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ABSTRACT:

NEUROTROPHINS IN DEVELOPMENT AND PLASTICITY

OF CAT PRIMARY VISUAL CORTEX

Deda Gillespie

The primary visual cortex of cat exhibits a striking degree of organization for

retinotopy, ocular dominance and orientation selectivity. The structure of the ocular

dominance columns, which can be observed in recordings of electrical or metabolic

activity or with anatomical labeling in cortical layer IV, is not hard-wired, but evolves

during neonatal development in response to visual experience. Inputs from the two eyes

compete with each other during development in a process that requires both presynaptic

activity and postsynaptic response. Depriving one eye of pattern vision for less than 2

days reliably causes a functional ocular dominance shift, after which most cortical cells

respond exclusively to the normal eye, and few cells respond to inputs from the deprived

eye. After nearly one week of monocular deprivation this plasticity is also evident in the

morphology of the thalamocortical projection. The ocular dominance columns for the

deprived eye labeled anatomically in layer IV are shrunken; those of the open eye have

expanded. Axon arbors of thalamic neurons carrying inputs from the deprived eye are

sparsely branched; those of the open eye are densely branched. This conjunction of post

synaptic activity with presynaptic morphological change indicates the existence of a

retrograde signal, possibly a neurotrophin. This thesis describes experiments that address

the involvement of neurotrophins in ocular dominance development and plasticity by
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infusion of three classes of neurotrophin found in mammalian brain and blockers of

neurotrophin function into visual cortex. The data show that infusion of the trkB ligand

NT-4/5 into cortex dramatically alters physiological response properties such as ocular

dominance and orientation selectivity, but that infusion of NGF, blockers of NGF

activation of trkA, or NT-3, produces no observable consequences on response properties.
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Structure of primary visual cortex in cat:

The highly organized structure found in primary visual cortex carnivores and

primates is often seen as a model for other areas of sensory neocortex, where the specific

organizational parameters may be incompletely known, but the organizing principles are

thought to be similar. The most prominent organizing principle is that cells sharing similar

response properties are grouped together in clusters that run radially through the cortical

plate. Early recordings in cat (Hubel and Wiesel, 1962, 1963) gave the first picture of the

kind of structure that could be found in primary visual cortex. Recording extracellularly

from single cortical cells, Hubel and Wiesel found a topography for receptive field

position. They also found that many cells were binocular, responding well to stimulation

through either eye, they tended to exhibit "ocular dominance,” showing preference for

stimulation through one eye or the other. In addition, these cells were excellent edge

detectors, responding strongly to bars of light moved across the visual field, and most of

these cells showed a strong preference for stimulus orientation, responding well to stimuli

at one orientation but weakly or not at all to orthogonal stimuli. Furthermore, cells

encountered within tangential microelectrode penetrations were likely to be clustered by

these response properties to oriented stimuli. Orientation selectivity of cells within these

penetrations tended to change gradually, rather than suddenly, across the surface of the

cortex. In contrast, cells found in radial penetrations shared similar response properties

throughout the penetration. Ocular dominance was later found to be organized similarly

(Hubel and Wiesel, 1965). A fourth organizing feature shown later in ferret--clustering of

ON and OFF afferents--has not been demonstrated in cat (Zahs and Stryker, 1988).



These observations led to the idea of columns of cells extending throughout the

cortical plate which shared similar response properties, elaborated in the hypercolumn

model of visual cortex. Viewed from the surface of the cortex, the basic unit, or

hypercolumn, would appear as two parallel stripes of cortex, one responding preferentially

to the left eye and the other responding to the right eye. Running orthogonally to these

ocular dominance stripes one would see stripes of cortex responding to orientations that

gradually and consistently changed from 0° to 180°. While more recent work has revealed

that much of the detail of cat visual cortical organization does not match that predicted by

the hypercolumn model (Bonhoeffer & Grinvald, 1991), it is still true that the basic idea of

the hypercolumn--a stripelike pattern of ocular dominance columns mapped onto the same

surface as an orientation map that is locally orthogonal to the pattern of ocular dominance

columns--seems correct. The ocular dominance pattern can be visualized anatomically by

using tracers such as tritiated proline or wheat-germ agglutinin-horseradish peroxidase

injected directly into the eye and transported across the synapse in the lateral geniculate

nucleus (LGN) of the thalamus to the afferent terminals in layer IV of cortex (LeVay et al,

1978, Hata & Stryker, 1994). The patterns for both ocular dominance and orientation can

also be seen functionally with techniques that capitalize on the metabolic signal associated

with increased electrical activity, such as or 2-deoxyglucose autoradiography

(Schoppmann & Stryker, 1981, Lowel, 1994) or the more recent technique of imaging

intrinsic optical signal (Grinvald et al., 1986).

The anatomical underpinnings of the ocular dominance columns are evident in the

major cortical input layer, layer IV. Eye-specific retinogeniculate cells synapse in eye

specific lamina of the LGN. The segregation of the two eyes’ input is retained by thalamic



cells whose axons arborize in layer IV. Thus, for example, while axons from cells in

lamina A of LGN may span more than one ocular dominance column, they arborize

densely almost exclusively within columns for the contralateral eye (Antonini and Stryker,

1993). Vertical connections from layer IV then give rise to the column (Gilbert and

Wiesel, 1979, Martin and Whitteridge, 1984). The origin of orientation selectivity and the

basis for orientation columns has been more elusive, however. Hubel and Wiesel

originally proposed that orientation selectivity arose in cortical cells because a subset of

thalamic cells whose receptive fields all fell along a line (of a particular orientation) in

visual space could project to a single cortical neuron which would thereby acquire an

orientation selectivity corresponding to the line along which the thalamic cells receptive

fields lay. Anatomical evidence for this model has been meager, but work over the last

several years, including recordings made from the thalamocortical axons arborizing within

an identified orientation column, as well as intracellular recordings of cortical cells

(Chapman et al., 1991, Ferster 1986, Ferster et al., 1996) has shifted the balance of

physiological evidence toward support for the Hubel-Wiesel model and away from the

competing model in which intracortical inhibition was thought to give rise to orientation

selectivity. The question still remains as to whether intracortical inhibition might help

sharpen orientation tuning (Hata et al., 1988), though, or what part the long-range

horizontal connections connecting columns of similar orientation preferences may play

(Gilbert and Wiesel, 1989).

Development and plasticity:



The existence of such precise structure in the adult visual cortex raises a

fundamental developmental question: how are connections chosen and stabilized during

development? Fortunately, many of these processes occur postnatally in the cat. It has

been thought for a long time that ocular dominance columns arise during development by

segregation of LGN axonal arbors from an initial sea of intermingled right and left-eye

arbors, based on anatomical studies by LeVay et al (1978). In fact, very early in the visual

life of the cat the cortical response is dominated by the contralateral eye (Fregnac and

Imbert, 1978), but by 2 weeks of age responses at least in supragranular layers are

partially segregated, and it may be that the change which occurs over normal development

is more an equalization of response strengths through the two eyes (Crair et al., 1998, for

review, see Movshon and Kiorpes, 1990). The use of optical imaging allows one to get

around some of the problems of low responsiveness and habituation associated with

cortical recordings in the very young animal (Hubel and Wiesel, 1963, Sherk & Stryker,

1975) that can cause difficulties in obtaining large and representative samples, but it is still

unclear whether the conflict between physiological and anatomical results reflects the

chancy properties of many tracers in the very young animal, or whether it indicates that

the cortex achieves functional segregation before anatomical segregation. In any event,

there is clearly a period in the early life of the cat during which synapses in visual cortex

are plastic but gradually stabilize, to give rise to the periodic columnar structure of the

adult ocular dominance map.

About the development of orientation selectivity less is known. There are clearly

oriented responses as early as recordings can be made in cat cortex (Hubel and Wiesel,

1963, Sherk & Stryker, 1975). Even in ferret, whose visual system is remarkably similar



to that of a cat born three weeks early, orientation selective cortical cells are apparent

before natural eye opening. In fact, the only ways in which orientation selectivity

appears to change over normal development are that the number of orientation selective

cells increases and that the orientation selective population becomes more sharply tuned

over the course of several days (Chapman & Stryker, 1993), and that the map of

orientation seen with optical imaging becomes stronger during the cat’s third and fourth

postnatal weeks (Crair et al., 1998).

Studies of development of the ocular dominance system are aided by the fact that

manipulations of visual experience, for example by monocular deprivation (MD), drive

clear functional and anatomical plasticity. Depriving one eye of pattern vision by suturing

it shut for about a week at the beginning of the fifth postnatal week caused the cortical

response to shift from being weakly dominated by the contralateral eye to being nearly

entirely driven by the eye which had remained open (Hubel and Wiesel, 1970). This

phenomenon of ocular dominance plasticity is confined to a critical period in early

postnatal development (Hubel and Wiesel, 1970) and can be visualized by transneuronal

labeling of the afferent terminals in layer IV (Shatz & Stryker, 1978), where bands of label

associated with ocular dominance columns from the deprived eye are thin and patchy, but

bands of label associated with columns from the open eye are broad. Furthermore,

phaseolus labelling of individual thalamic afferents has shown that the terminals of axons

whose cell bodies lie in the thalamic lamina associated with the deprived eye are shrunken,

while the arbors from the lamina of the open eye are densely branched (Antonini &

Stryker, 1993). A temporal dissociation between the physiological shift and the structural

change is also seen, since reliable physiological shifts can be induced by only two days of



deprivation (Olson and Freeman, 1975, Crair et al., 1997), while the shortest deprivation

sufficient to produce consistent morphological changes in the population of labeled axon

arbors is five days (Antonini & Stryker, 1996).

The requirement of pre- and post-synaptic activity, coupled with structural

changes in the afferents, indicates that a retrograde signal at the synapse must regulate

plasticity. When retinal ganglion cell discharge was blocked by injection of TTX into both

eyes, visual cortical cells were more binocular than usual. Uniform labeling of layer IV

terminals in these cortices indicated that segregation was less complete than in the cortices

of animals reared in the dark or with bilateral lid suture (Stryker & Harris, 1986). Not

only levels of activity, but also timing of inputs from the two eyes is important, as ocular

dominance column segregation can be enhanced by manipulations that cause the eyes to

See independently of each other, such as surgical or optical strabismus (Hubel and Wiesel,

1965, Van Sluyters and Levitt, 1985). Furthermore, visual input per se is unnecessary, as

an imbalance in retinal activity in the absence of vision can cause ocular dominance

plasticity measured either physiologically or by cell size in the LGN (Kuppermann &

Kasamatsu, 1983, Chapman et al., 1986). Blockade of cortical activity with TTX infusion

prevents this ocular dominance plasticity (Reiter et al., 1986), and muscimol blockade of

the cortical cells alone actually effects a “reverse shift,” in which the deprived eye comes

to dominate the cortical response, axons from the deprived eye dominate in layer IV, and

axon terminals from the open eye are shrunken (Reiter & Stryker, 1988, Hata & Stryker,

1994, Hata et al., 1997). The requirement for activity both pre- and post-synaptically and

the fact that asynchronous activity from the two eyes was sufficient to produce a normally

Segregated cortex have suggested that visual plasticity operates via modified Hebbian



rules, where the coincident activity in the thalamic axon and the cortical dendrite

strengthens that synapse, while presynaptic activity in the absence of postsynaptic activity

penalizes the synapse (Stent, 1973). Such a phenomenon, involving post-synaptic activity

accompanied by morphological changes in the presynaptic axon, indicates the need for a

retrograde messenger at the synapse (Changeux and Danchin, 1976). Nitric oxide enjoyed

a brief period of popularity as a candidate for such a retrograde messenger (Ruthazer et al,

1996), but in many ways the neurotrophins have particularly attractive attributes for the

retrograde messenger in visual cortical plasticity.

Neurotrophins as candidate retrograde signals:

The principal members of the neurotrophin family are nerve growth factor (NGF),

whose effects on growth were originally described by Levi-Montalcini (1951), brain

derived neurotrophic factor (BDNF) (Barde et al., 1982), neurotrophin-3 (NT-3) (Jones

and Reichardt, 1990, Hohn et al., 1990, Maisonpierre et al., 1990), neurotrophin-4 (NT-4)

first cloned in Xenopus (Hallbook et al., 1991) and its mammalian homologue

neurotrophin-5 (NT-5) (Berkemeier et al., 1991, Ip et al 1992), often known as

neurotrophin-4/5. The neurotrophin NT-6 has until now been described only in fish (Gotz

et al., 1994). The neurotrophins share over 50% sequence identity--somewhat less for NT

4/5--and all bind to the low affinity p75 receptor, whose function is still unclear, but which

may help regulate the binding of neurotrophins to their trk receptors or may participate in

ligand-induced receptor internalization (Ryden et al., 1995, Curtis et al., 1995). Better

understood are the trkA, trkb and trkC receptors in the family of trk protein tyrosine

kinases. These are cell surface receptors with several cytoplasmic tyrosyl residues at

******º-



which ligand-induced autophosphorylation can occur. NGF is the primary ligand for trkA,

though all of the neurotrophins have some action at trkA (Kaplan et al., 1991, Ip et al,

1992). Although BDNF and NT-4/5 have been portrayed as mutually interchangeable

ligands because they both act at the trkb receptor (Klein et al., 1991, Squinto et al., 1991,

Soppet et al., 1991, Ip et al., 1992), several reports of differential effects for BDNF and

NT-4/5 now exist (Riddle et al., 1995, Erickson et al, 1996, Brunston et al., 1997, ElShamy

and Ernfors, 1997, Schwartz et al., 1997). The most promiscuous of the neurotrophins,

NT-3 acts on all three trk receptors but is primarily associated with the trkC receptor

(Lamballe et al., 1991, Squinto et al., 1991, Soppet et al., 1991). Several trkb transcripts

exist in rodent brain, including the full-length trkb receptor and two truncated receptors

trkB.T1 and trkb.T2 that lack tyrosine kinase activity (Klein et al., 1990, Middlemas et al,

1991), and there are at least three trkC receptor isoforms which appear to activate slightly

different signalling cascades (Lamballe et al., 1993). In situ hybridization shows distinct

expression patterns and timecourses for the different receptor-ligand systems. NGF is

expressed throughout cortex, where trkA receptor mRNA is found preferentially on

cholinergic cells. The highest levels of BDNF and TrkB receptor expression are in the

brain, where BDNF mRNA is found principally in hippocampus, and after that in cerebral

cortex. TrkC is widely expressed in both neural and non-neural cells during development,

with a timecourse that falls off into adulthood, but it is also found in older mice in cerebral

cortex and hippocampus, where NT-3 protein is high also into adulthood (Maisonpierre et

al, 1990, Hofer et al., 1990, Klein et al., 1989, Tessarollo et al., 1993, Zhou and Rush,

1994).



Multiple signalling pathways, both local and nuclear, can be exploited by trk

receptor activation. Phospholipase C (PLC-yl)-induced PIP2 hydrolysis and consequent

PKC activation via DAG and IP, mobilization of Ca” from internal stores has been

demonstrated for trks A, B and C (Vetter et al., 1991, Middlemas et al, , Lamballe et al,

1993), but in general the cellular response to NGF-induced trkA activation is the best

understood, and the signalling cascades of trkb and trkC are thought to be generally

similar. Briefly, NGF binding to trkA leads to receptor dimerization and

autophosphorylation at tyrosyl residues (Kaplan et al., 1991, Klein et al., 1991, Soppet et

al, 1991). A number of downstream signalling pathways are activated indirectly via

adaptor proteins with src-homology (SH2) domains. One such adapter protein, the

growth factor receptor bound protein (Grb2), normally associated with the Ras-activator

and guanine-nucleotide-releasing factor Sosl, leads to activation of the GTP-binding

protein Ras (Rozakis-Adcock et al., 1993, Li et al., 1993, Gale et al., 1993). At least two

targets of activated Ras in the NGF signalling pathway appear to be the Raf

serine/threonine kinase and MAP kinase (Thomas et al., 1992, Wood et al., 1992). Raf can

further activate MAP kinase kinase, leading through MAP kinase to activation of various

transcription factors.

Neurotrophins exhibit a number of features that could help to ensure specificity at

the synapse. Several reports show activity-dependent regulation of different neurotrophin

mRNAs (Castren et al., 1993, Isackson et al., 1991, Zafra et al., 1990). In addition,

neurotrophins are released in a regulated manner (Heymach et al., 1996), and some reports

show a type of activity-dependent neurotrophin release in culture for NGF and BDNF

(Blochl and Thoenen, 1995, Goodman et al., 1996). Two other mechanisms may act to

10



regulate the actions of neurotrophins on their trk receptors. One, ligand-induced

downregulation of trk mRNA might help to keep receptor numbers low to be maximally

responsive to small changes in availability of scarce neurotrophin (Knusel et al., 1997), and

two, retrograde transport of the receptor-neurotrophin complex from the axon terminus

can help keep neurotrophin at the axon terminal in short supply to fuel competition for a

scarce factor (DiStefano et al 1992).

Neurotrophins are attractive candidates for the retrograde messenger at the visual

cortical synapse for several reasons. First, the neurotrophins are not merely signaling

molecules, but also are known promotors of growth and differentiation. Second, they are

scarce, as they must be if competition for this factor is to drive large-scale changes. Third,

manipulations such as dark-rearing or intraocular TTX injection that affect ocular

dominance plasticity and development can also regulate the expression of neurotrophin

mRNA in rat visual cortex (Castren et al., 1992, Schoups et al., 1995). The report that

levels of truncated forms of trkb receptor rise over a period coinciding with the critical

period for ocular dominance plasticity (Allendoerfer et al., 1994) is correlative but

suggestive. This could be a way of turning off developmental plasticity, if truncated forms

of trkb decrease available NT-4/5 or BDNF by circulating extracellularly and binding

ligand to render it inactive, or if truncated trkB receptors act as dominant inhibitory

factors to turn off trkb signalling (Eide et al., 1996), or it could be a way of spatially

constraining the ligand in order to restrict plasticity to precise locations in the adult system

(Biffo et al., 1995). This may, on the other hand, be a simplistic way of looking at the

function of truncated trkbs, since these proteins can mediate some non-tyrosine kinase

types of BDNF signalling in vitro (Baxter et al., 1997). In a system which has often looked
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to the LTP field for potential clues to mechanism, studies showing decreased LTP in

BDNF knockout mice that is rescued by exogenous BDNF (Korte et al., 1995, Patterson et

al, 1996) add further spice to the mix. To further complicate matters, several labs have

now reported effects of neurotrophins on synaptic transmission (Lohof et al., 1993, Kang

and Schuman, 1995, Figurov et al, 1996, Carmignoto et al., 1997).

The hypothesis driving the search for the retrograde messenger is that afferents

compete for a scarce factor, perhaps a neurotrophin. If the postsynaptic cell releases this

factor only when electrically active, the effect can be spatially and temporally confined to

the synapse through use of some combination of mechanical barriers to diffusion, short

half-life of the factor, active scavenging mechanisms, and/or tightly controlled window of

response for the presynaptic cell. One way to ensure temporal specificity (assuming the

factor does not linger at the synapse for long periods) is to stipulate that the presynaptic

cell be responsive to the factor only when electrically active. There is precedent for this

with neurotrophin-mediated survival of cultured retinal ganglion cells, which respond with

threefold higher survival rates to BDNF application when depolarized (Meyer-Franke et

al, 1995). Shrinkage of axon arbors in muscimol-treated cortices suggests further that

active afferents require some factor provided by the active postsynaptic cell, in the absence

of which they wither. In this model, if there were enough of the factor for everyone, the

competition would be abolished and the ocular dominance shift would be prevented.

Thus, if a neurotrophin is the scarce factor, oversupplying the cortex with that

neurotrophin during a short period of monocular deprivation should disrupt ocular

dominance plasticity.

12



Neurotrophins and visual cortex:

The current interest in neurotrophins as modulators of synaptic plasticity in the

developing visual system began in part with experiments investigating a role for NGF in

rat visual system development. Rats do not exhibit the profound structural organization

for orientation and ocular dominance seen in cats, ferrets and primates, but their visual

cortices can undergo experience-dependent plasticity. In pigmented rats monocularly

deprived for one month the ocular dominance distribution of cells in visual cortex is

significantly shifted to the open eye, but in rats which received ventricular NGF, ocular

dominance was similar to that found in normal animals (Maffei et al., 1992). When anti

NGF antibody-producing hybridoma cells were implanted in the ventricle, rats with normal

visual experience exhibited lower visual acuity than normal and had cortical cells that were

more contralaterally dominated than usual and less binocular (Berardi et al., 1994). In cats

also, intraventricular NGF has been reported to attenuate, though not to completely

abolish, the ocular dominance shift (Carmignoto et al, 1993). These experiments,

however, incompletely address the question of NGF involvement in visual cortical

plasticity, as the neurotrophin always was applied to the ventricle rather than to cortex,

and therefore could have exerted its effects indirectly, rather than through an action at the

thalamic to cortical cell synapse. Using anatomical measures, neurotrophins NT-4/5 and

BDNF, but not NGF or NT-3, delivered directly to visual cortex caused a reduction in the

magnitude of the periodic fluctuation of label normally seen with tritiated proline label of

ocular dominance columns (Cabelli et al, 1995). Because this neurotrophin infusion began

13



well after the appearance of functional ocular dominance columns, however, it could not

be interpreted as interfering specifically with an essential developmental mechanism.

Several questions remained regarding a potential role of neurotrophins in

development and plasticity of cat visual cortex. The results of NGF infusion with

monocular deprivation were puzzling and inconclusive. Physiological studies of NGF

infusion during normal development in rat and anatomical studies in cat were not in

agreement. None of the existing studies had looked at trkB or trkC ligands during

monocular deprivation. The experiments presented in this thesis were designed to address

questions of neurotrophin involvement during ocular dominance plasticity, as well as to

further examine NGF during normal development. We found no evidence for a role of

NGF during development or plasticity on either functional or structural measures. The

trkB ligand NT-4/5, however, exerted dramatic effects on functional ocular dominance

plasticity when infused directly into visual cortex.
-—



CHAPTER 2:

NT-4/5, BUT NOT NGF OR NT-3, PREVENTS OCULAR DOMINANCE

PLASTICITY AND ALTERS RESPONSE PROPERTIES IN PRIMARY VISUAL

CORTICAL CELLS OF CATS DURING THE CRITICAL PERIOD FOR OCULAR

DOMINANCE PLASTICITY.



ABSTRACT:

Young cats deprived of pattern vision through one eye by eyelid suture for a few

days during a critical period in early postnatal life normally experience a shift in cortical

responsiveness such that cells in the primary visual cortex come to respond nearly

exclusively to inputs from the open eye. In this study, young cats at the height of the

critical period for ocular dominance plasticity received infusions of high levels of

exogenous neurotrophin NT-4/5 to primary visual cortex before and during a short period

of monocular deprivation (MD). Hemispheres treated with NT-4/5 did not show an

ocular dominance shift. Rather, cortical cells within the treated area were driven equally

well by the two eyes and cortical maps of ocular dominance columns were absent.

Primary visual cortical cells, which are normally highly selective for stimulus orientation,

also became broadly tuned--or completely untuned--for stimulus orientation, and cortical

maps of orientation columns disappeared within the area of NT-4/5 treatment. Both of

these features of primary visual cortex were affected by NT-4/5 in a dose-dependent

manner that tapered off with increasing distance from the infusion site. These effects on

ocular dominance and orientation selectivity were specific to NT-4/5 application, and were

not mimicked by other neurotrophins, such as NGF or NT-3. Not only did NT-4/5

prevent ocular dominance plasticity, but it also nullified the effects of a previous MD and

restored binocularity in a dose-dependent manner. No acute effects of NT-4/5 on visual

cortical response properties were seen with neurotrophin treatments of less than 60 hours.

The NT-4/5 effect was confined to ages within the well-known critical period for ocular
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dominance plasticity, as infusion of the neurotrophin into adult cortex did not perturb

normal ocular dominance or orientation properties.
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INTRODUCTION:

The visual system of the cat separates information from the two eyes in a highly

structured manner from retina to cerebral cortex. Inputs to the two eyes are forwarded

via distinct eye-specific channels to the lateral geniculate nucleus (LGN) of the thalamus,

where retinogeniculate neurons synapse in eye-specific layers onto thalamocortical cells

that retain their eye-specificity to arborize extensively and synapse within distinct “ocular

dominance” bands in layer IV of primary visual cortex (Hubel and Wiesel, 1963, LeVay et

al, 1978). The precise segregation of geniculocortical axons during development relies on

normal visual experience through the two eyes, and manipulations of visual experience

that cause an imbalance in activity between the eyes cause significant perturbations in

response properties of single cells and in the structure of the ocular dominance column

maps seen in cortex (Wiesel and Hubel, 1963, Hubel and Wiesel, 1965, Shatz and Stryker,

1978, Crair et al., 1997). Normal development of the ocular dominance map requires

retinal activity and in the absence of visual experience the map can be modified by

asynchronous electrical activity between the two eyes (Stryker and Strickland, 1984,

Stryker and Harris, 1986).

Striking functional and structural plasticity can be induced by monocular

deprivation (MD). Depriving one eye of pattern vision--usually by suturing the eyelids

closed--for a period as short as 2 days causes a near-saturating functional ocular

dominance shift in which isolated cortical cells respond almost entirely to the eye which

remained open, and cells which do respond to the deprived eye (DE) are usually only
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weakly responsive to that eye. Measurement of cortical metabolic activity also shows

structural changes in the ocular dominance map such that most of the cortex post-MD

responds well to the non-deprived eye (NDE) but only small patches of cortex remain in

which input through the DE is effective in driving visual response (Crair et al., 1997).

Bulk label of afferent terminals in layer IV shows shrunken columns belonging to the DE

(Shatz and Stryker, 1978), and finer scale morphological changes are seen in the arbors of

the geniculocortical axons, where cells from DE layers of the LGN show a loss of branch

points and total axonal length in layer IV (Antonini and Stryker, 1996), and but these

anatomical changes appear to require a longer time course than does the physiological

plasticity.

Ocular dominance plasticity is activity dependent, as TTX applied to cortex

prevents the shift (Reiter et al., 1986), and it requires both presynaptic activity, in that

imbalanced activity between the two eyes consistently shifts the cortical response to favor

one eye over the other (Hubel and Wiesel, 1965, Chapman et al., 1986), and postsynaptic

response. Inactivating only the post-synaptic cortical cells actually reverses the normal

direction of the ocular dominance shift, so that response to the DE dominates the cortical

cell response, and anatomical inputs from the NDE are shrunken (Reiter and Stryker,

1988, Hata and Stryker, 1994). This competition-based activity-dependent system where

both pre- and post-synaptic activity are necessary and presynaptic morphology changes

measurably suggests that there should be a retrograde messenger at the synapse, probably

a diffusible factor, that either permits or instructs growth and stabilization of synapses

(Changeux and Danchin, 1977). The model, in brief, is that electrically active postsynaptic

cells release a messenger which acts on electrically active presynaptic cells, perhaps
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because they preferentially respond when active, or possibly because they have an

increased need for the substance when active. Selectivity of the reward for synapses

undergoing coincident firing of pre- and post-synaptic cells can be achieved with

constraints that limit spatiotemporal spread of the substance.

The neurotrophins are a conserved family of proteins which have a number of

characteristics that one might predict in such a retrograde messenger for which

presynaptic axon terminals were competing, namely: scarcity, presence of certain

neurotrophin receptors on thalamocortical axons activity-dependent synthesis and release,

effects on growth and morphology, ligand-induced internalization/downregulation and the

presence of factors that could limit the spatial and temporal spread of neurotrophin (Silver

and Stryker, 1996, Isackson et al, 1991, Blochl and Thoenen, 1995, Heymach et al., 1996,

Cohen-Cory and Fraser, 1995, Knusel et al., 1997, Eide et al, 1995, Biffo et al., 1995). If a

neurotrophin is the factor for which thalamocortical axons compete in primary visual

cortex, then altering the levels of neurotrophin available to cortical synapses should

substantially alter ocular dominance development and plasticity. We were interested to

See whether oversupply of exogenous neurotrophin would alter physiological properties of

ocular dominance plasticity. We were also interested to re-examine NGF in ocular

dominance plasticity in cat, since other studies had shown that NGF blocked ocular

dominance plasticity in rat and attenuated it in cat (Maffei et al., 1992, Carmignoto et al,

1993), but these results were hard to reconcile with a direct effect of NGF on

thalamocortical axons, given expression patterns of the NGF receptor in cortex.

Expression patterns of the trkB receptor and its ligands, coupled with results of a study

showing that NT-4/5 or BDNF applied to cortex after the beginning of ocular dominance

*E
**º-
*---

****
*****

*

º

s

20



segregation could smear anatomically measured ocular dominance columns, encouraged

us to look closely at trkb ligands. We used a sensitive method of 2-day MD, with 4-day

neurotrophin administration, to investigate physiological alterations of cortical response in

the presence of excess neurotrophin.
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MATERIALS AND METHODS:

Animals used for this study were housed year-round in normal light-dark

conditions, 12 hours in the light and 12 hours in the dark. Young cats were born and

raised in the UCSF cat colony and were housed with their mothers throughout chronic

experiments. All procedures were performed in accordance with local animal care and use

guidelines.

Surgical implantation of mini-pumps and monocular deprivation:

Animals in the mid to late fourth week of postnatal life were anaesthetized with

halothane (0.5-5%) plus nitrous oxide/oxygen (2:1) and an endotracheal tube was inserted

for maintenance of anesthesia. The animal was placed in a stereotaxic apparatus,

protecting the eyes with ophthalmic lubricant, and prepared for surgery. All remaining

surgical procedures were performed under sterile conditions. Alzet osmotic minipumps

(Alza 1007D or 2001) were filled with neurotrophin (0.2 mg/ml or 0.1 mg/ml for NT-4/5,

0.2 mg/ml for NGF, 0.19 mg/ml for NT-3), trkBIgG (1 mg/ml or 9 mg/ml) or vehicle

solution and were connected to a beveled 30-gauge stainless steel cannula for drug

delivery. Human recombinant neurotrophins and trk-IgGs were kindly provided by Dr.

David Shelton (Genentech). An incision was made in the scalp and the scalp was

retracted. The filled minipumps were placed in a small subcutaneous pocket formed in the

nape of the neck. A small hole was drilled through the skull above each hemisphere at

Horseley-Clarke AP 0.0 and lateral 2.0, and the cannula was lowered through the hole by

micromanipulator to a depth of 2.0 mm and fixed in place with dental cement. The fascia
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and scalp were closed over the cannula and the animal was returned to its home cage.

Monocular deprivations were performed by eyelid suture. The animal was anaesthetized

with halothane in a 2:1 nitrous oxide/oxygen mixture and prophylactic antibiotic (Baytril)

was given. The area around one eye was shaved and cleaned with disinfectant solution.

Using aseptic technique, the lateral canthus was removed from each eyelid of that eye,

topical antibiotic was applied, and the eyelids were sewn shut with three or four mattress

sutures, leaving a small nasal opening for drainage. All animals received systemic

antibiotics following surgery and were monitored daily subsequent to surgery.

Electrophysiology and optical imaging:

To prepare the animal for recording, anesthesia was induced with halothane, and

atropine and dexamethasone were injected subcutaneously to control secretions and

edema. A rectal temperature probe was inserted and the animal placed on a servo

controlled heating pad to maintain body temperature of 37.5°. Electrodes to monitor EKG

were attached. Cut-downs were performed to insert a cannula into the femoral vein for

administration of anaesthetic, paralytic agent, and fluids, and to insert an endotracheal tube

for subsequent mechanical ventilation. The animal was then placed in a stereotaxic unit.

Initially, anesthesia was maintained with sodium thiopental (10 mg/ml, as needed), and

later with pentobarbitol (10 mg/ml, as needed), together with a nitrous oxide/oxygen

mixture (1:1). The previously lid-sutured eye was opened, atropine sulfate and

phenlyephrine were applied topically to dilate the pupils and to retract the nictitating

membrane and contact lenses were placed in the eyes. The scalp was retracted and a

craniotomy extending at least 5mm anterior to the cannulae performed. Occipital EEG to
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aid in monitoring depth of anesthesia was obtained via a silver electrode placed near the

posterior pole. End-expired C02 was measured from this point forward. Prior to

induction of paralysis, EEG and EKG were calibrated against toe pinch for monitoring

plane of anesthesia. A bolus of gallamine triethiode (1.5 mg/kg to induce) was given to

induce muscle relaxation and the mechanical ventilator was connected to the tracheal tube.

Ventilator rate and volume were adjusted to maintain end-expired CO2 at 3.8-4.2%. The

muscle relaxant was constantly infused via a syringe pump (1 mg/hr/kg in 2.5%

dextrose/lactated Ringer's). The dura was cut and folded back over the midline to expose

the cortical surface anterior to the cannula.

For optical imaging, warmed 3% agarose in saline was placed directly on the pial

surface, followed by a clear glass coverslip to obtain a flat surface. Silicone oil applied to

areas outside the light path helped prevent desiccation of the agarose. The cortical surface

was illuminated with green light (520 nm) and the camera (Princeton Instruments) focused

on blood vessels at the pial surface and the camera orientation was adjusted to ensure that

as much of the field as possible was in focus. The illumination was switched to a 610 mm

light, a bandpass filter was placed in the light path between the cortex and the camera, the

camera was focused at a depth of 250-500 microns below the cortical surface and the

lighting source was positioned to afford even illumination over the field of view.

Computer-controlled shutters were placed in front of either eye to allow stimulation of the

two eyes separately. Computer-driven visual stimuli (VSG 2/3, Cambridge Research

Systems, UK) were presented on a Nokia monitor placed 40 cm in front of the animal.

Within each run the visual stimuli--high-contrast square-wave gratings (0.10 or 0.15

cyclieg) moving in both directions at one of four to eight orientations or a blank Screen
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stimulus (isoluminant with gratings)--were presented in randomized order for eye and

orientation, and images were collected by computer. Each run consisted of 16

presentations for each condition, and in general at least two runs were averaged to

compute the final picture, depending in part on the degree of artifact present from blood

vessels in the field of view. Optical imaging was performed in both hemispheres before

beginning electrophysiology, as the optical signal appeared to wane with increasing

cortical exposure time.

At the conclusion of the imaging session, the camera hardware was removed and

the coverslip and top layer of agarose were peeled off. Beginning near the cannula,

electrode penetrations were made with a lacquer-coated tungsten microelectrode lowered

into cortex to record single-unit activity. The electrode was advanced in 100um intervals

or until a new cell could be located. Once a cell was isolated, a hand-held projection lamp

with adjustable slit diaphragm was used to determine such receptive field properties as

visual field position, ocular dominance on a 7-point scale (“1” indicating a cell driven only

by the contralateral eye, ‘7 a cell driven only by the ipsilateral eye, and “4” a cell driven

equally by both eyes), preferred orientation and direction, responsiveness and degree of

habituation. In many cases it was possible to isolate and hold cells for a more quantitative

description of receptive field properties. For these units, the receptive field was

determined and a computer-controlled stimulus (moving bar) was positioned in the

receptive field. The isolated unit response was recorded while the visual stimulus moved

across the field in 8-16 orientations, allowing for determination of firing rate in response

to stimulus orientation and direction for individual cells. Polar plots of firing rates versus

stimulus orientation were constructed from these recordings. After perfusion, the infusion
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cannulae were tested for patency to ensure that the pumps' contents had reached cortex

throughout the experiment. The neurotrophins (and in particular both trkB ligands) have

gained some notoriety as sticky proteins, and in several cases the cannulae were found to

be obstructed at the end of the experiment. Only animals whose cannulae were patent at

the conclusion of the recording session were analyzed in this study. Flow rate appeared to

affect this clogging tendency, as many more cannulae clogged when we attempted to use

pumping rates of 0.5 pul/hr rather than 1 pul/hr.

Construction of optical maps and histograms:

For each condition, the raw image was normalized by dividing by the image

obtained as a response to the gray screen stimulus, and the resulting normalized images

were averaged over the condition. Images were clipped and filtered to enhance contrast.

These are the monotone grayscale maps shown. To construct angle maps, the preferred

orientation at each pixel was determined by taking the orientation stimulus for which that

pixel signal was most intense. Color encodes preferred orientation at each pixel. Polar

maps include information about degree of selectivity in addition to the preferred

orientation information shown in angle maps. At each pixel in the polar maps, color

indicates the preferred orientation and luminance codes for the magnitude of the vector

sum at that pixel, so that increasing brightness indicates increasing selectivity for stimulus

orientation. HLS (hue-lightness-saturation) maps encode response strength in addition to

orientation preference and degree of orientation selectivity. In these maps, hue indicates

the preferred orientation, saturation the degree of tuning and lightness the response

strength.
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Ocular dominance scores from single-unit recording of hand-plotted cells are

displayed in histograms. The standard contralateral bias indices (CBI, where CBI = [(1 -

7) + (2/3)(2 - 6) + (1/3)(3 - 5) + n) / 2n, where boldface digits indicate numbers of cells in

a given class; n = total number of visually responsive cells) and monocularity indices (MI,

where MI = {[(1 + 7) + [2/3 x (2 + 6)] + [1/3 x (3 +5)]}/n) were used to assess ocular

dominance and monocularity of cortical cell populations. Where indicated, a shift index

(SI) is used to focus on the shift and to allow for pooling of data from different animals.

This is simply the CBI recalculated so that response to NDE stimulation is substituted for

response to the contralateral eye and the DE for the ipsilateral eye. Values for orientation

selectivity of hand-plotted cells were arbitrarily assigned as follows: if the cell was judged

to be well orientation-tuned (normally tuned for cat primary visual cortex), it was given a

value of ‘2,’ if it appeared to be broadly tuned for orientation, it was given a value of “1,”

and if no orientation preference could be determined the cell was given an orientation

selectivity rating of ‘0.’ Visually unresponsive cells received no orientation score. The

orientation selectivity index (OSI) computed for each penetration is simply the average of

all values for the penetration.

Immunohistology:

At the end of the recording session, the animal was perfused transcardially with

PBS, followed by 4% paraformaldehyde in 0.1M phosphate buffer. After overnight

postfixation the brain was embedded in gelatin-albumin and cut at the vibratome in 50-80

pum sections. After a brief series of washes, sections were incubated in anti-human NT

4/5, NT-3 or NGF antibodies (Promega) for 48 hours at 4° C. Biotinylated anti-chick
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secondary antibody (Vector) was used to amplify the signal for visualization with a nickel

diaminobenzidine reaction.
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RESULTS:

NT-4/5 prevents ocular dominance plasticity

In order to determine whether an oversupply of NT-4/5 could prevent ocular

dominance plasticity caused by MD, NT-4/5 was infused for 4 days into primary visual

cortex of 5 animals beginning at about P28, near the height of the critical period for ocular

dominance plasticity. Concentrations of neurotrophin was chosen to match existing

reports (Cabelli et al., 1995). Neurotrophin infusion proceeded for 2 days, to ensure that

the drug had diffused throughout visual cortex to a significant extent, before MD by eyelid

suture was performed. Typically, after 2 days of MD nearly all cells encountered by

microelectrode recordings in primary visual cortex are driven strongly by the open eye,

while few cells are driven by the deprived eye. The effects of NT-4/5 infusion were

assessed by making electrode penetrations to record from isolated cortical cells within 1.5

mm from the infusion site. Fig. 1 shows the ocular dominance histograms resulting from

such recordings. Cells near the NT-4/5 infusion site had a strong tendency to be

binocularly driven, evidenced by large numbers of “4s’, while cells near the cannula in

control hemispheres were strongly shifted to respond to the open eye, as expected for

monocularly deprived animals of this age. Thus, in areas where NT-4/5 was present at

higher levels than normal, ocular dominance plasticity was prevented.

Single-unit recordings show that NT-4/5 could prevent the effects of MD as

assessed by extracellular recordings of single cells, but a more complete picture of the

pattern of ocular dominance response may be afforded by recording intrinsic optical signal

of cortical activity assessed by reflectance changes to red light during stimulation, a
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method potentially more sensitive to subthreshold activity. Images from such optical

recording are shown in Fig. 2. The images from control hemisphere driven by the open

(ND) eye in Fig. 2a show both strong (dark) response and strong modulation of response

at different stimulus orientations. The positions of orientation columns are clearly evident

here. The strongest signal in the deprived (D) eye maps, on the other hand, is due to an

artifactual blood vessel shadow, and the only places where driven activity is noticeable are

within patches of response which are not selective for stimulus orientation. This D eye

pattern of orientation unselective response, which manifests as patches of response whose

positions do not change with stimulus orientation, is typical of the cortical maps driven by

the D eye in short-term deprived animals (Crair et al., 1997).

The images from NT-4/5 treated cortex show a different story. Two qualitatively

different regions can be seen in the images, demarcated by dashed arrows. Far from the

cannula site the images look like those from control cortex, with clear columns of strongly

modulated response. Nearer the cannula, response appears to be similar from the two

eyes, and the periodic fluctuation of signal associated with cortical columns is reduced.

Since the optical imaging method averages response over large populations of cells, three

interpretations could be offered for this result. One possible explanation for the diffuse

ocular dominance pattern is that visual responsiveness is so low that no ocular dominance

pattern can be seen. Another is that individual cells lose their selectivity for one eye over

the other, and a third is that populations of cells lose cease to cluster according to

response properties. Two points argue against the first interpretation. First, visual

cortical cells were responsive enough to produce spiking activity detectable by

extracellular electrodes, and second, a salient feature of these recordings in neurotrophin
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treated cortex was that in MD animals, where it would normally be difficult if not

impossible to find cells driven by the D eye, it was nearly impossible to find cells that did

not respond to the D eye: less than 2% of cells recorded showed no response whatsoever

to the D eye (see Fig. 1). The lack of an ocular dominance map, therefore, suggests that

oversupply of NT-4/5 either causes cortical cells to become more binocular than normal,

or that it smears ocular dominance column boundaries, or both.

In four animals we were able to examine the dose-dependence of the neurotrophin

effect by making electrode penetrations at successively greater distances from the infusion

site. Fig. 3, showing the relationship between the single-unit recordings and the optical

maps in one such animal treated with 4 days of NT-4/5 and 2 days MD, shows that the

neurotrophin effect was dose-dependent. Visual examination of the optical maps suggests

that one might draw a line approximately 1.5 mm from the cannula to show the extent of

the NT-4/5 effect. This is the line indicated by the dashed arrows. Electrode penetrations

were made at different distances from the cannula and the cells were pooled for ocular

dominance histograms based on whether they lay within the area near the cannula that

appeared to be affected in the optical maps or outside of this area where responses

appeared to be normal, and for this animal, a third group included the cells encountered

along an electrode penetration made close to the apparent border. Electrode penetrations

made into these areas show that near the cannula, where NT-4/5 concentration is

presumably highest, cells are most binocular. Cells in the intermediate region are

somewhat binocular, with a bias toward the open eye, and cells farthest from the cannula,

within the area that shows normal patterning in the optical maps, are almost completely

dominated by the open eye. All animals tested this way exhibited the same effect. Fig. 4
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shows the same dose-dependence in another animal. Here, the polar map of orientation

selectivity is used to show the similarity between the extent of NT-4/5 effects on ocular

dominance and on orientation selectivity (see Fig. 6 for details). Only two histograms are

shown for this animal because no electrode penetrations were made near the line indicated

on the map. The complexity of the information contained in the optical maps makes it

somewhat difficult to appreciate the dose-dependence of the neurotrophin effect by visual

inspection of the optical images, but the relative responses of the two eyes measured from

these optical signal maps (referred to as optical CBIs) show that degree of the shift does

vary with distance on this entirely objective measure. Fig. 5 shows an example of NT-4/5

treated hemisphere where the optical CBI was computed for regions near to and far from

the cannula.

NT-4/5 causes cortical cells to lose orientation selectivity:

One of the striking features of the optical images near the infusion sites in the

neurotrophin-treated hemispheres is the relatively weak modulation of response to

stimulus orientation. Fig 6 shows pseudo-colored images computed from the gray-scale

map that show more clearly the pattern of orientation response. As expected for a

monocularly deprived animal, the residual response to the deprived eye in the control

hemisphere (Fig. 6a) and in the experimental hemisphere far from the cannula (Fig. 6b) is

quite dark in the polar plots, indicating that the response lacks selectivity for stimulus

orientation, while the orientation polar maps for the open eye are brightly colored,

indicating good selectivity for stimulus orientation. The area affected by NT-4/5 infusion,

however, produces a dark polar plot for both eyes, indicating that this region lacks an
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orientation map through either eye. As with the absent ocular dominance map, this lack of

an orientation map could have three possible roots. One, response within this area could

be so low that a map might exist that was transparent to our recording technique, two,

individual cells could be well-tuned for orientation but populations of cells might not be

organized in such a way as to produce an orientation map, or three, individual cells could

be poorly tuned for stimulus orientation. The HLS maps give a partial answer to this

question, showing that while responsiveness is indeed slightly depressed within the

infusion area (i.e. HLS maps are darker within than without the infusion area), response is

still quite good, so decreased responsiveness alone is unlikely to account for the absence

of functional orientation columns.

A better answer to this question comes from single-unit recordings showing that in

fact individual cortical cells are poorly tuned for stimulus orientation. Trying to determine

an orientation preference for cells within the infusion area was difficult, even impossible by

ear and eye, an impression upheld by data collected with a computerized system allowing

for quantitative assessment of orientation tuning. Fig. 7 contrasts the orientation tuning of

cells within the infusion zone with that of cells in control area. In particular, note in Figs.

7c,d the polar plots of orientation tuning from two cells within the affected area. As

expected from the ocular dominance results presented above, both eyes were equally

effective at driving cells. However, through neither eye was the response tuned for

orientation. The cells shown in Fig. 7e, from an electrode penetration in control area,

responded only to stimulation through the open eye. These cells were well-tuned for

stimulus orientation and the preferred orientation of these four cells matched, as is typical

for cells recorded within the same radial penetration (i.e. within a single orientation
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column). The visual cortices of all young animals tested experienced the loss of

orientation tuning after 4 days of NT-4/5 infusion. A separate example from a different

animal is shown in Fig. 8, where all of the polar plots are from cells recorded within the

treated area. Note that the decrease in orientation tuning is not due merely to a drop in

responsiveness that causes the cells to appear untuned. Rather, these cells respond above

spontaneous rates for all stimulus orientations.

It was not possible in all recordings to hold cells for quantitative characterization,

but for all visually responsive cells recorded a subjective score of orientation selectivity

was assigned. In normal visual cortex nearly all cells are well-tuned for stimulus

orientation and receive a score of “2.” For cells found in the NT-4/5 treated cortices quite

commonly no preferred orientation could be determined; these cells received an

orientation selectivity score of “0.” Intermediate cells, for which a weakly preferred

orientation could be found, were scored as “1.” Within an electrode penetration,

orientation selectivity scores were averaged to give an orientation selectivity index (OSI)

for the penetration. Likewise, shift indices (SIs) were calculated for individual electrode

penetrations. Fig. 9 shows summary figures for the dose-dependence of the NT-4/5 effect

on orientation and ocular dominance in four animals where electrode penetrations were

made at successively greater distances from the infusion site. It is clear from this summary

figure that cells near the NT-4/5 delivery cannula lost their selectivity both for eye

preference and for stimulus orientation. The correlation between degree of lost selectivity

and distance from cannula points to a concentration effect of the neurotrophin. In further

support of this interpretation, the higher monocularity of cells in K15 is likely due to the

fact that the neurotrophin was infused in this one animal at a concentration of 0.1 mg/ml
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and in the other animals shown in this figure at a concentration of 0.2 mg/ml. Note that

while a shift index of 0.5 could be the result either of a population of completely binocular

cells or of a binocular distribution of cells--consisting equally of classes 1-7 or classes 1

and 7--a monocularity index of 0 results only if the cells are truly binocular, driven equally

well by both eyes.

Ligands for trkA and trkC do not mimic the effects of NT-4/5:

The neurotrophins NGF and NT-3 are in the same trk ligand family as NT-4/5 but

exert their actions via different trk receptors. One earlier study had seen that NGF

infusion into the lateral ventricle diminished ocular dominance plasticity (Carmignoto et

al, 1993). It was therefore of interest to determine whether infusion of either NGF or NT

3 directly into visual cortex during MD might also prevent ocular dominance plasticity or

alter orientation preference as NT-4/5 did. Fig. 10 shows results from two animals treated

with NGF, following a protocol similar to that used in the previously described NT-4/5

experiments (one animal 0.2 mg/ml for 4 days with 2 day MD, one animal 0.4 mg/ml for 7

days with 2 day MD). Single-unit recordings (Fig. 10a) revealed no mitigation of the

ocular dominance shift in the area immediately surrounding the infusion site. Lacking a

reliable measure for absolute biological activity of the neurotrophin within the infused

area, we perfused the animals and immunostained for NGF in the tissue where recordings

had been made. Fig. 10c shows that NGF was present at levels exceeding endogenous

concentrations within a small zone near the infusion site that was roughly equivalent to the

zone of effect we had seen previously with NT-4/5 infusion. For the NGF-treated tissue,

biological activity was verified by increased levels of p75 and trkA in the ipsilateral basal
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forebrain in experiments to be reported elsewhere (Silver et al, in preparation). The trkC

ligand NT-3 was no more effective in preventing the ocular dominance shift or in causing

a loss of orientation selectivity than NGF was. Fig. 11a shows the ocular dominance

histograms for two animals treated with NT-3 for 4 days, concomitant with MD during

the final two days of neurotrophin infusion. A strong shift toward the open eye was

observed both with single-unit recording and with optical imaging (Fig. 11a-b). Although

absolute levels of NT-3 could not be measured, immunostaining of the tissue from which

recordings were made indicates that NT-3 was present at increased levels near the infusion

site.

NT-4/5 nullifies a previous ocular dominance shift:

Given its ability to prevent an ocular dominance shift, we were curious to know

whether NT-4/5 could restore binocularity to a previously shifted region of cortex. In 2

animals an MD was performed at age P28. After 3 days of MD, a period of time more

than sufficient to induce ocular dominance plasticity, an NT-4/5 pump and cannula were

implanted. The MD continued for 4 further days, concurrently with the NT-4/5 infusion,

at the end of which optical imaging and electrophysiology were performed. Figs. 12 and

13 show the results for both of these animals. The visual cortices of these animals

appeared very similar to those of the animals treated with NT-4/5 before the beginning of

the MD, in that neither ocular dominance nor orientation columns were evident in optical

maps of the region immediately anterior to the infusion cannula, and response properties

of single units were similarly unselective. As in the earlier animals, NT-4/5 exerted its

effects more strongly near the cannula and more weakly far from the cannula, as seen in
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the ocular dominance histograms constructed from electrode penetrations at different

distances from the cannula. Thus, not only was NT-4/5 able to nullify the effects of a

previous MD by restoring binocularity to a shifted cortex, but also this action of NT-4/5

was dose-dependent. Note that the effect of NT-4/5 on the previously shifted cortex was

not exactly the same as that seen when NT-4/5 infusion began before a MD. That is, the

populations of cells near the infusion site in Figs. 12 and 13 are binocular, but large

numbers of individual, binocular cells are not seen, perhaps because this NT-4/5 infusion is

insufficient to counter 7 days of monocular deprivation, or perhaps because a subset of

cortical cells have already undergone plasticity that makes them impervious to the effects

of NT-4/5.

Effects of NT-4/5 on ocular dominance and orientation selectivity cannot be

accounted for by acute actions:

Several laboratories have now reported acute effects of neurotrophins at the

synapse (Lohofetal, 1993, Berninger et al., 1993, Kang and Schuman, 1995, Figurov et

al, 1996, Akenaya et al., 1997, Scharfman, 1997). Given these reports, it was necessary to

see whether the NT-4/5 effect we had seen might also be due merely to an acute effect on

synaptic transmission or excitability and not necessarily to some function particular to

ocular dominance column formation or to plasticity. In four animals we therefore

prepared the animal for optical imaging and single-unit recording and then implanted a

minipump for neurotrophin delivery so that we could monitor for acute effects of the

neurotrophin. Rather than run the risk of monitoring an animal for three days and having

responses become less selective with time simply as a result of degradation of response
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with exposure of the cortical surface, we used different animals for various timepoints of

up to 2 1/2 days after onset of NT-4/5 infusion. The results for one such animal

(monocularly deprived 2 days previous to the induction of anesthesia) are shown in Fig.

14. Neurotrophin infusion had continued for 30 hours by the time the last optical image

was made, and by the time single-unit recording was finished and the animal was perfused,

this hemisphere had experienced NT-4/5 infusion for 36 hours. Both optical recording

and extracellular recordings show a cortex which is strongly shifted toward the open eye.

The cortex exhibits orientation columns and individual cells are well-tuned for stimulus

orientation. Comparison of the immunostained section including the cannula site and the

optical maps confirms that a high level of NT-4/5 was present in the area of cortex from

which optical imaging and extracellular recordings were made, despite the lack of any

effect. Fig. 15a-c include the data from the animal with the longest infusion during

anesthesia. This was the only animal that showed a possible effect with acute NT-4/5

administration, as assessed primarily by loss of ocular dominance and orientation tuning,

and this only after 2 1/2 days of NT-4/5 infusion. The binocularly distributed cells were

very close to the cannula in this animal, so we cannot use this as an absolute timepoint in

the emergence of the NT-4/5 effect, since the non-specific responses could possibly have

been caused by mechanical damage in the immediate vicinity of the cannula. Because

ocular dominance plasticity does not occur in the anesthetized animal, the possibility

remained that acute infusion of an essential signal for visual cortex might affect plasticity

in the awake, but not in the anesthetized, animal. In one animal, NT-4/5 infusion began at

the same time the MD was performed and continued for 2 days. The cortex was selective

up to the infusion site, as seen in Fig. 15d. Thus, the acute effect of the neurotrophin in
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cortex, if it exists, is not the same as the effect observed after 4 days of neurotrophin

application. We conclude first that the phenomenon we have seen is not a prompt, acute

effect of the neurotrophin and second that either the neurotrophin does not exert its effect

in anesthetized animals or that it requires more than 2 days to take place. The failure to

observe an effect in the alert animal suggests that the neurotrophin effect requires days.

The effectiveness of NT-4/5 in altering cortical cell response properties is confined to

a period early in life:

If the neurotrophin were truly a retrograde messenger specific for visual cortical

development and/or plasticity we might expect (though not necessarily) that it would be

effective in inducing the changes seen only during a period corresponding to the critical

period for ocular dominance plasticity. We therefore tested the efficacy of NT-4/5 in

altering visual response properties in cortices well past the critical period for plasticity.

One animal received an MD at P28 and was allowed to reach 6 months of age. An NT

4/5 minipump was implanted, and 4 days later optical imaging and extracellular recording

were performed. Fig. 16 shows the outcome from this animal. The optical maps indicate

that the cortex was completely shifted to the ND eye and that orientation selectivity was

well-tuned very close to the cannula. The ocular dominance histogram likewise supports

the view of a cortex whose cells have experienced no loss of selectivity despite the

presence of high levels of NT-4/5 (Fig. 16e). One might ask whether NT-4/5 was unable

to binocularize the cortex in this case because of the length of the original shift (five

months), rather than because the adult cortex could not respond to NT-4/5 as did the

young cortices, but there were no effects on orientation selectivity in this older animal,
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either, as might be expected if NT-4/5 were effective in adult cortex. Moreover, we failed

to find any loss of selectivity for either ocular dominance or stimulus orientation in 2 more

adult animals (approximately 2 and 5 years old, both with normal vision). Data from one

of these animals, in which NT-4/5 was infused for 2 full weeks, are shown in Fig. 17.

Orientation and ocular dominance response properties were normal in this animal, which

had normal visual experience, so that no ocular dominance shift was expected. We take

these experiments as evidence that NT-4/5 infusion into adult cortex is incapable of

driving the effect seen in critical period cats, consistent with a specific developmental role

for the neurotrophin.

Attempts to reduce activity of endogenous neurotrophin:

Having shown that supplying the cortex with high concentrations of the putative

retrograde messenger could cause marked changes in the efficacy of 2-day MD to drive an

ocular dominance shift, we wished to block the activity of endogenous neurotrophins.

Ideally, this could be done by directly inhibiting the tyrosine kinase receptor for the

neurotrophin. One possible way to do this would be via the K-252 family of tyrosine

kinases blockers; unfortunately these are not very specific compounds (Knusel and Hefti,

1992). We chose, therefore, to use chimeric trk-IgG proteins which would be able to

compete for the neurotrophin with the same affinity of the native receptor, since they are

composed of the binding region of the receptor fused to human IgG Fc fragments (Shelton

et al., 1995). Coupled to the IgG fragment, these proteins circulate easily. Fig. 17 shows

an example of an animal which underwent the same plasticity protocol as did the earlier

animals, 4-day infusion plus 2-day MD, but with trkbigG infusion. No effects on
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plasticity or orientation selectivity were noted, and staining for human IgG suggested that

the chimeric trk-IgG had spread much farther than the neurotrophins did. We reasoned

that a reverse suture experiment might be a more sensitive way of looking for effects of

reducing endogenous levels of NT-4/5. The rationale for this approach was that reduction

of scarce factor might be expected to lead to faster induction of plasticity, stronger

plasticity, or (if levels of the scarce factor were reduced to zero) to no plasticity at all, but

the first two would be quite difficult to measure as a change from normal shift. If

however, we could completely compete out endogenous neurotrophin, then we might see

the animal fail to recover from MD with reverse suture, and the ocular dominance profile

would be frozen in the first shifted state. In one animal, we performed an MD at P29,

implanted a pump containing trkbigG (1 mg/ml) and opened the initially deprived eye to

suture shut the initially open eye at P33. Recordings were made at P38. Fig. 18 shows

quite clearly that the second MD was successful in shifting ocular dominance to the

initially open eye. Both cells and optical images were well-shifted. The trkBIgG,

measured by immunohistochemistry, we were reluctant to assume that the fusion protein

was necessarily effective throughout the area shown by hisology, in part because the

antibodies for IgG are more sensitive than the antibodies for the neurotrophins. We

therefore tried in two experiments to infuse NT-4/5 and trkbigG through separate

cannulae placed side by side in the cortex, to see whether the trkbigG concentrations we

were using could reduce the neurotrophin effect. Only at the highest concentration of

trkBIgG that we could obtain (ten-fold higher than the concentration used for the animals

shown in figs. 18 and 19) were we able to see a decrease of the exogenous NT-4/5 effect,

and this only very close to the cannula. We cannot therefore be confident that the
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trkBIgG infusions successfully blocked the activation of trkB receptors by endogenous

ligands, and we abandoned the trk-IgGs for the time being. The development of

specific function-blocking anti-trkB antibodies, or of more specific tyrosine kinase

inhibitors, especially of a specific inhibitor for trkb, would greatly aid in elucidating this

question.
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DISCUSSION:

NT-4/5 as retrograde signal:

Administration of excess NT-4/5 during the critical period dramatically altered

ocular dominance and orientation preference. These were not normal cortices, as might

have resulted from application of a messenger which preserved normal ocular dominance,

ocular dominance maps and orientation selectivity. It seemed that a small slice of cortex

near the margin of the affected area exhibited effects closer to normal, but the area of this

slice was too small to determine how normal the distribution of cells and the maps were.

The steepness of the dose-dependence curves paralleled this, and was probably due to the

strikingly confined diffusion of the neurotrophin. Perhaps NT-4/5, known as a sticky

protein, must saturate an area before it diffuses farther, accounting for the sharp borders

we saw in tissue immunostained for the exogenous neurotrophin. The retrograde

messenger hypothesis would predict that oversupply of neurotrophin might reward axons

from both DE and NDE, causing both to branch exuberantly. Thus, the prevention of an

ocular dominance shift is consistent with a role for the neurotrophin in mediating ocular

dominance plasticity, either as an instructive or a permissive protein. The lack of an effect

of the neurotrophin in adult cortex lends further corroboration to the view that NT-4/5 is

specifically important during development. If NT-4/5 is an essential mediator of plasticity

at the thalamocortical synapse, its presence must be constrained both spatially and

temporally so as to reinforce only those pre- and post-synaptic activities that are truly

coincident. The demonstration of an analog of activity-dependent release in vitro (Blochl

and Thoenen, 1995, Goodman et al., 1996) along with retrograde transport of receptor

ligand complex and truncated trkb isoforms which could help to restrict the spatial spread
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of neurotrophin (Biffo et al., 1995, Eide et al., 1996) all could help to ensure

spatiotemporal specificity of a neurotrophin response, but still do not answer what

mechanism might ensure presynaptic specificity. One possibility is that the active

presynaptic afferent has an increased requirement for neurotrophin, another that the active

presynaptic afferent is more sensitive to neurotrophin. Results from infusion of muscimol

during MD, however, indicate that increased sensitivity alone cannot explain presynaptic

specificity, or axons from the NDE would not shrink when post-synaptic activity was

abolished (Hata et al., 1997). The picture, rather, appears more to be one where active

afferents require some substance not only to grow and branch normally, but also to

maintain their present morphology. At least in cultured slices, activity blockade reduces

the ability of cortical cells to respond to BDNF with specific morphological outgrowth

(McAllister et al., 1996). In dissociated retinal ganglion cells BDNF promotes survival

that is modulated by depolarization (Meyer-Franke et al., 1995). Finally, activity

dependent survival of dissociated cortical neurons requires BDNF (Ghosh et al., 1994).

Effects of NT-4/5 infusion:

The loss of orientation tuning seen here was not necessarily predicted by a model

in which the neurotrophin acts as a reward factor for synchronously active pre-and post

synaptic neurons. In the pharmacologically untreated cortex, it is possible to cause large

scale shifts in functional ocular dominance--and presumably in afferent arbors--by a

reverse suture protocol without seeing any deterioration of the orientation map (Kim and

Eonhoeffer, 1994). Monocular deprivation can cause cells responding to the DE to lose

their orientation tuning, but this is because the response to the DE retreats to occupy small



patches that correlate with untuned pinwheel centers (Crair et al., 1997). Could the loss of

orientation preference have been due to a decrease in responsiveness alone? This seems

unlikely first because in the normal animal well-tuned cells often do not fire at all in

response to stimuli at orientations orthogonal to the preferred, so it is unlikely that NT-4/5

uncovers an iceberg effect. Second, in previous reports in which cortical responsiveness

was greatly altered by pharmacologically agents such as muscimol or TTX, nothing like

the effects seen here on orientation selectivity were shown. It seems for these reasons that

some other mechanism must be responsible for the loss of orientation tuning. One

artifactural interpretation can be ruled out. It is theoretically possible that we could

always have placed the cannula within a peak of ocular dominance for what would become

the deprived eye. If so, and if our recordings close to the cannula were also always within

deprived eye patches, then we would have seen good response from both eyes, and

orientation selectivity would have been reduced. This is quite unlikely, however, since we

saw a spread of the NT-4/5 effect with optical imaging of about 1.5 mm, greater than the

width of an ocular dominance column (and substantially larger than the size of a deprived

eye patch. Even if we were recording within a huge analog of a deprived eye patch, this

would mean that the NT-4/5 was responsible for causing the deprived eye patches to grow

in size.

BDNF has been implicated in regulation of GABAergic neurons in hippocampus

and cortex (Zafra et al., 1991, Marty et al., 1996, Tanaka et al., 1997, Rutherford et al,

1997), raising the possibility that NT-4/5 in this system is acting to decrease selectivity for

Ccular dominance and orientation by reducing tonic inhibition that normally tunes cells in

animals at this age. Since we do not know about either the balance or the orientation
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tuning of inhibitory and excitatory inputs to cortical cells in critical period animals it is

difficult to judge how likely this is, but if these measures are at all similar in young cats to

those in adults, intracellular recordings would contradict this interpretation (Ferster et al,

1996). If the NT-4/5 effect were due to a release of tonic inhibition, an increase in

spontaneous firing rate should have been expected. While spontaneous activity did

subjectively appear to be high in some cases, no consistent effect was seen across animals.

A substantial change in spontaneous would be expected if it were to explain the degree of

the NT-4/5 effect seen here. A further contradiction is that an effect on inhibition should

have been seen as an acute effect, and the effect reported here was not seen acutely.

Many reports have now linked neurotrophins to acute effects at the synapse

(Lohof et al, 1993, Kang and Schuman, 1995, Carmignoto et al., 1997, Figurov, 1996).

Thus, the question of whether these results might be explained as an artifact of increased

synaptic transmission must be addressed. First, an effect on morphology is more

conservative, since morphological changes at the thalamocortical inputs have already been

demonstrated (Cabelli et al., 1995). Second, if the primary action of the neurotrophin in

the experiments reported here is to increase synaptic transmission, why does the effect

take days? It could certainly be possible that the effect seen here is an acute one, but that

the neurotrophin travels so slowly to the area tested that the effect appears to require

days. This would be in marked contrast though to reports of neurotrophin effects on

synaptic transmission within minutes. Furthermore, it was not possible here to determine

concentrations of NT-4/5 capable of causing the effects seen here, but the immunostaining

certainly shows NT-4/5 levels much higher than endogenous in the area near the infusion

site after only 30 hours. Increased synaptic efficacy might act in a positive feedback
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manner to increase coincidence of pre- and post-synaptic firing and thereby to enhance

synapse stabilization, but it is hard to imagine how this could lead to the breakdown of

orientation selectivity seen here unless individual orientation selective cortical cells

normally received inputs contributing equally to all orientation preferences. This is not the

picture gleaned from intracellular recordings (Ferster, 1986). Further work on

morphological effects of NT-4/5 infusion could help to clarify this issue.

During the course of these experiments the report was made that BDNF infusion

during critical period plasticity could drive a reverse shift such that the deprived eye

became dominant in the cortical response (Galuske et al., 1996). Why do our results differ,

if both BDNF and NT-4/5 operate via the trkb receptor? First, it may be that the two

ligands do not actually exert different effects. We tried to repeat the NT-4/5 experiment

with BDNF in four animals, but in only one did the BDNF diffuse any appreciable distance

from the cannula. In this one animal, the effect within the treated area was qualitatively

similar to that seen with NT-4/5 infusion. Nevertheless, the easiest interpretation is that

the two ligands are simply different and that they exert different effects on visual cortex.

A second possibility is that while we performed all imaging and electrode recordings in

area 17, the BDNF images and recordings were taken from area 18. There is, in addition,

an apparent discrepancy in the way images were normalized. If, for example, in the NT

4/5 treated hemispheres the affected area is compared to the unaffected area for each eye

alone, rather than for both eyes, the DE appears to dominate within the treated area

relative to outside, while the NDE gives less response within the treated area than outside.

But response from the DE is so much less than that from the NDE outside the

Ineurotrophin area that in fact response from both eyes, when compared with each other is
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approximately equal. By comparing within images rather than between eyes, one might

conclude that the DE had come to dominate the response within the neurotrophin treated

a■ Ca.

NGF in visual cortex:

In this series of experiments we found that NT-4/5 infusion affected functional

measures of ocular dominance plasticity. That we found such a result with NT-4/5 but not

with NGF, as others had previously reported, was not entirely unsurprising. The

neurotrophins have distinct patterns of expression in the brain, and the expression pattern

of trkB and its ligands more strongly supports a role for NT-4/5 or BDNF action on

thalamocortical afferents from the LGN than does the pattern for NGF and its receptor

trkA, which is largely restricted to afferents from cholinergic systems. Our results

superficially seem to be at odds with reporting that NGF diminishes ocular dominance

plasticity in rat and cat (Maffei et al., 1992, Carmignoto et al., 1993), but are not in fact so

very contradictory. First, most of the earlier NGF studies were in rat, an animal that lacks

much of the striking structure of the carnivore's visual cortex; NGF may play a different

role in the more rudimentary visual system of rodents than it does in cat. Second, in the

previous paper NGF merely diminished the ocular dominance shift in cat; the shift was

never abolished, as we saw with NT-4/5 application. How was NGF able to attenuate the

ocular dominance shift in cat if it does not act directly on thalamocortical afferents?

Possibly because the neurotrophin was administered via the lateral ventricle, rather than to

the cortex directly, many brain structures projecting to visual cortex could have been

contacted by the infusate and altered their inputs to visual cortex in response to NGF. In
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particular, nuclei of the basal forebrain, which project to visual cortex and which contain

cholinergic cells known to be affected by NGF (Garofolo et al., 1992), lie near the lateral

ventricle. The role of cholinergic input to visual cortex is somewhat sketchy, but the

evidence suggests that basal forebrain cholinergic input modulates levels of activity (Sato

et al., 1987, Bear and Singer, 1986). Thus, actions of NGF could be quite indirect. NGF

could cause hypertrophy of basal forebrain cholinergic neurons, which could lead in turn

to a cholinergic modulation in visual cortex that increased overall activity levels. But,

because activity itself is an important player in the development and plasticity of this

system, this NGF-induced modulation of activity levels could conceivably be enough to

alter the normal course of plasticity. We did not attempt to infuse NGF into mature

cortex, and it appears that the adult cortex is unresponsive at least to NT-4/5, but it is

possible that modulation of visual cortical activity via the basal forebrain cholinergics

might also explain the puzzling result that when NGF was infused into adult cat cortex a

bias found toward the deprived eye (Gu et al., 1994).

Role of NT-4/5 in visual cortical plasticity:

Despite the attractiveness of the neurotrophin hypothesis for visual cortical

development, a specific role for NT-4/5 as the retrograde messenger is still unproved. In

fact, a more conservative interpretation of our results is that NT-4/5 causes promiscuous

sprouting, either within layer IV on thalamocortical axons, where rearrangements have

been seen with bulk label (Cabelli et al., 1995), or on cortical cell dendrites, which exhibit

specific morphological changes in response to NT-4/5 and other neurotrophins in vitro

GMcAllister et al., 1995). Promiscuous sprouting could explain why ocular dominance
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columns are smeared even when NT-4/5 is applied after anatomical ocular dominance

column segregation is already well under way and physiological segregation is clear

(Cabelli et al., 1995). NT-4/5 induced sprouting at the axon terminal of an individual

geniculate cell might be accompanied by somatic volume increases that were due more to

the nuclear machinery necessary to support wholesale addition of cytoskeleton and

membrane than to a specific action of NT-4/5 in preventing the shrinkage of geniculate

cells with ocular dominance plasticity (Riddle et al., 1995). At the age these infusions

started, cortical cells are already highly orientation selective and functional maps for

ocular dominance are clear. In the cerebella of BDNF" mice synapse markers are present

in Purkinje cells with abnormal morphology, suggesting that BDNF may not be

responsible for synapse formation but that it is necessary for appropriate dendritic

morphology (Schwartz et al., 1997), though at the pre-ganglionic/sympathetic neuron

synapse BDNF overexpression has been seen to increase synaptic innervation density

(Causing et al., 1997). Promiscuous sprouting and the formation of inappropriate

connections would also explain why orientation selectivity, normally considered to be a

property of the precise connections of afferents to cortical cells, is strongly affected. It

would also explain why individual cortical neurons become binocularly responsive whether

previously shifted or not. The fact that we could see no effect of NT-4/5 infusion in less

than 60 hours but could see an effect in 4 days is reminiscent of previous reports that

physiological changes can be seen in as little as 2 days of MD in cat visual cortex, while

consistent morphological changes on the thalamocortical axon arbors are not evident in

less than about 5 days (Antonini and Stryker, 1996), and suggests that NT-4/5 may play a

Dart in some sort of structural change that becomes manifest over time. It is true that we
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saw no changes in retinotopy or in receptive field size with NT-4/5, but retinotopy likely is

set up through different mechanisms. Receptive field size may depend on total axon arbor

coverage of the thalamocortical afferents, and if this measure remained constant while

Sprouting occurred within the axon arbor boundaries then receptive field size would be

unchanged by promiscuous sprouting. It is interesting to note in the positive results

reported for infusion of trkbigG, NT-4/5 or BDNF that the overall silver grain density

within the NT-4/5 treated area had a tendency to be higher than normal, m with infusion

of trkBIgG the grain density was generally somewhat lower, which could be as consistent

with an effect on axon growth or sprouting as with a scenario in which the neurotrophin is

a specific reward molecule. Cabelli et al (1997) argue that the rearrangements they

measure with transneuronal tritiated proline label are not seen outside of layer IV and

suggest that this indicates that random sprouting is not a sufficient explanation for the

phenomenon. Their assumption is that random sprouting would cause afferents to sprout

equally into other cortical layers—which they say they do not see--but it is also possible

that the NT-4/5 does indeed cause random sprouting, but that the afferents and their

newly sprouted membrane are confined to layer IV by other molecular cues.

If NT-4/5 is merely causing promiscuous sprouting, it is still a specific effect not

mimicked by neurotrophins NGF or NT-3 and not reproducible in the adult animal. Thus

it seems likely that NT-4/5 has a role in visual cortical development, even if not as the

retrograde messenger. One such possibility is that NT-4/5 is itself regulated by the

retrograde messenger to induce or permit growth and that by supplying excess exogenous

NT-4/5 we have short-circuited plasticity. More work will be needed to determine
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whether NT-4/5 is indeed essential to visual cortical plasticity or whether it plays some

other role in development.
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Fig. 1 Ocular dominance histograms, compiled from cells recorded in 5 animals.

Extracellular recordings were made from isolated cortical cells in electrode penetrations

made no more than 1.5 mm from infusion site of a) vehicle control or b) NT-4/5. Units

were classified on the basis of their response to monocular stimulation, where “1” indicates

that the cell responded exclusively to input from the non-deprived eye, “7” that the cell

responded exclusively to deprived eye input, and “4” that the two eyes drove the cell

equally well. In these five animals drug infusion lasted for 4 days, the last 2 days

concomitant with monocular deprivation. For the NT-4/5 group, SI = 0.51, MI = 0.25;

for the vehicle group SI = 0.85, MI = 0.77.
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Fig. 2 Typical grayscale optical images for an animal that had an NT-4/5 pump

implanted, showing that NT-4/5 infusion causes response to the deprived eye to more

nearly equal response to the non-deprived eye than in control. Shown are response

patterns to 4 stimulus orientations (0°, 45°, 90° and 135°) through either deprived (D) or

non-deprived (ND) eye for control (a) and NT-4/5 (b) treated hemispheres. Tip of large

arrow at left of image indicates position of infusion cannula. Grayscale scale bar at right

shows percent change in reflectance from baseline, where darker areas indicate areas of

greater response to a particular stimulus. Vertically oriented dashed arrows in (b) indicate

approximate extent of NT-4/5 effect as judged from the optical images. In this and

subsequent figures, all images shown have been normalized to response to a gray Screen

stimulus and all images shown for a given treatment (control or experimental) have been

clipped and filtered identically. Branchlike solid black or white patterns (indicated by

curved arrow at right of figure) in this and subsequent images are usually due to artifact

associated with blood vessels. Scale bar 1 mm.
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Fig. 3 Dose-dependence of NT-4/5 effect. a) Grayscale pattern of response to a 90 deg

stimulus through the ND eye for the same animal shown in fig. 2. Solid arrow marks

position of cannula; dotted arrows show approximate boundary of neurotrophin effect. b)

Picture of the cortical surface where images were obtained, showing location of electrode

penetrations relative to infusion site. Scale bar 1 mm. c-e) Ocular dominance histograms

constructed from all cells encountered in electrode penetrations at sites marked “1” (c), SI

= 0.60, MI = 0.23, within the area that appears to be affected in the optical images; at site

‘2’(d), SI = 0.78, MI = 0.61, near the border between the affected area and the area that

appears normal; and at site 3’ (e), SI = 0.95, MI = 0.95, where the optical image appears

to be normal for a monocularly deprived animal.
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Fig. 4 Dose-dependence of NT-4/5 effect in a second animal. a) Picture of the cortical

surface, showing location of electrode penetrations. b) Polar map showing approximate

boundary of effect (dashed arrows). In the polar map, the NT-4/5 effect is seen in the

darker area near the cannula (see Fig. 6 for details). c-d) Ocular dominance histograms of

cells at sites “1” (c), SI = 0.48, MI = 0.23, within the area seen to be affected in the optical

images, and at site ‘2’ (d), SI = 0.93, MI = 0.85, within an area of normal appearance.

Scale bar 1 mm.
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Fig. 5 Ocular dominance histograms computed from the optical maps in NT-4/5 treated

cortex show results similar to those obtained with single-unit recording. a) Picture of the

cortical surface, showing the infusion site (arrow) and the area (blue dashed line) used to

construct the ocular dominance histogram shown in b). b) Histogram showing frequency

of pixels near the infusion site at which the non-deprived or the deprived eye was most

effective in driving a response. c) Picture of the cortical map showing the region used to

construct the ocular dominance histogram shown in d). d) Histogram of ocular dominance

computed pixel by pixel, far from cannula.
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Fig. 6 Angle, polar and HLS maps for control hemisphere (a) and experimental

hemisphere (b) of an animal that had 4 days NT-4/5 infusion, 2 days MD. Angle maps use

color to encode the stimulus orientation that best drives a response at a given cortical

location. Pixelated areas of the angle map indicate regions where orientation column

structure is weak or nonexistent. This is commonly seen in maps made from deprived eye

response. Polar maps encode stimulus orientation with color and use brightness to

indicate degree of selectivity, where regions that exhibit sharp tuning for orientation are

bright and areas of poor orientation selectivity are darker. The HLS maps also encode

stimulus orientation by color, but saturation is incorporated to indicate degree of tuning

and lightness is used instead to encode responsiveness. Scale bar 1 mm.
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Fig. 7 Orientation selectivity of individual cortical neurons within area affected by NT

4/5 infusion. a) Cortical surface of imaged area, showing position of cannula, as well as

sites of penetrations “1” and “2.’ b) Polar map showing extent of effect (dotted arrows) c)

Polar plots of firing rate at 12 orientations for a cell encountered along penetration #1,

through both deprived (D) and non-deprived (ND) eyes d) Polar plots of orientation

tuning for a cell recorded along penetration #2, through deprived and non-deprived eyes

e) Polar plots of orientation tuning for 4 cells recorded in control cortex; all responded

only to stimulation via the non-deprived eye.
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Fig. 8 Example of orientation tuning of individual cortical neurons in a second animal

with a 4-day NT-4/5 infusion plus 2-day MD. a) Polar map indicating infusion site (arrow

at left) and extent of effect (dashed arrows). b) Cortical picture indicating site of

electrode penetration in which cells were encountered whose polar plots of orientation

tuning are shown in c). c) Polar plots of orientation tuning to 8 orientations for cells near

the NT-4/5 cannula. Inner dashed circles indicate baseline spontaneous activity.
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Fig. 9 Summary figure of dose-dependence of NT-4/5 effect on ocular dominance shift

and on orientation selectivity in four animals, showing that the effect of NT-4/5 on ocular

dominance shift, monocularity and orientation selectivity decreases with distance from the

infusion site. a) SIs were calculated for each electrode penetration, then plotted as a

function of distance from infusion cannula. b) MIs calculated for each electrode

penetration were plotted as a function of distance from cannula. c) Average orientation

selectivity for each penetration was plotted against that penetration’s distance from the

infusion site.
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Fig. 10 Intracortical infusion of NGF does not prevent the ocular dominance shift. a)

Ocular dominance histograms for 2 animals, one of which received NGF for 4 days, one

for 7 days. MD occurred during the final 2 days of the infusion period in both cases.

NGF SI = 0.85, MI = 0.82, control SI = 0.88, MI = 0.78. b) Immunostaining for NGF

near the cannula site, showing high levels of NGF within the area sampled by optical

imaging and extracellular recording.
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Fig. 11 Intracortical infusion of NT-3 does not reproduce the effects of NT-4/5. a) Ocular

dominance histograms for 2 animals that had NT-3 infusion lasting 4 days, with 2 day MD.

NT-3 SI = 0.91, MI = 0.83, control SI = 0.80, MI = 0.73. b) Polar maps of cortex in

which NGF was infused, showing bright, well organized signal up to the cannula. c)

Immunostaining revealed that NT-3 had reached the area where the images were obtained.
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Fig. 12 NT-4/5 nullifies a previous ocular dominance shift. a) Cortical surface map

showing locations of cannula and electrode penetrations. b) HLS map of the same cortical

area. Ocular dominance histograms constructed from all penetrations marked “1” (c), SI

= 0.49, MI = 0.61, and from all penetrations marked ‘2’ (d), SI = 0.98, MI = 0.97. Scale

bar 1 mm.
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Fig. 13
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Fig. 13 Second example in which NT-4/5 application restored binocularity to a previously

shifted area of cortex. a) HLS map of imaged cortex. b) Cortical surface, showing

locations of all electrode penetrations used to construct histograms in c-f. c) Cells

encountered in penetrations marked “1,” near the cannula; SI = 0.53, MI = 0.45, d) Cells

encountered in penetration 2; SI = 0.72, MI = 0.44, e) Cells from penetration “3;’ SI =

0.71, MI = 0.83, f) Cells found in penetration “4,” in an area that appeared normal with

optical imaging; SI = 0.93, MI = 0.86.
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Fig. 14 Acute administration of NT-4/5 in anaesthetized animal does not cause the

previously seen effects in 2 days. This animal experienced 2 days of MD, followed by

physiological recording. Pump implant coincided with the beginning of recording to

ensure continuous monitoring. a) HLS maps for the NT-4/5 treated cortex of this animal.

Red dots indicate locations of 2 penetrations from which ocular dominance histogram b)

was made. SI = 0.83, MI = 0.78. c) Immunostaining reveals the presence of high levels

of NT-4/5 within the area where imaging and electrode recordings had taken place. Scale

bars 1 mm.
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Fig. 15 Acute infusion of NT-4/5 for 60 hours may alter ocular dominance of cells very

near cannula. a) Cortical surface map showing area imaged and positions of cannula and

electrode penetrations. b) Ocular dominance histogram constructed from cells in

penetrations “1.” SI = 0.53, MI = 0.65. c) Ocular dominance histogram of responses from

cells in penetration ‘2.’ SI = 0.92, MI = 0.90. d) Angle map from awake, behaving,

animal which received 2 days of NT-4/5 infusion and MD, showing that orientation map is

normal and that an ocular dominance shift has occurred.
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Fig. 16 NT-4/5 infusion has no effect on cortex of an animal 6 months of age. a) Angle

and polar maps of a 6-month old animal, monocularly deprived at P28. b) Cortical surface

of area imaged, indicating position of pentration from which ocular dominance histogram

(c) was made. SI = 1.0, MI = 1.0. c) Immunostaining for NT-4/5, showing extent of NT

4/5 spread from cannula. Scale bars 1 mm.
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Fig. 17 Example of adult (> 2 yrs old) which received NT-4/5 infusion for 2 weeks, but

which had no disruption of ocular dominance columns or of orientation columns or

orientation selectivity. This animal had normal visual experience throughout. SI = 0.46,

MI = 0.44.
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Fig. 18
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Fig. 18 Infusion of trkBIgG at 1 mg/ml for 4 days did not prevent ocular dominance shift

with 2 days MD. a) Angle and polar maps of cortex that had 4-day trkBIgG infusion;

arrow shows position of cannula. b) Map of cortical surface; red dots indicate placement

of electrode penetrations from which ocular dominance histogram (c) was made. SI =

0.92, MI = 0.92. Immunostaining for human IgG (d) shows spread of trkbigG well

beyond area imaged.
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Fig. 19 TrkBIgG had no effect on plasticity with reverse suture. MD was performed at

P29, trkbigG infusion began and P31, reverse suture at P33, and recording began on P38.

Ocular dominance histogram constructed from cells in pentrations shown. SI = 0.97, MI

= 0.96.
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CHAPTER 3:

ALTERING LEVELS OF NGF BY INFUSION EITHER OF EXOGENOUS NGF OR

OF CHIMERIC PROTEINS THAT REDUCE ENDOGENOUS NGF DOES NOT

AFFECT OCULAR DOMINANCE COLUMN DEVELOPMENT
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ABSTRACT:

In the visual cortex of adult cat the axonal arbors of thalamocortical afferents

carrying information from the two eyes are segregated into distinct bands in layer IV. This

is not the pattern seen with bulk label of thalamocortical afferents in young normal cats,

where at postnatal day 18 tritiated proline label typically shows a diffuse pattern that

gradually refines to appear like the more mature strongly periodic pattern of ocular

dominance column labelling that is seen by postnatal day 42. This process of ocular

dominance column development is dependent on normal visual experience and

manipulations which alter visual experience can perturb normal ocular dominance

development by disrupting the periodic fluctuation of labelling in layer IV and changing

response properties of cortical cells. We combined tracer studies of layer IV anatomy in

flattened cortical sections with physiological recordings of isolated cortical cells in the

same animals to look for a possible role of the NGF-trkA ligand-receptor complex in this

activity-dependent aspect of the development of visual cortex. Neither increasing the

normal levels of NGF by infusing exogenous NGF nor decreasing levels of endogenous

NGF by infusing a chimeric trkAIgG protein caused any measurable anatomical or

physiological changes in treated cortices relative to control cortices.
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INTRODUCTION:

Visual cortical development:

In the visual system of the cat, inputs to the two eyes are forwarded via distinct

eye-specific channels to the lateral geniculate nucleus (LGN) of the thalamus, where

retinogeniculate neurons synapse in eye-specific layers onto thalamocortical cells that

retain their eye-specificity and themselves terminate in segregated ocular dominance bands

in layer IV of primary visual cortex (Hubel and Wiesel, 1963, LeVay et al., 1978). The

arbors of individual thalamocortical axons may span more than one ocular dominance

column, but arbors from the right eye branch much more densely within right eye ocular

dominance columns, and sparsely within columns for the left eye, and vice versa (Antonini

and Stryker, 1993). The precise segregation of geniculocortical axons during

development relies on normal activity through the two eyes, and manipulations of visual

experience that cause an imbalance between the eyes cause significant changes in the

normal response properties of single cells and in the structure of the afferent labeling seen

in layer IV of cortex (Wiesel and Hubel, 1963, Hubel and Wiesel, 1965, Shatz and

Stryker, 1978). Even without visual experience, the ocular dominance map can be

modified by the balance of electrical activity between the two eyes (Stryker and

Strickland, 1984, Stryker and Harris, 1986, Chapman et al., 1986). Because the two eyes

appear to compete for synaptic contacts in cortex, and because the geniculocortical

afferents undergo morphological changes as a result of this competition, it is thought that

the afferents must compete for some factor, perhaps a protein such as one of the

neurotrophins, that is released at the synapse in an activity-dependent manner by the

cortical cell.
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Neurotrophins:

The neurotrophins are a conserved family of proteins with effects on survival,

growth, differentiation and synaptic transmission (Meyer-Franke et al., 1995, Cohen-Cory

and Fraser, 1995, McAllister et al., 1995, Kang and Schumann, 1995). Activity-dependent

synthesis and release of neurotrophins have been demonstrated in some systems (Blochl

and Thoenen, 1995), a requisite if competition for the neurotrophin is to support a

Hebbian process in which those synapses where pre- and post-synaptic neurons are

simultaneously active are stabilized while those with asynchronous activity are punished

(Stent, 1973). Previous studies have shown that intraventricular exogenous NGF can

prevent ocular dominance plasticity--thought to be mediated by the same processes as

normal ocular dominance development--in rat (Maffei et al., 1992), and that

intraventricularly applied antibodies to NGF in the normal rat can reduce visual acuity and

binocularity of cortical cells (Berardi et al., 1994). In cat, intraventricular NGF has been

shown to attenuate functional ocular dominance plasticity (Carmignoto et al., 1993),

though it is difficult to interpret this as acting through a direct action on thalamocortical

axons since the NGF receptor trkA may not be present on thalamocortical axons.

Conservatively, one would expect that molecules that influence ocular dominance

plasticity should also influence normal development. Where NGF has been infused into

the visual cortex of normally visually experienced cats it has produced no effect on the

segregation of thalamocortical afferents in layer IV as visualized with tritiated proline label

(Cabelli et al., 1995). However, functional properties may undergo more subtle changes

than are reflected in the anatomy, and physiological properties of cat visual cortex with
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NGF infusion for long periods over normal visual development have not been tested.

Also, in this previous study, infusion of NGF began at postnatal day 28, after both

functional and anatomical ocular dominance column segregation is clearly visible (LeVay

et al., 1978, Antonini and Stryker, 1993, Crair et al., 1998). Treatment beginning at P28

with blockers that are known to prevent ocular dominance column segregation when

applied at P14 do not cause desegregation of the columns (Stryker and Harris, 1986). It is

possible that a neurotrophin might be essential for processes at the beginning of ocular

dominance segregation but entirely unnecessary or uneffective once segregation has been

initiated. Thus to test whether a neurotrophin can prevent ocular dominance column

development, infusion must begin as early as possible. Finally, unfolded cortical sections

offer a wider perspective of the pattern of layer IV labelling and might portray singularities

in the ocular dominance column pattern more sensitively than traditional planes of section

running parallel to the columns. We infused NGF or trk-IgGs beginning at postnatal day

16 for 4 weeks to examine response properties of cortices with altered levels of NGF and

studied tangential sections of transneuronally labeled cortex that had been physically

unfolded and flattened to examine the segregation of thalamocortical afferents in the same

tissue.
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MATERIALS AND METHODS:

All animals used for this study were housed in normal light-dark conditions, 12

hours light and 12-hours dark. Young cats were housed with their mothers. All

procedures were performed in accordance with local animal care and use guidelines.

Surgical implantation of mini-pumps:

Animals 16 to 18 days old were anaesthetized with halothane plus nitrous

oxide/oxygen and an endotracheal tube was inserted for maintenance of anesthesia. The

animal was placed in a stereotaxic apparatus, protecting the eyes with ophthalmic

lubricant, and prepared for surgery. All remaining procedures were performed under

sterile conditions. Alzet osmotic minipumps (Alza 2001) were lowered into warm liquid

paraffin to coat the pump about halfway up from the outside. This technique was used to

extend the pumping time of two week pumps so that they could be used to infuse over a

four-week period. The pump was filled with neurotrophin (0.2 mg/ml), trkAIgG (1

mg/ml), trkBIgG (1 mg/ml), or vehicle solution and was connected to a beveled 30-gauge

stainless steel cannula for drug delivery. Human recombinant neurotrophins and trk-IgGs

were kindly provided by D. Shelton (Genentech). An incision was made in the scalp and

the scalp was retracted. The filled minipumps were placed in a subcutaneous pocket

formed in the nape of the neck. A small hole was drilled through the skull above each

hemisphere at Horseley-Clarke AP 0.0 and lateral 2.0, and the cannula was lowered

through the holes by micromanipulator to a depth of 2.0 mm and fixed in place with dental

cement. The fascia and scalp were closed and the animal returned to its home cage. All

}.
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animals received systemic antibiotics following surgery and were monitored daily for

weight gain.

Intraocular injections:

Ten days before the scheduled recording session, at about postnatal day 30, the

animal was anaesthetized with halothane in a 2:1 nitrous oxide:oxygen mixture and was

given a prophylactic injection of Baytril. The area around one eye was shaved and cleaned

with disinfectant. Using aseptic technique a small straight cut was made approximately

3mm posterior to the temporal corner of the eye to expose connective tissue which was

blunt dissected away to further expose the lateral margin of the eye. A small hole was

made in the wall of the eye with a 30ga needle and a Hamilton syringe with 30ga tip was

inserted no more than 2mm into the hole to deliver 2mCi of lyophilized tritiated proline

(Amersham) reconstituted in 20 pil of sterile 0.9% saline. The label was injected over 8

minutes, the syringe tip held in place for another 2 minutes and the needle withdrawn and

the hole blotted with a sterile q-tip. The cutaneous cut was sutured shut with one or two

mattress stitches and the animal was returned to its home cage. After each injection, the

remaining radioactivity in the q-tip, the Hamilton syringe and the reconstitution vial was

measured to ensure that at least 1.2mCi had been injected. If the injection was

unsuccessful a second injection was made the following day. Animals received systemic

antibiotics following the injections and were monitored daily for weight gain and for signs

of infection.

i>-*
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Electrophysiology:

Anaesthesia was induced with halothane in nitrous oxide:oxygen and atropine and

dexamethasone were injected subcutaneously to control secretions and edema. A rectal

temperature probe was inserted and the animal placed on a servo-controlled heating pad.

Electrodes to monitor EKG were attached. A cut-down was performed to insert a

cannula into the femoral vein for administration of anaesthetic, paralytic agent, and fluids,

and to insert an endotracheal tube for subsequent mechanical ventilation. The animal was

then placed in a stereotaxic unit. Initially, the animal was maintained on sodium thiopental

(10 mg/ml, as needed), and later on pentobarbitol (10 mg/ml, as needed), together with a

nitrous oxide/oxygen mixture (1:1). atropine sulfate and phenlyephrine were applied

topically to dilate the pupils and to retract the nictitating membrane and contact lenses

were placed in the eyes. The scalp was retracted and a craniotomy extending at least 5mm

anterior to the cannulae performed. Occipital EEG to aid in monitoring depth of

anesthesia was obtained via a silver electrode placed near the posterior pole. End-expired

C02 (maintained at 3.8-4.2%) was measured from this point forward. Prior to induction

of paralysis, EEG and EKG were calibrated against toe pinch for monitoring plane of

anaesthesia. A bolus of gallamine triethiode (induction dose 1.5 mg/kg) was given to

induce muscle relaxation and the mechanical ventilator was connected to the tracheal tube.

The muscle relaxant was constantly infused via a syringe pump (1 mg/hr/kg in 2.5%

dextrose/lactated Ringer's solution). The dura was cut and folded back over the midline

to expose the cortical surface anterior to the cannula. Extracellular recordings of isolated

cortical cells were obtained by lowering lacquer-coated tungsten electrodes by stepping

motor microdrive into primary visual cortex near the position of the cannula. The
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electrode was advanced in 100pm steps or until a new cell was encountered. Ocular

dominance on a scale of 1-7, preferred stimulus orientation, preferred stimulus direction if

any, responsiveness on a scale of 1-5, habituation and receptive field position and size

were recorded. Pumps were left in place to continue infusion throughout the recording

Session. At the conclusion of the recording session, pumps were removed and delivery

cannulae were mechanically tested to ensure that they had remained patent.

Perfusion and tissue preparation:

Following electrophysiology, the animal was perfused transcardially with warm

saline, followed by 2% glutaraldehyde in 100mM phosphate buffer. In some cases

glutaraldehyde perfusion was followed by perfusion with phosphate buffer to slow the

fixation. The entire brain was then removed from the skull and pia and external blood

vessels carefully peeled away to allow the cerebral hemispheres to be gently teased away

from subcortical structures, leaving a piece including thalamus and two pieces consisting

of the cerebral hemisphere with hippocampus and white matter of the internal capsule. To

unfold the cortex, the pia was removed directly over sulci and gyri, while on the ventral

surface the hippocampus was removed and white matter was carefully scraped away. Two

relieving cuts were made, one medially and one laterally, toward the caudal pole, and the

cortex was slowly unfolded until the pial surface could lie flat on a glass slide. A second

glass slide, separated from the first by 1.3mm spacers, was placed on the ventral surface

and the entire assembly was clipped together. The flattened cortices and thalamus were

postfixed in 30% sucrose before cutting cortex at 40pum and thalamus (in the coronal

plane) at 50pm on the freezing microtome. Sections were collected in 100mM phosphate

*
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buffer, mounted on slides and processed for autoradiography (Levay et al., 1978). All

cortical sections were processed for autoradiography. Images shown here are

photomontages made by scanning photos of the relevant sections onto computer and using

montaging software (NIH image) to follow label in layer IV through adjacent sections.
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RESULTS:

In five animals, NGF was infused for four weeks beginning at P16.

Electrophysiology was performed at postnatal day 42, directing electrodes into cortex

within approximately 1.5mm from the infusion site. The populations of cortical cells

encountered by extracellular electrode were indistinguishable in the NGF treated

hemispheres from those found in vehicle-treated hemispheres on all measures examined.

Histograms for the ocular dominance distributions are shown in Fig. 20, where it is clear

that NGF did not perturb normal ocular dominance development in any way measurable

by extracellular electrodes. Other response properties of cells in NGF-treated cortices

were also normal for animals with normal visual experience at this age. Cells were highly

selective for stimulus orientation, a normal proportion of the cells recorded were direction

tuned, and responsiveness and habituation were within normal ranges. Both retinotopy

and receptive field position were also normal in NGF-treated hemispheres.

The five animals recorded from in Fig. 20 all received intraocular injections of

tritiated proline to label thalamocortical afferents within layer IV. The visual cortices of

all five animals were flattened and processed for autoradiography to visualize the proline

tracer. A representative hemisphere is shown in Fig. 21. If segregation were disturbed by

infusion of NGF, label might be absent or the periodicity of the label might be muted, as

was the case when NT-4/5 or BDNF was infused into visual cortex beginning at P28

(Cabelli et al, 1995). The columns might be otherwise grossly malformed. In fact,

however, proline label near the infusion site was clearly present and its periodicity was

comparable with that found in normal areas farther from the infusion site. Thus, we saw

:*
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DISCUSSION:

The result reported here reveals no role for NGF in visual cortical development.

The lack of any effect on ocular dominance segregation with infusion of either NGF or its

receptor trkA is in agreement with anatomical experiments finding no effect of NGF

infused at a later point in development (Cabelli et al., 1995, Cabelli et al., 1997) as well as

with experiments looking at administration of NGF during ocular dominance plasticity

(Riddle et al., 1995, chapter 2, this thesis). These findings appear to contradict reports in

rat that NGF is important both for ocular dominance plasticity and for normal ocular

dominance development (Maffei et al., 1992, Berardi et al., 1994) and a report in cat that

NGF affects ocular dominance plasticity to a minor extent (Carmignoto et al., 1993). For

reasons described elsewhere (see chapter 2, discussion), this is probably more an apparent

than a real contradiction. It seems reasonable to conclude that NGF does not play an

essential role in ocular dominance development in cat primary visual cortex.
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no physiological or anatomical effects of NGF infusion into visual cortex during normal

development.

A more sensitive way of assessing a possible role for endogenous NGF might be to

eliminate endogenous NGF signalling on the trkA receptor. In order to reduce NGF

signalling in this system we used a chimeric trk-IgG, made of the receptor site of the trk

receptor, coupled to a human IgG Fc fragment (Shelton et al., ). In 3 animals, trkAIgG

was infused into visual cortex from postnatal day 16 to postnatal day 42, after which the

animal was prepared for electrophysiology and recordings were made from isolated

cortical units. Fig. 22 shows the ocular dominance histograms constructed from these

recordings and indicates that trkAIgG infusion during early development produced no

obvious changes in the visual cortex relative to control hemispheres. None of the other

response properties measured, stimulus orientation or direction, receptive field size, level

of responsiveness, or habituation, showed any differences between trkIgG- and vehicle

treated hemispheres.

The same animals received intraocular injections of tritiated proline to examine

bulk label carried by thalamocortical afferents into layer IV. A representative flattened

hemisphere from one such animal, shown in Fig. 23, shows that periodic labelling was

present in the immediate vicinity of the cannula. The most reasonable interpretation from

cortical infusion of either NGF or trkAIgG during development, then, is that neither NGF

nor trkAIgG affects visual cortical development in any manner assessible by standard

physiological or anatomical measures.
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Fig. 20 Ocular dominance histograms from animals in which NGF was infused for 4 weeks

during normal visual experience (n = 5). a) Histogram for pooled cells from NGF-treated

hemispheres, recorded near the infusion site. B) Histogram of all cells recorded near the

cannula in control hemispheres.
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Fig. 21
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Fig. 21 Photomontage of unfolded, flattened cortical sections through layer IV, processed

for autoradiography, showing tritiated proline label transported from the eye. White line

demarcates position of cannula lesion. Scale bar 1 mm.

107



100,
90 L

80 |

70 |

60 L

50 L

40 |

30 |

20 |

10 |

Fig. 22

24 25

8 9
--

5

1 2
F-1– 1 – – 1–1 –

1 2 3 4 5 6 7

cont■ Clk■ fe■ Cºl equGl ipsiloterol
*—— —-

OCULAR DOMINANCE

100

: :
40 45

36

15
9

13

5
1| 1 || H
1 2 3 4 5 6 7

Controlofe■ ol equCl ipsiloterol
<–

-

OCULAR DOMINANCE

108



Fig. 22 Ocular dominance histograms from animals which received infusions of trkAIgG

for 4 weeks during normal development, with normal visual experience. a) Histogram of

cells recorded in trkAIgG treated hemispheres. b) Histogram of cells recorded in control

hemispheres.
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Fig. 23 Photomontage of unfolded, flattened cortical sections through layer IV, processed

for autoradiography, showing tritiated proline label transported from the eye. White line

demarcates position of cannula lesion. Scale bar 1 mm.
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CHAPTER 4:

FUTURE DIRECTIONS:
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We were interested to look at neurotrophins, and the trkb ligand NT-4/5 in

particular, as possible mediators of synaptic plasiticity in visual cortical development. The

results reported here lend substantial credence to the idea that NT-4/5, but not ligands for

trkA or trkC, has specific effects during critical period plasticity in cats. NT-4/5 is the

first substance found to restore binocularity to a previously shifted cortex. This finding

does not necessarily mean that NT-4/5 is the molecule involved in synapse selection in

normal development. These results have left open the possibility that NT-4/5 is simply

active in other ways during development. Even if it is not the primary player in synapse

Selection it may still be a major or even essential protein which permits or induces growth.

In such a case, the result of applying NT-4/5 in high concentrations might be the formation

of many inappropriate connections, leading to a loss of selectivity for both ocular

dominance and stimulus orientation. Whether this is all the effect of inappropriate

Sprouting and formation of random connections can perhaps best be answered by

examining the morphology of individual thalamocortical axons after treatment with NT

4/5 in vivo. While ocular dominance columns will be undetectable, it could still be

instructive to look for overall branching density and pattern and periodicity in branching

density within the arbors of single afferents. This is a technically difficult but not in

principle infeasible experiment, and we have tried it repeatedly without success. The

major difficulty lay with the fact that NT-4/5 infusion covers only a very small area, so

further attempts to address this question may need to await development of better

methods for introducing the neurotrophin into larger volumes. Recent reports of a trk

fusion protein (Regeneron) which may be able to bind neurotrophin, carry it farther away

from an infusion site and release it there suggest that it might be possible to infuse the
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neurotrophin together with a carrier protein. It is also important to examine the

morphology of thalamocortical axon arbors in areas where action of the endogenous

neurotrophins was curtailed. If the afferents need NT-4/5 to retain their structure, they

should be shrunken when trkB antagonists are applied. If they need NT-4/5 to grow the

arbors might simply stabilize. Or, if the afferents need NT-4/5 in order to maintain their

plasticity, then a complete block of trkb activation might prevent any rearrangements of

afferent arbors other than retraction.

The morphology of cortical cell dendritic fields is an equally important question.

The neurotrophins BDNF and NT-4/5 clearly affect thalamocortical morphology (Cabelli

et al., 1995), but various neurotrophins also affect cortical cell morphology in vitro

(McAllister et al., 1995), and it is possible that the NT-4/5 effect is as much an effect on

the cortical cells as on the thalamic neurons. It could be interesting to know whether,

despite the lack of any cortical map in the affected area, the modular system of horizontal

connections which underlies and precedes orientation columns is preserved in NT-4/5

treated cortex (Gilbert and Wiesel, 1989, Ruthazer and Stryker, 1996)

If NT-4/5 is necessary for visual cortical plasticity, then eliminating it from visual

cortex during the critical period should abolish plasticity. We were to uncertain of the

effects of trkBIgG in our system at the concentrations available to trust our results with

trkBIgG infusion, but eliminating endogenous NT-4/5 activity is an important experiment.

Given the multiple signaling pathways of the neurotrophins, and the great likelihood that

the effect we see may be due to activation of several of these pathways, using blockers of

specific trk-activated signaling pathways to try to tease out components of the NT-4/5

response could well be futile. The best hope is probably for a true function-blocking
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antibody that works well in vivo or a blocker of trkB kinase activity that is more specific

than the K252 options now available (Knusel and Hefti, 1992). If trkB activity blockade

merely made neurons less plastic, physiological ocular dominance might not be

immediately affected, while orientation selectivity, which is robust to a number of insults,

should be preserved. Even if trkB block led to retraction of afferent axons, a single

cortical cell’s orientation selectivity should at least in theory be supported by as few as

two inputs, so orientation preference might be unaffected by the manipulation.

If NT-4/5 is to be considered in the running as the synaptic reward molecule, then

other manipulations that affect plasticity may change the NT-4/5 phenomenon. In the

model, cortical cells release retrograde messenger when electrically active, so blockade of

cortical cell activity means that no reward factor is released. Blocking cortical activity but

supplying the retrograde messenger should short-circuit normal plasticity/development to

produce a more normal cortex than that seen with cortical blockade. Spatial and temporal

specificity at the synapse requires that the presynaptic afferent be more responsive to

and/or have an increased need for the factor when it is electrically active. That active

afferents probably have an increased need for the factor is indicated by the shift toward the

deprived eye and shrinkage of open eye afferents with muscimol infusion during MD.

Activity-dependent responsiveness to a growth factor has been demonstrated in cortical

slices, where activity blockade prevents BDNF-induced dendritic growth of cortical cells.

A likely scenario, then, may be that the presynaptic afferents both respond more readily to

and require more of the retrograde messenger when electrically active. If so, activity

blockade of the presynaptic afferents during NT-4/5 infusion should diminish or eliminate

the NT-4/5 effect. This is somewhat messy to test, though, as it requires either multiple
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drug infusions into cortex or the technically difficult step of blocking activity in the LGN

for several days, either pharmacologically or by cooling.

One question left open from this set of experiments is the apparent conflict

between results delivering NGF to the ventricle and to visual cortex during monocular

deprivation. If NGF delivered to the ventricle causes hypertrophy of cholinergic inputs to

visual cortex from the basal forebrain, thereby increasing overall activity in visual cortex

and attenuating the ocular dominance shift, then infusion of NGF directly into basal

forebrain structures concomitantly with MD may well result in an attenuation of ocular

dominance plasticity similar to that seen with intraventricular NGF administration. These

experiments are currently underway.

Given the model, there was some expectation that NT-4/5 would affect ocular

dominance development and plasticity, but not necessarily that it would also affect

orientation selectivity. Many manipulations that affect ocular dominance do not affect

orientation selectivity. For example, alternating MD to drive a shift first in one direction

and then in the other leaves a visual cortex whose orientation map is still intact, and in

which the maps for the two eyes match (Kim and Bonhoeffer, 1994). Cortical infusion of

TTX or muscimol can prevent the shift or can drive it in the opposite direction, but neither

apparently leads to loss of orientation selectivity (Reiter et al, Reiter and Stryker, 1986).

Ocular dominance and orientation must use similar mechanisms during development, since

orientation selectivity is set up by precise connections between a cortical cell and a group

of thalamic cells whose receptive fields describe an oriented line, and rearrangements of

axonal arbors during ocular dominance plasticity fail to disturb orientation selectivity.

Monocular deprivation does cause the deprived eye to lose its orientation selective
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response, but this is because the deprived eye response retreats to areas that are less

selective for stimulus orientation. In fact, the only manipulation other than NT-4/5

application that consistently destroys orientation selectivity is long-term binocular

deprivation, which also perturbs ocular dominance and clustering of the long-range

horizontal connections, and leaves cortical cells poorly responsive and highly habituating

(Wiesel and Hubel, 1965, Callaway and Katz, 1991, Crair et al., 1998). Because

orientation selectivity at P28 is already strong and well-established, it seems likely that the

neurotrophin causes indiscriminate sprouting and stabilization of random synapses,

destroying the precise alignment of thalamocortical fibers that gives rise to the orientation

selective response as well as destroying ocular dominance structure. If so, reconstruction

of thalamocortical arbors should show increased arbor length and density within the

treated field relative to normal. This is unlike what has been seen with binocular retinal

blockade, where afferent arbors branch inappropriately and lack precise patches but total

arbor density and length are normal.

The existence of transgenic mice offers other avenues to attack this problem.

BDNF knockout mice suffer from severe developmental deficits and do not survive long

enough to use in a visual cortical plasticity model, but mice overexpressing BDNF and

NT-3 are viable. Mice are much less visual animals than cat and with their temporally

facing eyes only a small portion of their visual cortex is even binocular. Within the

binocular zone responses are more contralaterally dominated than in cat. Nevertheless, a

4-day MD performed at P28 in mouse causes a small but noticeable shift in the

distribution of responses in the binocular zone toward the open eye. Given the myriad

actions of neurotrophins during development, the lack of spatiotemporal control of
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expression in transgenic mice could give rise to serious side-effects in experiments of this

type, but especially with the development of controlled expression this will be a powerful

way to answer questions about proteins and development. Unfortunately for studies of

visual system development, none of the structure underlying visual cortical organization in

cat, such as anatomically demonstrated ocular dominance columns or long-range

horizontal connections, has been seen in mouse (Antonini et al, ). Optical imaging has not

revealed functional maps for ocular dominance, and because mouse cortical cells are

generally not selective for stimulus orientation the animal does not have orientation

columns either. Thus, the possibility remains that with extracellular recordings the mouse

exhibits symptoms of ocular dominance plasticity following monocular deprivation similar

to those seen in cat, but for different underlying reasons. One manifestation of this may be

that NGF appears to affect plasticity in mouse visual cortex (Fagiolini et al., 1997), though

several labs have now failed to find an NGF-mediated effect on plasticity in cat visual

COrtex.
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