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Development of Ocular Dominance Bands and Long-Range Horizontal

Connections in Ferret Visual Cortex

by

Edward S. Ruthazer

ABSTRACT

The ferret has become a popular model animal for studies of visual

system development. Recently published single-unit and optical imaging

data from the visual cortex of immature ferrets revealed that single-unit

orientation selectivity and orientation maps first begin to mature

approximately between P32 and P36. It was therefore of interest to perform

quantitative studies on known anatomical correlates of cortical modular

organization in the developing ferret for comparison to the time course of

maturation of the physiological responses in ferrets as well as to anatomical

development in other species like cats, in which much of the earlier work

was done.

We found, using transneuronal labeling of ocular dominance bands in

the ferret, that the segregation of thalamocortical afferents into ocular

dominance bands began between P30 and P37, and appeared to be complete by

P63. The developmental timing of this segregation is very similar to that in

kittens. One striking difference between normal cats and ferrets, evident in



montages of serial autoradiographic sections was a discontinuity in the

pattern of ocular dominance bands at the area 17/18 border, which appeared

to have exclusively contralateral eye inputs.

Long-range horizontal connections, which preferentially link cortical

columns having similar stimulus orientation preferences, were labeled by

making a restricted injection of the retrograde tracer CTB-gold in area 17. The

distribution of retrogradely labeled neurons in layer II/III was found to be

initially random and diffuse at P21, but statistically significantly clustered as

early as P27, when nearly 75% of area 17 neurons still lacked orientation

selectivity. A secondary refinement of clustering in the pattern of long-range

horizontal connections occurred around P34 to P36, coinciding with the

period of maturation of orientation selectivity. Neural activity in the cortex,

but not in the eyes, was shown in subsequent experiments to be necessary for

the emergence of clusters in the horizontal connections. We propose a model

in which spontaneous activity in the cortical or thalamocortical circuit

together with the signal filtering properties of local cortical circuitry

establishes periodic intracortical connectivity very early in development,

thereby setting the future periodicity of as yet unformed orientation maps.

a dº *Ay
Michael M. Merzenich

Committee Chairman
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CHAPTER 1:

BACKGROUND AND EXPERIMENTAL RATIONALE



Overview

The organization of functional architecture in primary visual cortex

is sublime in its complexity, intricately mapping multiple dimensions of

visual stimulus feature-space onto a single retinotopic representation of the

visual world. But, it is the simplicity of the individual feature dimensions

that has truly distinguished the primary visual cortex as a fertile ground for

the exploration of cortical functional architecture. Using the microelectrode

recording method pioneered by Mountcastle in the somatosensory cortex

(Mountcastle, 1957), Hubel and Wiesel first observed orientation selective

cells that were organized into orderly sequences by making oblique or

tangential penetrations in monkey and cat primary visual cortex. In

addition they discovered that most cortical neurons received binocular

clustered by eye dominance. From this they deduced that both ocular

dominance columns and orientation columns had an orderly, and most

likely mutually orthogonal, geometry across the cortex (Hubel & Wiesel,

1974). This led to the proposal of the "ice cube" model for feature

representation within a visual cortical "hypercolumn"(fig 1). Although

known today to be inaccurate in its details, it is still an accurate abstraction

of how we believe feature processing is organized within primary visual

COrtex.

Our understanding of the organization of ocular dominance columns

has been greatly aided by the discovery that afferents from the monocular



laminae of the lateral geniculate nucleus (LGN) of the thalamus, physically

segregate into bands in layer IV of the visual cortex which correspond to the

physiologically detectable ocular dominance columns (Hubel and Wiesel,

1969; Wiesel et al., 1974; LeVay et al., 1975; Shatz et al., 1977; Shatz and

Stryker, 1978). This provides a direct anatomical method by which to

examine details of ocular dominance column structure. A similar assay for

orientation columns, based on local variability in cortical metabolism in

response to the presentation of visual stimuli of a particular orientation, is

provided by the 2-deoxyglucose (2-DG) method (Hubel et al., 1977;

Schoppman and Stryker, 1981; Löwel et al., 1987, Redies, et al., 1990). In

addition, the recent development of intrinsic signal optical imaging permits

chronic simultaneous examination of maps of orientation, ocular

dominance, and potentially any other parameter that is mapped onto the

cortical sheet. (Grinvald et al., 1986; Bonhoeffer and Grinvald, 1991;

Chapman, et al., 1996; Weliky, et al., 1995). However, with the exception of

ocular dominance bands, all these anatomical methods have the

shortcoming that they measure metabolic changes in response to stimulus

presentation, especially problematic in young animals that have generally

high background metabolic rates and respond poorly to visual stimulation.

The role that the regular configuration of ocular dominance and

orientation columns plays in cortical processing is still poorly understood.

Some have even gone so far as to suggest that it may be an

"epiphenomenon" (Livingstone, 1996). Blakemore and Tobin (1972)



proposed that the periodic organization of orientation columns could

exploit lateral inhibitory interactions to produce a sharpening of sensitivity

for edge orientation. Recent experiments recording orientation tuning of

single units while neighboring columns were inactivated iontophoretically

have lent qualified support for this idea (Crook and Eysel, 1992). Another

suggestion has been made from the perspective of evolutionary ecology that

placing cells with similar properties close together is the most efficient way

to wire the cortex. In fact, the motives of the "Interior Designer" are

irrelevant -- the cortex is organized this way. As scientists, we can take

advantage of this clearcut organization to provide a macroscopic picture of

interactions that must also be occurring between individual neurons, much

like the configuration of atoms in a crystal can be divined from the shapes

of its facets.

The effects of perturbation of visual experience on ocular dominance

column formation

This approach has been applied with tremendous success to

understanding the mechanisms that underlie development of binocular

interactions in the visual cortex. Rakic (1976) in the monkey, and later

LeVay and co-workers (1978) in the cat, demonstrated that anatomical ocular

dominance bands emerge from an initially uniformly intermixed

distribution of afferents. This process appears to be quite susceptible to the

influence of visual experience. Even a brief period depriving one eye of



normal visual experience during an appropriate "critical period" in early

postnatal life decreases that eye's ability to drive cortical neurons, but leaves

the non-deprived eye undisturbed or even stronger than before (Hubel &

Wiesel, 1970; Olson and Freeman, 1978). In contrast, similar periods of

binocular eyelid suture do not necessarily lead to a sizable loss of

responsiveness through either eye (Hubel and Wiesel, 1965; LeVay et al.,

1980; Stryker and Harris, 1986; reviewed in Sherman and Spear, 1982). Most

significantly, decorrelating the patterns of activity in the two eyes by

inducing strabismus or by alternating monocular deprivation results in a

much greater proportion than normal of exclusively monocularly driven

neurons (Hubel and Wiesel, 1965; Van Sluyters and Levitt, 1980). The fact

that anatomical correlates have been reported for these phenomena (Shatz

and Stryker, 1978; LeVay et al., 1980; Stryker and Harris, 1986; Löwel, 1994)

makes it highly likely that they are in fact attributable to a massive

reorganization of thalamocortical axonal arbors. Recent reconstructions of

individual thalamocortical axonal arbors further support this idea

(Friedlander et al., 1991; Antonini and Stryker, 1993; Antonini and Stryker,

1996).

Three basic requirements for any model that aims to explain the

formation of ocular dominance columns are established by the data

presented above. First, afferents must compete for cortical territory based on

their relative, not absolute, activity levels. This accounts for the striking

effects of monocular deprivation and the absence of a similar reorganization



in the case of binocular deprivation. Second, the segregation of ocular

dominance bands must be a direct consequence of fact that patterns of

activity among retinal ganglion cells are better correlated with their near

neighbors than with their visuotopically matched counterparts in the other

eye. This permits afferents representing each eye to be distinguished from

those representing the other eye in the cortex. The fact that segregation is

more complete when the stimuli to the two eyes are statistically equivalent

but lack temporal correlation (strabismus and alternating MD) demonstrates

that temporal patterns in neural activity rather than molecular markers

distinguish the afferents representing the two eyes. Completely silencing

retinal activity, both driven and spontaneous, by regular binocular

tetrodotoxin injections during the period of normal ocular dominance

column formation results in a failure of the afferents from the two eyes to

segregate into ocular dominance bands, presumably because they are no

longer distinguishable from one another (Stryker and Harris, 1986). Third,

there must be a means for individual axons with similar patterns of activity

to interact, since the afferents segregate into bands rather than remaining

intermixed.

In recent experiments a role for postsynaptic cortical cells in

interaction between afferents was tested. Cortical neurons, but not

thalamocortical afferents, were silenced by the infusion of the GABAA

agonist muscimol into the visual cortex during the time of normal

segregation of ocular dominance bands. Under these conditions, ocular



dominance columns failed to segregate (Hata and Stryker, unpublished

observations). While this experiment demonstrates the participation of the

postsynaptic cells in the normal development of ocular dominance bands, it

does not determine whether activity in these cells is just permissive or

actually instructive in the segregation process. An instructive role for

activity in the postsynaptic neurons was demonstrated in a remarkable set

of experiments in which muscimol infusion was started during the critical

period, after the columns had already segregated, and was accompanied by

monocular lid suture. In these experiments, the deprived eye came to

dominate over the open eye where postsynaptic neurons had been silenced

by muscimol, although the open eye dominated elsewhere (Reiter and

Stryker, 1988). Moreover, the typically observed anatomical increase of

territory innervated by open eye afferents and shrinkage of territory

innervated by deprived eye afferents was reversed in muscimol treated

regions, with the deprived eye expanding to cover most of the cortical

territory (Hata and Stryker, 1994). Thus, the convergence of same eye

afferents into clusters is almost certainly attributable to signals from either

individual or networks of postsynaptic neurons.

The Hebbian synapse model, as put forth by Stent (1973), meets all

these requirements and has become a favored mechanism in recent years, in

no small part because of its similarity to the exciting phenomenon of

hippocampal long-term potentiation (LTP). A Hebbian synapse is

strengthened when activity in the pre- and postsynaptic elements are



temporally correlated, and it is weakened when they are poorly or

negatively correlated. By assuming that synapse strengthening results in

axonal sprouting at the presynaptic terminal and that synapse weakening

leads to retraction, the anatomical findings can also be explained.

A computer simulation of ocular dominance band formation based

on the Hebbian synapse succeeds in producing an organization similar to

real ocular dominance bands (Miller et al., 1989). In addition to meeting the

requirements set forth by earlier experiments, this model makes several

predictions. One of the most intriguing of these predictions is that the

function of local lateral connectivity between cortical neurons (i.e.,

intracortical interaction function) basically determines the column spacing

that emerges in the simulations. When the intracortical interaction

function is predominantly excitatory at short range and inhibitory at longer

range (the so-called "Mexican Hat" function), its fundamental frequency

determines the patch size formed by the afferents. However when the

interaction function is purely excitatory (a "yarmulke" function if you will

permit), one eye can expand its arbors to dominate large regions of cortex

and produce abnormally large columns. This can be prevented in the

model by the introduction of constraints fixing the total synaptic strength

available to each individual axonal arbor. This has the consequence of

forcing axons to target synapses to sites with the best correlations rather than

expanding or collapsing everywhere. Under these conditions the arbor size

of the afferents determines the size of the ocular dominance bands that



form (Miller et al., 1989). This is a particularly interesting prediction, given

the fact that column spacing in area 18, which receives mainly broadly

arborized Y-cell inputs, is much wider than the spacing in area 17, which

receives more compact X-cell inputs (Sherman and Spear, 1982). Although

these prediction have not yet been adequately tested, the mere fact that

highly specific predictions have resulted from a theoretical model based on

a careful analysis of the experimental data attests to the success of the

"macroscopic" approach to understanding ocular dominance development

and plasticity.

The effects of perturbation of visual experience on orientation map

formation

This approach has been somewhat less successful in revealing the

mechanisms that are responsible for the formation of orientation maps,

perhaps in part because of the lack of an accurate anatomical correlate for

orientation column formation not based on metabolic rate. Manipulations

of the visual environment, intended to prevent or to bias the formation of

orientation columns have been controversial, and open to many

interpretations. Electrophysiological recording in very young kittens is

difficult and equivocal because of the poor responsiveness and high degree

of habituation of the single-units. A number of investigators in the 1970's

attempted to overcome this difficulty by raising animals in total darkness or

with binocular lid suture until recording at a more mature age when the



cortex should be more stable physiologically but still reflect the naïve state

(Pettigrew, 1974; Blakemore and Van Sluyters, 1975; Buisseret and Imbert,

1976; Sherk and Stryker, 1976; Frégnac and Imbert, 1978; reviewed in

Sherman and Spear, 1982). However, it became apparent that despite some

improvement in the quality of recording after short periods (until about

three weeks of age) of binocular deprivation, longer periods of visual

inexperience led to an near total loss of orientation selectivity (Blakemore

and Van Sluyters, 1975; Frégnac and Imbert, 1978; reviewed in Frégnac and

Imbert, 1984). Thus, the waters were muddied by the inability to distinguish

the innate presence or absence of orientation selectivity from pathological

effects of deprivation. It was clear, however, that at the earliest age at which

recording was possible (about P6) at least a few highly orientation selective

neurons were already present, although their numbers were too few to

assess realistically whether or not they were organized into maps (Hubel

and Wiesel, 1963; Blakemore and Van Sluyters, 1975; Sherk and Stryker,

1976; Frégnac and Imbert, 1978; Albus and Wolf, 1984, but see Pettigrew,

1974).

Efforts to produce less severe and potentially more interesting

deprivations by limiting the orientations to which animals were exposed

had similar difficulties. Blakemore and co-workers raised kittens with

restricted orientation experience by rearing them in darkness except for a

few hours each day when they were placed inside an illuminated cylinder

with lines of a single orientation drawn on the walls. Under these

10



conditions, they reported a disproportionate percentage of orientation

selective neurons were driven by the orientation to which the animal had

been exposed (Blakemore and Cooper, 1970; Blakemore and Van Sluyters,

1975). Other groups failed to replicate this result using a similar protocol

(Stryker and Sherk, 1975; Stryker et al., 1978), but observed a shift in the

orientation distribution by limiting orientation experience in each eye using

goggles (Hirsch and Spinelli, 1971; Stryker et al., 1978). They offered two

alternative hypotheses to explain the finding of an orientation shift after

restricted experience. Under the first hypothesis, referred to as

"instructional", the orientation selectivity of cortical neurons would be

created by sensory experience. In this way, the distribution of orientation

selective cells would necessarily reflect the animal's prior experience. The

other hypothesis, termed "selectional", argued that each cell's mature

orientation preference was predetermined, but restricting visual experience

would lead to a loss (or failure to mature) of responsiveness or orientation

selectivity of the unstimulated cells, resulting in a distribution biased in

favor of the orientation to which the animal had been exposed. Evidence

supporting both hypotheses was found, but the finding that nearly twice as

many orientation selective neurons were encountered when animals

experienced two orientations than when they experienced only one

orientation weighed heavily in favor of the selectional model (Stryker et al.,

1978).

11



Experimental rationale

It would seem from the experiments presented above that orientation

selectivity is both more developed and less malleable in juvenile animals

than is ocular dominance. This is somewhat misleading. Ocular

dominance is a property of the sensory periphery, transmitted to the visual

cortex by anatomically distinct pathways. Orientation preference is a

computational phenomenon, synthesized for the first time in the visual

processing stream at primary visual cortex. If an elementary map of

orientation preference in area 17 is truly innate, then expecting to alter it by

manipulating visual experience is a bit like trying to change the ocular

dominance of the eyes (in some species in which retinoretinal projections

have been detected this may even be possible!). A better analogy perhaps

would be to compare the physical distribution of ocular dominance

columns (i.e., the positions of column centers and intercolumn periodicity)

to the distribution of orientation columns. Indeed even the most severe

forms of monocular deprivation do not completely eliminate a latent set of

patches that both receive afferent input from and continue to respond

physiologically to the deprived eye (Shatz and Stryker, 1978; LeVay et al.,

1980). Recent optical imaging experiments suggest that the two maps of

orientation and ocular dominance may be inextricably linked (Obermayer

and Blasdale, 1993; Crair, Ruthazer, Gillespie, and Stryker, submitted).

The experiments reported in this dissertation were intended to go

beyond the basic question of the influence of visual experience on ocular

-:
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dominance or orientation selectivity and to address whether patterned

neuronal activity was at all important for cortical map formation. Surely if

blocking neuronal activity failed to prevent map formation no

manipulation of visual experience could possibly succeed. Two

experimental innovations have made this possible: first, the use of the

altricial ferret as an experimental animal (Chapman and Stryker, 1993;

Chapman, et al., 1996); and second, the discovery of a functional anatomical

marker for orientation columns, the long-range horizontal connections in

supragranular visual cortex (Gilbert and Wiesel, 1989; Weliky and Katz,

1994). The use of the ferret has required the replication of some previous

work from cats, particularly regarding the time course of development of

ocular dominance bands.

The brain of the ferret develops at approximately the same rate post

conception as the cat (Linden et al., 1981). The key advantage to working

with ferrets is that they are born after 42 days of gestation, in comparison to

cats which are born about 63 days post-conception. This means that not only

does most of cortical development occur postnatally, but also physiological

recording is much more reliable at younger ages -- the cardiovascular

condition of month-old ferrets is considerably more stable than that of

week-old kittens. Ferrets have orientation and ocular dominance maps

much like cats (Law et al., 1988; Redies, et al., 1990; Weliky and Katz, 1994).

We have demonstrated that the normal development of ocular dominance

columns in ferrets is fundamentally identical to that in cats, although

13



several differences between cats and ferrets do lead to interesting points of

divergence. We believe that the ferret will continue to gain popularity as an

experimental animal, both for the reasons cited above as well as their large

litter size and ease of breeding and housing. A detailed description of ocular

dominance column formation in ferrets is therefore a valuable contribution

to the field which should facilitate future work.

Long-range horizontal connections in the upper cortical layers selectivity

link orientation columns with common orientation preference. This has

been consistently demonstrated using numerous techniques in several

species including the ferret (Gilbert and Wiesel, 1989; Malach et al., 1993;

Weliky and Katz, 1994; Fitzpatrick, 1996). The developmental time course of

long-range horizontal connections was only well described in cats at the

time that the experiments contained in this dissertation were commenced

(Callaway and Katz, 1990; Luhmann et al., 1990). We therefore examined

the developmental time course of clustering of horizontal connections (a

reflection of columnar specificity) in the ferret. This led to the surprising

finding that horizontal connections showed columnar specificity at ages

younger than orientation maps could be detected in physiological

experiments. Single-unit recording experiments by Chapman and

Stryker(1993) demonstrated that the normal development of orientation

selectivity in the ferret does not occur if cortical activity is blocked from an

early age by chronic intracerebral infusion of the sodium channel blocker

tetrodotoxin. These results encouraged us to proceed with experiments to

14



test the role of patterned neuronal activity on cortical map formation under

the working assumption that clustering of long-range horizontal

connections was a highly sensitive measure of spatial periodicity in cortical

organization (i.e., primitive maps). Our findings demonstrate that blockade

of cortical activity does prevent the formation of early clustering of

horizontal connections, suggesting that it is not innately determined

independent of neural activity. However, we also found that retinal input

was unnecessary for the formation of well-clustered horizontal connections,

arguing strongly against a requirement for patterned visual experience in

the establishment of these maps.

15



Figure 1-1 The Hubel and Wiesel “Ice Cube” model of cortical

modular organization. The top half of the figure shows an adaptation of the

original model in which orientation (shade) and eye preference (“R” & “L”)

form orthogonal slabs. The bottom half of the figure is an updated version

in which orientation columns form pinwheels approximately centered in

ocular dominance columns.
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CHAPTER 2:

DEVELOPMENT AND ORGANIZATION OF OCULAR DOMINANCE

BANDS IN PRIMARY VISUAL CORTEX OF THE SABLE FERRET.
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ABSTRACT

Thalamocortical afferents in the visual cortex of the adult sable ferret

are segregated into eye specific bands. The development of ocular

dominance bands was studied by transneuronal labeling of the visual

cortices of ferret kits between the ages of postnatal day (P)28 and P81

following intravitreous injections of either tritiated proline or wheat germ

agglutinin-horseradish peroxidase. Laminar specificity wsa evident in the

youngest animals studied and was like that in the adult by P50. In P28 and

P30 ferret kits, no modulation in the pattern of labeling along layer IV was

detectable. By P37 a slight fluctuation in the density of labeling in layer IV

was evident in serial reconstructions. By P50, the amplitude of modulation

has increased considerably, but the ipsilateral eye appeared to be

underrepresented. The pattern and degree of modulation of the ocular

dominance bands appeared like that in adult animals by P63. Flat mounts of

cortex and serial reconstructions of layer IV revealed wide ocular

dominance bands in area 18, despite the absence of an uncrossed Y pathway

in ferrets. Unlike in the cat, the border between area 17 and area 18 received

almost exclusively contralateral eye inputs, resulting in a discontinuity in

the periodic pattern of ocular dominance bands at the border. The

contralateral domination of this region was confirmed
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INTRODUCTION

The ferret (Mustela putorius) is a domesticated carnivore with a

visual system similar to that of the cat (Vitek et al., 1985; Rockland, 1985;

Zahs and Stryker, 1985; Law et al., 1988). As in the cat, the visual cortex in

the ferret contains feature maps for orientation preference and ocular

dominance (Law et al., 1988; Redies et al., 1990; Weliky and Katz, 1994;

Chapman et al., 1996; Crair and Ruthazer, unpublished observations).

There is also evidence for maps of contrast preference and direction

selectivity in ferrets (Zahs and Stryker, 1988; Weliky et al., 1996). Ferrets are

born in large litters and have relatively immature visual systems at birth

(Linden et al., 1981; Jackson et al., 1989), making them appealing for studies

of visual system development and cortical map formation.

The map of eye dominance has a direct anatomical correlate (Shatz

and Stryker, 1978). Afferent terminals from each of the monocular laminae

of the lateral geniculate nucleus (LGN) project to segregated eye-specific

patches in cortical layer IV of adult animals (Hubel and Wiesel, 1972). These

anatomical ocular dominance bands can be revealed by injecting a

transynaptic anterograde tracer into one eye (Wiesel et al., 1974; Shatz et al.,

1977), or by making injections into a single eye-specific lamina of the LGN

(LeVay and Gilbert, 1976). In the cat, ocular dominance bands are not

present at birth, but instead emerge from an initially intermingled set of

inputs from both eyes (LeVay et al., 1978). The segregation of afferents into
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eye-specific bands relies on an activity-dependent mechanism that exploits

the fact that the exact patterns of neural activity in the two eyes are mostly

uncorrelated. This permits the inputs representing each eye to be

distinguished purely on the basis of their patterns of electrical activity

(Stryker and Harris, 1986; Stryker and Strickland, 1984). Their segregation

into patches has been proposed to result from the strengthening and

weakening of inputs whose activity is respectively strongly and weakly (or

negatively) correlated with the local network of postsynaptic neurons (Stent,

1973; Reiter and Stryker, 1988; Bear, et al., 1990; Hata and Stryker, 1994,

reviewed in Miller and Stryker, 1990).

In this paper, we present the developmental time course of the

formation of ocular dominance bands in the sable ferret with the aim of

facilitating direct comparisons to the development and plasticity of kitten

ocular dominance columns. This study also employs tangential

reconstructions of layer IV made from montaged serial autoradiographic

sections of visual cortex and from tangential sections through layer IV of

flattened, unfolded visual cortex. The reconstructions reveal many

similarities but also some fundamental differences between the

development and organization of cat and ferret ocular dominance bands in

both areas 17 and 18. In particular, ocular dominance bands in area 18 of the

ferret pose difficulties for the notion that area 18 recieves exclusively Y-type

inputs since the Y pathway in ferrets recieves input exclusively from the
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MATERIALS AND METHODS

Thirteen normally pigmented, sable ferrets obtained from Marshall

Farms (North Rose, NY) were used in this study. Our nomenclature for age

is based on the number of full days having passed since birth; the day of

birth is P0. All animals in this study had coloration and markings within

the normal range for fully pigmented sable ferrets.

Transneuronal labeling of ocular dominance bands

Tritiated Proline

Ferrets ranging in age from P21 to P71 were anesthetized by

inhalation of halothane (0.5% - 5%) in a 2:1 nitrous oxide:oxygen mixture.

The fur around the eye was shaved and swabbed with disinfectant

(Zephiran). Under aseptic conditions, the eyelids were separated if

necessary, the lateral canthus of the left eye lid was cut and connective tissue

was blunt dissected away to reveal the lateral margin of the eye. A small

hole was made in the sclera using a sterile 30ga needle to accomodate

insertation of a glass micropipette attached by polyethylene tubing to a

Hamilton microsyringe filled with silicone oil. The tip of the pipette

contained the tracer solution of 2mCi lyophilized 3H-proline (Amersham)

reconstituted in 101L sterile saline, separated from the oil in the injection

apparatus by a small air bubble. The tracer was injected slowly into the eye

over 8 minutes. The injection pipette was then retracted from the eye and

º
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the hole was gently blotted with a cotton swab to absorb any solution that

may have leaked from the hole. A small drop of cyanoacrylate glue was

used to seal the hole and the lateral canthus was sutured shut, taking care

not to occlude vision through the eye. The ferret kits were then given a

prophylactic injection of ampicillin and returned to their mothers when

sternally recumbent. Following each injection, the radioactivity in the

micropipette, cotton Swab, and mixing vial was measured using a Beckman

LS2800 scintillation counter to calculate the proportion of the original 2mCi

of tracer that had been successfully injected. If it was determined that less

than 1 mCi had been injected, a second injection was made.

Typically 7-10 days later (the sole exception being the P56 kit which

was injected at P38), ferret kits were deeply anesthetized by intraperitoneal

injection of pentobarbital sodium (Nembutal) and perfused transcardially

with 0.1M phosphate buffer (pH 74) followed by 4% paraformaldehyde in

0.1M phosphate buffer. After several days postfixation in 30% sucrose/4%

paraformaldehyde in 0.1M phosphate buffer, the cortices and lateral

geniculate nuclei (LGN) were separated, the LGNs were cut on a vibrotome

at 50pm in the parasagittal plane and processed for autoradiography by the

method of LeVay et al. (1978). If the LGN sections showed successful

labeling after 2 weeks exposure time, 30 pm frozen sections of the occipital

cortices were then cut in a plane approximately midway between horizontal

and sagittal, parallel to the long axis of the posterior lateral gyrus, and

processed for autoradiography. This plane of section maximized the
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amount of binocular cortex in each section based on the maps of Law et al.

(1988). All cortical sections were processed for autoradiography except that

one section in six was Nissl stained. Alternatively unfolded cortices were

postfixed overnight, flattened between two glass slides separated by 1.2 mm

thick spacers and 40 pm frozen sections were cut tangential to the pial

surface. The flattening procedure was essentially identical to that described

in Ruthazer and Stryker (1996).

Wheat Germ Agglutinin-Horseradish Peroxidase

Intravitreous injections of 10 pull wheat germ agglutinin-horseradish

peroxidase (WGA-HRP, 5% in saline, Sigma) were made using the same

basic techinque as injections of 3H-proline, except that a pair of injections

were made six and four days prior to perfusion. Animals were perfused

transcardially with 0.1 M phosphate buffer followed by 2% gluteraldehyde in

0.1M phosphate. The cortices were unfolded and flattened between glass

slides as above and cryoprotected overnight in 30% sucrose in 0.1M

phosphate buffer. 40 pum frozen sections were cut and immediately reacted

using the enhanced TMB method of Olavarria and Van Sluyters (1986).

Two- and three-dimensional reconstructions of the pattern of labeling

A series of autoradiographic sections, separated by no more than

120pm, were photographed at low magnification (3x-8x) under darkfield

optics. Photographic negatives were then scanned at high resolution (2700

d.p.i.) using a Polaroid SprinScan 35 slide scanner. Using Adobe Photoshop

º
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3.0 software, layer IV from each section was cut out, rotated and pasted into

a montage of layer IV from the entire series. Images of sections were never

warped or distorted, but "relieving cuts" were made occasionally to permit

alignment of columns in distant parts of the sections. In order to

compensate for variation in the degree of contrast between different

photographs, the lookup tables for all the images were always stretched

linearly to occupy the full 8 bits of dynamic range without altering the

relative intensities of pixels within an image.

In some cases an alternative montaging method was also applied.

Using NIH Image software and its macro language, images were median

filtered (approx 40x40 pm filter) and then pixel coordinates and intensities

were collected about every 40pm along a line drawn through the center of

layer IV of each section in the series. These values were stored for later

processing using IDL image analysis and display software on a DEC alpha

workstation. Reconstructions of the series of autoradiographs in two- or

three-dimensions, using the section spacing, x coordinates, y coordinates

and intensities of all the pixels collected allowed us to visualize and mesure

the pattern of labeling throughout the binocular segment of visual cortex.

Quantitative analysis in the paper was performed on these reconstructions

rather than on the photomontages because they are less prone to distortion

along the axis perpendicular to sectioning.

Quantitative analysis
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Proportion of territory dominated by labeled and unlabeled inputs

To determine the proportion of territory in area 17 dominated by the

labeled and unlabeled eyes, all territory in the binocular segment was

assigned to an eye based on the intensity of its labeling using the following

method. Histograms of the distribution of pixel intensities in the binocular

segment were made using Adobe Photoshop software. From these

histograms, the labeling intensity of the 10th percentile brightest and 10th

percentile darkest pixels were determined. All pixels in the binocular

segment were considered to represent labeled territory it their intensity was

closer to that of the 10th percentile brightest pixel and unlabeled if it was

closer to the 10th percentile darkest pixel. This measurement procedure was

not useful in the younger cases where the label is not well segregated,

because the brightest and darkest pixels used to calibrate the measurement

are nearly equal and therefore reflect random fluctuation in labeling as

much as the absence or presence of label.

Counting silver grains in autoradiographs

A suitable region for grain counting was selected under darkfield

optics at low magnification (2x). Video images were captured at high

magnification (80x) and bandpass filtered in order to separate occasional

adjacent pairs of silver grains using NIH Image software. Filtered images

were then threshholded at 50% intensity and the number of labeled particles

within analysis windows of 80 x 12 plm was counted by the software.
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Electrophysiology

Single-unit recordings were made in one ferret in order to

characterize the ocular dominance and receptive field properties at the area

17/18 border. The basic method was identical to that of Law et al. (1988).

Series of penetrations were made every 300 pm along the anteroposterior

axis of the dorsal surface of the occipital cortex in this ferret in order to

reveal the location of the area 17/18 border by the topographic reversal of

receptive fields. At least three cells in each penetration were studied

between 300 and 800 pm from the surface. Three such series of penetrations

were made in one hemisphere and one more series of penetrations was

made in the other hemisphere to measure the degree of overlap in

receptive fields in the two hemispheres and to determine eye preferences of

neurons in this border region.
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RESULTS

Maturation of the thalamocortical projection

Figure 1 shows the laminar profile of silver grain counts from an

autoradiographic section in the monocular segment of area 17 in a P81 ferret

injected with 2 mci 3H-proline in the contralateral eye on P71. At this age

the thalamocortical projection was mature, terminating primarily in layer

IV, with a smaller component in layer VI. A faint projection to layer I also

was observed consistently. Silver grain density was greater in layer V than

in layer II and upper layer III, where it approached background levels, but it

is unclear what proportion of the label in layer V was due to fibers of

passage that terminated in layer IV and more superficially. There was a

particularly abrupt change in the density of thalamocortical input at the

layer IV/V boundary, presumably due to the relatively rich arborization of

thalamocortical axons within layer IV.

In cats, LGN afferents first arrive in layer IV of the visual cortex

several days before birth and the density of their arbors in layer IV greatly

increases over the following month (Luskin and Shatz, 1986; Ghosh and

Shatz, 1992; Antonini and Stryker 1993). In ferrets, we examined the

laminar distribution of thalamocortical afferents at a series of ages during

the presumed period of thalamocortical maturation, from P28 to P81, in

autoradiographic sections of the monocular segment of area 17 labeled

transneuronally by [3H]-proline injections into the contralateral eye.
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The youngest ferret kit in which we successfully transneuronally

labeled cortical afferents was injected on P21 and perfused on P28. Despite

the high level of blood-born radioactivity at this age, the higher density of

silver grains in bands centered around layers I, IV, and VI were readily

discernible in the density plot (fig 2). In addition, it appeared that the main

band in layer IV was both less intense and less tightly restricted to the

confines of the layer than that seen in mature ferrets. The most

parsimonious explanation for this finding is that at this early age the

afferents to layer IV are probably only sparsely branched and that the bulk of

later branching takes place primarily within layer IV.

At P37 the laminar distribution of afferents more closely resembled

the mature pattern (fig 2). However, the transition between the intense

labeling in layer IV and adjacent layers was less abrupt than in older

animals. This was revealed in the silver grain density plot as a sharp peak

in density centered in layer IV in contrast to the elevated plateau of density

across layer IV in mature ferrets. Thus, as afferents branch within layer IV,

they evidently add arbor earliest in the middle of layer IV. By P50 the

laminar distribution of thalamic afferents in area 17 appeared mature,

qualitatively resembling that of the P63 and P81 ferrets (fig 2). The plateau

of afferent density within layer IV could be attributed either to a gradual

filling in of layer IV from the middle outwards, or to exuberant growth of

afferents followed by selective pruning.
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Le Vay et al. (1978) pointed out the presence of a prominent band of

label in the upper part of layer I in visual cortex of kittens P22 and younger.

We did not consistently find especially intense labeling in layer I of

comparably aged ferrets.

Segregation of afferents into ocular dominance bands

Autoradiographs of the binocular segment in area 17 showed a

periodic modulation along layer IV in the pattern of transneuronal label

both ipsilateral and contralateral to the injected eye in all but the youngest

ferret kits in this study (Fig 3).

Ferrets perfused on P28 or P30 showed no evidence of ocular

dominance bands in either hemisphere, even in tangentially sectioned

cortical flatmounts, despite a substantial level of transneuronal labeling

within layer IV in the binocular segment (N=7 hemispheres)(fig 4). Our

data, however, do not permit us to distinguish between a true absence of

fluctuation in the pattern of input from one eye and an artifactual

continuous pattern of label resulting from "spillover" of tracer between the

monocular laminae of the LGN. Nonetheless, the developmental

segregation of inputs from the two retinae to the LGN is already complete

when eye injections were made at P21 (Linden et al., 1981), making it

unlikely that spillover accounts completely for the lack of segregation seen

in the cortical afferents.
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The youngest ferret in our study to exhibit a labeling pattern

consistent with ocular dominance bands was the P37 kit. In this animal,

small periodic peaks in the labeling density along an otherwise continuous

band of label in layer IV were present in the ipsilateral hemisphere (fig 3).

These peaks were unlikely to be artifactual as they aligned in serial sections

dipped and developed on different days. The contralateral hemisphere was

much more faintly modulated. Earlier studies in the cat also reported that

ocular dominance bands were more readily detectable ipsilateral to the

injected eye, probably as a consequence of the greater contribution of

"spillover" in the contralateral LGN to cortical labeling and the relative

proximity of the injection site at the lateral margin of the eye to the

temporal retina (LeVay et al., 1978). It should be noted that even the largest

fluctuation in silver grain density along layer IV at P37 was only about 20%

the amplitude of that seen in any of the older animals (fig 5). The pattern of

label in a P45 ferret was qualitatively similar to that at P37 or somewhat

more pronounced, but silver grain counts were not made in this animal

because it had a high background level of silver grain density.

In the P50 ferret, labeled ocular dominance bands stood out clearly

against faintly labeled gaps within layer IV. Silver grain counts revealed

that, much like the P37 case, there were sharp periodic peaks in the labeling

density, but the peaks were now of considerably greater amplitude (fig 5).

The pattern of labeling in this ferret kit differed from the mature animals in

this study in that, despite showing conspicuous ocular dominance bands,
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there was an unusually strong contralateral bias of its afferent inputs in both

hemispheres (fig 5, 6). The pattern of labeling in the P56 ferret kit had a

slightly weaker contralateral bias and looked considerably more like that in

the mature ferrets. This unbalanced pattern of ocular dominance bands

crudely resembled that of monocularly deprived kittens (Shatz & Stryker,

1978; Hata & Stryker, 1994). However, the presence in the opposite

hemispheres of a complementary pattern, also dominated by the

contralateral eye, makes it unlikely that the particular distributions of

afferents in these animals were due to any imbalance of activity between the

two eyes. This pattern more likely reflects some aspect of normal

development. It may be due to differences between animals in the degree of

contralateral bias in afferent inputs representing the two eyes.

Alternatively, it may constitute an intermediate step in the formation of

ocular dominance columns in the ferret. This point will be discussed

further below.

The segregation of ocular dominance bands was qualitatively adult

like by P63. In both hemispheres of the P63, P74, and P81 ferrets, the label

from the injected eye alternated abruptly along layer IV between uniform

stretches of high and low density (figs 3,5).

Organization of ocular dominance bands in area 17

In order to explore further the shape and distribution of ocular

dominance bands in the ferret, the entire binocular segment was
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reconstructed in 13 hemispheres from 7 ferrets of various ages using at least

one of three different methods. In first method, pixels intensities were

sampled approximately every 40pm along the length of layer IV in scanned

dark-field photographs of serial autoradiographic sections (see Methods). By

also recording the section number and x and y coordinates of each sampled

pixel, it was possible to create electronically flattened two-dimensional, and

in some cases full three-dimensional, reconstructions of the layer IV

labeling pattern (fig 7). In the second method, two-dimensional

photomontages were made by cutting out images through all of layer IV

from individual autoradiographs and pasting them side by side to

reconstruct a tangential view of layer IV (fig 6). This method was

particularly useful in cases in which several sections contained large, nearly

tangential stretches through layer IV, as occasionally occurred fortuitously

in sections near the occipitotemporal sulcus (a concavity on the ventral

aspect of the posterior lateral gyrus, which accommodates the anterior

cerebellum) -- several examples of sections that run nearly tangential

through layer IV are illustrated in figure 3. A third method used in four

animals, three ferret kits injected monocularly with [3H]-proline at P21 and

perfused P30, and one adult female ferret injected monocularly with WGA

HRP, was to unfold and flatten physically the entire occipital cortex prior to

sectioning. In the P30 animals, as described above, this technique revealed

no local fluctuation in the pattern of label in visual cortex.
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The flattened adult cortex displayed a pattern, corroborated by the

serial photomontages, of patches that fused to form bands tending to run

approximately perpendicular to the area 17/18 border (fig 8). The lateral part

of area 17, near the representation of area centralis tended to contain more

individual patches and stripes tended bo predominate in the medial part.

Patches of label were approximately 0.7 mm center to center on average, but

a wide range of column spacing was observed.

Another characteristic feature in ferret visual cortex was a high

degree variability in the thickness of neighboring ocular dominance bands

representing the same eye. The broader bands appeared to be aggregates of

individual adjacent patches. Broad bands were most readily seen in sections

that cut tangentially through layer IV (e.g., P71 case in figure 3; fig 8). It is

possible that the broad columns may be the cortical manifestation of LGN

"bridges", small clusters of inappropriate eye inputs to the otherwise

monocular geniculate laminae, that are a common occurrence in the ferret

(Zahs & Stryker, 1985). However, a similar fusion of several adjacent

patches is also evident, though much less common, in published montages

of area 17 in the cat (Shatz et al., 1977; LeVay et al., 1978; Anderson et al.,

1988), which lacks geniculate bridges.

Previous investigators have described a difference between the shapes

of the bands representing the contralateral eye and the ipsilateral eye in

ferret visual cortex. Law et al. (1988) observed thick contralateral eye stripes

and thin ipsilateral eye stripes. Redies et al. (1990) reported ipsilateral eye
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islands in a sea of contralateral eye stripes. In our reconstructions, both

these configurations were present in different regions. Thick ipsilateral eye

stripes were also sometimes present. Reconstructions in mature animals,

P63 and older, looked very similar to those of Redies et al. (their figure 6)

from a pair of adult ferrets.

In agreement with earlier studies (Law et al., 1988; Redies et al., 1990),

the representation of the contralateral eye occupied more territory than did

the ipsilateral eye in the binocular segment of area 17 in all the ferrets in

this study in which it could be measured. This contralateral bias is probably

attributable to the fact that only about one-third of the retinally innervated

volume of the binocular segment of the LGN receives input from the

ipsilateral eye (Zahs & Stryker, 1985). The medial part of area 17, up to the

area 17/18 border, was especially strongly dominated by contralateral eye

afferents, having thin, faintly labeled ipsilateral bands and some regions

completely lacking ipsilateral label (fig 6).

We approximated the relative contributions of the two eyes

throughout the binocular segment by generating histograms of the

intensities of all the pixels in the binocular segment of each hemisphere (see

Methods). The percent of territory dominated by the labeled eye was defined

as the percentage of pixels in montages of the binocular segment closer in

intensity to the 10th percentile brightest pixel than to the 10th percentile

darkest pixel. In montages from the P63, P81 and adult ferrets the mean

percent of territory labeled in the binocular segment was 39.0 + 13.0%
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ipsilateral to the injected eye and 59.9 + 5.1% contralateral to the injected

eye. The P50 ferret had just 24.8% labeled territory in the monocular

segment ipsilateral to the injected eye and a remarkable 73.5% contralateral

to the injected eye.

Surface area of area 17

Area 17 in the flattened adult hemispheres was approximately 57.6

mm2 for the left visual cortex and 53.3 mm2 for the right visual cortex.

Assuming about 20% tissue shrinkage from TMB processing (Anderson et

al., 1988), this gives maximum original areas of about 72.0 and 66.3 mm2

respectively, comparable to the range (65-87.2 mm2) reported by Law and

co-workers (1988). Only one-third (17.8 and 16.8 mm2) of this is binocular

cortex. In montages constructed from cutting and pasting strips of layer IV

from closely spaced serial sections, mean surface area of the binocular

segments measured 12.4 mm2. This is a slight underestimate because the

distance between histological sections was used as the distance along the axis

orthogonal to the plane of section, which takes into consideration neither

the curvature of the cortex nor shrinkage of tissue prior to sectioning. The

length-to-width ratio of ferret area 17 varied depending on the

reconstruction method used, but was approximately 2.1:1 (13.5mm : 6.5 mm)

for all area 17 and at least 3.6:1 (9 mm : 2.5 mm) for the binocular segment

alone.
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Ocular dominance bands in area 18

The organization of ocular dominance bands in area 18 differed

considerably from that in area 17. Labeled bands in area 18 were nearly three

times larger than those in area 17 and did not have the appearance of being

formed from aggregates of uniform smaller patches. In addition, in the

most medial part of area 18, an extremely large clump of almost exclusively

ipsilateral input was consistently found abutting the region in area 17

dominated by the contralateral eye (figs 6,8). Although full reconstructions

of area 18 were not made, we often observed a contralaterally dominated

region in the most anterior part of area 18 (Fig 6,8), despite earlier reports

failing to find a monocular visual field representation with single-unit

recording (Law et al., 1988). Curiously, the labeling in area 18 appeared to

have a very strong ipsilateral component, in some cases greater even than

that in area 17.

Domination of the area 17/18 transition zone by contralateral eye inputs.

At the border between area 17 and area 18 there is a transitional zone

of visual cortex in which the cytoarchitectonic characteristics of area 17

gradually transform into those of area 18 (Payne, 1990; Olavarria, 1996). In

the cat it has been demonstrated that cells in this transition zone have

receptive fields that can extend several degrees into the ipsilateral visual

hemifield (Harvey, 1980; Blakemore, et al., 1983; Whitteridge & Clarke, 1982;
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Payne, 1990). There is a smooth transition in this region between the ocular

dominance bands in area 17 and the thicker bands in area 18 in the cat

(Anderson et al., 1988). In contrast, reconstructions in the ferret reveal an

abrupt discontinuity in the pattern of ocular dominance bands between

areas 17 and 18 (figs 6,7,8). At the transition zone, the alternating pattern of

contralateral and ipsilateral bands gives way to a nearly uninterrupted strip

of contralateral input that runs along the border. The strip of contralateral

input is about 0.5 mm wide but is wider medially and more narrow

laterally. Single-unit recording at the transition zones of an adult ferret

confirmed earlier reports (fig 2 of Law et al., 1988) of the representation of

the ipsilateral visual hemifield there. By making a series of short electrode

penetrations at several points, spaced 300 pm apart, along the

anteroposterior axis, the transition zone was electrophysiologically

identified as the location at which a reversal in azimuth of the visuotopic

map occurred. Receptive field azimuths of cells in the transition zones in

the two cerebral hemispheres overlapped extensively, indicating receptive

fields indeed traversed the vertical meridian (also see fig 10 in Law et al.,

1988). These cells were driven predominantly or exclusively through the

contralateral eye (fig 9) in agreement with the anatomical data.
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DISCUSSION

Laminar development of the thalamocortical projection

The laminar distribution of transneuronal label in area 17 of the

mature (P81) ferret is very similar to that reported in an adult cat by LeVay

et al. (1978), although we saw in all ferrets P50 and older a more uniform

density of label across layer IV than was reported in this adult cat. These

authors also performed a laminar count of silver grains in a

transneuronally labeled P8 kitten and found that the main band of layer IV

label was both smaller in amplitude and less neatly contained within the

boundaries of layer IV than in the adult. We have replicated this finding in

the P28 ferret, which is approximately the equivalent developmental age,

and extended it by counting silver grains at intermediate ages. In contrast to

findings in the cat, we did not observe consistently labeling of the projection

to layer I in younger animals.

The relative maturation of the laminar distribution at P50 is

consistent with reports in other species. Synapse number in the visual

cortex of the kitten peaks during approximately the fifth postnatal week

(equivalent to P49 to P56 in the ferret) (Cragg, 1975). Moreover, individual

thalamocortical arbors in the cat have been demonstrated to increase their

mean axonal arbor density by about 70% (accompanied by less than a 10%

decrease in coverage area) between P23 and P30 (approximately equivalent
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to P50 in the ferret) and then do not increase density further between P30

and P39 (Antonini & Stryker, 1993).

The difference between the sharp central peak in the band of

increased silver grain density in layer IV seen in the P37 kit and the mature

laminar distribution of afferents, which takes the form of a plateau of input

density across layer IV, is also notable. The initial peaked distribution

suggests that the ingrowing thalamocortical axons arborize first in the

middle of layer IV either because they are attracted there a peak in the

concentration gradient of a chemoattractant factor or because they are

repelled from the borders of layer IV. The filling out of this distribution to a

plateau suggests that some resource that is available uniformly but

exclusively in layer IV like "synaptic space" or a trophic factor supports the

continued growth of thalamocortical afferents within layer IV(von der

Malsburg, 1973; Cabelli et al., 1995; Miller, 1996). The modest reduction in

the labeling outside of layer IV evident in the laminar distribution of

autoradiographic label provides at best weak evidence for pruning

contributing to this process.

The emergence of ocular dominance bands

Silver grains in autoradiographs of cortical sections are attributable to

three sources: 1) transneuronally labeled afferents from corticopetal nuclei,

primarily the LGN; 2) blood-born tritium initially taken up at the retina;

and 3) emulsion background, resulting from ambient radioactivity or trace
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chemical contamination of the emulsion. Measurements of the

contribution of emulsion background, made by counting silver grains on

the microscope slide far from the tissue section, indicated that its

contribution was insignificant, at least two orders of magnitude less than

that of neuronally transported label. In ferrets older than P50, blood-born

radioactivity, as measured by counting silver grains in non-visual cortical

areas, was responsible for less than one-tenth of the total signal. However,

in younger kits there was considerable contribution of blood-born

radioactivity to the total number of silver grains in area 17. In the P28 and

P30 animals, the blood-born radioactivity was nearly as great as that

transported neuronally, presumably due to greater exchange of large

molecules between the vitreous humor and blood plasma at these ages.

"Spillover" of tracer between laminae of the LGN discussed in detail by Le

Vay et al. (1978), present a further complication to the interpretation of

results from the younger animals.

As a consequence of both the increase in background noise and the

greater relative contribution of false positive signal due to "spillover", the

transneuronal autoradiographic method is greatly compromised in younger

animals. This means that the absence of modulation in the ARG pattern in

the P28-P30 animals, as well as the faintness of modulation in the P37

hemisphere contralateral to the injected eye, may be accounted for in

unknown part by these artifacts.
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Our findings on the time course of segregation of ocular dominance

bands in ferret area 17 are basically in agreement with those of LeVay and

colleagues (1978), who reported that the geniculocortical afferents

subserving the two eyes had a uniform, non-columnar arrangement in

layer IV as late as P15 in kittens, but had begun to segregate by P22 and had a

pattern basically similar to the adult by approximately P39. These authors

took great care to measure the amount of "spillover" in the LGN for each

hemisphere in order to calculate theoretical ratios of silver grain counts that

would have been observed in a fully segregated geniculostriate projection.

This allowed them to state with confidence that the P15 kitten in their study

did not have segregated ocular dominance bands. Because we have not

made such "spillover" measurements, we cannot make any such claim

about our P28-P30 ferrets that did not show any fluctuation in the pattern of

label along layer IV. On the other hand, the consistent, pronounced

fluctuation in the pattern of label in the P37 hemisphere ipsilateral to the

injected eye is surely evidence for segregated inputs to ocular dominance

columns in this animal. Assuming that development of the visual system

proceeds from conception at the same rate as the cat (Linden et al., 1981), the

P37 ferret is equivalent to a P16 kitten, just slightly older than the P15 kitten

which LeVay et al. found to lack ocular dominance columns. This can be

interpreted in four ways: 1) The segregation of ocular dominance bands

may occur immediately after P15; 2) There may be some variability among

individualsi n the rate of column segregation; 3) The P15 kitten, although
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hardly segregated, may have been partially segregated and had LeVay and

colleagues constructed a photomontage of serial sections this would have

been clearly evident; 4) The equivalence of developmental stages may not

be strictly applicable more than a few weeks after birth. Other aspects of

visual cortical development such as the maturation of long-range

horizontal connections in supragranular cortex appears also to be

accelerated in ferret relative to the cat (Durack & Katz, 1996; Ruthazer &

Stryker, 1996), providing support for the last possibility.

It should be pointed out that the presence of a modulated pattern of

one set of monocular inputs is not conclusive proof of ocular dominance

bands. One example of this is the patchy pattern of label in cat area 17 seen

after making a large injection into the LGN that labels all the C laminae,

including layers receiving input from both left and right eyes. LeVay and

Gilbert (1976) interpreted this patchy pattern to be contralateral eye ocular

dominance bands because of the contralateral dominance of the C laminae.

More recent experiments suggest that it does not match the pattern of the

either set of ocular dominance bands labeled from lamina A or A1, and may

instead be related to the pattern of cytochrome oxidase patches (Murphy et

al., 1995; Boyd and Matsubara, 1996). Similarly, serotonin 1C receptors and

synaptic zinc in layer IV of kitten area 17 present other examples of patchy

staining patterns that correspond with the presence of thalamocortical

inputs but are not eye specific (Dyck & Cynader, 1993). The only conclusive

anatomical demonstration, in the absence of confirmatory physiological
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recording, that a pattern of label truly corresponds to ocular dominance

bands is to show a complementary pattern of labeling from the other eye

(Hata and Stryker, 1994). The "spillover" problem makes this

demonstration difficult in young animals because the patterns of labeling

through two eyes are differentially susceptible.

One finding which was not noted in the observations of LeVay and

colleagues (1978) was the relatively strong contralateral bias that we

observed in the pattern of labeling at P50 and to a lesser extent at P56 in the

ferret. This was seen most convincingly from the silver grain counts in the

P50 hemisphere ipsilateral to the injected eye which showed sharp peaks on

an otherwise low baseline of labeling. The labeling in its contralateral

hemisphere was largely complementary, having a high level of baseline

labeling with occasional dips to lower values. We therefore do not believe

this pattern was the consequence of a monocular deprivation caused by

some undetected ophthalmic malformity or a faulty eye injection.

Electrophysiological recordings by numerous groups also have

demonstrated a strong contralateral bias of neurons in area 17 of kittens less

than three weeks of age (LeVay et al., 1978; Frégnac & Imbert, 1978; Albus &

Wolf, 1984). It therefore should not be surprising that when afferents first

segregate, a greater than normal contralateral bias might still be present. If

this does constitute a normal stage in ocular dominance column

development, then the mechanisms underlying the gross expansion and

shrinkage of thalamic afferent arbors seen following monocular lid suture
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(Shatz & Stryker, 1978; Friedlander et al., 1991; Antonini & Stryker, 1994) are

probably more involved in normal ocular dominance band development

than is suggested by the simple trend toward increasing thalamocortical

arbor size with age (Friedlander & Martin, 1989; Antonini & Stryker, 1993).

It is interesting in this respect that in the cat individual LGN afferent arbors

in area 17 at P30 show a wider range of coverage areas than at any other age

(Antonini & Stryker, 1993), suggesting that some arbors are expanding and

others shrinking at this age. It is plausible that this pattern might be more

obvious in the ferret because of the already relatively greater contralateral

bias of the retinal inputs to the LGN, and consequently, as noted above and

by other investigators, to the primary visual cortex (Zahs & Stryker, 1985;

Law et al., 1988, Redies et al., 1990).

We propose that during the normal course of ocular dominance

column formation, an initially uniform distribution of geniculocortical

axons, which on average favors the contralateral eye at most sites, segregates

non-uniformly from prospective ipsilateral eye column centers outwards.

Ipsilateral eye afferents would only be able to compete effectively against the

dominant contralateral eye inputs for postsynaptic territory at sites where

the ipsilateral eye happened to overcome the numerical advantage of the

contralateral eye, either by chance or by genetic design. Later gains by the

ipsilateral eye to achieve a balance of inputs more representative of the

relative numbers of geniculate relay cells could be facilitated by conjugate

binocular visual experience. It would be interesting to see if the segregation
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of thalamocortical afferents in ferrets deprived of visual experience, by

binocular lid suture or dark rearing, would more closely resemble the

immature contralaterally biased distribution we have seen at P50.

The small number of animals in our study prevents us from

excluding the possibility that these animals may simply reflect a normal

degree of interanimal variability in chiasmatic decussation in the ferret, a

domesticated species in which hypopigmented strains have been selectively

bred and are highly prized. Hypopigmentation has been demonstrated both

in the cat and ferret to decrease the proportion of ipsilateral retinal input to

the LGN (reflected in an altered lamination pattern) and consequently to the

cortex (Guillery, 1969; Kaas & Guillery, 1973; Shatz, 1977; Creel et al., 1982;

Cucchiaro & Guillery, 1984; Leventhal & Creel, '85; Ault et al., 1995, but see

Thompson et al., 1991). We could find no qualitative differences between

the lamination or relative proportions of contralateral and ipsilateral retinal

inputs in the LGNs of the P50 or P56 ferrets compared to the others in this

study. In addition, all the ferret kits between the ages of P37 and P81 in this

study were littermates, considerably reducing the potential influence of

genetic variability on differences in the pattern of ocular dominance

columns.

The pattern of ocular dominance bands

In the macaque monkey, ocular dominance bands run as branched,

parallel stripes that run perpendicular to the V1/V2 border, approximately

48



along isoeccentricity lines (LeVay et al., 1985). Ocular dominance bands in

the cat have a much more irregular patchy banded appearance (Shatz et al.,

1977; LeVay et al., 1978; Löwel & Singer, 1987; Anderson et al., 1988). It has

been suggested that the parallel stripes in the monkey, permit a double

representation (right eye and left eye) of the binocular visual hemifield to

occupy V1 while introducing the least possible anisotropy into the

representation of visual space (LeVay et al., 1985). In the cat, the elliptical

shape of area 17, with the vertical meridian represented along its long axis,

much more closely matches the shape and orientation of the visual

hemifield and therefore causing a double representation of the visual world

in parallel ocular dominance stripes would actually distort the visual field

representation (Anderson et al., 1988; Jones et al., 1991). While the basic

structure of ocular dominance bands in ferrets is a patchy and banded like

that in the cat, there seems to be a greater tendency in the ferret, especially in

the medial part of area 17 far from the representation of the area centralis,

for these bands to run perpendicular to the area 17/18 border (compare

Anderson et al., 1988). The binocular segment of the ferret visual cortex is

highly anisotropic, being about 3.6 times longer along the axis of the vertical

meridian than along the axis of the horizontal meridian, whereas the

binocular representation in the ferret LGN has an anisotropy of only about

2:1 along these axes (Zahs & Stryker, 1985; unpublished observations).

Because the magnifications of the visual field representation at the LGN

and at the cortex are similar (Law et al., 1988), the mismatch in their relative
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anisotropies is predictive of how much the visual field map must be

distorted to fit onto the cortex (Jones et al., 1991). Thus, as in the monkey,

the binocular segment of area 17 in the ferret has nearly double the

anisotropy of the periphery. This may account in part for the observed

tendency of ocular dominance bands in the ferret to form stripes that tend to

extend orthogonally to the 17/18 border.

Ocular dominance bands in area 18

In the cat, area 18 is believed to receive exclusively Y cell input, which

originates from alpha retinal ganglion cells, with the largest somata (Stone

& Dreher, 1973; Humphrey et al., 1985, reviewed in Sherman & Spear, 1985).

Although this has not yet been demonstrated in the ferret, at least the

physiological properties of area 18 in the ferret are similar to those of area 18

in the cat: large receptive fields that respond well to fast moving bars of

light (Law et al., 1988; unpublished observations). In the ferret, however,

there is virtually no uncrossed alpha retinal ganglion cell projection (Vitek

et al., 1985; Reese & Baker, 1990). The substantial amount of labeling from

the ipsilateral eye in area 18 is therefore unexpected.

While the exact cells of origin of the thalamocortical projection to

area 18 have not been examined in the ferret, approximately 94-99% of LGN

neurons labeled by a WGA-HRP injection into area 18 were found in the C

laminae in the mink, a closely related mustelid (McConnnell & LeVay,

1986). The C laminae in the ferret receive input from large alpha (Y-type)
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ganglion cells but not from small beta (X-type) cells (Roe et al., 1989). They

also receive a substantial bilateral input from W cells, the third major class

of ganglion cells (Pallas et al., 1994). W cells in the LGN characteristically

have small cell somata and large dendritic fields, which may account for

their large receptive field size and preference for lower spatial frequencies.

Unlike Y cells, W cells are in general weakly responsive to visual stimuli

and prefer low temporal frequencies (Stanford et al., 1983). In addition,

while the density of X and Y cells falls substantially with increasing

eccentricity in the ferret, there is a much more even distribution of W cells

across the retina (Vitek et al., 1985), possibly accounting for the observed

ipsilateral bias of inputs to the medial (far inferior fields) part of area 18. If,

as we predict, W cells substitute for uncrossed Y cells in the formation of

ocular dominance bands in area 18, the response properties of area 18

cortical neurons with ipsilateral eye inputs ought to be more sluggish,

possibly with larger, more diffuse receptive fields, than their contralateral

eye counterparts. This has not been examined.

The interruption of ocular dominance bands at the transition zone

In the transition zone between areas 17 and 18, an extensive

representation of the ipsilateral visual hemifield is present in several

species beside the ferret, including sheep (Pettigrew et al., 1984, Clarke &

Whitteridge, 1976), hamster (Tiao & Blakemore, 1976), mouse (Drager, 1975)

and opossum (Volchan et al., 1988). It has been hypothesized that these
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ipsilateral visual field representations arrive either via the corpus callosum

(or anterior commisure) from the opposite visual cortex (Olavarria, 1996) or

via the LGN (in particular the medial interlaminar nuclei (MIN)) from the

population of contralaterally projecting ganglion cells in temporal retina

(for a thoughtful discussion see Payne, 1990). In the ferret, alpha (Y-type)

and other classes, but not beta (X-type) ganglion cells in the temporal retina

project to the contralateral LGN (Vitek et al., 1985).

We have presented anatomical and limited physiological evidence

that the transition zone, where the ipsilateral hemifield is represented,

contains a nearly continuous band of input from the contralateral eye in the

ferret. While we are the first to comment on its presence, it is in fact present

in both the earlier published reconstructions of ocular dominance bands in

adult ferret visual cortex (fig 15 of Law et al., 1988; fig 6 of Redies et al., 1990),

as well as in the reconstruction from serial parasagittal sections of the ocular

dominance bands in the mink, a closely related mustelid (fig 12 of

McConnell & LeVay 1986). To our knowledge, the only non-mustelid

species in which an interruption in the thalamocortical projection to the

transition zone has been demonstrated anatomically to be the normal

projection pattern is the sheep, which has an atypically extensive ipsilateral

hemifield representation (Pettigrew et al., 1984). In contrast, the patchy

pattern of ocular dominance bands in the cat is uninterrupted at the area

17/18 border (Anderson, et al., 1988). The pattern in the cat may be

explainable by the finding that the representation of the ipsilateral visual
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hemifield in the transition zone of the cat may also be clustered into ocular

dominance column size patches of cells that apparently receive input

predominantly driven by the contralateral eye (Diao et al., 1990). Thus, the

patches of ipsilateral visual field representation in the cat might take the

form of contralateral eye ocular dominance columns in the transition zone,

rather than the uniform band of exclusively contralateral eye thalamic

input seen in the ferret.

In hypopigmented ferrets and cats, such as Siamese and tyrosinase

negative albino strains, there is a misrouting of temporal retinal ganglion

cell axons, which leads to a larger proportion crossing the chiasm and

projecting contralaterally, and consequently a larger representation of the

ipsilateral visual hemifield (Guillery, 1969; Guillery, 1971; Kaas & Guillery,

1973; Shatz, 1977; Creel et al., 1982; Leventhal & Creel, 1985; Morgan et al.,

1987). In the “Boston" variety of Siamese cat, the expanded cortical

transition zone receives LGN input primarily from the LGN laminae that

are innervated by the misrouted projection from the contralateral temporal

retina (Kaas & Guillery, 1973, Shatz & LeVay, 1979). Thus, an interruption

similar to that in the ferret, only relatively larger, would be expected in the

transneuronal pattern in “Boston" Siamese cats.

More recently, it has been demonstrated that in cats that are

heterozygous for either tyrosinase-negative albinism or the Siamese gene,

and therefore normally pigmented, a less severe misrouting of temporal

ganglion cell occurs. These animals also show a greater cortical
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representation of the ipsilateral visual hemifield than do normals (Ault et

al., 1995). This finding raises the concern that the ferrets used in this study,

which were all normally pigmented, may even so have carried an copy of

the gene for albinism, which could account for the absence of ipsilateral

retinal inputs to the area 17/18 border area observed in this study. We do

not believe this to be the case, as our animals were purpose bred sable

ferrets. There is also evidence that, unlike in cats, ferrets carrying only one

copy of the tyrosinase-negative albino gene have a retinal decussation

pattern that is identical to that of homozygous wild-type sable ferrets

(Thompson, et al., 1991).

Why is the pattern of ocular dominance bands interrupted at the

transition zone of the ferret but not the cat? One possibility is that ferrets,

like “Boston" Siamese cats, may have a larger representation of the

ipsilateral visual hemifield than normal cats. There could exist a threshold

level of ipsilateral field input below which the representation is forced to

segregate into patches. Some evidence for this hypothesis comes from

“Midwestern" Siamese cats, which have a slightly less severe reorganization

of the LGN and in which contralateral and ipsilateral hemifield inputs

coextend within the area 17/18 border zone (Kaas & Guillery, 1973; Shatz,

1977). In "Midwestern" Siamese cats the ipsilateral hemifield inputs are

suppressed such that the majority of receptive fields encountered are

contralateral, however neurons driven in the ipsilateral hemifield are

occasionally encountered (Kaas & Guillery, 1973). A systematic
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physiological mapping of the transition zone in the ferret would help

address this point.

Unlike Siamese cats, ferrets do not have a gross malformation in the

lamination of the LGN which would reflect increased crossed temporal

input. Minor discontinuities in the C laminae do exist, but have not been

mapped in detail (Zahs & Stryker, 1985). Perhaps the most likely source of

the thalamic projection to the transition zone is the third lamina of the

MIN, which in the cat represents the ipsilateral hemifield through the

contralateral eye (Lee et al., 1984). Injections into the transition zone of the

cat label MIN as well as the medial LGN (Olavarria et al., 1996). The MIN

has a disproportionate representation of the lower visual hemifield,

consistent with the widening of the interruption in the pattern of

transneuronal labeling in the medial part of the visual cortex. This is also

consistent with the mapping data of Law et al. (1988), in which all but one

out of fifteen area 17 receptive fields plotted in the inferior ipsilateral

hemifield were driven through the contralateral eye, but nine out of

seventeen cells with receptive fields in the superior ipsilateral hemifield

responded to stimulation through the ipsilateral eye.
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Figure 2-1 The laminar density of silver grains measured in a 12 pm tall by

80 pm wide window in the monocular segment of area 17 contralateral to

the injected eye of a P81 ferret. At this age a dense band of label is

prominent in layer IV which extends into lower layer III, and a fainter band

is evident in layer VI. Density is given in silver grains per 1000 pum”. The

thick curve is the mean sliver grain density averaged across a distance of 108

pum (9 bins). The dashed line indicates background silver grain counts,

measured in auditory cortex. *---- * *-*.
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Figure 2-2. The laminar counts of silver grains measured in 12 x 80 pum

windows in the monocular segments of area 17 contralateral to the injected

eyes of P28, P37, P50 and P63 ferrets. The density of label within layer IV

relative to the surrounding layers increases gradually with age and achieves

a qualitatively mature distribution by P50. There is also a a slight increase in

the thickness of the cortex with age. Density is measured in silver grains per

1000 pum”. The thick curve is the mean silver grain density averaged along

a distance of 108 p.m (9 bins). The dashed line indicates background silver

grain counts. Depths are given in micrometers.
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Figure 2-3 The development of ocular dominance bands demonstrated in

autoradiographic sections cut in a plane between sagittal and horizontal (see

text). In many cases the plane of section cut nearly tangentially through part

of layer IV in some sections. Whenever possible, one of these sections is

shown in this figure as the example for the pattern of labeling at that age.

As early as P37 a faint modulation is detectable in the hemisphere ipsilateral

to the injected eye. This fluctuation in labeling becomes sharper with age

and appears adult-like by P63. Note that in the most medial part of each

section there is a transition from a large contralateral eye band to a large

ipsilateral eye band, corresponding to the transition from area 17 to area 18.

Lateral is left and anterior is up in all sections. Scale bar is 1 mm.
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Figure 2-4 Reconstruction of the transneuronal autoradiographic pattern in

flatmounts of the occipital cortex of a P30 ferret kit, ipsilateral (a) and

contralateral (b) to the injected eye. There is no detectable fluctuation in the

pattern in either hemisphere except for a slight decrease in the intensity of

labeling in more medial parts of the visual cortex, probably attributable to

our injections having been made closer to the temporal retina. Scale bar is 5
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Figure 2-5 Plots of silver grain counts made along layer IV in transneuronal

autoradiographs of the binocular region of area 17 at various ages. At P28

there is no evidence of modulation in the pattern of labeling. The

ipsilateral cortex of this P28 animal was not successfully labeled. By P37 a

faint fluctuation is detectable. The amplitude of this modulation increases

by P50, but appears to be restricted to small patches of ipsilateral eye input.

The contralateral eye shows a largely complementary, but less distinct

pattern of labeling. The crisp, almost square-wave pattern of label in the P63

and P81 ferrets indicates that a high degree of segregation is present at these

ages. The dashed line indicates background silver grain levels, measured in

auditory cortex. The thick curve is the mean silver grain density averaged

along a distance of approximately 108pm. Density is measured in silver

grains per 1000 pum”. Distance is in micrometers.
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Figure 2-6 Reverse contrast darkfield montages of the binocular part of

visual cortex from serial autoradiographic sections (including those in fig 3)

reveal the overall pattern of ocular dominance bands in areas 17 and 18. In

these images dark areas reflect labeling and light areas are unlabeled regions.

There is a strong tendency for the area 17/18 border (between arrows) to be

dominated by the contralateral eye and for very large ipsilateral eye bands to

occur in area 18, especially medially. A progressive enlargement with age of

ipsilateral eye bands in area 17 is evident in these reconstructions. Left is

lateral and up is anterior. Scale bars are 1 mm.
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Figure 2-7 Reconstruction of the pattern of ocular dominance bands from

sampled points in serial sections of a P63 ferret. The top part of the figure is

a stereopair of the reconstructed three-dimensional pattern of labeling in

layer IV from autoradiographs viewed from the caudal end of the cortex.

The orientation of the figure is indicated. Ipsilateral eye label is white in

these reconstructions of darkfield images. The bottom part of the figure is a

reconstruction in two-dimensions, made by taking the same set of sampled

pixels, laying them out as a straight line for each section, and then aligning

the individual strips. Most of the quantitative analysis in this chapter was

performed using these two-dimensional pixel reconstructions because they

are essentially free of distortion along the axis of the strips.
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Figure 2-8 Photomontage of tetramethyl benzidine processed flatmounts of

adult ferret visual cortex labeled transneuronally by intraocular injections of

WGA-HRP. A is ipsilateral to the injected eye and B is contralateral. In

these montages the tendency of patchy bands of label in area 17 to line up

into stripes can be seen clearly in the medial parts fo the binocular segments

in both hemispheres. The arrows bracket the transition zones at the area

17/18 border, which is dominated by the contralateral eye. Ocular

dominance bands in area 18 are much broader than those in area 17. Note

that about two-thirds of area 17 is in the monocular segment. Left is lateral

and up is anterior. Scale bar is 1 mm.
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Figure 2-9 Single-unit recordings in a series of penetrations along the

anteroposterior (A-P) axis reveal that penetrations at the border between

area 17 and area 18, where the receptive field progression reverses, extend

into the ipsilateral visual hemifield and are generally strongly dominated by

the contralateral eye. A, Montage of video images of the cortical vasculature

with circles indicating where penetrations were made. Penetrations were

spaced approximately 300 pm along the A-P axis. The circles filled with

white correspond to penetrations where a reversal in the progression of

receptive fields occurred. Scale bar is 1 mm. B, C, D, Receptive field

positions of typical cells from each penetration in series 1, 2, and 3

respectively. Ocular dominance of the cell is indicated by the darkness of

the receptive field plot, with black corresponding to Hubel and Wiesel's

score of 1 (pure contra) and lighter colors indicating progressively more

ipsilateral contribution up to 7 (pure ipsi). The crossed lines indicate the

vertical and horizontal meridians. The vertical meridian was

conservatively estimated by making one similar series of penetrations in

the contralateral hemisphere and taking the point midway between the

azimuths of the furthest ipsilateral receptive field centers in the two

hemispheres as the midline. Scale bar at bottom of B indicates 5 degrees of

arc and applies to C and D also.
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CHAPTER 3:

THE ROLE OF ACTIVITY IN THE DEVELOPMENT OF LONG-RANGE

HORIZONTAL CONNECTIONS
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ABSTRACT

Horizontal connections in area 17 of adult cats and ferrets link cells

with similar preferred orientations by a patchy network of projections

extending several millimeters across the cortex. The maturation of

orientation selectivity in ferret area 17 previously has been demonstrated by

quantitative single unit recording and optical imaging to occur around

postnatal days (P) 32-P36. We therefore made restricted injections of cholera

toxin B-subunit (CTB) or CTB-gold into ferret area 17 at a series of

developmental ages and statistically quantified the degree of clustering in

plots of retrogradely labeled cells in tangential sections through layer III for

comparison to the published values for orientation tuning at each age. At

P21, horizontal connections within area 17 entirely lacked patchiness,

although clear patches of labeled cells were present in extrastriate areas. By

P27, significant clustering of horizontal connections within area 17 was

present. A second phase of cluster refinement was observed to occur about

P34-P36, coinciding with the emergence of mature orientation tuning and

maps. Continuously silencing cortical action potentials by chronic

tetrodotoxin infusion from P21 resulted in a spatially random distribution

of retrogradely labeled cells at P34. In contrast, bilateral enucleation from

P21 did not prevent the initial development of clustered horizontal

connections. We conclude based on our findings and those of others that

the anatomical specificity of long-range horizontal connections results from
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an activity-dependent process that initially can use spontaneous activity in

the cortical and thalamic networks to establish crude periodic connections

and later uses visual cues to refine these connections.
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INTRODUCTION

A conspicuous property of the mammalian neocortex is its

organization into functional columns in which cells respond preferentially

to similar stimulus features (Mountcastle, 1957; Hubel and Wiesel, 1962). In

the visual cortex, this functional columnar organization is closely reflected

in the anatomical specificity of the inputs to a column. For example,

thalamic axonal inputs to layer IV of the primary visual cortex segregate

during development into eye specific patches from an initially intermixed

set of inputs guided by patterned activity in the eyes (LeVay, et al., 1978;

Stryker and Harris, 1986; Antonini and Stryker, 1993). A similar degree of

connectional specificity of the mature thalamocortical afferents is apparent

in the segregation of thalamocortical afferents by on- and off-center type

(Zahs and Stryker, 1988), and the receptive field alignment of afferent inputs

to an orientation column along its preferred orientation (Tanaka, 1983;

Chapman et al., 1991; Reid and Alonso, 1995; Ferster et al., 1996).

Anatomical specificity is also present among intracortical connections

both within and between cortical areas (reviewed in Salin and Bullier, 1995).

This is perhaps best characterized in the primary visual cortex where each

cortical column is connected to a subset of its neighbors by intrinsic

intracortical circuitry, primarily in the form of long-range horizontal axons

that extend periodic patches of terminals across many millimeters through

the gray matter (Rockland and Lund, 1982; Gilbert and Wiesel, 1983; Martin
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and Whitteridge, 1984; Rockland, 1985; Luhmann et al., 1986; Price, 1986).

There is mounting evidence that intracortical connections in the primary

visual cortices of primates and carnivores (e.g., cat and ferret) selectively

connect orientation columns that prefer similar orientations (Ts'o et al.,

1986; Gilbert and Wiesel, 1989; Malach et al., 1993; Weliky and Katz, 1994).

This link between form and function in the adult cortex raises basic

questions about the developmental sequence of events by which the link is

forged.

What is the developmental relationship between the formation of

patchy horizontal connections and the emergence of orientation selectivity

in the cortex? There is general agreement from anatomical studies in the

cat, where the development of horizontal connections has been most fully

studied, that the earliest perceptible patches in the long-range intracortical

connections in primary visual cortex arise early during the second postnatal

week around P8-P10 (Price, 1986; Luhmann et al., 1990; Callaway and Katz,

1990; Lübke and Albus, 1992). There is considerably less agreement about

what proportion of neurons in area 17 of the cat possess orientation

specificity at this age, with published values ranging from 0% to 100%

(Hubel and Wiesel, 1963; Pettigrew, 1974; Blakemore and Van Sluyters, 1975;

Buisseret and Imbert, 1976; Fregnac and Imbert, 1978; Albus and Wolf, 1984).

Single unit recordings in kittens at this young age are beset by sluggish

responses and prolonged habituation as well as instability in the

cardiovascular physiology of the anesthetized neonate, all of which can
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make accurately characterizing the orientation tuning of neurons extremely

difficult.

In contrast, the ferret, which is born approximately three weeks

earlier in development than the cat (Linden et al., 1981), has vigorous

cortical responsiveness and is physiologically much more robust at the

equivalent developmental age. Under these conditions, Chapman and

Stryker (1993) were able to carry out a quantitative physiological study of the

developmental time course of orientation selectivity. The work presented

below is a quantitative anatomical study of the development of long-range

intrinsic connections in area 17 of the ferret, which makes possible a direct

comparison of the anatomical and physiological data in a single species.

Another important issue for understanding the mechanisms by

which connectional specificity is achieved is the contribution of visual

experience and neural activity to the refinement of intracortical anatomy.

Earlier studies using dark rearing (Luhmann et al., 1990), binocular lid

suture (Callaway and Katz, 1991), or strabismus (Löwel and Singer, 1992) to

deprive kittens of normal visual experience led to the conclusion that there

was an early visual activity-independent period of crude clustering of

horizontal connections followed by a later period of experience-dependent

refinement of clusters (Katz and Callaway, 1991). However, the recent

discovery of waves of spontaneous electrical activity in retinal ganglion cells

starting long before the period of natural eye opening (Galli and Maffei,

1988; Wong et al., 1993) raises the possibility of a rich environment of
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retinally-driven inputs to the developing visual system even in the

complete absence of external visual stimuli. Thus, the role of activity in the

initial emergence of clustered connections was not adequately explored by

the early experiments. This study directly tests whether the initial

emergence of crude clusters in the intracortical connections can occur

without cortical action potentials and whether spontaneous retinal ganglion

cell activity accounts for the crude refinement that occurs in the absence of

visual experience.

Some of the results presented here have been previously reported in

preliminary form (Ruthazer and Stryker, 1994).
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METHODS

Injection of tracer

Thirty black-point sable ferrets (Marshall Farms, New Rose, NY) were

used for this study. Animals were anesthetized by inhalation of halothane

(0.5% - 5%) in a 2:1 nitrous oxide:oxygen mixture and placed in a stereotaxic

head holder. An appropriate level of anesthesia was maintained by regular

monitoring of heart rate, respiratory rate and the absence of withdrawal to

paw pinch. In addition, atropine and antibiotic (Baytril enrofloxacin 2.27%)

were injected subcutaneously (2.5 - 5 mg/kg). Body temperature was

monitored using a rectal thermometer and maintained at a normal level

using a water-circulating heating pad. The eyes were protected by artificial

tears (Lacrilube). Under sterile conditions, a midline incision was made in

the scalp and a unilateral or bilateral flap of skull was drilled to expose the

lateral occipital cortex back to the tentorium. A small slit was cut in the

dura at the caudal pole 5 mm - 10 mm lateral to the midline. In some cases,

a recording electrode was advanced into the cortex in the vicinity of the

intended injection site to record spontaneous and visually-evoked activity.

A thick-walled (1.0 mm o.d.; 0.25 mm i.d.) glass micropipette, pulled and

broken to a tip diameter of approximately 25 pm-30pm, was filled with 1%

Cholera Toxin B subunit (CTB) (List Biological Labs, Campbell, CA) or 0.9%

CTB-gold (BGOLD7, List Biological Labs). Using a Narashige

micromanipulator, the micropipette was advanced at an angle
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approximately perpendicular to the pial surface into the caudal pole of the

cortex until breaking through the elastic pia mater into the cortex (typically

at a depth of 800 pm), and then retracted to 500pm - 400pm depth. Over the

course of ten minutes, 100 nL of tracer (measured by observing a 2 mm

advance of the meniscus in the pipette using a 40x Wild surgical microscope

with eyepiece reticle) was injected manually using air pressure from a

syringe with a quick-release valve connected by polyethylene tubing to the

micropipette. In the case of bilateral injections, efforts were made to place

the injections at different mediolateral levels in each hemisphere to avoid

callosal contamination of the labeling pattern. After the injection the

pipette was retracted, the skull flap replaced, and the fascia and skin were

each sutured back together at the midline. Subcutaneous 2.5% Dextrose

Lactated Ringer's solution (10-20 mL per kg) was administered to aid

postoperative recovery.

Unless otherwise indicated, all ages given in the text indicate the age

of the ferret kit at the time of injection. This is a standard practice for

retrograde tracers, as most of the tracer uptake is believed to occur shortly

after injection. In this study, perfusion generally was performed two days

after injection, as longer survival times did not appear to improve the

quality of labeling.

Cortical infusion cannula implantation

Cannulae attached to osmotic minipumps (model 2002, Alza Corp.,

Palo Alto, CA) delivering tetrodotoxin (TTX) (Calbiochem, La Jolla, CA) or
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saline control solution to the visual cortex were implanted according to the

procedure of Chapman and Stryker (1993), except that, as the infusion period

was only two weeks, it was unnecessary to replace the minipumps.

In brief, under sterile surgical conditions as described above the skull

was exposed and cannulae, made by modifying 30 ga needles attached to

Alzet osmotic minipumps containing 1.0 or 2.5 mM TTX in saline, were

inserted through the uncalcified skulls of P21 ferret kits at an acute angle in

a rostral-to-caudal direction. The cannulae were held in place by a mass of

dental cement and two mooring pins, acutely angled in the opposite

direction to the cannula. After placing the minipumps into a saline-filled

pocket between the scapulae, the fascia and skin were sutured over the

entire cannula mass.

Bilateral enucleation

P21 ferret kits were anesthetized with halothane (0.5%-5.0%) in a 2:1,

nitrous oxide:oxygen mixture. For each eye, the eyelids were spread open

and the conjunctiva was blunt dissected from the sclera of the eye.

Oculomotor muscles were located using a small blunt hook and cut at the

attachment points to the sclera. The optic nerve was then clamped with a

hemostat and cut proximal to the eye, which was then extracted. Antibiotic

ophthalmic ointment (Chloroptic) was applied to fill the gap left by the

extracted eye. The lid margins were then cut to allow the lids to regrow

together and sutured shut with a single mattress stitch of 4-0 polyglactin
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suture (Vicryl). Antibiotic (Baytril enrofloxacin 2.27%, 2.5-5.0 mg/kg) was

administered subcutaneously.

All surgeries and procedures on animals were performed with the

approval of the UCSF Committee on Animal Research.

Unfolding, sectioning, and processing of cortical tissue

About 48–72 hours after tracer injection, ferrets were deeply

anesthetized by intraperitoneal barbiturate (Nembutal) injection and

perfused transcardially with 0.1 M phosphate buffer followed by 4%

paraformaldehyde in 0.1 M phosphate buffer using a butterfly catheter and

35 mL syringe or motorized peristaltic pump. The brain was then removed

from the skull and the cerebral cortices were gently separated from the rest

of the brain at the internal capsule and parahippocampal gyrus. A coronal

incision bisected the cortex just anterior to the caudal edge of the

suprasylvian sulcus and a sagittal relieving cut split the splenial gyrus up to

the dorsal crest of the posterior lateral gyrus. Pia was peeled from the

splenial, lateral and suprasylvian sulci and the white matter was stripped

from the inner surface of the occipital cortex. The unfolded cortex was then

laid on a glass slide so that as much of the pial surface as possible made

direct contact with the glass. A second glass slide separated from the first

slide by a pair of 1.3 mm spacers was clamped against the white matter side

of the unfolded cortex to keep it from peeling off the first slide during

overnight postfixation and cryoprotection in 4% paraformaldehyde with
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After postfixation, the unfolded cortex was frozen, flat pial surface

upward, onto a frozen mound of 30% sucrose in phosphate buffer on a

freezing microtome stage. The angle of the stage was adjusted so that the

flat pial surface was parallel to the blade. 40pm sections were collected in

phosphate buffer. Alternate sections were either Nissl stained or reacted for

cytochrome oxidase by the method of Horton (1984) and either

immunostained (for CTB) by the method of Luppi et al. (1987) or silver

intensified (for CTB-gold) (Amersham IntenS EM kit: 2 x 20 min). Tissue

was permeablized prior to immunostaining or silver intensification by 30

min incubation in 50% ethanol and washed with distilled water (3 x 15 min)

before silver intensification. After intensification, the reaction was fixed by

a 5 minute incubation in 2.5% sodium thiosulphate and washed in distilled

water (3 x 15 min). CTB-gold sections were mounted on autoradiography

grade subbed slides (Fisher Superfrost plus), air dried overnight, cleared in

graded alcohols and xylenes, and coverslipped with DPX mountant (Gurr,

Germany) for viewing under darkfield optics.

Quantitative analysis

In every case, either the seventh, eighth or ninth section below the

pia (280-360 pum depth uncorrected for tissue shrinkage) was selected to

reconstruct the distribution of labeled neurons using Neurolucida plotting

software (MicroBrightField Inc.) with an Optronix TEC-470 video camera at

20x magnification (10x air objective and 2x video relay lens) and a fiber optic

darkfield illuminator (Micro Video Instruments, Avon, MA). For the
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analyses in this paper, only clearly labeled cells with classic neuronal

morphology (i.e., dendritic branches and a large distinct nucleus) were

included. While these criteria lead to slight underestimates in the actual

number of labeled neurons, spatial statistics are more accurate with a large

subset of the total population than they are with a set including many false

positives. Data were saved as ASCII lists of (x, y) coordinates of labeled cell

somata in micrometers relative to the injection site center (sample plot in

Fig. 1a). Experiments were excluded from analysis if the injection site was

seen to invade the white matter or if excessive subpial spread of tracer

resulted in cells being labeled from their apical dendrites.

The Cluster Index (CI), used to quantify clustering in the cell plots, is

derived from Hopkins' statistic for spatial randomness (Hopkins, 1954;

Ripley, 1981). This statistic is based on two basic measurements: 1) the

nearest-neighbor distance between the points in the data set, (defined as w)

and 2) the distance between a randomly selected location in the field and the

point from the data set closest to it (defined as x.) (Fig. 1b). Hopkins' statistic

is simply defined as: X(x2)/2(w?). Because this is a ratio, ranging from 0 to

co, it is mathematically simpler to deal with the log of this statistic, the

distribution of which is very nearly Gaussian (Fig. 16). For the analysis in

this paper the following procedure was applied to derive CI values: 1) a

region-of-interest was drawn tightly around the data set to eliminate edge

artifacts and to exclude patches in area 18 from the analysis, 2) a circle of

radius 500pm centered at the injection site was excluded from the region-of

****

86



interest to exclude local short-range circuitry from the analysis (Fig. 1a), 3)

an analysis window of 1 mm2 was swept across the region-of-interest in 100

plm steps to produce a value for Hopkins' statistic at each window position,

deriving x for a random subset (10%) of the total population and w for the

same cells, but using 100% of the cells in the window to determine nearest

neighbor distances, in order to preserve adequate statistical independence in

the nearest neighbor measurements. This was repeated ten times and

averaged for each step. 4) the median value of log■ 2(x2)/ X(w?)] for all the

positions of the analysis window is taken as the CI for the entire section.

Because Hopkins' statistic is highly sensitive to any clustering in the data

set, the use of a sliding analysis window effectively constrains the Cluster

Index to measure clustering within the range of spatial frequencies relevant

to cortical columnar organization (peak sensitivity = 1 cycle/mm).

Density maps were made by assigning the cells in the plot of labeled cells

into 100pm x 100pm bins. To measure cluster spacing, the distances

between the centers of neighboring peaks as determined by local

threshholding in these density maps were then measured and averaged for

each reconstructed section. Density range graphs were made from the

density maps by recording the maximum density value in each 100 pum

circular annulus expanding from the injection site center. These values

were then averaged across individuals within each age category. Estimates

of linear cortical growth were made by measuring the distance along the

anteroposterior axis from the caudal pole of the visual cortex to the
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caudalmost point in the suprasylvian sulcus in camera lucida drawings of

the brain made immediately following perfusion and before flattening. All

image analysis was performed using software written in the IDL graphics

language on a DEC Alpha workstation.

RESULTS

Distribution of label from focal injections in area 17

The development of long-range intrinsic connections in ferret area 17

was examined by making small injections into area 17 of either the B

subunit of cholera toxin (CTB)(Luppi et al., 1987) or CTB-gold conjugate

(CTB-gold) (Llewellyn-Smith et al., 1990; Kritzer and Goldman-Rakic, 1995)

(Fig. 2). CTB-gold is a highly selective retrograde tracer which labels cells by

forming particulate aggregates in cell somata (Fig. 3a), much like fluorescent

latex microspheres (Katz et al., 1984) or WGA-apo-HRP-gold (Basbaum and

Menetrey, 1984), although rare axonal filling was occasionally observed,

particularly in the youngest (P21) animals in this study. CTB-gold proved

particularly useful for mapping cortical microcircuitry due to its high

sensitivity and low diffusibility which permitted small volumes (<100 nl) to

be pressure injected into the cortex with very little lateral spread and no

detectable tissue disruption. Tracking of the CTB-gold along the injection

pipette typically deposited a thin plug of tracer less than 100 pm in diameter

that extended from just below the injection depth up to the pial surface

* * *
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(Figs. 2a,c, 3b). In order to ensure that the most distant labeled cells were

visible, the silver intensification reaction was run under conditions that

produced a dense precipitate in a 100 pm to 700 pm diameter region

surrounding the injection site. This dense precipitate is due to silver grains

deposited early in the reaction serving themselves as nucleation sites as the

reaction proceeds, producing a highly amplified signal from CTB-gold

labeled neurons at great distances at the expense of a relatively intense

deposition of silver precipitate near the injection site. A halo of intensely

labeled local-projection neurons and glia extend about 500 pm from the

injection center and are visible outside the dense core of precipitate (Figs 2b,

3d). The size of the actual injection site in relation to the region of dense

silver precipitate and the halo of local-projection neurons is evident in

figure 3d which shows a contrast reversed image of the unprocessed

injection site (Fig. 3b) from an adjacent section superimposed at scale on the

silver intensified section.

Beyond the halo of local projection cells, clusters of labeled neuronal

somata were consistently found both in area 17 (Fig. 2b,d) and in numerous

extrastriate areas, with particularly dense labeling in area 18 (Fig. 2b), as well

as more rostral visual areas including the lateral suprasylvian visual area

(data not shown). Several subcortical structures were labeled from area 17,

most prominently a single column of cells spanning both magnocellular

and parvocellular laminae of the lateral geniculate nucleus (Fig. 2e), cells in

the medial interlaminar nucleus, large neurons in the lateral posterior and
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central lateral nuclei of the thalamus, and a broad, densely labeled group of

cells in the claustrum.

Normal development of patchy long-range connections within area 17

Adult pattern of connections

Labeled cells within area 17 of adult ferrets (n=4) were located in all

layers but were especially dense in layers III and VI and sparse in layer IV

and upper layer V (Fig. 2d). Cells in the supragranular layers in area 17 in

adult cortices were labeled as far as 5 mm from the center of the injection

site with a mean distance of 3490 pum + 1410 pum (s.d., n=3) to the farthest

group of labeled cells. A marked anisotropy in the distribution of labeled

cells within area 17 was observed at all ages, with 88% (22/25) of injections

in normal animals resulting in cells being labeled at a greater distance

parallel to the 17/18 border than perpendicular to it. The length from the

center of the injection site to the most distant detectable groups of labeled

neurons was an average of 69.5% greater in the mediolateral directions

(65.9% greater laterally and 40.1% greater medially measured along the 17/18

border), than in the caudal direction (measured perpendicular to the border)

-- the presence of the border several millimeters anterior to the injection

site prevented this comparison for the rostral direction. This is consistent

with findings in the cat where the extent of labeling is also longer along the

axis of the 17/18 border (Gilbert and Wiesel, 1989; Luhmann et al., 1991;

Callaway and Katz, 1990).
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Labeled cells formed distinct patches in radial alignment across the

cortical layers, which was most readily evident in tangential sections

through unfolded, flattened visual cortex (Fig. 3c-g). The mean intercluster

distance in flattened adult cortices was 698 pum # 75 pum (s.d., n=3). The

subjective appearance of clustering in a distribution of points can often be

misleading with respect to its true spatial statistics, as human vision is

prone to seeing patterns even in random distributions. In order to

quantitate and compare the degree of clustering in the distributions of

labeled cells at all ages, cell positions were plotted using a microscope with a

video camera lucida (example shown in Fig. 1a), and Hopkins' spatial

statistic for randomness was adapted to generate a Cluster Index (CI) for

every flattened hemisphere (described in methods). Negative CI values

reflect spatial regularity in a distribution of points; CI values near zero

indicate random distributions; and positive CI values indicate clustered sets,

with higher CI values corresponding to decreasing probabilities of

randomness. The mean CI for distributions of cells in the three flattened

adult cortices was 1.24 + 0.06 (s.d.), indicating highly significant clustering

(p<0.001, Monte Carlo test)

This study focused mainly on the development of intracortical

connections in the lower supragranular layers of area 17 at depths of 280

pum-360 pm where lateral intrinsic connections showed the highest degree

of patchiness. The topology of the occipital cortex of the ferret also makes

the upper layers more amenable to studying lateral organization than the
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deep layers. The caudal pole of the posterior lateral gyrus of the ferret comes

to an acute angle as sharp as 35 degrees at some positions, resulting in a

distention of radial columns along the AP axis in the upper layers and a

comparable compression in the deep layers. Consequently, at the caudal

pole it is easier than normal to detect the presence of discrete clusters of

labeled cells in the upper layers and more difficult in the deep layers. As

illustrated in figure 3c-g, there was good correspondence of the patches

across all layers along the ML axis in spite of an increasingly compressed

appearance along the AP axis with increasing depth. Injecting at sites more

anterior would have reduced this asymmetry, but would have increased the

risk that injections invade area 18.

Horizontal connections are diffuse and random at P21

The youngest age examined in this study was P21, when nearly all of

the upper layer cortical neurons have recently completed their migration

into the cortical plate (Jackson et al., 1989). At P21 few cells in the

supragranular layers of area 17 were found to have long-range horizontal

connections (defined for this study as neurons labeled -500 pm from the

injection site center) and very few labeled cells within area 17 were found

more than 2 mm from the injection site. There were no demonstrable

clusters of labeled cells in area 17 at this age, although multiple discrete

groups of labeled feedback projection neurons in extrastriate visual areas

were already apparent (Fig. 4a,c). These early extrastriate patches most likely
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reflect retinotopic discontinuities in those areas as observed in the cat by

electrophysiolgical recording (Albus and Beckmann, 1980; Sherk and

Mulligan, 1993) and as inferred from the topography of interhemispheric

and associational connections in adults (Sanides and Albus, 1980; Olavarria

and Van Sluyters, 1995; Sherk, 1986). The distribution of labeled cells

within area 17 suggests that at P21 horizontally projecting axons of layer

II/III neurons were still quite immature, and that most of these axons had

not yet extended far enough to be distinguished from local short-range

connections or were so poorly arborized that they failed to extend a branch

into the injection site. Injections on P21 (perfused P23) of CTB, which fills

dendrites and axons of labeled cells, confirmed that only a small number of

retrogradely labeled neurons could be found in upper cortical layers, and

that the majority of labeled axons were short (Fig. 4f). Consistent with

reports that subplate neurons extend a projection into the overlying cortex

(Friauf et al., 1990; Herrmann et al., 1994; Galuske and Singer, 1996), a large

number of neurons, presumably the interstitial cells described by Rockland

(1985), were retrogradely labeled across a relatively broad region in the deep

layers of the cortex and in the white matter (Fig 4d,e). They were also

completely unclustered in area 17.

The mean CI value for CTB-gold injections in P21-P24 ferrets was 0.34

+ 0.49 (s.d., n=4), indicating that on average the distributions of labeled cells

in this age group was not significantly more clustered than a random

distribution of cells (t-test, p > 0.1). However, one of the P24 ferrets did have
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a CI value which indicated significant clustering at the p=0.05, but not

p=0.01, significance level (Monte Carlo test).

Clustered connections are apparent by P27

Clusters of labeled cells were clearly evident in P27 cortex, despite the

fact that eye opening had not yet occurred in any of these ferret kits (Fig. 5).

This clustering tended to take the form of fingers extending outward from

the halo of local diffuse label, though there were also quite a few discrete

patches. The mean CI value for injections in ferrets at P27-P28 was 0.97+

0.10 (s.d., n=6). Although the CI for these animals had not yet attained the

fully mature level, it provides statistical support for the strong subjective

perception of clustering at this early age (t-test, p<.0001). In addition to

having developed into clusters during this period, the horizontal

connections also increased their range and density considerably (Fig. 6a). By

P27, the mean maximum distance from the injection site at which groups of

cells in area 17 were labeled had reached 3660 + 695 pm (s.d., n=5) parallel to

the 17/18 border and 2470 + 829 pm perpendicular to the border, comparable

to adult values though most patches had not yet achieved mature labeling

density.

The pattern of cells labeled by intrinsic long-range connections at

P33-P34 (Fig. 7) had a patchiness (CI = 0.94 + 0.22 s.d., n=5) and range roughly
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similar to that at P27, although in general cells within clusters were more

intensely labeled in the older cortices, giving the impression of increased

clustering. There was also a notable rise in the peak density of labeled cells

in clusters during this period (Fig 6a), indicative either of an increase in the

specificity of connections or of a general increase in axonal arbor complexity

with a corresponding increased probability of tracer uptake. In fact, from P27

until about P34 the CI remained at a plateau averaging 0.96 + 0.16 (s.d.,

n=11), lending support for the latter conclusion that intrinsic corticocortical

axons were adding axonal branches, both within clusters and outside

clusters, without greatly improving their moderate target specificity.

Rapid transition to mature specificity occurs around P36

Around P36 there was a rapid increase in the CI to 1.52 + 0.099 (s.d,

n=2). It remained at this level at least up to P41, the oldest group of ferret

kits included in this study (CI = 1.52 + 0.23 s.d, n=4). This increase in the CI

was not accompanied by an increase in the mean peak density of labeled

cells compared to P33-P34 levels (Fig. 6a), suggesting that the significant

refinement of clusters at this age was due at least in part to a pruning of

mistargeted axons. In contrast to the lattice-like appearance of most earlier

clusters, many of the clusters of labeled cells at this age were discrete patches

surrounded on all sides by labeled-cell-sparse territory (Fig. 8).

It is notable that this transition age very closely matches the period

when single unit orientation tuning and orientation maps derived by
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optical imaging rapidly mature to adult-like selectivity in the ferret. To

illustrate this point, in figure 9 the mean orientation selectivity index

values from single unit electrophysiology experiments by Chapman and

Stryker (1993) and the mean orientation tuning strength from chronic

optical imaging experiments by Chapman, et al. (1996) are plotted alongside

the mean CI values for the range of ages described in this study. Two

features are strikingly evident in this plot: first, horizontal connections

become moderately but significantly clustered by P27, nearly a week prior to

both the appearance of mature orientation selectivity in single unit

responses and the earliest orientation maps detectable by optical imaging

around P32 - P36; and second, the period of late refinement of horizontal

connections corresponds well to the period of rapid maturation of

orientation selectivity and the onset of orientation tuning in optical maps.

Role of neuronal activity in the early specificity of horizontal connections.

Horizontal connections in mature cats and ferrets have been

demonstrated to link cortical columns with similar orientation preference

(Gilbert and Wiesel, 1989; Weliky and Katz, 1994). The presence of patches

in the pattern of long-range intrinsic connections in area 17 prior to the

development of mature orientation selectivity in the single unit responses

raised the question of whether the initial emergence of patchy connections

during this early period might occur in an activity-independent manner, as

has been demonstrated for many early axonal targeting events (reviewed in
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Goodman and Shatz, 1993). In order to test this hypothesis, the sodium

channel blocker tetrodotoxin (TTX) was infused into the visual cortex of

three ferret kits in order to silence cortical neurons for two weeks starting at

P21, when intracortical connections have not yet begun to form patches. At

P34, an age when the clustering of horizontal connections is easily detectable

in normal ferrets, CTB-gold injections were made into the TTX-treated

cortex and contralateral control hemisphere. Ferrets were then returned to

their cages to allow transport of the tracer for two days with the cannula

continuing to deliver drug. At the time of injection, recordings were made

in the TTX-treated and control hemispheres which confirmed the unilateral

silencing of action potentials by TTX in all cases reported here.

In the TTX-treated regions, CTB-gold labeled cells were found widely

distributed surrounding the injection site with no evident clustering (Fig.

10). In these animals the mean CI value was 0.12 + 0.03 (s.d., n=3) indicating

a high degree of randomness in the distribution of labeled cells (not

different from random by t-test, p=0.01) (Fig. 11). In addition to lacking

columnar specificity, the distribution of labeled neurons in TTX-treated

cortex covered a broader tangential range than in saline-infused or

untreated age-matched controls. The most distant labeled cells in TTX

treated area 17 were on average 31% and 10% further from the injection site

center in the anteroposterior and mediolateral directions respectively

compared to controls. There was also a considerable reduction in TTX

cortices of the anisotropy along the 17/18 border to just 3.4% greater
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projection range along the border than perpendicular to it. These results are

consistent with findings in other systems that activity blockade can result in

increased axonal sprouting (reviewed in Neely and Nicholls, 1995).

However, the increase in projection range is not a simple consequence of

widespread sprouting on top of a normal distribution of cells, which would

be expected to result in an increase in the peak density of labeled cells. To

the contrary, within 2 mm of the injection site the peak density of labeled

cells in silenced cortex was considerably less than that in age-matched

control animals (Fig 6b). The developmental increase in the density of the

projection from cells in clusters, which occurs in normal animals between

P21 and P34, did not take place in the TTX-treated animals, as they lacked

clusters of labeled cells. This more wide-ranging, but less dense, distribution

of labeled neurons suggests that intracortical axons growing in electrically

silent cortex probably have longer but less richly branched arbors that lack

columnar specificity.

Role of visual experience on early refinement of horizontal connections

As the initial segregation of horizontal connections occurs by an

activity-dependent mechanism, the early patchiness in the horizontal

projections probably reflects an underlying correlation structure in the

pattern of activity across the immature cortex. Waves of spontaneous

activity in retinal ganglion cells have been observed in ferrets around this

age, subsiding some time after P21 and before P30 (Wong et al., 1993). These
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waves could result in correlated activity across long distances in the cortex

(Von der Malsburg, 1993). In order to assess the contribution of retinal

activity to the early development of cortical horizontal connections, ferret

kits were binocularly enucleated (BE) at P21 (the developmental equivalent

of a P0 kitten), when horizontal connections lack patchy specificity, and

injected with CTB-gold around P34, when the initial clustering of

horizontal connections is clearly evident in normals.

Well-defined patches of labeled cells were found in the cortices of BE

ferrets (n=5) (Fig. 12). The cluster index of BE ferrets was 0.90 + 0.26 (s.d.,

n=5), not significantly different from P33-P34 normals (CI = 0.94+0.22 s.d.,

n=5) (t-test, p > 0.1). In other respects, including range, density and

anisotropy relative to the 17/18 border, the intracortical connections of BE

ferrets also resembled those of normal animals in the stage of development

when clustered horizontal connections have already begun to emerge.

Mean intercluster distance in BE ferret cortices was 682 pum + 92 pum (s.d.

n=5), which was not significantly different (t-test, p > 0.5) from the cluster

spacing of 650 pm # 47 pm (s.d., n=5) in similarly aged P33-P34 normals.

Indeed, though intercluster spacing was quite variable between individual

animals at all ages, no age group in which clusters were evident had a

significantly different intercluster distance (corrected for cortical growth as

described in methods) than the normal adult spacing of 698 pum + 75 pum

(s.d., n=3) (t-test, p > 0.05). Thus, concurrent retinal activity does not appear

to be critical for the early phase in the development of columnar specificity
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DISCUSSION

Long-range horizontal connections in area 17 of the ferret begin to

segregate from an initially sparse, random projection to pronounced clusters

between P21 and P27, nearly a week earlier than the emergence around P36

of mature orientation selectivity in single unit recordings and of orientation

maps as demonstrated by optical imaging. These crudely clustered

horizontal connections then undergo a further refinement in concert with

the maturation of orientation selectivity around the end of the fifth

postnatal week. The initial segregation into patchy connections requires

cortical action potentials, but not retinal activity, suggesting that activity

patterns in the developing visual cortex have an intrinsic periodicity that

shapes the early establishment of horizontal connections which in turn may

guide and stabilize the development of the orientation map.

Methodological considerations

The primary objective of this study was to describe quantitatively the

emergence of specificity in the overall pattern of intracortical connectivity

in relation to the developmental time course of columnar properties like

orientation selectivity. We therefore chose to make focal retrograde tracer

injections rather than to fill the axons of individual neurons -- the

reciprocal nature of horizontal connections makes either of these
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approaches appropriate (Kisvarday and Eysel, 1992; Boyd and Matsubara,

1991). As a retrograde study reveals the potential connectivity of a large

number of neurons to a single cortical location rather than the potential

connections made by a single cell, it is much more sensitive to small

connectivity changes in the population as a whole that occur during

development (Callaway and Katz, 1990) and similarly is less likely to

produce a bias toward any one particular cell type, such as large neurons that

may be easier to impale. The pattern of retrograde labeling is also

particularly well suited to statistical analysis because it can be described

accurately by a small set of simple Euclidean coordinates.

The main potential source of artifact in any retrograde study is

variability in the size of the tracer uptake zone. The absence of specificity in

the distribution of labeled cells, especially in very young animals with less

dense neuropil to impede tracer diffusion, should be interpreted cautiously.

The absence of demonstrable specificity in the lateral connections at the

earliest ages studied is therefore less persuasive than the finding of a highly

significant projection specificity as early as P27. Nonetheless, there are

additional considerations which add credence to our interpretation of the

data from the youngest animals: First, the use of CTB-gold, which spreads

less than most other tracers, considerably decreases the risk of artifact due to

widespread diffusion of the tracer. Second, although it is true that the tracer

did diffuse further on average in the P21 cortices than at other ages,

clustered labeling was clearly present even in those older animals that had
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comparably large injection sites. In fact, among mature animals (P36 - adult)

there was no significant correlation of CI value to injection site area (n=10,

r’= 0.04). Third, lack of clustering in the distribution of labeled cells was

never accompanied in this study by an atypically high density of labeled

cells, making it unlikely that an abnormally broad tracer uptake zone could

account for the lack of specificity revealed in these cases. Finally, biocytin

labeled axons from P22 ferrets in an independent study (Durack and Katz,

1996), as well as the P21/23 CTB-labeled axons in this study were short and

unbranched, consistent with the short-range, low-density retrograde

labeling we report.

Comparison to development in the cat

The normal development of long-range horizontal connections in

area 17 of the ferret appears to be similar to that reported in cats, although

somewhat more rapid. For the purpose of comparing development in cats

and ferrets, it is roughly accurate to consider a P21 ferret developmentally

equivalent to a P0 kitten (Linden et al., 1981) and to assume postnatal

development proceeds from there at about the same rate in cats and ferrets.

There is general agreement that the earliest detectable clustering of

intrinsic connections in area 17 of the cat occurs around P8 (between P6-P8,

Callaway and Katz, 1990; P3-P8, Luhmann, et al., 1990; P7-P11, Lübke and

Albus, 1992), with strong clustering present by about P12 (Callaway and Katz,

1990; Lübke and Albus, 1992; Galuske and Singer, 1996). Clustering of
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horizontal connections in ferrets was clearly evident and statistically

significant by P27. In agreement with the findings in the cat of both Lübke

and Albus (1992) and Callaway and Katz (1990), the periodicity and lateral

range of these early clusters was essentially identical to that seen in mature

ferrets, suggesting that each fully mature cluster might emerge from a single

cluster that was present at P27. Callaway and Katz (1990) demonstrated this

to be true in at least one case in the cat by injecting different color

microspheres into the same cortical site at early and late times in

development and showing that the same set of clusters was labeled at both

ages.

There is less agreement in the cat literature about the time course and

degree of refinement of patchy horizontal connections after the initial

emergence of clusters. Data from Luhmann et al. (1990), using mostly large

injections of WGA-HRP, and from Callaway and Katz (1990, 1991), using

restricted injections of latex microspheres and reconstructions of axons

filled with lucifer yellow, support a model in which the fully mature

pattern of connectivity is achieved by about the sixth postnatal week

following a secondary stage of refinement of connections involving the

specific elimination of inappropriate axon collaterals. In agreement with

the idea of selective retraction of inappropriate connections, Kennedy and

co-workers (1994) reported labeling a transient population of widely

scattered area 17 projecting neurons until around P19 in kittens. On the

other hand, a quantitative study in which intrinsic intracortical connections
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in area 17 were examined by placing a small crystal of Dil in fixed brains at

various developmental ages found no evidence for any secondary

refinement beyond the initial emergence of clusters during the second

postnatal week (Lübke and Albus, 1992).

The gradual refinement of clusters we observed in the ferret was

intermediate between these findings. The transition from unclustered,

random connections at P21 to a mature pattern of connectivity around P41

took less than three weeks in contrast to the four to five weeks reported for

the cat. However, the apparent transformation of the distribution of labeled

cells from a lattice-like matrix to discrete rounded patches, together with the

increase in CI values from a transient plateau without an accompanying

change in the density of labeled cells in clusters after P34, is consistent with

selective retraction of inappropriate connections producing the late

component of the refinement in the ferret.

As the CTB-gold used for our study is more similar in nature to latex

microspheres (Callaway and Katz, 1990, 1991) than to WGA-HRP (Luhmann

et al., 1990) or to Dil (Lübke and Albus, 1992), it is perhaps not surprising that

our findings are qualitatively most consistent with the results of Callaway

and Katz (1990). However, these conclusions are independently supported

by elegant experiments using laser photostimulation to map the functional

inputs to layer II/III pyramidal neurons from neighboring cells in tangential

slices of ferret visual cortex (Dalva and Katz, 1994). These experiments

revealed mainly short-range connections between P17 and P26, exuberant,
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crudely patchy long-range connections between P27 and P40, and long-range

discretely clustered connections in ferrets older than P40. Durack and Katz

(1996) also observed an initial period of crude cluster emergence beginning

at P28, followed around P34 by a second phase of arbor refinement by

selective retraction and elaboration of axonal branches in biocytin-labeled

layer II/III cells from acute slices of ferret visual cortex.

Hebbian mechanisms in the development of intrinsic connections

A Hebbian learning rule (Changeaux and Danchin, 1976; Stent, 1973),

which has been proposed to guide ocular dominance column development

(von der Malsburg and Willshaw, 1976; Miller, et al., 1989) and orientation

map formation (Linsker, 1986; Tanaka, 1992; von der Malsburg, 1993; Miller,

1994), might also direct the development of intracortical circuitry. The

strongest experimental evidence in support of a correlation-based

mechanism for the development of long-range horizontal connections is

the finding in the cat that strabismus, which reduces correlation between

the two eyes, causes long-range horizontal connections to segregate based on

ocular dominance (Löwel and Singer, 1992).

It is reasonable therefore to propose that the refinement of horizontal

connections that occurs after P34 in the ferret may be directly attributable to

the developmental increase in orientation selectivity of layer II/III neurons

between P32 and P35 (Fig. 9). As cells become increasingly selective for

orientation, the likelihood that pairs of neurons with different preferred
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orientations fire simultaneously decreases considerably, leading to a

pruning of exuberant connections. However, given the fact that only about

25% of cortical neurons are orientation selective at P27 (Chapman and

Stryker, 1993) and that there is no demonstrable orientation map by optical

imaging before P32 (Chapman, et al., 1996), a different explanation is

probably necessary to account for the early emergence of clustering evident

by P27.

The observation that only crude clustering of horizontal connections

is present following dark-rearing or binocular lid suture led earlier

investigators to propose that the late refinement of horizontal connections

is activity-dependent (Luhmann et al., 1990; Callaway and Katz, 1991). But,

as the initial clustering of horizontal connections occurs before eye opening

and, moreover, as our finding in enucleates demonstrates that the earliest

clustering is not dependent on retinal activity, simple manipulations of

visual experience do not address the activity-dependence of the initial

clustering of horizontal connections.

Our finding that clusters fail to segregate in cortex electrically silenced

by TTX argues strongly that the early clustering of intrinsic connections is in

fact dependent on the firing of action potentials in the cortex. Although we

cannot exclude entirely the possibility that electrical activity in cortical

neurons may be permissive rather than instructive for the early segregation

of horizontal connections, this seems unlikely as the connectivity in

silenced cortex did not appear to be a degraded or frozen version of the
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normal pattern. Instead, a novel connectivity emerged in which axons

appeared to grow beyond their normal range without preference for one site

over another, as if searching for an appropriate location to terminate. A

very similar morphology has been described for the axons of retinal

ganglion cells exposed to prenatal infusion of TTX (Sretavan, et al., 1988)

and for thalamocortical axons following chronic binocular TTX injections

(Antonini and Stryker, 1993). We therefore propose that the same putative

Hebbian mechanism involved in the maturation of horizontal connections

based on patterned visual experience is also in effect at earlier times before

eye opening and that this Hebbian mechanism is likely to be responsible for

the very earliest segregation of horizontal connections into crude clusters.

The fact that the peak density of labeled neurons in the TTX-treated

cortices is lower than that of the clusters in controls excludes the possibility

that TTX induced an exuberent axonal growth that masked an underlying

activity-independent clustering of connections. However, if activity

blockade or some secondary effect of TTX infusion were to have the effect of

diverting the machinery of axonal outgrowth from a hypothetical activity

independent clustering mode to the observed abnormal mode of non

specific outgrowth, our interpretation above would be incorrect. The fact

that in extrastriate areas clusters of labeled cells, which are already present

in a crude form at P21, are somewhat degraded by TTX infusion (especially

in area 18, see Fig. 10) does not permit us to rule out this alternative,

although it seems equally likely that the maintenance of clustering in the
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interareal connections may also require ongoing correlated activity. The

only unequivocal proof that the earliest clustering of horizontal

connections is indeed activity-dependent would be the demonstration that

increasing the correlation in the activity between two cortical locations

strengthens their mutual connections and decreasing their correlation

reduces their interconnectivity. This has been demonstrated, but only at a

much later stage of development (Löwel and Singer, 1992).

In rat barrel cortex, blockade of cortical activity from birth disrupts

neither the normal barrel arrangement of the thalamocortical projection

(Chiaia et al., 1992, but see Schlaggar et al., 1993; Fox et al., 1996) nor the

development of a normal pattern of corticocortical projections within layer

IV (Rhoades et al., 1996). The formation of a patchy thalamocortical

projection in barrel cortex takes place as a part of the initial ingrowth into

the cortical plate (Erzurumlu and Jhaveri, 1990; Schlaggar and O'Leary, 1994)

and is sensitive to disruption, even by lesions, only very early in

development (Belford and Killackey, 1980). Barrel formation and plasticity

may constitute a fundamentally different aspect of cortical development

from the segregation of LGN afferents within area 17 into ocular dominance

columns, which is clearly activity-dependent and which takes place and is

sensitive to disruption much later in development, long after afferents

have made initially diffuse functional connections in layer IV (Le Vay, et al.,

1978; Stryker and Harris, 1986; Antonini and Stryker, 1993). Similarly, it is
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difficult directly to relate the formation of patchy intrinsic connections in

visual cortex to any specific event in barrel cortex development.

Early development of modular organization

If it is true that Hebbian mechanisms direct the establishment of

clustered horizontal connections from the onset, then the early clustering of

horizontal connections would reveal an underlying correlation structure to

activity in the immature cortex, and at least one of these three situations

would therefore apply: 1) cells may already be organized into nascent

orientation columns at an age when 25% or fewer of the cells even possess

appreciable orientation selectivity; 2) cells may be organized early into

functional columns by some other input property, such as ocular

dominance or on- and off-center inputs; 3) correlations in spontaneous

activity across the immature cortex may be strongly spatio-temporally

modulated independent of functional selectivity, perhaps by short-range

cortical circuitry or in conjunction with waves of spontaneous activity in

the thalamus.

The spatial organization of single unit orientation preferences has

not been studied systematically in immature ferrets. However, optical

imaging of intrinsic signal in the developing ferret visual cortex does not

reveal an orientation map until P32-P36, about the time of the maturation

of orientation selectivity in single unit recordings (Chapman, et al., 1996).

Nonetheless, even as early as P23, about a quarter of ferret cortical neurons
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studied by Chapman and Stryker (1993) displayed some orientation

selectivity. These initially selective cells were observed even in cortices that

had been silenced with TTX starting from P21, before any reliable response

to visual stimulation could be evoked, a manipulation which entirely

prevented the later maturation of orientation selectivity. A similar

proportion of orientation selective cells has been described in the visual

cortex of very young kittens (P6-P12) along with a weak tendency for

neighboring orientation selective cells to prefer similar orientations

(Blakemore and Van Sluyters, 1975; Fregnac and Imbert, 1978; Albus and

Wolf, 1984). An interesting prospect is that the few orientation selective

cells present in immature visual cortex might form orientation kernels,

perhaps linked by horizontal connections, around which the mature

orientation map could crystallize. This hypothesis is testable.

Though it remains to be conclusively demonstrated that the early

clusters at P27 are indeed the same clusters that connect orientation

columns in adult ferrets, the early horizontal connections could contribute

to the stability of the emerging orientation map as thalamocortical inputs

increase and reorganize during the ensuing weeks (Cragg, 1975; LeVay et al.,

1978; Friedlander and Martin, 1989; Antonini and Stryker, 1993). Support

for this notion comes from the observations that orientation columns

revealed by chronic optical imaging are remarkably stable over time (Kim

and Bonhoeffer, 1994; Chapman, et al., 1996) and that rearing kittens under

conditions in which they experience only a limited range of orientations
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does not cause a massive reorganization of the orientation map, but rather

appears to result in normal orientation column spacing with a selective

maintenance of responses to the experienced orientations (Stryker et al.

1978; Singer et al., 1981).

An alternative possibility is that the earliest patchy horizontal

connections do not link orientation columns at all, but instead connect

groups of cells with some other common property. Aside from orientation

columns, the visual cortex of the adult ferret is known to be organized into

ocular dominance columns (Law et al., 1988; Ruthazer et al., 1995) and on

and off-center columns (Zahs and Stryker, 1988). Transneuronal labeling

experiments reveal that ocular dominance columns first begin to segregate

in ferret area 17 after P30 and before P37 (Ruthazer et al., 1995), too late to be

responsible for the early clustering of long-range horizontal connections.

Much less is known about the developmental time course for other cortical

features. As some theoretical treatments of the development of orientation

selectivity rely on the segregation of on- and off-center lateral geniculate

inputs (Tanaka, 1992; Miller, 1994), it would be particularly interesting to

know when in development their segregation across the cortex occurs.

The relationship of orientation columns to patchy horizontal

connections in adult animals encourages the notion that the earliest patchy

connections also link cells that share some common receptive field

property. However, there is as yet little direct support for this idea. The fact

that enucleation at P21, when horizontal connections were just starting to

º
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extend, did not substantially disrupt the initial periodic clustering of

horizontal connections shows that the emergence of periodic clustering

does not depend on concurrent instructive cues from patterned activity,

visual or spontaneous, in the eyes. A similar result has been demonstrated

in macaque monkeys in which fetal binocular retinal ablations fail to block

the formation of periodic cytochrome oxidase blobs (Kuljis and Rakic, 1990;

Kennedy and Dehay, 1993). Nonetheless, retinal spontaneous activity may

play a role in setting up the prior conditions necessary for clustering to occur

since by P21 retinogeniculate connections are specific for eye, on-off contrast,

and layer (Sretavan and Shatz, 1986) as may be thalamocortical connections

to subplate cells in area 17 (Ghosh and Shatz, 1994). Retinal waves and a

crude retino-thalamo-subplate circuit are probably both already present

around birth in ferrets (Wong et al., 1993; Friauf et al., 1990), when bilateral

enucleation causes profound shrinkage of the LGN (Guillery et al., 1985). To

minimize such pathological effects of enucleation, we limited our study to

testing the direct contribution of concurrent retinal activity to the

refinement of horizontal connections by performing the enucleations at the

latest age at which we were confident, within the limitations of our

methodology, that the horizontal connections had not yet begun to cluster

in the cortex.

The phenomenon of patchy intracortical connections is not limited to

primary visual cortex. They have been observed throughout the cortices of

large mammals in diverse sensory and association areas, though they have
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different properties in different areas (Amir et al., 1993; Lund et al., 1993). It

therefore seems highly unlikely that in primary visual cortex they emerge

purely as consequence of the specific properties of retinal patterned activity.

Rather, it appears that they constitute a general attribute of cortical

organization, but are individually sculpted in different cortical areas during

development, probably by patterns of activity in their particular set of

afferent inputs.

Spontaneous activity in the thalamocortical network

Bandpass filtering white noise produces periodic patterns that greatly

resemble cortical maps (Rojer and Schwartz, 1990). The cortical equivalent

of spatial bandpass filtering is achieved by local excitatory connections at

short range together with predominantly inhibitory interactions at slightly

greater distances, the "Mexican hat" function of intracortical interaction

(von der Malsburg and Willshaw, 1976; Swindale, 1982; Miller et al., 1989;

Miller, 1994). Thus, a patchy, periodic pattern of correlation in cortical

activity could arise as a direct consequence of normal local cortical circuitry

acting on random spontaneous activity in the immature cortex. In this

scenario, the periodicity of orientation columns would be constrained by the

pre-existing local and long-range intrinsic cortical circuitry, but the specific

orientation preference at a given site could be exclusively a later-emerging

function of the inputs. This has the merit that orientation selectivity could
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develop rapidly and simultaneously across the entire visual cortex due to

the system being highly constrained and interconnected from the outset.

Kittens monocularly lid sutured from before eye opening and then

reverse sutured before the end of the critical period produce orientation

maps from each eye that are in perfect register despite never having

experienced binocular vision (Goedike and Bonhoeffer, 1996). This

experiment supports the model presented above that describes horizontal

connections as a structural scaffold in the cortex for the emerging

orientation map that is independent of visual experience. While the model

predicts that the locations of orientation columns in the map should be

similar for the two eyes, it poses no obvious requirement that the specific

orientations represented in those columns be the same for the two eyes

unless there is correlation during development between activity in the two

eyes.

Recent in vitro recordings in slices of ferret lateral geniculate nucleus

reveal that spindle waves, which occur in vivo during slow-wave sleep, are

in fact due to synchronized oscillations that propagate as traveling waves

through all laminae of the LGN (Kim et al., 1995). Such synchronized

activity between the monocular thalamic laminae could serve to coordinate

the development of the thalamocortical inputs from both eyes. It is

interesting to note that spindle waves are first observed at around P26 in the

ferret (McCormick et al., 1995), just about when the horizontal connections

are beginning to cluster.
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The following model can account for all of the findings noted above.

First, the early segregation of long-range horizontal connections into

clusters occurs by a Hebbian mechanism, guided by correlations present in

the immature visual cortex, but not dependent on retinal activity. This

early correlation structure may be due to an ordered distribution of a small

number of selective neurons, but could also simply arise from the

interaction of cortical spontaneous activity with the spatial filtering

properties of normal local circuitry in the cortex. As the activity-dependent

maturation of orientation selectivity proceeds, the resulting orientation

map would be constrained and facilitated by the periodicity of the extant

network of local and long-range cortical circuitry. The specificity of

horizontal connections would then be further refined in a visual

experience-dependent manner by the newly established orientation map.

º-

116



Figure 3-1 Methodology and description of the Cluster Index (CI). A,

Example plot (from section in Fig. 5a) of labeled cells used to calculate the CI.

The dashed line surrounding the cells and the circle of radius 500 pum

around the injection site center indicate the borders of the region-of-interest

used for the calculation in this case. Scale bar is 1 mm. B, Schematic

illustration of w, the cell-to-cell nearest-neighbor distance, and x, the

random point-to-cell nearest-neighbor distance for a subset of cells from Fig.

1a. Triangles represent cells in the data set and the circle represents a

random point in the region-of-interest. (Actual analysis was performed

using 1 mm x 1 mm quadrats.) See Methods for details. C, Histogram (bin

size = 0.05) of CI measurements made on 10000 pseudorandom sets of 100

“cells” is a Gaussian distribution with CIs 0.70 for 95% of cases and CIs 1.10

for 99%.
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Figure 3-2 Parasagittal sections through the lateral geniculate nucleus

(LGN) and the occipital pole of a CTB-gold injected adult ferret cortex. B,

Darkfield image of a silver-enhanced section shows the dense precipitate

around the injection site core, surrounding halo of glia and short-range

circuit neurons. Immediately adjacent cytochrome oxidase (CO) (A) and

Nissl (C) stained sections reveal the appearance of the CTB-gold injection

without silver intensification. The large arrow indicates the area 17/18

border determined by the pattern of CO, Nissl, and CTB-gold staining.

There is patch of labeled cells in area 18 in B. D, Silver intensified darkfield

section 1.2 mm lateral to the injection site in B. Patches of retrogradely

labeled neurons (small arrows) are clearest in the deep part of layer II/III. E,

Silver-enhanced LGN section from same animal shows a column of labeled

neurons which spans all layers of the LGN but is fainter in the C laminae,

characteristic of labeling from area 17. F, Dorsal view of a ferret brain

indicates the location of the injection site, which was typical for this study,

and the planes of section for panels A-D. The shaded region indicates area

17. A-E: Dorsal is up; anterior is left; and the scale bar is 500 p.m. F:

Anterior is up and the scale bar is 5 mm. In this and all following figures,

each scale bar applies to the frame it occupies and all previous frames

without scale bars.
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Figure 3-3 A, CTB-gold labeled cells from the section shown in D at high

magnification in darkfield. B, An injection site that has not been silver

intensified from a section immediately above that shown in D. The bulk of

the injection is extremely well restricted and much smaller than the region

of dark precipitate present after silver intensification. For comparison of

scale, a reverse contrast image of the unreacted injection site is shown at

scale in D. C-G, Depth series in adult ferret visual cortex flat mount viewed

in darkfield (with brightfield injection site included for reference). Depths

(uncorrected for tissue shrinkage) are: (C) 120 pm, (D) 280 pum, (E) 520 p.m,

(F) 680 pum, (G) 840 pm. The dashed line indicates the approximate area

17/18 border. Several clusters in a section from lower layer II/III (D) are

indicated by arrowheads. Note the correspondence of clusters in all layers

with compression in the rostrocaudal axis with depth. The CI value for this

case (D) was 1.31. In these and all following photographs, the dark deposit of

silver precipitate around the injection site, has been photographed in

brightfield and photomontaged onto the darkfield image. This more

accurately reproduces the actual appearance to the eye of the intensified

injection site, which saturates in photographs because of the limited

dynamic range of the film. Rostral is up; lateral is left; and the scale bars are:

(C-G) 1 mm, (A) 20 pum, (B) 100 pum.
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Figure 3-4 Cortical flat mounts from ferrets injected on P21 and perfused on

P23 reveal the absence of patchy connections within area 17. The dashed

line indicates the approximate area 17/18 border. A, C, Two examples of

supragranular labeling at P21 (A, CI = 0.41; C, CI = -0.25). The density and

range of labeled cells is lower than in older animals within area 17, though

the corticocortical projections from area 18 are densely labeled and clustered.

B, Deeper section from 320pm below the section shown in A also reveals

the absence of patchiness in the horizontal connections. The finger of label

extending laterally from the injection site is due to flattening artifact where

the section passes through more widespread label in the upper layers. D,

CTB-immunostained section through white matter demonstrates the dense

concentration of labeled subplate cells at this age just beneath a CTB

injection site. E, Blow up of the white square in D. F, CTB-immunostained

upper layer section shows short axonal fibers and very few cells labeled from

a large CTB injection site. Orientation as in Fig. 3. Scale bars are: (A-D) 1

mm, (E,F) 50 pum.
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Figure 3-5 Examples of P27(A,B,C) and P28 (D) CTB-gold labeling in

tangential sections through lower layer II/III viewed in darkfield. Clusters

of labeled cells (arrowheads) are clearly evident at this age. CI values are:

(A) 0.78, (B) 1,06, (C) 1.02, (D) 0.97. Rostral is up; lateral is left; scale bar is 1

In I■ l.
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Figure 3-6 Peak density of labeled cells as a function of distance from the

center of the injection site. A, Progressive increase in peak density with age

up to P33 reflects the emergence of dense clusters of labeled cells. Changes

after P33 presumably involve the retraction of inappropriate projections

outside clusters and are therefore not reflected in measurements of peak

(cluster) density. B, Density distribution of BE cortices resembles that of age

matched normals. TTX-treated cortices have below-normal density near the

injection site, reflecting the lack of clusters, and above-normal density at

distances greater than 2000 pum, beyond the range of many horizontally

projecting cells in normal animals. Error bars are S.E.M. See methods

section for details.
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Figure 3-7 Examples of P33 (A/C) and P34 (B,D) CTB-gold labeling in

tangential sections through lower layer II/III in darkfield. CI values are: (A)

0.82, (B) 1.11, (C) 1.25, (D) 0.76. Orientation and scale bar as in Fig. 5.
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Figure 3-8 Examples of P38 (A) and P41(B,C) CTB-gold labeling in tangential

sections through lower layer II/III in darkfield. CI values are: (A) 1.53, (B)

1.82, (C) 1.29. Orientation and scale bar as in Fig. 5.
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Figure 3-9. Line graph of mean Cluster Index (CI) values from this study

(squares), median Orientation Selectivity Index (OSI) values from single

unit recording (Chapman and Stryker, 1993) (circles), and mean orientation

tuning from optical maps (Chapman et al., 1996) (triangles) in ferret area 17

as a function of age. At P27 horizontal connections are significantly

clustered, but single-unit recordings reveal poor orientation selectivity

(~25% of cells have orientation-selective responses) and optical imaging

does not yet show an orientation map. Between P32 and P36, a secondary

refinement of horizontal connections occurs along with the maturation of

single-unit orientation selectivity and the emergence of the earliest optical

orientation maps. Data are pooled across animals by age. CI, OSI, and

optical tuning axes were aligned by setting equal the values for a random

distribution of cells (CI = 0), the absence of an optical orientation map (P31

case), and the 90th percentile OSI (OSI = 15) of adult ferret LGN cells, which

are not tuned for orientation, and by scaling the axes to set equal the CI, OSI,

and optical tuning values in mature animals. Error bars represent SEM.
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Figure 3-10 TTX infusion from P21 until perfusion at P36 prevents

clustering of horizontal connections labeled by CTB-gold injection at P34. A,

B, TTX-treated cortices. C, Saline-infused control injected P36 and perfused

P38. D, Labeling from a P34 CTB-gold injection in the untreated hemisphere

contralateral to B. CI values are: (A) 0.08, (B) 0.14, (C) 1.45, (D) 0.78.

Orientation and scale bar as in Fig. 5.
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Figure 3-11 Comparison of CI values in normal development at P21, P34

and P41, TTX-treated cortex, saline control cortex, and cortex from binocular

enucleates (BE). TTX was infused continuously into visual cortex starting

P21 and an injection of CTB-gold was made at P34. Saline controls were

treated identically except that the CTB-gold injection was made at P36.

Binocular enucleations were performed on P21 and animals were injected at

P34. Error bars indicate S.E.M.
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Figure 3-12 Examples of labeling in tangential sections through lower layer

II/III of ferrets binocularly enucleated at P21, receiving CTB-gold injections

into area 17 on P36 (A) or P34 (B,C,D) and perfused two days later. CI values

are: (A) 0.72, (B) 1.10, (C) 1.05, (D) 0.52. Orientation and scale bar as in Fig. 5.
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CHAPTER 4:

SUMMARY AND FUTURE DIRECTIONS
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Ocular dominance band formation in ferret visual cortex

It is not surprising, given the similarities between cortical response

properties in adult ferrets and cats, that the development of ocular

dominance bands in ferrets resembles that seen in cats. Initially inputs from

the two eyes are uniform and overlapping in area 17. They gradually

segregate, starting about one week after natural eye opening and reaching an

almost adult-like state less than one month later. More interesting are the

differences between the two species: the stronger contralateral bias seen in

the ferret than the cat or monkey, the tendency for ferret columns for

coalesce into parallel stripes that run orthogonal to the long axis of area 17,

and the interruption in the pattern of ocular dominance bands at the area

17/18 border in ferrets.

Contralateral bias in ferrets

A potentially novel finding, relevant to development in cats as well,

was the observation that when the columns first emerged, they appeared to

be much more strongly contralaterally dominated than in older animals. At

first it seems counterintuitive that the ipsilateral eye inputs would contract

to form small columns and only later expand their territory. Hubel and

Wiesel's original scheme of ocular dominance column segregation

proposed that a set of initially coextensive and equal inputs from the two

eyes gradually retracted from the territory belonging to other eye, resulting
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in the mature pattern of highly segregated right and left eye columns (fig 1).

Though basically correct, this scheme is incorrect in two details: first, the

initial inputs from the two eyes are not present in equal numbers; second,

the retraction of axons from territory belonging to the other eye probably

contributes less to column formation than the increase in arbor density

within its own columns. When one thinks of the process of segregation as a

selective increase of arbor density rather than a retraction of exuberant

axonal arbor, an outward expansion from column centers makes much

more sense. It also makes sense that this effect should be more striking for

ipsilateral eye bands. Since they start out with a numerical disadvantage,

they will have the greatest opportunity to capture postsynaptic neurons

from the other eye if they focus their inputs within a limited volume of

cortex. This observation has probably been made much more obvious by

using the ferret as the experimental subject as it has such a

disproportionately uneven contralateral to ipsilateral ratio of inputs.

Preliminary optical imaging experiments in the cat confirm that there

is a contralateral bias in cortical responsiveness in kittens less than about

three weeks of age. This contralateral bias is qualitatively very similar to

optical images seen following a brief monocular deprivation (MD) of the

ipsilateral eye, much like the autoradiographic pattern in the P50 ferret.

Binocular lid suture maintains this MD-like pattern beyond the period

when both eyes would normally drive the cortex nearly equally well. The

contralateral eye establishes a moderately robust orientation map while the
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ipsilateral eye remains poorly orientation selective and drives a much

smaller area of cortex (Crair, Gillespie, Ruthazer and Stryker, unpublished

observations). It would therefore be of great interest to determine whether

binocular deprivation in ferrets also leads to a stabilization of this very

striking MD-like pattern of ocular dominance bands in the pattern of

transneuronal labeling.

Stripy ocular dominance bands

LeVay and colleagues (1985) proposed that striped ocular dominance

bands might serve to facilitate the representation of two complete maps of

visual space, one from each eye, with a minimum of topographic distortion

in the representation. David Jones and collaborators (1991) extended this

hypothesis to account for other binocular maps such as cat ocular

dominance columns and the ocular dominance bands in three-eyed frogs.

The ferret is an especially interesting test of this hypothesis because like the

cat it has patchy ocular dominance bands, but unlike for the cat, the

anisotropy of its binocular segment relative to that of the thalamus predicts

stripes. In fact, there is a strong tendency for ferret patches to line up into

parallel stripes as predicted. While this model should not be misconstrued

as an explanation of how columns form, it is useful for thinking about

which constraints on map formation may have played particularly

important roles in the evolution of the patterns of ocular dominance bands.
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Interruption of labeling pattern at the area 17/18 border

The finding that the transition zone of the ferret is apparently

completely devoid of ipsilateral eye inputs, much like the "Boston" Siamese

cat, suggests that a common mechanism may be responsible for establishing

cortical topography in these two cases. Tyrosinase-negative albino cats have

a nearly complete absence of ipsilateral eye inputs to a large region

surrounding the border between areas 17 and 18. In both areas, but

especially in area 18, tangential penetrations in the cortex reveal individual

patches of ipsilateral and contralateral visual field; these patches are about

the size of ocular dominance columns (Leventhal and Creel, 1985). This

suggests that like ocular dominance in normal cats, ipsilateral field and

contralateral field topography may compete for cortical territory by a

mechanism which favors clustering, such as a Hebbian rule. The normal

cat may simply be an example of a more balanced competition in which the

modest ipsilateral visual fields (driven through the contralateral eye) and

the contralateral visual fields (driven through both eyes) divide territory

evenly between them. This leads to a number of interesting questions:

How do contralateral eye/contralateral field inputs segregate relative to

ipsilateral eye/contralateral field inputs and contralateral eye/contralateral

field inputs? Do callosal connections between the two hemispheres produce

an interdigitating lattice of patches that project to the contralateral transition

zone and patches that project further inside contralateral areas 17 and 18? If

this lattice exists, does it match the pattern of ocular dominance patches
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(contralateral eye patches should correspond to ipsilateral visual field

patches)?

In the ferret, where the contralateral eye completely dominates the

transition zone, it seems that the competition must be less equal. Based on

the pattern of ocular dominance bands, the ferret transition zone, in

contrast to the cat, ought to almost completely lack any representation of

contralateral visual fields. Preliminary single unit recordings support this

idea, but more detailed mapping is necessary to confirm it.

Development of Long-Range Horizontal Connections in Ferret

Normal development of clustered connections precedes the emergence of

orientation maps

When this study of the time course of development of clustering in

long-range horizontal connections in the ferret was first undertaken, there

was already an extensive body of data on horizontal connection

development in the cat. Work on the development of horizontal

connection in the kitten by Callaway and Katz (1990, 1991) and from the

Singer group (Luhmann et al., 1990) revealed a surprising degree of

patchiness of horizontal connections as early as P8 and well-clustered

connections by P12. This was approximately the age when orientation

selective responses could first be seen in at least a small fraction (10%-25%)

of cells in the cat by careful investigators (Blakemore and Van Sluyters, 1975;
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Frégnac and Imbert, 1978; Albus and Wolf, 1984). But the remarkable degree

of clustering of horizontal connections seemed almost too good given the

immaturity of cortical responses revealed by the single unit studies. There

was also somewhat less compelling evidence from lucifer yellow fills of a

fairly small number of layer IV neurons that these cells did not even extend

axons into the upper layers until several days later, leaving one to ponder

how connections in the upper layers could have been guided to refine

(Callaway and Katz, 1992). Certainly my expectation at that time was that

the ferret studies, with their more reliable cortical responses to visual

stimuli, would clarify the situation by revealing that not only were cells

already well-tuned at the age when horizontal connections first began to

form clusters, but that they had already formed orientation maps by that age

to O.

In fact this prediction appears to have been completely wrong. The

doctoral thesis of Barbara Chapman demonstrated that the estimates of

about 25% of neurons being orientation selective around P8 in the cat also

applied to ferrets of similar ages, and that full-blown orientation selectivity

did not develop until about one to two weeks later (Chapman and Stryker,

1993). This was later confirmed and extended to apply to the emergence of

orientation maps by optical imaging (Chapman, et al., 1996). It seemed an

inescapable conclusion that the clustering of long-range horizontal

connections preceded the development of orientation maps.
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However it is also possible that the anatomical assay for maps is

simply more sensitive than the physiological assay. For one thing, the

physiological studies have all been carried out in barbiturate anesthetized

animals. Even though inhibitory interactions are rarely detected in cross

correlation analysis of the interactions between pairs of cells in anesthetized

cats less than three weeks of age (Hata et al., 1993), even a mild

enhancement of inhibition in juvenile cortex could have a profound

impact on firing rate and ability to reach threshold. This was probably not a

concern in the ferret single unit recording study, which showed that there

was no correlation between firing rate and selectivity (Chapman and

Stryker, 1993).

The signal-to-noise ratio may be a more serious limitation to the

physiological studies. Since the horizontal connections probably extend

branches in response to correlation in firing patterns between pre- and post

synaptic cells, it may be appropriate to consider the anatomy as a kind of

cross-correlation detector. Unlike an electrophysiology experiment in

which a single unit can be held for minutes or hours, the anatomy, of

course, is there all the time, presumably integrating input by changing

morphology in response to spatiotemporal activity patterns. Moreover,

anatomical experiments reveal the connectivity of several thousand cells, a

degree of resolution even optical imaging cannot achieve. Greater

sensitivity of the anatomical method over the physiological methods

cannot be ruled out as an alternative explanation for the emergence of
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clustered lateral connections before orientation maps can be detected. The

subsequent experiments testing the role of activity on the clustering of

horizontal connections would only be impacted by this caveat if the

clustering actually followed the emergence of physiological orientation

maps, rather than refining before or in concert with them. While this

seems a reasonable possibility, all the available data argue against it being

COrrect.

A secondary refinement of horizontal connections was observed to

coincide with the period of maturation of orientation selectivity of single

units. We have suggested that this secondary refinement reflects a

reshaping of the horizontal connections in direct response to the

developmental increase in orientation selectivity: Sharper orientation

tuning would result in all pairs of cells that did not have nearly identical

orientation preferences losing correlation in their mutual patterns of

activity. Short term binocular deprivation (less than a week) has very little

effect on the response properties of cortical neurons around the time of

natural eye opening. In contrast, long term binocular lid suture ultimately

leads to a breakdown of orientation tuning in the visual cortex (reviewed in

Frégnac and Imbert, 1984). Callaway and Katz (1991) have shown in the cat

that long term binocular deprivation produces crude clusters of horizontal

connections at ages when sharp, refined clusters would normally be present.

Their experiments, however, did not distinguish between a failure of

horizontal connections to refine and a loss of specificity in previously well
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refined connections. Because we have shown that secondary refinement of

horizontal connections takes place over the course of less than a week in the

ferret, it is practical to use short-term binocular deprivation or dark rearing

to test the influence of visual experience on the refinement of horizontal

connections without the complication of severe pathological effects.

The clustering of long-range horizontal connections depends on neural

activity but not on patterned retinal activity

Our finding that the initial clustering of horizontal connections is

one of the earliest developmental events related to cortical map formation

raised the possibility that it was exclusively genetically controlled and

beyond the influence of neuronal activity-dependent mechanisms. This

was tested in our experiments by intracortical infusion of the sodium

channel blocker tetrodotoxin (TTX) from an age when horizontal

connections were not yet clustered until an age when normal animals have

obviously clustered connections. The failure to form clusters in these

hemispheres, despite apparently healthy unclustered axonal growth,

demonstrates that an activity-dependent mechanism such as a Hebb rule is

probably responsible for the clustering of horizontal connections as early as

they form. This was demonstrated unambiguously to be true later in

development by Löwel and Singer (1993) who caused a rewiring of

horizontal connections, causing them to become selective for ocular

dominance by making kittens strabismic, effectively eliminating most of the
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positive correlation in the patterns of activity transmitted to the cortex from

the two eyes. Our experiments extend this finding to include even the very

early period of initial formation of clusters before natural eye opening. We

examined the distribution of lateral connectivity in TTX-treated animals a

few days before the age when a secondary refinement of connection

specificity normally occurs in order to focus our study on the role of activity

in the early emergence of patches. It remains a possibility that an initial

crude clustering could have occurred normally but was then disrupted by

the absence of activity at a later time during the TTX infusion period.

Chronic imaging of individual labeled neurons in vivo, may become

practical in the near future with the recent advances in imaging technology.

Clearly this would be an excellent model system in which to examine how

visual or cortical activity patterns can influence the morphology of cortical

neurons during different developmental periods.

TTX infusion also prevents the development of orientation

selectivity in visual cortical neurons (Chapman and Stryker, 1993). While it

would be pleasing to be able to draw a causal connection between the failure

of horizontal connections to cluster and the failure of orientation selectivity

to mature, this is not yet possible. It remains unclear whether the clustering

of horizontal connections directly contributes to the development of

orientation selectivity in individual cortical neurons or even to the

formation of the orientation map. A first step toward determining whether

there might be a causal link would be to establish a connection between the
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crude clusters that appear before orientation selectivity matures and the late

clusters that connect orientation columns, either by making early and late

injections into the same sites in the cortex, or by making an early injection

of a durable tracer followed by optical imaging once orientation selectivity

has developed fully. In any case, it is clear that the naïve hypothesis that

clustering of horizontal connections is a simple consequence of the

orientation tuning of cortical cells is clearly wrong.

The fact that horizontal connections cluster in the complete absence of

retinal input proves that visual experience is completely unnecessary for at

least the initial clustering to occur and suggests that clustering of horizontal

connections may actually be a critical step in the process that leads to the

formation of orderly maps for orientation preference. It is strange to think

of orientation selective responses in the cortical neurons of animals that

lack eyes, but presumably the developmental process that leads to

orientation maps goes on whether or not retinal ganglion cells contribute.

In order to know whether the patchy horizontal connections that emerge

without the contribution of retinal activity are indeed orientation columns

it would be interesting to silence the retinae by binocular intravitreous TTX

injections from P21 until after P38 when orientation maps have normally

emerged, to label the horizontal connections, to let the TTX wear off long

enough for the animal to recover visual cortical responsiveness and then to

use optical imaging or 2-DG to visualize the orientation map. In the ferret,

in which nearly two-thirds of visual cortex is monocular, it might even be
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possible to do this experiment with monocular TTX injections. This would

make the experiment far less technically challenging and more reliable. It

would also offer the advantage of an unprecedented and remarkable within

animal control for the absence of visual experience.
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Figure 4-1 Comparison between the traditional way of thinking about

ocular dominance column segregation and the scheme suggested by data

from the ferret. Traditionally the segregation of ocular dominance bands

from an initially uniform distribution was considered to be attributable

mainly to pruning of exuberent inputs. As one eye's inputs came to drive

part of the cortical territory better than the other eye, it would force the

other eye to withdraw its projection from that region, resulting in

segregated ocular dominance bands. Recent experiments, including those in

this dissertation, support a more progressive process in which both eyes

provide fairly sparse initial inputs to area 17 which arborize extensively in

their appropriate columns and as well as withdrawing from inappropriate

positions. In addition there is a quite strong contralateral bias in the

immature visual cortex of cats and ferrets which at least in the ferret appears

to place the ipsilateral eye at a competitive disadvantage during the early

stages of column segregation. It is able to recover later, perhaps as a result of

conjugate vision or late arriving ipsilateral inputs.
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Schemes for the segregation of afferents into bands
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PRO cluster

;THIS IS AN IDL ROUTINE WHICH:
;1) READS IN A FILE OF X,Y COORDINATES OF CELL BODY POSITIONS
; RELATIVE TO AN INJECTION SITE AT (0,0). THE FORMATIS
; ONE PAIR OF SPACE-DELIMITED X & Y VALUES (IN MICRONS) PER
* LINE. UP TO A MAXIMUM OF 10000 LINES (10000 CELLS)
;2) SETS A REGION OF INTEREST(ROI) IN WHICH TO MAKE SPATIAL
; STATISTICAL MEASUREMENTS THAT ENCOMPASSES THE SET OF
3. CELLS AND EXCLUDES A REGION AROUND THE INJECTION SITE.
;3) IN A SLIDING ANALYSIS WINDOW (IUSED 1MM X 1MM, SLIDING
; BY 100UM EACH TIME.), IT MEASURES THE NEAREST-NEIGHBOR
; DISTANCES FOR 10% OF THE CELLS(W) AND THE NEAREST-NEIGHBOR
; DISTANCES FOR AN EQUAL NUMBER OF RANDOMLY DROPPED POINTS
; AND THEIR NEAREST CELLS(X). IT THEN GIVES ACLUSTER INDEX VALUE
3. VALUE (H) BASED ON THE FORMULA:
; H=LOG(SUM(X^2)/SUM(W^2)
;4) IT PERFORMS THIS CALCULATION REPEATEDLY (AT LEAST 10 TIMES).
;5) IT DISPLAYS THE RESULTS IN GRAPHICAL AND NUMERICAL FORMAND
; OFFERS VARIOUS WAYS OF SAVING THE RESULTS.

COMMON HOP,hopkins

pt_set=fltarr(2000,2) ;array of point coordinates in quadrat
in set=fltarr(10000,2) ;array of point coordinates in full set
n_neigh=fltarr(2000) ;array of nearest neighbor distances for PT_SET points
n_neigh_sq=fltarr(2000)
rand neigh=fltarr(2000) array of nearest neighbor distances for random + PT_SET points
p=bytarr(1) ; a hack to allow TV to plot a single pixel
select = intarr(2000)
result=fltarr(6)
filenm = ''
read, filenm,PROMPT='Input Filename:
in set=reader(filenm) ;read datafile as (x,y) pairs and divide coordinates by 10
filenm = strmid(filenm,rstrpos(filenm,'/')+1,strlen(filenm)); REMOVE DIRECTORY NAMES

alleng=non0el(in set) ;get length of dataset excluding (0,0) filler data

;THESE VARIABLES ARE MIN AND MAX FOR ORIGINAL COORDINATE DATA(/10)(I.E.,
BOUNDS)
quadzmax=max(in set(*,0))
quadymax=max(in set(*, 1))
quadzmin–min(in set(*,0))
quadymin=min(in set(*, 1))

;MAKE A WINDOW THE DIMENSIONS OF THE DATASET AND PLOT DATA.
window,0,xsize=quadzmax-quadzmin-50,ysize=quadymax-quadymin-50,retain=2
plot,in set(*,0),in set(*,1),psym=3, title = filenm
print, quadkmax, Quadkmin, quadymax, Quadymin

yn='no'
read,yn,prompt='Save plot as postscript file?'
if yn eq'yes' then begin

ps_open,'P'+filenm
plot,in set(*,0),in set(*,1),psym=3, title = filenm

ps_close
endif
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;GET ANALYSIS INFO FROM USER.
read, quadradius, PROMPT=Quadrat Radius (x10):
read,Quadinc,PROMPT='Boxcar increment (x10):

;CREATE TWO PIXMAP ARRAYS. ONE OF DATA AND ONE TO BE ROITEST ARRAY
(acc_arr)
picture=bytarr(quadzmax-quadkmin-2*quadradius+quadinc, quadymax-quadymin-2*quadradius+quadinc)
acc_arr-bytarr(quadzmax-quadkmin-H2*quadradius+quadinc, guadymax-quadymin-H2*quadradius+quadinc)
picture(*, *)=0

in set(*,0)=in_set(*,0)-quadzmin-HQuadradius;make all coordinates positive and
in set(*,1)=in set(*,1)-quadymin-quadradius;leave room for quadrat box around roi.

for i=0,alleng-1 do picture(in set(i,0),in set(i,1))=1 ; copy data into pixmap

;DEFINE THE ROITEST ARRAY USING DOROI(MOUSE INTERFACE AND SHRINKS DATA
; TO WORKABLE SIZE, THEN RE-EXPANDS IT)
window, 1,xsize=quadzmax-quadzmin–H50,ysize=quadymax-quadymin-H50,retain=2
acc_arr-doroi■ picture,4uadxmax-quadkmin-H2*quadradius+quadinc, guadymax
quadymin-H2*quadradius+quadinc)

;MAKE A HOLE IN THE CENTER OF THE ROITEST ARRAY TO EXCLUDE INJECTION SITE.
read, roe,PROMPT='Exclusion Radius (x10):
xorigin = -quadzmin-HQuadradius
yorigin = -quadymin-HQuadradius
for x=xorigin-roe,xorigin-roe do for y=yorigin-roe,yorigin-Froe do $

if (sqrt{((x-xorigin)^2) + ((y-yorigin)^2)) le roe) then acc_arr(x,y)=0
picture=bytarr(quadzmax-quadzmin-H2*quadradius+quadinc, guadymax-quadymin-H2*quadradius+quadinc)
for i=0,alleng-1 do picture(in set(i,0),in set(i, 1))=1+acc_arr(in set(i,0),in set(i, 1))
picture=(acc_arr-Hpicture)*70

;REDRAW DATA SET
window, 1,xsize=quadzmax-quadzmin–H50,ysize=quadymax-quadymin-H50,retain=2
tvscl,picture
yn='no'
read,yn,prompt ='Save roi-image as gif file?'
if yn eq'yes' then write gif, filenm--' roi.gif,byte(picture)

;HOPKINS IS ARRAY OF HOPKINS NUMBER PER QUADRAT.
read, depth.prompt='iterations per quadrat (at least 10): '
hopkins = fltarr(1+((quadzmax-quadzmin)/quadinc), 1+((quadymax-quadymin)/quadinc),depth-1)
sigrid = fltarr(1+((quadzmax-quadzmin)/quadinc), 1+((quadymax-quadymin)/quadinc))
hopkins(*, *, *)=0
sigrid(*, *)= 0

;DEFINE SMALLEST RECTANGLE THAT ENCLOSES ROI ([xmin,ymin], [xmax,ymax])

xmin-O ;COUNT UP FROM LEFT
repeat begin
xmin-xmin-Fl
endrep until (max(acc_arr(xmin,”)) ne 0)

ymin-O COUNT UP FROM BOTTOM
repeat begin
ymin=ymin-Fl
endrep until (max(acc_arr(*,ymin)) ne 0)

ymax=quadymax-quadymin;COUNT DOWN FROM TOP
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repeat begin
ymax=ymax-l
endrep until (max(acc_arr(*,ymax)) ne 0)

xmax=quadzmax-quadzmin;COUNT DOWN FROM RIGHT
repeat begin
xmax=xmax-l
endrep until (max(acc_arr(xmax,”)) ne 0)

;QUADRAT CENTERS AT ■ quadz,4uady]
for quady=ymin,ymax, quadinc do begin
print, string(fix((quady-ymin)/(ymax-ymin)*100))+%'
for quadz=xmin,xmax, quadinc do begin

:pt set IS SUBSET OF in set, CONTAINED IN RECTANGLE DEFINED BY FUNCTION CALL.
pt set=all24uad(allengin_set,[quadz-quadradius, quady-HQuadradius],8

■ quadk+quadradius, quady-quadradius],acc_arr)

leng=non0el(pt_set) ;LENG IS NUMBER OF NON-ZERO COORDINATES, REST IS
IGNORED.

;MEASURE NEAREST NEIGHBOR DISTANCES FOR EACH POINT (IF THERE'S MORE THAN 1
POINT :)

if (leng/10 ge 3) then begin
n_neigh(*)=0
rand neigh(*)=0

:THIS FILLS THE NEAREST NEIGHBOR ARRAY n_neigh
for i=0,1eng-1 do begin

n_neigh(i)=nearest(pt_set,i,leng)
:print,'real:',pt_set(i,0),pt_set(i,1), n_neigh(i)
end;for i

:NOW SELECT leng RANDOM COORDINATES IN QUADRAT, CONFIRM IN ROI, FILL
ARRAY WITH DISTANCES.

for h=0,depth-1 do begin
for i=0,(leng/10)-1 do begin

repeat begin
pt_set(leng,0)=quadz-quadradius + randomu(seed)*quadradius”2
pt set(leng,1)=quady-quadradius + randomu(seed)*quadradius”2

endrep until (acc_arr(pt_set(leng,0),pt_set(leng,1)) ne 0)
rand_neigh(i)=nearest(pt_set,leng,leng)
end;for i

:print, quadz,4uady,total(n_neigh)/leng,total(rand neigh)/leng,leng
;RANDOMLY SELECT 1 OUT OF 10 POINTS

select(*)=0
for i = 0,(leng/10)-1 do select(i)= fix(randomu(seed)*leng)

:CALCULATE LOGOHOPKINS NUMBER) WHICH IS:
LOG(SUM(RAND NEIGHA2)/SUM(N_NEIGHA2))

n_neigh_Sq=n_neigh"2
rand_neigh=rand neigh"2

hopkins(quadz/quadinc, guady/quadinch)=alog(total(rand neigh)/total(n_neigh_Sq(select(0:(leng/10
)-1))))

:print,'Hopkins:',hopkins(quadz/quadinc, guady/quadinc,h),(leng/10)
;wset, 1

xyouts,quad:#quadradius, quady+quadradius,fix(hopkins(quadk/quadinc, quady/quadinch)*100),8
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; color=hopkins(quadk/quadinc, quady/quadinch)*25,alignment=0.5

;wset,0
;p(0)=(hopkins(quad:/quadinc, quady/quadinc,h)*50)+128; TV NEEDS AN ARRAY

NOT A SCALAR
;if (p(0) ge 255) then p(0)=254
;for i=0,1eng-1 do tv,p(*),pt_set(i,0),pt_set(i,1); PLOT PIXELS OF QUADRAT

end;for h
result = moment(hopkins(quadz/quadinc, guady/quadinc,0:depth-1),sdev = temp)
hopkins(quadz/quadinc, guady/quadinc,depth)=result(0)
sigrid(quadz/quadinc, quady/quadinc) = temp
print,"H=",result(0),"+/-",temp

endif
end;for quadz
end; for quady

;CREATE PIXEL ARRAY OF HOPKINS NUMBERS BY QUADRAT POSITION and SCALE SIZE
& INTENSITY
picture=congrid(hopkins(*, *, depth),quadzmax-quadzmin–2*quadradius, quadymax-quadymin-H2*quadradius)
picture = (picture *50) +128
index=where(picture ge 254,count)
if count NE 0 then picture(index)=254 ;PREVENT TV ROUTINE FROM WRAPPING VALUES
>255
read,w,PROMPT='display cluster index in window #:';OPEN NEW WINDOW TO PLOT IMAGE AND
THEN PLOT IT
window,w,xsize=quadzmax-quadzmin-100,ysize=quadymax-quadymin-H 100,retain=2
tv,picture

yn='no'
read,yn,prompt ='Save cluster index array as gif file?'
if yn eq'yes' then write gif,filenm*'_hop.gif,byte(picture(*, *))

yn='no'
read,yn,prompt='Save cluster index array as raw data?"
if yn eq 'yes' then begin

openw,1,filenmit'.idl'
printf, 1,14-((quadkmax-quadzmin)/quadinc), 1+((quadymax-quadymin)/quadinc),depth-1
printf,1,hopkins(*, *, *)
close, 1
endif

;CREATE PIXEL ARRAY OF SIGNIFICANCE BY QUADRAT POSITION and SCALE SIZE &
INTENSITY
for quady=ymin,ymax, Quadinc do for quadz=xmin,xmax, quadinc do begin

if (sigrid(quadz/quadinc,4uady/quadinc) ne 0) then sigrid(quadz/quadinc, quady/quadinc) = t polf($

hopkins(quadz/quadinc, guady/quadinc,depth)/(sigrid(quad»/quadinc,duady/quadinc)/sqrt{depth)), depth-1)
if (hopkins(quadz/quadinc,4uady/quadinc,depth) le 0) then sigrid(quadz/quadinc, quady/quadinc) = .5
;xyouts,quadz, quady,string(sigrid(quad»/quadinc, guady/quadinc))

end for quadz

picture=congrid(sigrid(*, *), quadzmax-quadkmin-H2°quadradius, quadymax-quadymin-H2*quadradius)
picture= (picture)
index1=where(picture ge 0.5,0.ount1)
index2=where(picture ge 0.95,count2)
if countl NE 0 then picture(index1)=100
if count2 NE 0 then picture(index2)=200
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read,w,PROMPT='plot clustered sites (p=0.95)in window #';OPEN NEW WINDOW TO PLOT IMAGE
AND THEN PLOT IT
window,w,xsize=quadzmax-quadkmini-100,ysize=quadymax-quadymin-100
tv, picture

read,yn,prompt='Save Significance plot as gif file?'
if yn eq'yes' then write_giffilenm+' sig.gif,byte(picture(*, *))

;DO SOME STATISTICS ON ARRAY AND PRINT OUT
tmp = hopkins(*, *,depth)
result=moment(tmp(where(tmp ne 0,count)))
Print,'mean:',result(0),' +/- 'string(sqrt{result(1))),'stdev N=',count
print,'median:', median(tmp(where(tmp ne 0)))
print, p >',1-t pdf(result(0)/sqrt(result(1)/count),count)

;DRAW A CUMULATIVE HISTOGRAM OF QUADRATHOPKINS VALUES
read,w,PROMPT='histogram in window #:
window,w,retain=2
c_hist=histogram(tmp(where(tmp ne 0)), min = -4, max =4,binsize=.01)
for i=1,n_elements(c_hist)-1 do c_hist(i)=c_hist(i)+c_hist(i-1)
plot,float(c_hist)/float((c_hist(n_elements(c_hist)-1))),xtickname=[-4,-2,0,2,4]
xyouts, 5,0.8, filenm
xyouts,5,0.75,'mean:'+strcompress(result(0))++/-'+strcompress(sqrt{result(1)))
xyouts,5,0.7,'median:'+strcompress(median(tmp(where(tmp ne 0))))+' N='+strcompress(count)
;xyouts, 5,0.65,'p =+stroompress(1-t pdf(result(0)/sqrt{result(1)/count),count))

read,yn,prompt='Save histogram as postscript file?'
if yn eq'yes' then begin

ps_open,'H'+filenm
plot,float(c_hist)/float((c_hist(n_elements(c_hist)-1))),xtickname=[-4,-2,0,2,4]
xyouts,5,0.8,filenm
xyouts,5,0.75,'mean:'+strcompress(result(0))++/-'+strcompress(sqrt(result(1)))
xyouts,5,0.7,'median:'+strcompress(median(tmp(where(tmp ne 0))))+'N='+strcompress(count)
ps_close

endif

END pro ripley

; THIS FUNCTION READS IN LISTS OF X,Y COORDINATES FROM THE FILENAME
; IN THE ARGUMENTS AND RETURNS A 10000
; ELEMENT ARRAY OF X,Y PAIRS

function reader,filenm
tmp=fltarr(2)
a=fltarr(10000,2)
openr, 1,filenm

print,filenm
for i=0,9999 do $
if not eof(1) then begin

readf, 1,tmp
a(i,0)=tmp(0)/10
a(i,1)=tmp(1)/10

endif
close, 1

return, a
end

;THIS FUNCTION RESCALES THE X,Y PLOT OF POINTS IF IT IS LARGER THAN
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:THE NORMAL SIZE OF AN IDL WINDOW (FEED IT XSIZE AND YSIZE) AND THEN
;ASKS THE USER TO DRAW A REGION OF INTEREST ON THE PLOT. THE RIGHT
;BUTTON CLOSES THE ROI. A BYTE ARRAY IS RETURNED WHICH HAS THE SAME
;DIMENSTIONS AS THE XY PLOT AND CONTAINS 0 OUTSIDE THE ROI AND 1
;INSIDE THE ROI.

function doroi,picture,xsize,ysize
rebxs=fix(xsize--.5)
rebys=fix(ysize--.5)

if ((xsize ge 400) or (ysize ge 400)) then $
begin
rebxs=fix((xsize/2)+.5)
rebys=fix((ysize/2)+.5)
picture = congrid(picture, rebxs,rebys)

end

tvscl,picture
x=defroi(rebxs,rebys)
roi arr-bytarr(rebxs,rebys)
roi arr(*, *)=0
roi arr(x)=1
if (xsize ne rebxs) then begin
tmp=bytarr(xsize,ysize)
tmp=congrid(roi arr,xsize,ysize)
roi arr-tmp

end
return, roi arr

end

:THIS FUNCTION TAKES THE FULL DATASET ARRAY (in set) OF leng ELEMENTS,
;AND RETURNS A SMALLER ARRAY CONTAING ONLY THOSE MEMBERS WITHIN THE ROI
;INSIDE THE SQARE DEFFINED BY up left AND low right.
;(ROI IS DEFINED BY acc_arr)
function all24uad,leng, in set,up_left,low_right,acc_arr
out_set=fltarr(2000,2)
count=0
for i=0,1eng-1 do $

if (in set(i,0) GE up_left(0)) and (in set(i,0) LE low right(0)) and $
(in set(i,1) LE up_left(1)) and (in set(i,1) GE low right(1)) then $

if (acc_arr(fix(in set(i,0)),fix(in set(i, 1))) ne 0) then $
begin

out_set(count,0) = in_set(i,0)
out_set(count, 1) = in_set(i, 1)
count=count-Fl

end
return, Out_Set

end

...]
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