 (Fig 4.3B and 4.3C) change modestly from
4 to 6 weeks, but decline significantly from 6 to 8 weeks (Kruskal-Wallis, p=0.001 in
area 19 and p<0.001 in 21). Throughout development, in areas 19 and 21, bouton
density remained greatest in the core, followed by mid-periphery, and periphery. By 8
weeks postnatal, bouton density in the core, mid-periphery, and periphery of
feedforward terminal clusters in all areas declines significantly (mean values ranged
from 2.04 x 107 boutons per mm3 in Area 19 to 3.41 x 107 boutons per mm3 in area
21). Therefore, it appears that bouton density values between core and periphery are
more pronounced early in development and are more similar in values by 8 weeks of

age (except for area 19).
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Figure 4.4. Developmental decrease
in bouton density of feedforward

. g W projections to extrastriate cortex of

’ juvenile ferrets. Bouton densities in the
core, mid-periphery, and periphery of
feedforward terminal clusters in area 18
! (A), area 19 (B), area 21 (C), and Ssy

0 (D) decline with age. Error bars

C Periphery represent +tSEM.
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We replotted these data in Figure 4.4 to show more clearly if there is dissociation
in the timecourse of refinement in bouton density among areas. Bouton density in the
core of feedforward terminal clusters was greatest at 4 weeks of age in all areas
examined with a mean value of 5.46 x 107 boutons per mm?3 (Figure 4.4A). Bouton
density values in the core of both areas 18 and Ssy at 4 weeks were significantly
greater than in area 19 (Kruskal-Wallis, p=0.01). Areas 18 and Ssy have the greatest

bouton density with a mean value of 6.13 x 107
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boutons per mm?3. Also, bouton density in the mid-periphery of Ssy was significantly
higher than in other areas (Kruskal-Wallis, p=0.01). From 4 to 6 weeks, we observe little
or no change in bouton density in the core, mid-periphery, and periphery in all areas.
From 6 weeks to 8 weeks postnatal bouton density in the core of all areas declines
significantly (p<0.05)and converges to a mean value of 3.2 x 107 boutons per mm?3.
Similarly, bouton density in the mid-periphery (Figure 4.4B) of feedforward terminal
clusters to all target areas declines significantly from 6 weeks to 8 weeks of age
(Kruskal-Wallis, p=0.01 for all areas). Lastly, bouton density in the periphery of
feedforward terminal clusters to all target areas shows minimal change from 4 to 6
weeks. However, from 6 weeks to 8 weeks we observe a significant decline in bouton
density to a mean value of 2.03 x 107 boutons per mm? (Kruskal-Wallis, p=0.01 for alll
areas. Collectively, our data suggest that bouton density in all areas examined is
greatest at 4 weeks of age and shows minimal change from 4 to 6 weeks postnatal. The
period of major decline in bouton density in all areas appears to be from 6 weeks to 8
weeks postnatal. Furthermore, early on at 4 weeks of age, bouton density is greatestin
the core, followed by mid-periphery and than periphery. However, by 8 weeks of age the
bouton density in the core, mid-periphery, and periphery of feedforward terminal
clusters in all target areas more comparable (mean in core 3.25 x 107 boutons per mm3:

mid-periphery= 2.25 x 107 boutons per mm?3: periphery= 2.03 x 10’ boutons per mm3).

To further assess developmental changes in characteristics of feedforward
projections we determined interbouton interval along individual axons in the core and
periphery of feedforward clusters. Decreasing bouton density could reflect either greater

interbouton intervals along individual axons, or decreased density of feedforward axons
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(or indeed both). We followed axons that were in the core or in the periphery of a
feedforward terminal cluster and marked all reliably detectable boutons along the entire
length of an individual axon. Figure 5 depicts individual frequency histograms of
interbouton intervals for each visual area at all postnatal ages in the core (Fig 4.5A) and
periphery (Fig 4.5B) of the feedforward cluster. The shape of the distributions can be
described as positively skewed for all areas at all postnatal ages. Black arrowheads
indicate the median interbouton interval in each area. At 4 weeks of age, the distribution
of interbouton intervals in the core and periphery is more peaked with lower median
values in all areas (mean interbouton interval among areas in core = 0.86 ym and
periphery= 0.84 um). By 8 weeks postnatal, the shape of the interbouton interval
distribution in the core and periphery is dramatically different; the tail of the distribution
becomes more prominent reflecting the increase of longer interbouton intervals with
age. The mean interbouton interval among areas increases to a value of 1.41 ym in the
core and 1.52 ym in the periphery. Thus, although bouton density in all areas examined
declined from the core to the periphery, interbouton intervals along axons in the core
and in the periphery are nearly identical. This suggests that the axons found in the core
and in the periphery are of a similar nature, but it is the density of processes that directly

influences the density of boutons throughout the feedforward terminal cluster.
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arrowheads indicate median interbouton interval.
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In Figure 4.6 the median interbouton interval values in the core (FIG 4.6A) and
periphery (FIG 4.6B) of feedforward clusters in all target areas is plotted as a function of
age. ltis clear that median interbouton interval value among areas is comparable at all
postnatal ages. This value does not change from 4 to 6 weeks postnatal (as we have
seen from the interbouton interval frequency distributions in Figure 4.5A and 4.5B).
However, there is substantial increase in this value in the core and periphery of all areas
from 6 to 8 weeks postnatal that was not significant at the p<0.05 significance level.
Therefore, it appears that the developmental decline in interbouton interval in the core
and the periphery of feedforward terminal clusters of all target areas follows a similar

timecourse, again suggesting a similar nature of axons throughout each terminal

cluster.
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The cortical territory occupied by feedforward terminals from V1 to each target
area could conceivably change in size with age. Therefore, we determined if maximum
tangential extent of individual feedforward terminal clusters in each target area changes
with age. Figure 4.7A depicts maximum tangential extent of each feedforward terminal
cluster in each area as a function of age. The maximum areal extent in Ssy drops by
25% from 4 to 8 weeks postnatal (from 0.4 mm? to 0.29 mm?). Similarly, the maximum
areal extent in area 18 drops by 34% from 4 to 8 weeks postnatal (from 0.39 mm? to
0.13 mm?). The maximum areal extent shows a modest increase from 0.18 mm? to 0.21
mm?. In area 21, there is a 50% an increase in the maximum areal extent from 4 to 8
weeks postnatal (from 0.14 mm? to 0.29 mm?). However, at the range of ages examined
here, none of the changes we observe in maximum tangential extent with age in all

areas examined were not significant at the p<0.05 level.

Lastly, we wished to compare the amount of overlap between the area of
feedforward terminals with that of feedback cell label to reveal if this overlap region
changes with age. Although feedforward terminals and feedback cells were organized into
overlapped clusters at all ages examined, it is conceivable that the amount of overlap could change
with age, reflecting the retinotopic refinement of either or both projections. The overlap ratios are
plotted in Figure 4.7B. The total area innervated by feedforward terminals ranged from
0.24 mm? to 0.63 mm? at 4 weeks and from 0.28 mm? to 0.48 mm? at 8 weeks of age.
Similarly, total area occupied by feedback cell label ranged from 0.34 mm? to 0.98 mm?
at 4 weeks and from 0.52 mm? to 0.95 mm? at 8 weeks. Figure 7B shows the overlap
ratio of the area of feedforward terminals to the area of feedback cell label. The overlap

ratio in Ssy appears to decrease from 4 to 8 weeks from a value of 0.54 t0 0.33. In
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contrast, the overlap ratio in area 18 appears to decrease from 4 to 8 weeks postnatal
from 0.26 to 0.47. Areas 21 shows a modest decrease from 4 to 8 weeks postnatal from
0.38 to 0.34, while area 19 shows a modest increase from 0.37 to 0.46 over the same
postnatal period. Similar to maximum tangential extent, the changes we observe in the

overlap ratio with age in all areas were not significant at the p<0.05 level.
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Figure 4.7. Age dependent changes in the spatial extent of feedforward terminals.
A: Maximum tangential extent of individual feedforward terminal clusters in each area as
a function of age. B: The relative overlap of the area of feedforward terminals with that
of the area of feedback cell label. Error bars represent £SEM.
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4.5 Discussion

This is the first study to simultaneously examine multiple aspects of refinement of
feedforward projections from V1 to multiple target visual cortical areas. Corticocortical
feedforward projections from V1 to extrastriate areas are presumed to provide an
excitatory drive endowing neurons in these respective areas with distinctive
physiological properties. Therefore, the anatomical refinement of each feedforward
pathway from V1 to target visual areas is undoubtedly involved in the maturation of
response properties of neurons in extrastriate visual areas. We examined the
anatomical refinement of feedforward projections from ferret V1 to extrastriate visual
areas. As early as 4 weeks postnatal, feedforward terminals and feedback cells were
organized into overlapped clusters, reflecting the reciprocity of connections between V1
and each extrastriate area. We found that bouton density, a measure reflecting the
relative contribution of input from primary visual cortex to individual visual areas is very
high before the time of eye-opening (4 weeks postnatal). Similarly, interbouton interval
along individual axons of feedforward terminals to different target areas is quite low
(median= 0.86) at 4 weeks of age. From 6 to 8 weeks postnatal, interbouton interval
increases, and bouton density decreases. The maximum tangential extent of individual
feedforward terminals decreases in areas 18 and Ssy over the same postnatal period,
while in areas 19 and 21 extent remains fairly similar. Moreover, the region of overlap
between the area of feedforward terminals and the area of feedback cell label appears
to decrease in Ssy and increase in area 18. Our results are broadly consistent with

previous studies documenting the refinement of feedforward projections from V1 to
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extrastriate visual areas (Burkhalter, 1993; Batardiere et al., 2002; Caric and Price,

1996; Price and Zumbroich, 1989).

We demonstrated that the refinement in bouton density and interbouton interval
of feedforward projections to multiple visual areas from 6 to 8 weeks postnatal follows
an essentially similar timecourse. However, the maximum tangential extent of individual
feedforward terminals, and the amount of overlap of feedforward terminals and
feedback cell label in each target area appear to have a unique developmental
trajectory. Our results indicate that bouton density declines in all areas at a broadly
similar rate. Bouton density values in extrastriate cortex (3.9-5.5x 107 boutons/mm?3) are
comparable to bouton density in thalamocortical axons to layer IV of mouse barrel
cortex (4.8 x 107 thalamocortical synapses/ mm?:. Wimmer et al., 2012). In area 18,
bouton density was greatest in the core throughout development, and on average was
one and a half times greater than density in the mid-periphery and periphery. This
implies that exuberant synapses formed early in development are subsequently
decreased in number after eye opening. A critical question remains whether the decline
in bouton density is due solely to the elimination of boutons on a given branch, or if it is
elimination of boutons and axon branches. Friedlander and Martin (1989) showed
similar developmental changes in the development of geniculocortical axons. The
authors observed that several aspects of geniculocortical Y-axons that project to area
18 of 4 week old kittens refine during development; a reduction in bouton density, an
increase in bouton size, and an increase in the surface area of cortex that is innervated
by geniculocortical afferents. Increased spacing of boutons reflected in our interbouton

interval measures is likely due to elimination of boutons driven by visual experience.
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Since spines are known to be sites of synaptic contacts, it is important to relate
the changes we observe in bouton density to potential changes in spine density on
postsynaptic targets. Spine density in the visual cortex of the monkey has been shown
to undergo dramatic changes during development. Lund et al. (1977) examined the
development of neurons in (area 17) of Macaca nemestrina and observed that the
dendrites of these neurons show a marked increase in the number of spines on their
surface during the first eight weeks of postnatal life. The authors also revealed that
spine numbers on these neurons decrease into adulthood. In a subsequent study,
Boothe et al. (1979) examined how spine development in spiny stellate cells in layer
IVCa and IVCR, as well as pyramidal neurons in layer I11B of monkey area 17 proceeds
during development. It was found that spine numbers decrease on all neurons between
nine months of age and adult (5-7 years), suggesting a protracted period of maturational
changes. The normal development and refinement of spines on visual cortical neurons
in the ferret has been yet been investigated. Nontheless, it would be intriguing to reveal
whether the timecourse of spine refinement parallels the timecourse over which we
observe the decline in bouton density.

A reduction in the maximum tangential extent of individual feedforward terminals
in areas 18 and Ssy was observed from 4 to 8 weeks of age. One possible explanation
for the decrease in maximum tangential extent in areas 18 and Ssy may be due to
elimination of inappropriate axons from nontopographically linked neurons in V1. This
restriction in the cortical territory occupied by feedforward terminals may well be related
to the refinement of the topographic map in these areas. Furthermore, the overlap ratio

of feedforward to feedback appears to decline in Ssy and increase in area 18. In Ssy,
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this decline implies that the territory occupied by feedforward terminals is decreasing.
As we have shown previously, the maximum tangential extent of feedback cell label
does not change appreciably throughout development (Khalil and Levitt, 2013).
Therefore, the only way for the overlap ratio to decline is for the territory occupied by
feedforward terminals in Ssy to decline. This is in accord with the decline in the
maximum tangential extent in Ssy that we also observed.

A biologically plausible strategy for the refinement of feedforward projections to
multiple visual areas is one described by the hierarchical model of cortical maturation.
Feedforward projections from V1 to area 18 would mature first, followed by areas 19,
21, and Ssy. Evidence for cortical maturation that follows a sequential scheme comes
from Price and Zumbroich (1989). The authors followed the development of feedforward
projections from cat V1 to areas 19, 19, 21a, and Ssy and show that the pathway from
V1 to area 18 matures ahead of the pathway from V1 to more higher order visual areas
(19, 21a, and Ssy). However, these authors were merely documenting the density of
feedforward terminals in each area, and that is only one measure of refinement. It is
conceivable that the outgrowth of feedforward terminals and innervation of particular
target visual areas ensues in a sequential fashion. However, the fine spatial refinement
(i.e. change in bouton density or interbouton interval) of feedforward projections from V1
to multiple target areas can in fact occur simultaneously, as we have shown here.

Batardiere et al. (2002) suggested a difference in the development of different
types of cortical connections of primate area V4, the laminar distribution of the
feedforward pathway from area V2 to V4 is adultlike early in prenatal life, while

feedback projections from V4 to V2 undergo extensive remodeling. Burkhalter (1993)
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demonstrated a similar developmental sequence of events in human infants; the laminar
termination pattern of feedforward connections matures before that of feedback
connections. Likewise, Berezovski et al. (2011) examined the development of
feedforward and feedback connections in mouse visual cortex between V1,
anterolateral area (AL), and lateromedial area (LM). Feedforward connections were
present at the earliest time point examined (postnatal day 2), while feedback
connections were not detectable until postnatal day 11. Collectively, these studies
focused on the early phase of cortical development that includes outgrowth of
feedforward terminals and innervation of target visual areas. However, in this study we
were interested in the later phase of cortical maturation and refinement in an attempt to
understand how normal visual experience affects the refinement of these pathways.
Visual functions mature at different rates because the underlying visual pathways
have different developmental timecourses. Therefore, understanding the timing of when
individual feedforward pathways are adultlike will help us attribute particular neural
substrates to particular functions. We can not claim that because bouton density and
interbouton interval are changing at a similar rate in all areas that a common
developmental mechanism is operating to refine them. We did not classify our boutons,
but it was our impression that bouton size varied from 4 to 8 weeks postnatal and
terminal boutons were more prevalent in the 8 week old than in the 4 week old. Thus,
our data do not reveal whether different subclasses of boutons mature differentially.
Fish et al. (2013) examined the developmental trajectories of two distinct classes of
GABA neurons (Parvalbumin-containing chandelier cells and basket cells) in monkey

prefrontal cortex to show that bouton density formed by each class has a different
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developmental trajectory. Thus, their findings suggest that different kinds or sources of
boutons may mature at different rates. Furthermore, this study provides evidence for
cell type specific mechanisms of maturation. In another study, Smith and Thompson
(1999) examined developmental changes in the expression of different glutamate
receptors (NMDA and AMPA) in ferret V1. The authors revealed very different temporal
profiles whereby AMPA receptor density is very high at birth and declines by the second
postnatal month, while NMDA receptor density is initially low and increases over the
same postnatal period. Therefore, it seems that even if a given anatomical pathway to
multiple areas refines with a similar rate, other aspects (i.e. types of receptors or
boutons) of the pathway can in fact mature at different rates.

It is unclear whether the postnatal refinement of interareal feedforward
connections parallels that of feedback projections. The prevailing model of visual
cortical development points to a hierarchical sequence such that the formation of basic
anatomical connections between lower order areas precedes that of successively higher
order areas. We have shown earlier that feedback connections to ferret V1 undergo a
period of extensive remodeling in the weeks following eye opening. The areal and
laminar proportion of feedback refine immediately after eye opening and are essentially
adultlike by 6 weeks postnatal. That fact that the proportion of feedback arising from
Ssy is decreasing while the proportion arising from area 18 is increasing is functionally
relevant and may be related to the relative contribution from Ssy and area 18 to the
surround of V1 neurons. In contrast, peak density, and nearest neighbor distance
between feedback cells show a monotonic rate of refinement that continues to about 10

weeks postnatal. Our feedforward data are partly consistent with these results in that
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refinement ensues from 6 to 8 weeks postnatal. Itis temping to speculate that because
feedforward projections are refining at a similar rate in multiple areas, it implies that
perhaps a particular receptive field property of neurons in these areas is similarly
refining with the same timecourse. To clarify, future studies investigating the
development of receptive field properties of neurons in multiple visual areas are
needed. It seems more likely that the functional maturity of neurons in the visual cortex
proceeds in a hierarchical manner. Zhang et al. (2013) showed that the spatial
organization of the subfields within the receptive field of V2 neurons is immature in
young monkeys, but mostly adult-like by 4 weeks of age. Moreover, Zhang et al. (2005)
demonstrated that at 2 weeks of age, receptive field properties of V2 neurons were
considerably immature relative to receptive field properties of V1 neurons. Their results
suggest that the feedforward input underlying the receptive field center of V2 neurons
were not as well developed as those in V1 neurons at 14 days of age. This is consistent
with the notion that neuronal responses mature later in higher-order visual areas than in
V1 (Kiorpes and Bassin, 2003; Kiorpes and Movshon, 2004).

Several other aspects of cortical connections appear to refine in the month after
eye opening. Horizontal projections in layers Il/11l of ferret visual cortex begin to refine
around P22 and continues until distinct adult-like terminal clusters are observed at P45
(Durack and Katz, 1996; Ruthazer and Stryker, 1996). Around the time of eye opening,
these long-range horizontal connections are limited in spatial extent, and are less
clustered than in the adult. While ocular dominance columns are established early in the
ferret (P16: Crowley and Katz, 2000), the critical period for ocular dominance plasticity

roughly coincides with the period of major reorganization of feedback circuitry, and
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continues until the end of the second postnatal month (Issa et al., 1999). Furthermore,
we have previously described (Khalil and Levitt, 2012) the developmental trajectory of
zinc staining in five visual cortical areas of the ferret brain in the month after eye
opening. Similar to the simultaneous refinement of feedforward projections to multiple
visual areas, zinc levels decline in these same areas with a similar timecourse.

The transformation of immature cortical circuits into precise patterns of
connections subserving adult brain function is thought to involve the elimination of
inappropriate connections as well as selective loss of synapses. We have shown that
feedforward projections from ferret primary visual cortex to multiple visual areas
undergo substantial refinement that includes a decrease in bouton density of their
terminals, increase in interbouton interval, and change with age in the maximum
tangential extent of individual feedforward terminal clusters. The changes observed
occur largely synchronously in all visual areas and add further evidence to the notion
that some features of cortical maturation occur simultaneously in multiple areas. Visual
experience likely plays a critical role in mediating these maturational processes to refine

visual circuits.
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CHAPTER 5

GENERAL DISCUSSION
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The broad goal of this work was to investigate the postnatal anatomical
development of interareal feedforward and feedback projections linking ferret primary
visual cortex (V1) and extrastriate visual areas. We were particularly interested in
establishing whether the developmental timecourses of feedforward and feedback
cortical circuits are similar. Secondarily, we wished to determine whether individual
feedback and feedforward pathways refine at comparable rates. Visual cortical areas
are presumed to subserve different perceptual functions as a result of their rich network
of interareal anatomical circuits. Therefore, differential development of distinct cortical
circuits could underlie the known differences in the rate at which various receptive field
properties such as center/surround interactions mature (Zhang et al., 2005: 2013), as
well as various perceptual abilities mature (Harwerth et al., 1986; Lewis and Maurer,
2005; Braddick and Atkinson, 2011).

Here we presented research using both anatomical tracer injections of neuronal
tracers as well as the use of zinc histochemistry. Ferrets (Mustela putorius furo) are
ideal for use in developmental connectional studies because of their protracted
postnatal period of brain development, and their relatively smooth cerebral cortex that
facilitates access to all visual cortical areas. These ages were chosen to span the
period just after eye opening, during which emergent visual responses undergo much of
their refinement to the adultlike state.

In chapter 2, we quantified synaptic zinc density (reflecting specific glutamatergic
inputs) in multiple visual areas of ferret visual cortex over the course of development.
We found that by 6 weeks of age there was a significant decline in visual cortical

synaptic zinc; this decline was most pronounced in layer IV of areas 17 and 18, with
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much less change in higher-order extrastriate areas. Synaptic zinc has been shown to
act as a potent modulator of excitatory neurotransmission by acting at zinc-specific
binding sites on the N-methyl-D-aspartate (NMDA) subtype of glutamate receptors
(Westbrook and Mayer, 1987; Christine and Choi, 1990; Hollmann et al., 1993). In the
developing cat visual cortex, Dyck et al. (1993) have suggested that the transient patchy
staining of zinc in layer IV of cat V1, which declines during the period of ocular
dominance column formation, may contribute to the mechanisms of column formation in
the visual cortex during the critical period. However, we note that geniculocortical
afferents in layer IV of primary visual cortex make up the minority of synapses in this
layer.

Synaptic zinc is sequestered in a subset of interareal feedforward and feedback
projections. Itis important to compare the developmental refinement of zinc circuits in
ferret visual cortex to the general network of feedforward and feedback connections. A
relavent question is what proportion of the total labeled boutons from feedforward
projections to each target visual area contain zinc. This can be accomplished through
colocalization of synaptic zinc with VGlut1, as this glutamate transporter is preferentially
used by corticocortical connections. A further question arises concerning the proportion
of feedback cells in extrastriate cortex that are zinc positive. This can be revealed by
making focal injections of sodium selenite into V1 of ferret visual cortex and tracking
developmental changes in the distribution of zinc-positive feedback cells in extrastriate
cortex.

Furthermore, we show that zinc histochemistry can be used to reliably distinguish

visual areas in juvenile and adult ferret cerebral cortex, and that the postnatal decline in
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levels of synaptic zinc follows a broadly similar developmental trajectory in multiple
areas of ferret visual cortex. Consistent with other studies in different species (Dyck et
al. 1993; Garrett and Slomianka 1992; Valente et al. 2002) we found that synaptic zinc
was developmentally regulated. However, unlike other studies, we directly show a
dramatic decline in synaptic zinc in layer IV of areas 17 and 18 in the period
immediately after eye-opening. This finding suggests that visual experience in the
postnatal period is critical for the refinement of visual cortical circuits and provides
further evidence that some aspects of cortical maturation follows a similar
developmental timecourse in multiple visual areas.

Interestingly, the period of major decline in zinc levels in layer IV of V1 is
coincident with the maturation of orientation and direction selective responses of V1
neurons that occurs after eye opening. In the ferret, both orientation and direction
selective responses become adult like by 6 weeks of age (Chapman and Stryker, 1993;
Li et al., 2006). This finding suggests that the decline in zinc levels in layer IV of ferret
V1 may be involved in the maturation of orientation and direction selectivity responses
of V1 neurons. Furthermore, the decline in zinc levels in layer IV may also contribute to
the formation of orientation selective columns. It is difficult to conclude whether synaptic
zinc is simply an indicator of the maturity of a region, or plays a key role in mediating the
maturation process. Perhaps future experiments can resolve this issue by raising
animals in complete darkness and subsequently examine changes in zinc levels.
Complete darkness has been shown to cause abnormal direction selectivity tuning in

ferrets (Li et al., 2006).

In chapter 3, we assessed the postnatal refinement of feedback projections
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arising from multiple visual areas to ferret primary visual cortex to determine whether
different features of the spatial organization of these pathways mature at similar rates.
We showed that there is substantial refinement in the spatial organization of feedback
projections arising from multiple visual areas to primary visual cortex of the ferret during
the period after eye opening. Our results are in broad agreement with previous studies
showing that feedback projections undergo a period of prolonged remodeling (Barone
et al. 1995; Batardiere et al. 1998, 2002; Burkhalter 1993). Our results also indicate that
much of the overall pattern of feedback label in extrastriate cortex is present as early as
four weeks postnatal. Baldwin et al. (2012) recently demonstrated that the adultlike
pattern of cortical connections between V1 and V2 is also present in early postnatal
monkeys. However, they also show refinement of connections between 2 to 8 weeks

postnatal.

In the course of our analysis we find a greater number of feedback cells from
contralateral visual areas to primary visual cortex at 5 weeks of age. In addition, we find
that the proportions of contralateral feedback from multiple visual areas in the 5 week
old are very similar to the areal proportions from the ipsilateral side. At 5 weeks of age,
Ssy provides the greatest proportion of callosal feedback to primary visual cortex. By 8
weeks of age, area 18 provides the greatest proportion of callosal feedback. Our results
are consistent with previous studies revealing refinement and pruning of visual callosal

circuits (Innocenti and Frost, 1979,1980: Innocenti and Price, 2005).

While much is known about the developmental refinement of the laminar
distribution of feedback projections in cat and monkey visual cortex (Barone et al. 1995;

Batardiere et al. 1998, 2002), little is known about the rate of refinement of the fine
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spatial scale of feedback projections in multiple visual areas. We therefore quantified
different anatomical aspects related to the topography of feedback projections and
found that the fine scale refinement of the spatial layout of feedback connections in
multiple visual areas occurs largely synchronously. This implies that perhaps feedback
from these visual areas to V1 have a similar kind of contribution to the receptive field
surround of V1 neurons, albeit with differing spatial extents.

Feedback projections from extrastriate visual areas have been shown to
influence the response properties of V1 neurons as they provide a modulatory influence.
In the monkey, Zhang et al. (2005) showed that at the time that certain receptive field
properties are mature in V1 and V2, the modulatory surround effects are not. Therefore,
it is likely that feedback projections to V1 and V2 from other extrastriate visual areas
have not yet assumed their adultlike organization. Taken together, their results suggest
that the spatial extent of both the RF center and surround refine throughout the course
of development. This is presumably due to the refinement of the spatial organization of
feedback cells in extrastriate visual areas that project to V1 and V2. The anatomical
refinement of feedback circuits presumably parallels the maturation of neuronal
physiological properties and more broadly visual perceptual abilities. As such, the
different developmental trajectories of different aspects of feedback connections we
observe (drastic change in areal and laminar proportion from 4-6 weeks versus the slow
monotonic rate of refinement in peak density, median NND and Q3 values) mirrors the
multiple developmental trajectories of different visual functions. Having revealed the
ages at which feedback connections are adultlike in ferret visual cortex, we can next

characterize the functional properties of neurons in these areas at different postnatal
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ages to determine if there is a functional correlation.

The decline in the proportion of feedback arising from the supragranular layers
during development could conceivably result in the maturation of V1 RF properties.
Feedback projections arising from different layers presumably provide different types of
input and consequently may have different influence in how they shape RF properties of
their targets. For example, inactivating layer V cells in area 18 of the cat affects
response magnitude and selectivity to stimulus velocity and orientation in layer |V cells
of area 17 (Alonso et al., 1993). However, inactivating area 18 cells in layers Il/11l affects
response magnitude only, without affecting the selectivity of neuronal responses of area
17 cells (Martinez-Conde et al., 1999).

The functional properties of V1 neurons are also determined by their intrinsic
properties such as the composition of their voltage-gated channels as well as their
transmitter receptor complement. Both of these features that are inherent to visual
cortical neurons have been shown to undergo changes during development. These
changes in turn play a role in the maturation and refinement of anatomical circuits. For
example, Smith and Thompson (1999) showed that different glutamate receptors
(NMDA and AMPA) in ferret V1 have very different temporal profiles during
development. AMPA receptor density is very high at birth and declines by the second
postnatal month, while NMDA receptor density is initially low and increases over the
same postnatal period. In addition, Catalano et al. (1997) monitored
immunohistochemical changes in the distribution of NMDA receptors in the
development of the cat and ferret visual cortex and revealed that levels of NMDAR1

change in development with a laminar-specific time course. Importantly, the authors
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showed that within layer 4, the transient increase in NMDAR1 immunostaining in cat
visal cortex occurs during the period of ocular dominance column formation (P21-42)
(LeVay et al., 1978). The electrophysiologcal properties of visual cortical neurons also
undergo marked changes during development. For example, McCormick and Price
(1987) investigated the electrophysiologcal properties of cortical pyramidal neurons in
layer V in the rat and revealed considerable changes during development. As pyramidal
neurons mature, their action potentials become faster in both their rate of rise and fall,
briefer in duration, and larger in amplitude. Collectively, these studies provide evidence
for marked changes during development in the intrinsic properties of cortical neurons;
these changes in turn may be involved in the refinement of anatomical circuits.

In chapter 4, we examined the maturation of feedforward projections from V1 to
multiple visual areas in ferret visual cortex from four weeks to eight weeks postnatal.
We quantified the tangential extent of terminal fields in each area, as well as the density
of labeled synaptic boutons and the interbouton interval along individual labeled axons.
Specifically, we were interested in determining whether different anatomical features of
feedforward circuitry refine simultaneously in all visual cortical areas. Simultaneous
refinement of different features could in turn affect receptive field properties in the
respective in a similar way. By 4 weeks postnatal (before eye opening), we find
substantial numbers of orthogradely-labeled axons and terminals in areas 18, 19, 21,
and the Suprasylvian cortex. In addition, orthogradely labeled terminals and
retrogradely labeled cells were organized into essentially overlapped clusters, indicating
reciprocal feedforward and feedback connections of each extrastriate area with V1.

Bouton density of feedforward projections to all areas examined declines from six



202

weeks to eight weeks postnatal. Similarly, interbouton interval of feedforward
projections to all visual areas increase over this same postnatal period.

Other studies have shown that the maturation of feedforward projections from cat
V1 to extrastriate areas occurs in a sequential fashion (Price and Zumbroich, 1989). We
document here that different other aspects (fine-scale) of feedforward projections from
ferret V1 to multiple visual areas refine with a similar timecourse. Declining bouton
density of feedforward projections could in part reflect the amount of drive a particular
area is receiving from V1. Therefore, the decline in bouton density and the increase in
interbouton interval we observe could represent a decrease in excitatory synaptic drive,
which would ultimately refine receptive field properties in the target areas. The fact that
bouton density and interbouton intervals are changing at a similar rate in all areas does
not necessarily mean that a single developmental mechanism is governing this
maturation process. We have seen that even if a given anatomical pathway to multiple
areas refines with a similar rate, other aspects (i.e. types of receptors or boutons) of the
pathway can in fact mature at different rates (Fish el al., 2013 ; Smith and Thompson,
1999). Future studies should certainly focus on elucidating different developmental
profiles of various aspects of these feedforward connections (i.e. receptor type, bouton
type). Lastly, we propose to extend this study to older aged ferrets to reveal a possible
protracted period of refinement in feedforward projections from V1 to extrastriate visual
areas.

Finally, understanding how visual cortical circuits develop and mature is central
to our understanding of visual perception. Since other sensory areas have cortical

connections similar to that found in visual cortex, elucidating the developmental
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trajectory of feedback projections to V1 and of feedforward connections from V1 to
extrastriate visual areas may illuminate how other sensory cortices develop.
Corticocoritcal feedforward and feedback projections are also a prominent feature in the
auditory cortex in monkeys and humans (Pandya, 1995), as well as in monkey
somatosensory cortex (Cerkevich et al., 2013). Our results will motivate future studies to
determine if the development of the physiological properties of the receptive field
surrounds of V1 neurons (which are presumably shaped by modulatory influences from
feedback in extrastriate visual areas) parallels the anatomical development of feedback
connections we have documented here. Furthermore, our feedforward data will be
useful for future studies documenting the development of receptive field properties of

neurons in extrastriate visual areas.
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