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Presynaptic Rearrangements in Experience-Dependent

Plasticity in Primary Visual Cortex of the Cat

by

Michael A. Silver

Adviser. Michael P. Stryker

Abstract

Changes in primary visual cortex caused by lid suture of one eye

(monocular deprivation, or MD) represent a model experimental system for the

study of experience-dependent neural plasticity in general. During a critical

period of development, MD results in rapid alterations of response properties of

primary visual cortical neurons such that the majority of cells come to respond

well to visual stimulation of the nondeprived eye but very few are driven by

deprived-eye stimulation. Longer periods of MD cause analogous

morphological plasticity in geniculocortical afferents: axon branch retraction in

deprived-eye afferents and elaboration of nondeprived arbors.

To investigate the synaptic mechanisms underlying the rapid loss of

cortical deprived-eye visual responsiveness and to characterize anatomical

plasticity induced by MD at the level of individual synapses, I have used

immunohistochemical markers of presynaptic terminals to measure the effects

of MD on the density of deprived and nondeprived presynaptic sites in each of



the 3 major synaptic inputs to or within primary visual cortex (geniculocortical,

intracortical excitatory, and intracortical inhibitory).

Geniculocortical presynaptic sites were visualized by anatomically

labeling geniculocortical afferents representing either the deprived or

nondeprived eye and using a panel of antibodies raised against synaptic

vesicle proteins to label presynaptic sites. Quantitative colocalization of these

two markers required the use of confocal microscopy and customized object

based image processing techniques. While 7 days of MD causes a 50%

reduction in the number of deprived-eye geniculocortical presynaptic sites, the

density of presynaptic sites in deprived and nondeprived geniculocortical

afferents is conserved following either 2 or 7 days of MD, revealing a new type

of activity-dependent regulation of the spatial distribution of synapses within

aXO■ lS.

The relative density of intracortical excitatory presynaptic sites was

estimated by determining the amount of synaptic vesicle protein label as a

function of position in deprived and nondeprived ocular dominance columns,

and similar techniques were employed to quantify relative density of

intracortical inhibitory presynaptic sites with the inhibitory presynaptic terminal

specific antibody anti-GAD65 (glutamic acid decarboxylase, 65 kDa isoform).

These experiments revealed that the distributions of these populations of

presynaptic sites are unaffected by 2 or 7 days of deprivation.
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Chapter 1

Introduction

Overview

The role of experience in the development of the brain touches on central

issues in a wide variety of fields. These include a range of questions

concerning the nature of the molecules involved in transforming patterns of

neural activity into synaptic change in the brain, the kinds of sensory experience

important in the development of children, and to what extent humans have free

will over their decisions and actions. In this thesis, the level of analysis

employed to study the effects of altered sensory experience on the developing

nervous system is that of populations of synapses within the primary visual

cortex. In the experiments presented here, I have studied the effects of

deprivation of pattern vision in one eye (monocular deprivation, or MD) on

synaptic connectivity in visual cortex of developing kittens. Although this

modification of sensory experience is rather crude, it produces robust

physiological and anatomical changes in the brain which are amenable to

experimental study at the neurobiological level. As an introduction to the

experimental results of this thesis, I will describe the basic anatomy of the

mammalian visual system, including the parcellation of primary visual cortex

into ocular dominance columns. This will be followed by a synopsis of the

known effects of MD on the response properties and anatomical connections

within primary visual cortex. Since this thesis focuses on possible changes in



the distributions of presynaptic terminals as potential mechanisms underlying

the physiological and anatomical effects of MD, a description of the molecular

markers used to visualize specific proteins located at presynaptic sites and a

discussion of the functional properties of these markers will be presented.

Finally, hypotheses concerning possible redistributions of presynaptic sites

induced by MD in each of the three major synaptic inputs to primary visual

cortex and a summary of the techniques used to test these hypotheses will be

described.

Anatomy of mammalian visual system

Many neuroscientists have chosen the mammalian visual system as an

experimental model system for the study of experience-dependent neural

plasticity. One of the reasons for this is that the visual system is highly

elaborated in certain mammals, and the basic functional organization of at least

the first few neural structures in the visual pathways seems to be evolutionarily

conserved in humans and the most commonly used experimental models, cats

and monkeys. In addition, the sensory surface of the visual system, the retinae,

are separated such that half of the visual inputs are located in each eye. This

allows independent manipulation of visual experience in the two eyes and

facilitates comparisons within the same animal of deprived and nondeprived

visual pathways following MD.

The basic structure and connections of the first three stations in the visual

pathways are shown in Figure 1. Visual signals are processed within the



retinae and are transmitted into the brain by axons of retinal ganglion cells.

Retinal ganglion axons project retinotopically to monocular layers within the

lateral geniculate nucleus (LGN) and make synapses onto neurons within the

LGN. These neurons send geniculocortical axons to layer IV of primary visual

cortex where they terminate in a retinotopic map in the form of ocular

dominance columns (ODCs). ODCs are alternating interdigitated regions of

primary visual cortex whose response properties and anatomical inputs are

dominated by one eye or the other. ODCs are a fundamental feature of primary

visual cortex and will be discussed in detail below. Although the center regions

of ODCs receive the majority of their geniculocortical input from one layer of the

LGN, the border regions of the columns are innervated by both layers and

represent the first site of convergence of pathways serving the two eyes.

Consistent with this is the finding that primary visual cortex is the first area in the

visual pathways that contains neurons which respond to visual stimulation of

either eye.

Ocular dominance columns

Although functional evidence for a columnar organization of cerebral

cortex was first reported by Mountcastle (1957) in the somatosensory system,

cortical columns have been studied most extensively in the form of ocular

dominance columns (ODCs) in primary visual cortex. ODCs were discovered

by Hubel and Wiesel (1962) using tangential microelectrode penetrations

through cat visual cortex and recording the responses of single units to visual



stimulation of either eye. Each cell was assigned an ocular dominance score

depending on the relative strengths of response to stimulation of the eye

contralateral to the electrode versus the response to ipsilateral-eye stimulation.

As the microelectrode was advanced through visual cortex, neighboring cells

did not have random ocular dominance ratings but were organized such that

short sequences of recorded neurons tended to have similar ocular dominance.

The spatial organization of ocular dominance in primary visual cortex

was further characterized by microelectrode recordings in strabismic cats

(Hubel and Wiesel, 1965) and in monkeys (Hubel and Wiesel, 1968), and the

anatomical basis of the ODC was established by lesioning part of one layer of

the LGN and observing degenerating geniculocortical terminals within layer IV

of primary visual cortex (Hubel and Wiesel, 1972). The pattern of degeneration

consisted of alternating regions of approximately 500 pm within layer IV,

suggesting that geniculocortical afferents terminate in ocular dominance

columns. This was later confirmed by direct labeling of the geniculocortical

projection (Shatz et al., 1977), and correlative electrophysiological recordings

of response properties and anatomical labeling of geniculocortical afferents

indicated that there is good agreement between ODC boundaries as defined

physiologically and the anatomical pattern of geniculocortical inputs (Shatz and

Stryker, 1978).

In cats, ODCs are not present at birth but develop gradually over the first

few weeks of postnatal life (LeVay at al., 1978). Their development requires

patterned neural activity, as injections of the sodium channel blocker



tetrodotoxin into the eyes to silence retinal activity prevents the anatomical and

physiological formation of ODCs (Stryker and Harris, 1986). Further evidence

for the importance of patterned neural activity in the development of ODCs

comes from experiments in which one eye was sutured closed during a period

of postnatal development (Wiesel and Hubel, 1963b). This manipulation,

termed monocular deprivation (MD), causes a shift in the response properties of

primary visual cortical neurons such that most units come to respond well to

visual stimuli presented to the nondeprived eye and poorly or not at all to

deprived-eye stimulation. No changes in response properties of LGN neurons

were observed following MD (Wiesel and Hubel, 1963a), suggesting that the

changes in ocular dominance of primary visual cortical neurons following MD

(termed ocular dominance plasticity) are due to changes within the cortex itself.

MD also alters the relative size of ODCs as measured by anatomical labeling of

the geniculocortical afferents: ODCs innervated by nondeprived afferents

become larger, and deprived columns shrink (Shatz and Stryker, 1978). In

addition, reconstruction of individual geniculocortical arbors indicated that 7

days of MD is sufficient to induce branch retraction in deprived-eye arbors such

that their total length is 50% of normal (Antonini and Stryker, 1993), and longer

periods of MD caused branch extension in nondeprived-eye geniculocortical

axons (Antonini and Stryker, 1996).

MD also decreases the size of LGN cell bodies in layers that receive

retinogeniculate input from the deprived eye (Wiesel and Hubel, 1963a), but

these anatomical changes may be secondary to the changes in geniculocortical



arbor size. Specifically, shrunken deprived-eye geniculocortical arbors may be

less metabolically demanding and may require less protein to be anterogradely

transported from the cell body than normal arbors, and the MD-induced

decrease in the size of deprived LGN cell bodies supporting shrunken deprived

arbors may reflect this fact. The physiological loss of deprived-eye responses in

primary visual cortical neurons and anatomical atrophy of the deprived-eye

geniculocortical system are accompanied by loss of the ability to use the

deprived eye for visual discriminations after it has been opened. Kittens

receiving long periods of MD have decreased visual acuity for stimuli presented

to their previously deprived eye as assessed behaviorally (Dews and Wiesel,

1970).

Almost all of the known effects of MD only occur if the deprivation takes

place during a critical period of development. MD of adult animals has no effect

on the ocular dominance of visual cortical responses (Hubel and Wiesel, 1970),

the shrinkage of LGN neuron cell bodies representing the deprived eye (Wiesel

and Hubel, 1963a), or the visual acuity of the deprived eye after it has been

opened (Dews and Wiesel, 1970). Similarly, recovery from the effects of MD

are only possible if the deprived eye is allowed to have normal visual

experience during a critical period. This recovery has been studied most often

in reverse suture paradigms, in which the originally deprived eye is allowed

normal visual experience while the originally nondeprived eye is subjected to

MD. In this case, the originally deprived eye regains the ability to drive

responses in visual cortical neurons (Blakemore and van Sluyters, 1974). In



addition, visual acuity in the originally deprived eye returns to normal levels

(Mitchell et al., 1977), and there is a partial regrowth of geniculocortical arbors

representing the originally deprived eye (Antonini et al., 1998).

The first clue that ocular dominance plasticity occurs as a result of

Competition between neural pathways representing the two eyes came from

binocular deprivation (BD) experiments performed by Wiesel and Hubel (1965).

If the loss of the ability of the deprived eye to drive visual cortical responses is

due to a general disuse phenomenon, then depriving both eyes of pattern

vision should result in cortex which is visually unresponsive to stimulation of

either eye. Contrary to this prediction, BD has little effect on visual cortical

responsiveness (Wiesel and Hubel, 1965). Anatomically, BD also leaves the

morphology of individual geniculocortical arbors unchanged (Antonini and

Stryker, 1998)

This basic notion that ocular dominance plasticity is due to competitive

binocular interactions has received support from many subsequent studies.

Creation of a lesion in a small part of one retina combined with lid suture of the

other eye resulted in a decrease in geniculate cell size in the binocular segment

of the LGN lamina representing the sutured eye everywhere except within the

retinotopic region corresponding to the lesioned area (Guillery, 1972). Thus,

the size of LGN cell bodies representing the sutured eye depended on whether

they were in a retinotopic region corresponding to the lesioned portion of the

retina in the other eye, suggesting that the competition between the two eyes

occurs locally.



The essential role of postsynaptic cortical neurons in mediating this

competition was demonstrated by cortical infusion of the GABAA receptor

agonist muscimol during a period of MD (Reiter and Stryker, 1988). This

procedure resulted in reverse ocular dominance plasticity, that is, cortical

responses were dominated by the deprived eye at the expense of the

nondeprived eye. Reiter and Stryker interpreted this result in a Hebbian

framework, in which the main determinant of synaptic change is the correlation

between pre- and postsynaptic activity. Since the effect of cortical delivery of

muscimol is to block neural activity in cortical neurons (without affecting the

activity of geniculocortical afferents), the silenced postsynaptic neurons are

more similar in their activity patterns to the relatively less-active deprived-eye

afferents than to the normal nondeprived afferents. More recently, these

physiological experiments have been extended to the anatomical level by Hata

et al. (1999), in which cortical delivery of muscimol resulted in a reduction in the

total length of nondeprived geniculocortical afferents, leaving the deprived

afferents intact.

Microcircuitry of layer IV of primary visual cortex

In order to test hypotheses concerning possible synaptic changes

underlying the effects of MD, a basic knowledge of the synaptic connectivity

within primary visual cortex is required. Fortunately, more information is

available on the neural circuits comprising layer IV of cat primary visual cortex

than any other part of the brain (Martin, 1988). The main synaptic inputs to layer



IV spiny stellate cells in the cat are indicated in Figure 2. Only approximately

6% of the synapses made onto layer IV neurons are of geniculocortical origin

(Ahmed et al., 1994). These are monocular excitatory inputs, and despite their

low numbers, there is evidence that the postsynaptic potentials they produce in

layer IV are substantially larger than those resulting from other excitatory inputs

(Stratford et al., 1996).

Most of the synapses made onto layer IV primary visual cortical neurons

are excitatory and originate from other cortical neurons, primarily those in layer

IV and VI of primary visual cortex (Ahmed et al., 1994). In addition, intracortical

excitatory connections provide the dominant source of excitatory current in layer

IV spiny stellate cells (Douglas and Martin, 1991). Finally, estimates of the

percentage of layer IV synapses that are inhibitory range from 1.5% in P40

kittens (Winfield, 1983) to 15% in adult cats (Beaulieu and Colonnier, 1985),

and these inhibitory synapses are local intracortical connections. Both

inhibitory and excitatory intracortical inputs are of mixed ocular dominance.

Although either pre- or postsynaptic changes in the efficacy of synapses

in any or all of these inputs could be involved in mediating ocular dominance

plasticity, the experiments described in this thesis focus on possible presynaptic

changes. The basic approach is to anatomically label presynaptic terminals

representing either the deprived or nondeprived eye for each of the 3 major

synaptic inputs to layer IV and assess the effects of MD on the relative

distributions of these presynaptic sites. Details of how this anatomical labeling

is achieved for the 3 different projections will be presented in Chapters 2, 3, and



4. Briefly, excitatory presynaptic sites are visualized using a panel of antibodies

raised against synaptic vesicle proteins (synaptophysin, synaptotagmin, or

SV2), and inhibitory presynaptic sites are labeled with an antibody against the

inhibitory presynaptic terminal marker GAD65. A description of the functions of

these proteins in the nerve terminal and their utility as anatomical markers of

presynaptic sites will now be presented.

Synaptic vesicle proteins as anatomical markers of presynaptic

terminals

In recent years, a large number of proteins have been identified that are

localized to presynaptic terminals and are involved in release of

neurotransmitter at the synapse (reviewed in Südhof, 1995). I have employed a

panel of antibodies raised against some of these proteins (synaptophysin,

synaptotagmin, and SV2) to anatomically label presynaptic terminals in layer IV

of kitten primary visual cortex. All 3 proteins are specifically expressed on

synaptic vesicles (synaptophysin: Wiedenmann and Franke, 1985;

synaptotagmin: Matthew et al., 1981; SV2: Buckley and Kelly, 1985).

Synaptophysin may play a role in neurotransmitter release, as injection

of anti-synaptophysin antibodies into spinal neurons inhibits transmitter release

in Xenopus neuromuscular synapses in culture (Alder et al., 1992). In addition,

the finding that reconstitution of synaptophysin protein in artificial lipid bilayers

results in the formation of voltage-sensitive channels suggests that it may be

part of a fusion pore involved in release of neurotransmitter (Thomas et al.,

10



1988). However, synaptophysin is apparently not required for transmitter

release, as mice carrying a disruption of the synaptophysin gene exhibit normal

hippocampal synaptic transmission, paired-pulse facilitation, and long-term

potentiation (McMahon et al., 1996).

Synaptotagmin is thought to be the molecular calcium sensor that detects

the influx of calcium into the presynaptic terminal that initiates neurotransmitter

release (reviewed in Kelly, 1995). This is based on biochemical evidence that

Synaptotagmin binds calcium at physiological concentrations (Brose et al.,

1992) and undergoes a conformational change upon calcium binding (Davletov

and Südhof, 1994). In addition, cultured hippocampal neurons from mice with a

mutation in the synaptotagmin l isoform are impaired in the fast component of

calcium-dependent neurotransmitter release (Geppert et al., 1994). The

function of SV2 is still unknown, although the predicted amino acid sequence of

the protein suggests homology to bacterial transmembrane transporters

(Bajjalieh et al., 1992; Feany et al., 1992).

Neither synaptophysin- (Eshkind and Leube, 1995) nor synaptotagmin I

deficient mice (Geppert et al., 1994) show any gross morphological

abnormalities in distribution of synapses in the brain or at the level of individual

presynaptic terminals. While this argues against an essential general role for

these proteins in synapse formation, for the purposes of this thesis, they will be

used only to visualize presynaptic sites in visual cortex. If the 3 synaptic vesicle

proteins were to show different patterns of regulation following MD, this could

provide insight into their synaptic functions in activity-dependent plasticity. In

11



any case, antibodies raised against these proteins provide 3 independent

markers of individual presynaptic terminals.

GAD65 as an anatomical marker of inhibitory presynaptic terminals

The GABA synthetic enzyme glutamic acid decarboxylase consists of 2

isoforms, GAD65 and GAD67, which differ in their subcellular localization and

biochemical properties (reviewed in Soghomonian and Martin, 1998). GAD67

protein is found in cell somata and dendrites, while GAD65 is expressed

preferentially at presynaptic terminals of inhibitory neurons (Esclapez et al.,

1994). While the activity of both isoforms is dependent on binding of the

cofactor pyridoxal phosphate, biochemical studies indicate that essentially all of

the GAD67 protein in brain is bound to the cofactor, while only about half of

brain GAD65 is normally found in this state (Kaufman et al., 1991). These data

have led to the hypothesis that the function of GAD67 is primarily a metabolic

one of synthesizing GABA for the tricarboxylic acid cycle, while GAD65 may be

involved in production of synaptic GABA that is subject to rapid regulation

(Martin and Rimvall, 1993). The fact that mice lacking the GAD65 gene have

normal levels of total cerebral cortical GABA (Asada et al., 1996) while

heterozygote GAD67 knockout mice have significant reductions in cortical

GABA levels (Asada et al., 1997) supports this hypothesis. A critical functional

role for GAD65 in ocular dominance plasticity is indicated by the findings of

Hensch et al. (1998) that mice with a disruption of the GAD65 gene do not show

the physiological ocular dominance shift normally induced by 4 days of MD. In

12



this thesis, GAD65 expression will simply be considered as a marker of

inhibitory presynaptic terminals in layer IV of primary visual cortex.

Three classes of hypotheses concerning mechanisms of ocular

dominance plasticity

A robust and saturating physiological ocular dominance shift occurs after

as few as 2 days of MD at the height of the critical period in kittens (Hensch et

al., 1995; reviewed in Hensch, 1996). The synaptic mechanisms which underlie

this rapid loss of deprived-eye visual responsiveness in primary visual cortex

are unknown. In principle, all of the 3 synaptic inputs to layer IV are possible

candidates for mediating this plasticity. With longer periods of MD of 6-7 days,

morphological plasticity in the geniculocortical afferents is observed (Antonini

and Stryker, 1993). Specifically, one week of MD causes retraction of axon

branches in deprived-eye geniculocortical arbors, resulting in a halving of the

total length of these arbors. Whether concomitant morphological changes occur

in excitatory or inhibitory intracortical connections is not known. It is also

uncertain what consequences MD-induced changes in the morphology of axon

arbors might have on the distribution of presynaptic sites within these arbors.

This thesis presents 3 classes of hypotheses designed to address 2

questions concerning mechanisms of ocular dominance plasticity: 1) What

synaptic changes are responsible for the rapid loss of deprived-eye visual

responsiveness observed in primary visual cortex following 2 days of MD?, and

2) Is the morphological plasticity described in deprived-eye geniculocortical
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arbors by Antonini and Stryker (1993) accompanied by changes at the synaptic

level which could be part of the anatomical consolidation of ocular dominance

plasticity? Each of the hypotheses focuses on one of the major synaptic inputs

to layer IV of primary visual cortex, and they will be considered in turn.

4 days of MD does not cause major morphological change in

geniculocortical afferents (Antonini and Stryker, 1996), while 7 days of MD

results in a 50% decrease in the total length of deprived-eye geniculocortical

arbors (Antonini and Stryker, 1993). In spite of the lack of geniculocortical

anatomical change following very short periods of deprivation, just 2 days of MD

causes a saturating loss of cortical visual responses to deprived-eye stimulation

(reviewed in Hensch, 1996). One hypothesis to explain this temporal mismatch

in the physiological and morphological plasticity is that deprived-eye

geniculocortical arbors lose presynaptic sites after short periods of MD and that

the absence of presynaptic sites in deprived-eye axon branches serves as a

signal for subsequent branch retraction. If this hypothesis is correct, the

synaptic density (the number of presynaptic sites normalized by the arbor size)

should be lower in deprived than in nondeprived geniculocortical arbors

following 2 days of MD. After 7 days of MD, when substantial deprived-eye

geniculocortical branch retraction has occurred, the relative synaptic density

should be equal in deprived and nondeprived axons. This hypothesis can be

tested by labeling presynaptic sites in either deprived or nondeprived

geniculocortical afferents and measuring the density of these sites after either 2

or 7 days of MD. A method for measuring synaptic density in geniculocortical
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afferents is the subject of Chapter 2 of this thesis, and Chapter 3 contains an

analysis of the effects of MD on relative synaptic densities in deprived and

nondeprived geniculocortical axon arbors.

Alternatively, rapid physiological change in cortical visual responses

could occur by changes in densities of deprived versus nondeprived

intracortical excitatory presynaptic sites. Since deprived-eye ODCs contain

mainly deprived-eye synapses and nondeprived ODCS have mostly

nondeprived synapses, this hypothesis can be tested by measuring the relative

amounts of overall SVP label in deprived and nondeprived ODCs following MD.

The amount of overall SVP in a given location within layer IV primarily reflects

the density of intracortical excitatory presynaptic sites in that location, because

the majority of layer IV synapses are excitatory synapses from other cortical

neurons (Ahmed et al., 1994). If the physiological ocular dominance shift

caused by 2 days of MD is due to changes in intracortical excitatory presynaptic

sites, the most straightforward prediction is that this occurs by a decrease in the

density of intracortical excitatory presynaptic sites in deprived ODCs and/or an

increase in nondeprived ODCs. If plasticity in intracortical excitatory

connections is a substrate for anatomical consolidation of the physiological

changes, then similar differences in the amount of overall SVP label in deprived

and nondeprived ODCs should be observed after longer periods of MD (7

days).

Finally, the loss of deprived-eye responsiveness following 2 days of MD

Could be due to an increase in inhibition of visual responses within deprived
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ODCs relative to the amount of inhibition in nondeprived ODCs. This could

occur through an increase in the density of intracortical inhibitory presynaptic

terminals in deprived ODCs relative to the density in nondeprived ODCs. This

hypothesis can be examined by quantifying the amount of GAD65

immunoreactivity as a measure of density of intracortical inhibitory presynaptic

sites and determining relative GAD65 levels in deprived and nondeprived

ODCs following MD. The predicted results are that GAD65 immunoreactivity

should be higher in deprived ODCs than nondeprived ODCs after 2 days of MD

if the loss of deprived-eye visual responses in layer IV is due to changes in

intracortical inhibitory presynaptic sites. Similarly, if intracortical inhibitory

connections are partially responsible for anatomical consolidation of ocular

dominance plasticity, deprived ODCs should contain higher levels of GAD65

protein than nondeprived ODCs following 7 days of MD. An examination of the

effects of MD on the relative densities of both intracortical excitatory and

intracortical inhibitory presynaptic sites in deprived and nondeprived ODCs

appears in Chapter 4.

Taken together, these experiments also address the possibility that

complementary changes in the density of intracortical excitatory and inhibitory

presynaptic sites take place following MD. If deprived ODCs exhibited a

decrease in the density of intracortical excitatory inputs and an increase in the

density of intracortical inhibitory inputs relative to nondeprived columns, these

changes could cancel each other and produce no net alteration in the overall

distribution of presynaptic sites. If the only measure of the effects of MD on layer
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IV presynaptic sites were the density of SVP label, complementary changes in

excitation and inhibition might not be detected. However, they would be

detected as changes in the distribution of GAD65 immunoreactivity, since

GAD65 specifically labels only intracortical inhibitory presynaptic sites in layer

IV of primary visual cortex.
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Figure 1 Neural pathways to primary visual cortex in the cat. While both eyes

send retinogeniculate axons contralaterally to lamina A and ipsilaterally to

lamina A1 of the lateral geniculate nuclei, only the left LGN is depicted here for

reasons of clarity. Similarly, laminae A and A1 in each LGN make

geniculocortical projections to partially overlapping regions of layer IV of

ipsilateral primary visual cortex, but only the left visual cortex is indicated in this

figure. See text for details.
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Figure 2 Major synaptic inputs to layer IV primary visual cortical neurons in

the cat. Numerically, the 3 main inputs to spiny stellate cells in layer IV are

excitatory geniculocortical, intracortical excitatory (from layer IV and layer Vl

neurons), and intracortical inhibitory (from other layer IV neurons). Black

triangles indicate excitatory presynaptic terminals, white triangles are inhibitory

presynaptic terminals, and black circles are dendritic spines. Adapted from

Ahmed et al. (1994).
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Chapter 2

A method for measuring colocalization of presynaptic

markers with anatomically labeled axons using double

label immunofluorescence and confocal microscopy

Abstract

Information concerning the location and distribution of presynaptic

neurotransmitter release sites within anatomically labeled axons would be of

value for a large number of studies in functional anatomy, development, and

plasticity. Here we report a method for localizing presynaptic sites within

identified arbors of interest using anterograde anatomical tracer injections to

label axonal projections and synaptic vesicle protein (SVP) antibodies to label

presumptive presynaptic terminals. The axons and presynaptic sites are

independently visualized with double label immunofluorescence and confocal

microscopy. Stacks of images representing adjacent focal planes are collected,

and image processing techniques are applied to identify the location of each

axonal branch segment and each cluster of SVP label in three-dimensional

space. Segmentation of the SVP label into distinct pixel clusters in three

dimensional space, followed by colocalization of these clusters with the labeled

axons (object-based analysis), yields much more reliable and sensitive

measures of colocalization than a simple determination of the number (or

Summed intensities) of colocalized pixels in a single optical section (pixel
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based analysis). The method has been extended to measure the colocalization

of antigens that are not located at the presynaptic terminal with a labeled

population of axons.

Introduction

Studies using light microscopy to investigate the morphology of single

arbors have provided important information about basic neuroanatomy,

development, and plasticity (Humphrey et al., 1985; Antonini and Stryker,

1993b). Although anatomical identification of presynaptic terminals of labeled

axons would be useful for addressing a wide range of neurobiological

questions, this can be difficult to achieve at the light microscope level. While

many presynaptic terminals in the mature brain are associated with clear

swellings of the axon, such synaptic boutons are often not apparent earlier in

development or during periods of plasticity (LeVay and Stryker, 1979; Antonini

and Stryker, 1993a). More accurate measurements of the location and

distribution of presynaptic neurotransmitter release sites within axons of interest

is possible at the electron microscope level (Freund et al., 1985; Hamos et al.,

1987; Friedlander et al., 1991). However, electron microscopic studies can be

very time- and labor-intensive, especially when three-dimensional

reconstructions of synapses from serial sections are required. As a result, the

number of axons in an electron microscopic study is typically low, and often only

a portion of a given axonal arbor is analyzed. Furthermore, the amount of time
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required makes studies of development or plasticity, for which measurements

must be made at multiple time points, very difficult.

Recently, the availability of synaptic vesicle protein (SVP) antibodies has

allowed the visualization of presumptive presynaptic terminals at the light

microscope level using standard immunohistochemical techniques (Hooper et

al., 1980; Matthew et al., 1981; Wiedenmann and Franke, 1985; see Südhof,

1995 for a review). Colocalization of these immunolabeled presynaptic sites

with label from anatomical tracer molecules provides a means of identifying the

location and distribution of SVP label in axons of interest that have been

labeled using standard tract-tracing methods (Pinches and Cline, 1998). Since

SVP antibodies label all of the presynaptic sites in a tissue section, a method is

required for visualizing only the small fraction of total presynaptic sites that are

located within the labeled axons. This can be accomplished by generating thin

optical sections of double labeled immunofluorescent tissue with a confocal

microscope.

Although confocal microscopy can be effective at removing a substantial

amount of signal generated by labeled structures located above and below the

focal plane of interest, the top and bottom surfaces of an optical section are not

absolute. Every fluorescently labeled structure has a point spread function that

describes how the fluorescent signal from the structure decreases as it is moved

away from the center of the optical section (out of the focal plane). The shape of

this function will depend in part on the thickness of the optical section, which is

determined in turn by the optics and aperture size of the confocal microscope
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(Carrington et al., 1990). Fluorescently labeled structures above and below the

focal plane will contribute some out of focus scatter to any given optical section.

In the case of Colocalization of presynaptic sites with labeled axons, such

Scatter may lead to false positive colocalization of a labeled axon branch with a

presynaptic site that is actually located within an unlabeled axon that is

immediately above or below the labeled axon. This false positive artifact may be

Substantial even if the amount of out of focus contribution from each presynaptic

site is extremely small, because only a small percentage of the total axons in a

given field is likely to contain the anatomical tracer. Therefore, the number of

presynaptic sites within unlabeled axons will be much larger than the number of

sites within labeled axons. If the amount of colocalization were quantified using

a pixel-based analysis, that is, by simply counting the number of apparently

Colocalized pixels (or summing their intensities) in single optical sections, the

false positive artifact could contribute substantially to, or even dominate, the

Colocalization measurement.

To address the problem of false positive colocalization artifact, we have

used image thresholding and segmentation techniques to separate the clusters

of SVP labeling into distinct objects whose three-dimensional positions can be

accurately determined in a stack of serial optical sections (object-based

analysis). This method allows much more precise measurement of

colocalization of individual presynaptic sites with the labeled axons of interest

than would be possible using measurements from a pixel-based analysis of a

single optical section. This object-based analysis is also useful for determining
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whether a given antigen is colocalized with a population of labeled axons even

if the antigen is not expressed at the presynaptic terminal.

Materials and methods

Confocal microscope calibration

The point spread function of the Biorad MRC600 confocal microscope

used in these experiments was derived using 0.2 pm diameter fluorescent

beads (supplied by Biorad (Hercules, CA)). Beads were imaged with a zoom

setting of 4.0 through a 60x oil immersion lens with a numerical aperture of 1.4.

Stacks of adjacent optical sections separated by 0.5 pum were collected and

analyzed. Pixel noise was removed by smoothing the image with a 3x3 kernel

(using a coefficient of 4 in the central pixel and 1 in the adjacent pixels) and

then thresholding so that only pixels with a value greater than 2 (on a scale of 0

255) were retained (for explanations of image processing techniques used in

this paper, see Russ (1995)). Individual beads were followed through as many

optical sections as possible before the signal decreased below threshold. Their

mean pixel intensity was then measured in each of these optical sections, and

the point spread function was computed.

Tissue preparation

All animals used in this study were kittens from our breeding colony at

the University of California, San Francisco that were 40 days old on the day of

sacrifice. On postnatal day 28, geniculocortical axons were labeled by
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iontophoretic injections of the anterograde neuronal tracer Phaseolus vulgaris

leucoagglutinin (Pha-L) into the lateral geniculate nucleus. This procedure is

described more completely by Antonini and Stryker (1993a). Briefly, brain

tissue was fixed by transcardial perfusion with 4% paraformaldehyde, and 70

80 pum sections of primary visual cortex were cut on a vibratome. Axons

containing Pha-L were labeled with a polyclonal goat anti-Pha-L antibody

(Vector, Burlingame, CA) and visualized with a Cy3 donkey anti-goat IgG

secondary antibody (Jackson, West Grove, PA). Synaptophysin was labeled

with a monoclonal mouse anti-synaptophysin antibody (Boehringer Mannheim,

Indianapolis, IN) followed by a biotinylated horse anti-mouse IgG secondary

antibody (Vector). Cy5 labeled egg white avidin (Jackson) allowed

visualization of the synaptophysin label. Further details of the

immunohistochemical procedures will be presented in a forthcoming paper

(Silver and Stryker, in preparation).

Polyclonal rabbit anti-TrkB23 antibodies (raised against amino acid

residues 23-36 of the rat TrkB sequence; Yan et al., 1994) and anti-TrkB348

antibodies (raised against amino acid residues 348-363 of the rat TrkB

sequence; McCarty and Feinstein, 1998) were obtained from Monte Radeke

and Stuart Feinstein and were visualized with a Cy5 donkey anti-rabbit IgG

antibody (Jackson). A paper fully describing the use of these anti-TrkB

antibodies in kitten primary visual cortex and geniculocortical afferents is also

forthcoming (Silver, Radeke, Feinstein, and Stryker, in preparation).

Monoclonal mouse anti-GAD65 antibodies (Chang and Gottlieb, 1988) in a
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GAD-6 hybridoma supernatant were obtained from the Developmental Studies

Hybridoma Bank maintained by the Department of Pharmacology and

Molecular Sciences, Johns Hopkins University School of Medicine, Baltimore,

MD, and the Department of Biological Sciences, University of Iowa, Iowa City,

IA, under contract NO1-HD-6-2915 from the NICHD.

Image collection

All confocal images processed for colocalization analysis were collected

using a 60x oil immersion lens with numerical aperture = 1.4, zoom setting =

2.0, aperture setting = 3 (corresponding to an aperture size of 2.16 mm), z-step

= 1 pum, and image size = 768 x 512 pixels. This resulted in a pixel size of 0.133

pum. During image collection, the gain and black level microscope values were

set so that the full range of pixel intensities was used (0-255) with very little

saturation at either end of the intensity range. Excitation filters were used such

that when images of Cy3 label were being collected, only the yellow line (568

nm) of the krypton/argon laser illuminated the sample. Similarly, when images

of Cy5 label were being collected, only the red line (647 nm) was used for

illumination.

Image processing

All image processing was performed on a Macintosh computer using the

public domain NIH Image program (developed at the U.S. National Institutes of

Health and available on the Internet at http://rsb.info.nih.gov/nih-image■ ). The
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Colocalization analysis described in this paper was done with a customized

version of NIH Image which is freely available for public use. The program and

its documentation can be downloaded from

http://phy.ucsf.edu/~id■ /colocalization.htm

Most of the descriptions and examples in this paper are taken from tissue

labeled with anti-synaptophysin antibodies. For this reason, we refer to the

labeled punctate structures as presynaptic sites. However, we found that all of

these procedures apply equally well to measurement of colocalization of

GAD65- or TrkB-positive punctate structures with labeled axons. Minor

differences between the procedure for measuring synaptophysin colocalization

and the procedures for measuring GAD65 or TrkB colocalization are mentioned

in the text. Otherwise, the term presynaptic site is used to refer generically to a

labeled punctate structure for which levels of colocalization with labeled axons

are being measured, with synaptophysin serving as the prototypical example.

Based on the computed point spread functions of the fluorescent beads,

it was concluded that a distance of 1 pum between adjacent optical sections was

sufficient to accurately determine the location of presynaptic sites in three

dimensional space. Because penetration of the anti-synaptophysin antibodies

into tissue sections is very poor (Calhoun et al., 1996), the brightest optical

section in the stack was designated the reference section (the focal plane of

interest) and colocalization within this section was measured by comparison

with the optical sections immediately above and below this section. This

procedure decreases variability between tissue sections, as images can be

35



Collected at the same depth in all tissue sections, thereby normalizing for

Sources of variability that are dependent on depth such as antibody penetration

and the amount of light scattered by the tissue. The brightest optical section

was always very close to the top surface of the tissue section.

After the unlabeled cell bodies and blood vessels in the synaptophysin

images were traced and masked, the images were thresholded at a level such

that the number of pixels above threshold was equal to (total pixels in image -

number of cell body and blood vessel pixels)/10. Relative threshold levels

higher than this caused some of the more faintly labeled presynaptic sites to fall

below threshold, while lower relative threshold levels resulted in poor

Separation of individual presynaptic sites. Presynaptic sites that formed a

contiguous region that was above threshold were segmented from one other

using the following procedure: seed pixels were manually placed in the center

of each presynaptic site, and an iterative dilation procedure was used to radially

expand these seeds until they reached either the edge of the object (as

determined by the threshold) or the edge of another expanding seed. In the

latter case, the program automatically placed a one pixel wide boundary

between the two expanding seeds. To correct for differences in overall image

intensities in adjacent optical sections, the pixel histograms of the sections

immediately above and below the reference section were quantitatively

matched to the pixel histogram of the reference section.

In the case of the anti-TrkB antibodies, the cell bodies themselves

Contained punctate label that was difficult to distinguish from the neuropil label.
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For this reason, pixels within cell bodies and blood vessels were not masked for

the TrkB images. The threshold level for TrkB was set so that the number of

pixels above threshold was equal to 2% of the total number of pixels in the

image.

Colocalization analysis

After exclusion of the presynaptic sites located above or below the

reference section (see Results), colocalization analysis was performed. A given

presynaptic site was considered to be colocalized with an axon segment if the

percentage of pixels contained within the presynaptic site that were also located

within axon segment boundaries exceeded a criterion. Also, size criteria were

used such that a colocalized object was only included in the final measurement

if its size was at least three pixels for synaptophysin and GAD65 and at least

two pixels for TrkB. These size criteria were chosen so that the smallest

colocalized punctate structures for a given label were included in the

colocalization measurements without also including spurious colocalizations

due to pixel noise. The colocalization index for a given field was defined as

—º-
(a)[s: (t/n)]

where p = the total summed intensities of all synaptophysin, GAD65, or TrkB

pixels within colocalized presynaptic sites, a = the number of Pha-L-positive

pixels within axon segments localized to the reference section, s = the average

pixel intensity of the synaptophysin, GAD65, or TrkB label in the entire field

following thresholding, t = the total number of pixels in the field, and n = the
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total number of neuropil pixels in the field (the pixels remaining after the cell

bodies and blood vessels have been removed from the analysis).

The rationale for defining the colocalization index in this way is as

follows: p represents the total absolute amount of colocalization in the field.

However, this value will include many factors that vary from field to field that are

not of biological interest. The contribution of these sources of variability to the

colocalization index can be removed by including appropriate normalization

terms in the index. The a term is the normalization factor for the amount of Pha

L label in the field. Obviously, a field with many labeled axons in it will be likely

to have more total Colocalization than a field with fewer axons, and this

difference should be corrected in the computation of the colocalization index.

Similarly, the s term serves to normalize for differences in overall intensity of

SVP label across fields. These could be due to differences in quality of

perfusion, penetration of antibody, or gain or black level settings on the confocal

microscope. The value of the s term will also vary depending on the fraction of

the field that consists of neuropil. Since the cell bodies and blood vessels in the

non-neuropil portion of the field have no SVP label (and therefore can contain

no presynaptic colocalizations), they will decrease the value of s. This

decrease is corrected by the t■ n term. If the field were to consist of 100%

neuropil, n and t would be equal, and the colocalization index would be

unchanged. If the field were only 50% neuropil, t■ in would have a value of 2,

and consequently the s term would be multiplied by a factor of 2 to correct for

the fact that only half of the field is being considered for colocalization analysis.
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In the theoretical limit of a field with 0% neuropil, no colocalizations are

possible, and the colocalization index would be mathematically undefined.

Biological controls

To quantitatively estimate the contribution of out of focus presynaptic

sites to the colocalization results, the entire object-based analysis was

performed on GAD65 presynaptic sites and Pha-L labeled geniculocortical

afferents (see Figure 5). We considered the colocalization index obtained for

these two labels to represent only false positive artifact (noise), while the

colocalization index for synaptophysin and Pha-L labeled afferents represents a

combination of real colocalizations as well as false positive artifacts (signal +

noise). Therefore, the signal-to-noise ratio for the measurement is defined as

(s-g)/g, where s = the colocalization index for synaptophysin with Pha-L

labeled afferents, and g = the Colocalization index for GAD65 with Pha-L

labeled afferents.

To provide a reference with which to interpret colocalization indices, the

amount of colocalization expected based on random overlap of the two labels

was computed by performing colocalization analysis on an axon image and a

synaptophysin, GAD65, or TrkB image that were collected from different and

unrelated parts of a tissue section (although still within portions of primary visual

cortex that contained Pha-L labeled geniculocortical axons). This is called the

Shuffled condition by analogy to electrophysiological cross-correlation studies.

Two labels are colocalized above the expected amount due to random overlap
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when the experimental colocalization index is significantly greater than the

shuffled colocalization index. When the experimental value is significantly less

than the shuffled value, the two labels are anticolocalized (they coincide less

than expected based on random overlap).

Statistical comparison of object-based and pixel-based analyses

To test the sensitivity of the object-based colocalization analysis used in

this paper, a comparison was made with a more conventional pixel-based

analysis. Object-based and pixel-based analyses were carried out on identical

images for both the experimental and shuffled conditions. This produced a set

of colocalization index values for the experimental condition and a separate set

for the shuffled condition. If the experimental group and the shuffled group are

statistically distinguishable from each other, the amount of colocalization

determined by the analysis is significantly different from that based on random

overlap of the two labels. Because it is not certain that these data are normally

distributed, the nonparametric Mann-Whitney test was used to compare the two

groups and a p value of 0.05 was used as the criterion for significance. This

statistical comparison between the experimental and the shuffled condition was

made for both the pixel-based and object-based analyses.
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Results

Point spread function

Before collecting colocalization data on tissue sections, it was important

to calibrate the confocal microscope and determine the point spread function for

a sample consisting of objects of known size. Fluorescent beads of 0.2 pm

diameter were imaged using a 60x oil immersion lens, and the average pixel

intensities of individual beads were measured at a series of depths separated

by 0.5 pum. The procedure was repeated on the same beads for two different

aperture settings on the confocal microscope. Figure 1 shows the profile of

mean pixel intensity relative to the maximum mean intensity of a given bead

versus depth in the sample. The width at half-height of this function provides an

index of resolution along the z-axis. This measure was 1.74 + 0.10 pm for an

aperture size of 1.67 mm (aperture setting of 2 on the Biorad MRC600 confocal

microscope), and it was 1.74 + 0.07 pum for an aperture size of 2.65 mm

(aperture setting of 4). Three conclusions follow from this calibration: 1) under

these conditions, resolution in the z-axis is not highly sensitive to aperture

setting, 2) even very small particles can show substantial signal in multiple

optical sections, and 3) despite this spread of fluorescent signal, comparison of

adjacent optical sections spaced 1 pum apart allow the accurate localization of

Small particles to a single optical section.
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False positive colocalization artifact can contribute substantially to

colocalization measurements

The spread of signal across multiple optical sections presents a

significant source of false positive artifact in the measurement of colocalization

of presynaptic sites and labeled axons, since the diameters of these structures

are comparable to the thickness of a single optical section. Figure 2 indicates

an example of this. In this case, a segment of labeled axon and a presynaptic

site have overlapping locations in the xy plane but are separated by

approximately 2 pum in the z-axis. Because of the spread of the fluorescent

signal, the two appear to be colocalized in the central optical section if the

measure of colocalization is the number or summed intensities of yellow pixels

in the false color overlay. However, if the cluster of SVP label and the segment

of labeled axon are treated as objects with well defined boundaries, they can

then be localized in three-dimensional space. In this way, more accurate

Colocalization is possible.

The methods used here for defining the boundaries of labeled axons and

Clusters of SVP labeling differ. For axons, the optical section of interest (the

reference section) is manually compared to optical sections immediately above

and below to determine which portion of each labeled axon branch is brighter in

the reference section than in the optical section either above or below. This

boundaries of these axon segments are traced by hand, and the image is

binarized.
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For presynaptic sites, the clusters of SVP label are first segmented from

each other in the reference section. This is accomplished by thresholding the

image such that the brightest 10% of the pixels in the neuropil retain their

values and all other pixels are set to 0. The choice of this method versus a

method that uses an absolute threshold level allows for normalization of several

sources of fluorescent signal variability from field to field including, but not

limited to, quality of perfusion of the animal, amount of antibody penetration,

differences in gain and black level microscope settings, and amount of tissue

photobleaching. Before any thresholding can occur, the pixels located in the

neuropil must be identified and separated from those within cell bodies and

blood vessels. Because there is no SVP label inside of cell bodies or blood

vessels, these pixels should be excluded from further colocalization analysis *** * * *

(see Materials and methods for details). The boundaries of the cell bodies and - " . .

blood vessels are traced by hand, and all of the pixels within and including the º -

boundaries are masked and removed from further analysis. The remaining º º

neuropil pixels are then thresholded.

Thresholding and segmentation allow presynaptic sites to be analyzed as

objects instead of sets of pixels

Although thresholding creates well defined boundaries for many of the

presynaptic sites, sometimes neighboring clusters of SVP label are above

threshold and form one contiguous object (Figure 3). For colocalization

analysis to be accurate, these presynaptic sites should be segmented from
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each other and analyzed independently. This is accomplished by manually

indicating the pixel that is closest to the center of each presynaptic site. These

seed pixels become the centers of expanding rings which continue expanding

until they either reach a presynaptic site edge defined by the threshold

operation or until they encounter another expanding ring. In the latter case, a

one pixel wide boundary is created between the two contiguous presynaptic

sites, thereby effectively segmenting them.

Colocalization in three dimensions

To determine the location of segmented presynaptic sites along the z

axis, it is necessary to compare pixel intensity values in adjacent optical

sections. This comparison is only meaningful if the average intensity of neuropil

SVP label is equivalent in the optical sections that are being compared.

Unfortunately, equivalence is rarely the case, because optical sections that are

nearer the surface of the tissue section are subject to less light scattering and

typically have better antibody penetration than deeper optical sections. To

correct for these overall changes in SVP label as a function of depth, the pixel

intensity histograms of the optical sections immediately above and below the

reference section are matched to the reference section histogram. Histogram

matching refers to an image processing algorithm that does not change the rank

ordering of pixel intensity values in an image but simply reassigns the values to

match some other distribution. This matching procedure is a valid correction

only under the assumption that the true distributions of the labeled objects are

*...*ºr *
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similar throughout the series of optical sections under consideration. This

assumption is correct in the case of synaptic vesicle clusters, but it may not be

Correct in other circumstances.

After the match histogram procedure is complete, each cluster of SVP is

Classified either as 1) a presynaptic site truly located in the reference section, or

2) a presynaptic site located in a section above or below the reference section

and contributing out of focus scatter to the reference section. This is

accomplished by defining the set of xy pixel coordinates contained within the

presynaptic site in the reference section and then comparing the mean intensity

values of this set of pixels to the set of pixels in the same xy locations in the

Optical Sections immediately above and below the reference section.

Whether a given presynaptic site in the reference section is colocalized with a

segment of labeled axon in the same plane depends on the amount of overlap

of the two objects. Given that fluorescent images of objects have some spread

both in the xy plane and along the z-axis, the relationship between the physical

boundaries of the object and the boundaries of the fluorescent image of the

object is not known quantitatively and is difficult to determine with precision. To

address this issue, a quantitative estimate of the incidence of false positive

artifactual colocalizations for a range of different colocalization stringencies was

needed.

To determine colocalization, thalamic afferents projecting to layer IV of

P40 kitten primary visual cortex were labeled with the anterograde neuronal

tracer Phaseolus vulgaris leucoagglutinin (Pha-L). The Pha-L was visualized
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with an anti-Pha-L antibody, and presynaptic sites were labeled with an anti

synaptophysin antibody. To estimate the amount of false positive artifact due to

out of focus presynaptic sites, a control antibody against GAD65 was used.

GAD65 is an isoform of glutamic acid decarboxylase that is localized primarily

to presynaptic terminals of GABAergic inhibitory neurons (Kaufman et al., 1991;

Esclapez et al., 1994). Because the geniculocortical afferents make only

asymmetric (and therefore excitatory) synapses (Garey and Powell, 1971;

Freund et al., 1985), any apparent colocalization between GAD65-positive

presynaptic sites and Pha-L-positive geniculocortical afferents is considered to

be false positive colocalization artifact. Since the spatial statistics of

synaptophysin labeling and GAD65 are similar in our images (Figure 4), it is

appropriate to quantitatively compare the colocalization indices obtained for

synaptophysin and Pha-L labeled axons with those from GAD65 and Pha-L

labeled axons.

Effects of varying colocalization stringency

Since all apparent GAD65 colocalizations are artifactual, they can be

considered noise in the measurement, while synaptophysin colocalizations will

presumably be a combination of this noise and actual colocalizations (signal).

Therefore, a signal-to-noise ratio for colocalization analysis can be computed

for a variety of colocalization stringencies. In this case, colocalization

stringency is a threshold value of the percentage of pixels in an individual

presynaptic site that are also located within the boundaries of a labeled axon
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Segment. For each presynaptic site, this percentage must exceed the

stringency criterion to be counted as colocalized with the labeled axon

segment.

Figure 5 demonstrates that as the colocalization criterion is made more

stringent, the colocalization index decreases for both synaptophysin and

GAD65. However, the relative size of this decrease is greater for GAD65 than it

is for synaptophysin, indicating that increasing the stringency has the effect of

selectively removing the contribution of false positive colocalizations to the

colocalization index. That is, although some genuine colocalizations are

excluded by making the colocalization criterion stricter, many more false

positive colocalizations are excluded in the process. This is also demonstrated

by the signal-to-noise ratio measurements which indicate that the signal-to

noise ratio continues to increase up to a colocalization stringency of 100%

(Figure 5).

Object-based colocalization analysis is more reliable and more sensitive than

pixel-based analysis

Although the object-based colocalization analysis presented so far

shows that the method can correctly discriminate a presynaptic marker that is

colocalized with labeled geniculocortical axons (synaptophysin) from one that is

anticolocalized with the same population of axons (GAD65), the necessity of

using an object-based analysis to accomplish this rather than a pixel-based one

has not been demonstrated. To show this, the colocalization analysis was
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carried out on Pha-L labeled geniculocortical afferents and an antibody raised

against a portion of the high affinity neurotrophin receptor (anti-TrkB23). A

direct comparison of pixel-based and object-based colocalization analyses of

the same raw images was made. The differences between the two analyses

were that the pixel-based analysis did not include segmentation of the label into

objects, comparison of adjacent optical sections for determining the location of

the labeled structures in three dimensions, or a size criterion for colocalization.

Otherwise, the two analyses were identical, including the tracing of axon

segments located within the focal plane of interest and the use of the

colocalization index defined in section 2.5. Figure 6 clearly shows that the

object-based analysis excludes false positive colocalization artifacts which are

present in the pixel-based analysis.

To quantify these differences, the computed colocalization indices for

pixel-based and object-based analyses were compared to the amount of

colocalization that would be expected based on random overlap of the Pha-L

and TrkB23 labels (the shuffled condition, see Materials and methods for

details). Although the pixel-based analysis suggests that the amount of

colocalization of TrkB23 with labeled geniculocortical axons is not significantly

different from the expected amount of colocalization based on random overlap

of the two labels (p-0.5, Mann-Whitney test), the object-based analysis

produces a colocalization index that is significantly greater than random levels

of colocalization (p<0.05, Mann-Whitney test). In addition to demonstrating that

the object-based analysis is significantly more sensitive than the pixel-based
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analysis in this case, this example also shows that the colocalization method

presented here can be used to determine whether a given antigen of unknown

subcellular distribution is expressed on an axon population of interest as well

as being used to measure the density of presynaptic sites in labeled axons.

Discussion

We have presented an object-based method for measuring the amount of

colocalization of immunofluorescently labeled antigens with a population of

axons that are labeled with an anatomical tracer. If the antigen is a synaptic

vesicle protein or other marker of presynaptic terminals, the method can be

used to quantitatively measure relative densities of presynaptic sites within

axons of interest. The density of label can be expressed as either the number of

clusters of SVP label per unit length of labeled axon or the total amount of SVP

label per unit length of labeled axon. These measures are useful for

characterizing changes in density or distribution of presynaptic sites during

development or plasticity (Silver and Stryker, in preparation).

For other antigens for which the subcellular distribution is not completely

characterized, the Colocalization method described here can be used to

determine whether the amount of colocalization of the antigen with the axons of

interest is significantly greater than or less than the amount of colocalization

expected based on random overlap of the two labels. Although a measured

colocalization index that is not significantly different from the amount expected

based on random overlap is an indeterminate result with respect to whether
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than antigen is colocalized with the axons of interest, a result in which the

colocalization index is significantly greater than the random levels is clear

evidence for absolute colocalization and provides a relative measure of the

amount of this Colocalization.

While the examples presented in this paper stress the advantages of

object-based colocalization over a pixel-based approach, for many applications

the differences between the two methods are not substantial. In preparations

where the three-dimensional location of the antigens and axons are known

precisely, the two methods are equally valid. This would be the case for most

colocalization analyses using cell cultures. Additionally, if the pattern of

expression of the antigen of interest is not punctate but instead labels structures

much larger than the width of the optical section, an object-based analysis is not

appropriate, since the objects cannot be definitively localized to a single focal

plane. This situation may arise if the antigen is expressed throughout the cell or

continuously throughout the entire axonal arbor of a neuron. In this case,

providing the label is not too dense, the three-dimensional shape of the label

should allow for an accurate determination of Colocalization.

The object-based analysis is particularly well suited for applications in

which the antigen of interest labels punctate structures whose size is equal to or

less than the thickness of the optical section. An object-based approach

becomes essential if there is a substantial amount of labeling of the antigen of

interest in neuropil structures that are located in the area of projection of the

labeled axons of interest. These could include dendrites, other axons, or glia.

**
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The possibility of substantial false positive colocalization artifact is proportional

to the amount of antigen label in these structures, and pixel-based analyses

cannot reliably distinguish true colocalization from the apparent colocalization

observed when a labeled punctate structure is located in the focal plane just

above or just below the labeled axon (see Figures 2 and 6).

Given that most injections of anterograde neuronal tracers label a

relatively small number of cells, the portion of the neuropil volume in the area of

projection that is actually occupied by labeled axons will typically be very small.

Therefore, even if the probability of incorrectly categorizing an individual

apparent (false positive) colocalization as an actual colocalization can be very

low, the fact that the pool of potential artifactual colocalizations will typically be

substantially larger than the pool of actual colocalizations means that the

amount of false positive colocalization artifact in an entire field can be very high

if steps are not taken to reduce it. As we have demonstrated here, the object

based colocalization analysis effectively separates actual colocalizations from

false positive artifactual colocalizations and thereby provides a reliable and

accurate measure of colocalization of a given antigen of interest with a

population of labeled axons.
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Figure 1 Spread of fluorescent signal across adjacent optical sections in

stacks of confocal images. 0.2 pm fluorescent beads were imaged in a stack of

adjacent focal planes separated by 0.5 pm. The average mean pixel intensity of

each bead was calculated for every focal plane in which the bead could be

detected and then normalized such that the maximum mean pixel intensity was

set equal to 1. The focal plane containing the maximum mean pixel intensity for

each bead was defined as depth 0 pm, and the other optical sections in the

stack were assigned values relative to this central focal plane. This allowed the

construction of point spread functions to estimate the spread of fluorescent

signal as a function of depth in the sample. The shape of this function can be

summarized in a single metric by computing the width at half-height.
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Figure 2 Spread of fluorescent signal can lead to false positive colocalization

artifact. The rows show immunofluorescence from three adjacent optical

sections 1 pm apart collected from kitten primary visual cortex. The columns

indicate presynaptic sites labeled with synaptophysin, a geniculocortical axon

segment labeled with the anterograde neuronal tracer Pha-L, and a false color

overlay of the two. In the optical section at top, the blue vertical arrows indicate

a presynaptic site that shows more fluorescent signal in the -1 pum optical

section than it does in the 0 pm optical section, suggesting that its true location

in depth is in the -1 pum section. In the optical section at bottom, the portion of

the axon segment corresponding to the xy location of this presynaptic site is

indicated by the purple diagonal arrows. This portion of the axon segment

shows maximal fluorescent signal in the +1 pum optical section, suggesting that ºs

its location in depth is in the +1 pum optical section. The white arrow in the

middle optical section shows the false positive colocalization of the presynaptic

site and axon segment that would have been considered an actual ***

colocalization if only the central optical section images had been analyzed and

no comparisons had been made between adjacent optical sections. Scale bar

= 1 p.m.
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Figure 3 Image thresholding and segmentation allows separation of

individual clusters of SVP label for further object-based analysis. A, Low power

raw image of synaptophysin immunofluorescence. Punctate labeling of

presynaptic sites is present in the neuropil, and staining is absent from cell

Somata. Box indicates the portion of the image used for image processing in

panels B-D. B. Higher power view of the boxed region in panel A. C. The same

image shown in panel B thresholded such that the brightest 10% of the pixels in

the field retained their intensity values and all other pixels were set to a value of

0. D, Segmentation of individual presynaptic sites following placement of seed

pixels and subsequent iterative dilation (see Materials and methods for details).

Arrows indicate the one pixel wide boundary used to segment contiguous

Clusters of SVP label. Scale bar = 5 pm in A; 1 pm in B, C, and D.
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Figure 4 The overall spatial statistics of synaptophysin and GAD65

immunofluorescence are similar, thereby allowing quantitative comparison of

their colocalization indices. A, thresholded synaptophysin

immunofluorescence. B, thresholded GAD65 immunofluorescence. The

patterns of synaptophysin and GAD65 label consist of punctate structures of

approximately the same size distribution and density. Scale bars = 1 p.m. C,

colocalization indices of synaptophysin and GAD65 with Pha-L labeled

geniculocortical axons in the shuffled condition (see Materials and methods).

Synaptophysin or GAD65 images collected in one part of the tissue section

were colocalized with Pha-L axon images collected in either a different

unrelated region of the same section or in a different section entirely (n = 6 pairs

of images). The resulting colocalization indices give an estimate of the amount

of colocalization expected based on random overlap of either synaptophysin or

GAD65 with the Pha-L label. Two presynaptic labels with similar spatial

statistics should give similar colocalization indices when colocalized with axons

in the shuffled condition, although of course their actual colocalization indices in

the experimental condition could be quite different from one another when

carried out on pairs of images collected from the same field.
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Figure 5 Synaptophysin immunofluorescence is significantly more

colocalized with Pha-L-labeled geniculocortical axons than is GAD65

immunofluorescence with the same population of axons, and the difference

between synaptophysin and GAD65 becomes greater with increasing

colocalization stringency. Colocalization stringency is defined as the minimum

percentage of pixels in a cluster of antigen label that must overlap with a

labeled axon in order to be considered colocalized. Since the amount of actual

colocalization of the GAD65 antigen and the geniculocortical axons is 0, any

apparent colocalization of these two labels is defined as noise (false positive

colocalization artifact) in the measurement. The apparent colocalization index

for synaptophysin is considered to be a combination of this noise and real

colocalizations (signal). Therefore, the “signal-to-noise ratio" is computed as

the difference in the colocalization indices for synaptophysin and GAD65

Clivided by the colocalization index for GAD65 (see Materials and methods). For

eall colocalization stringencies examined, the colocalization index for

synaptophysin (squares) is greater than that of GAD65 (circles). In addition, the

signal-to-noise ratio (triangles) increases as the colocalization stringency

increases (n = 6 pairs of images). This indicates that while increasing

COlocalization stringency decreases both signal and noise, proportionately

ºn Ore noise than signal is removed, resulting in a more sensitive and accurate

"Tº easure of colocalization. Note that it is appropriate to compare quantitatively

***e colocalization indices for synaptophysin and GAD65 because the spatial

**=tistics of the two labels are so similar (see Figure 4).
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Figure 6 The use of object-based analysis removes much of the false positive

colocalization artifact that is present with pixel-based analysis. A-C. A stack of

three adjacent optical sections showing Pha-L immunofluorescence from a

labeled geniculocortical axon segment in kitten primary visual cortex. D,

Binarized portion of the axon that is located in the reference section. Adjacent

portions of the axon segment located above and below the reference section

have been eliminated from further analysis. E-G, TrkB348 immunofluorescence

from the same stack of optical sections shown in A-C. The arrow in panel F

indicates a potential source of false positive colocalization artifact from a

TrkB348 positive punctate structure that produces signal in the reference

section but is actually located in the optical section 1 pum above the reference

section. The arrowhead in panel Findicates a TrkB348 positive punctate sº ºr ‘’

structure that is actually located in the reference section. H, Panel F following º

intensity thresholding. Only those pixels that make up the 2% of the brightest

pixels in panel F are shown. Arrow and arrowhead are as in panel F. l. Result

of pixel-based analysis. This is a simple overlay of those pixels in panels D and

H that lie within the binarized axon segment. This pixel-based analysis fails to

exclude the false positive colocalization artifact. As a result, the colocalization

signal has a substantial amount of artifactual noise. J, Result of object-based

analysis. Each segmented object in panel H is treated as a separate set of

pixels which must meet a size criterion (2 pixels in this case). An object is only

considered to be colocalized if it is located entirely within the boundaries of the

binarized axon segment and if it has more signal in the reference section than

65

~

|
Nº.

'''C',

■ º



in either the optical section 1 pum above or 1 pum below. With this object-based

method, the false positive colocalization artifact is excluded. Scale bar = 1 p.m.
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Figure 7 Quantification of the differences between pixel-based and object

based analyses. Twelve pairs of immunofluorescence images of Pha-L labeled

geniculocortical axons and TrkB23 antigen from kitten primary visual cortex of

two animals were analyzed using the pixel-based and object-based methods.

A Colocalization stringency of 100% was used for the object-based analysis.

For the two labels, the expected amount of colocalization based on random

Overlap was estimated by carrying out the colocalization analysis in the shuffled

condition. Percent difference from random was calculated by subtracting the

Colocalization index in the shuffled condition from the colocalization index in the

experimental condition and then dividing by the colocalization index in the

shuffled condition. Therefore, a value of 0 indicates that the amount of

Colocalization is equal to that expected based on random overlap. Positive ºn- ºr---

values indicate colocalization of the two labels, and negative values suggest - " -

that the two labels are anticolocalized. Error bars show the standard error of the

difference (s.e.d.) which is the square root of the sum of the squares of the

standard errors of the mean (s.e.m.) for the experimental and shuffled

conditions. The pixel-based analysis produces a result that is not significantly

different from the amount of colocalization expected based on random overlap

of the two labels (p-0.5, Mann-Whitney test). It is therefore unable to determine

whether the TrkB23 antigen is localized to geniculocortical axons, presumably

because the measurement is dominated by false positive colocalization artifact.

Object-based analysis, on the other hand, shows an amount of Colocalization

significantly greater than that expected based on random overlap (p<0.05,
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Mann-Whitney test) and therefore clearly indicates that the TrkB23 antigen is |

expressed in geniculocortical axons.
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Chapter 3

Synaptic density in geniculocortical afferents remains
-*

"/",

constant following monocular deprivation in the cat A

Abstract

Monocular eyelid closure in cats during a critical period in development

produces both physiological plasticity, as indicated by a loss of responsiveness

of primary visual cortical neurons to deprived eye stimulation, and

morphological plasticity, as demonstrated by a decrease in the total length of
N--

Q

individual geniculocortical arbors representing the deprived eye. While the

physiological plasticity appears maximal after 2 days of monocular deprivation --
* - - -

J º

(MD), the shrinkage of deprived-eye geniculocortical arbors is less than half -g **

maximal at 4 days and is not maximal until 7 days of deprivation, at which time
- - -

//;

the deprived arbors are about half their previous size. To study this form of º
º ** * R

plasticity at the level of individual thalamocortical synapses rather than arbors, ----- |
we developed a new double label colocalization technique. First,

geniculocortical afferent arbors serving either the deprived or nondeprived eye ] º

were labeled by injection of the anterograde tracer Pha-L into lamina A of the º
■ º

lateral geniculate nucleus. Then, using antibodies to synaptic vesicle proteins ,
(SVPs), we identified presynaptic terminals within the labeled arbors in layer IV

of the primary visual cortex. Analysis of serial optical sections obtained using sº

confocal microscopy allowed measurement of the numerical density of ºº
y

& Y
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presynaptic sites and the relative amounts of synaptic vesicle protein in

geniculocortical afferents following both 2 and 7 days of MD. We found that the

density of synapses in geniculocortical axons was similar for deprived and

nondeprived afferents, suggesting that this feature of the afferents is conserved

even during periods in which synapse number is reduced by half in deprived

eye arbors. These results are not consistent with the hypothesis that a rapid

loss of deprived-eye geniculocortical presynaptic sites is responsible for the

prompt physiological effects of MD.

Introduction

Cells in the visual cortex lose their response to an eye that was deprived

of vision during a critical period in early life (Wiesel and Hubel, 1963b). This

phenomenon, called ocular dominance plasticity, has been studied as a model

for experience-dependent changes in the central nervous system for over thirty

years, but fundamental questions concerning the mechanisms underlying the

physiological and anatomical plasticity induced by monocular deprivation (MD)

remain unanswered. Two days of MD during the critical period for plasticity in

kittens causes a robust and saturating shift in visual responsiveness such that

primary visual cortical neurons respond preferentially to the nondeprived eye

and very poorly or not at all to the deprived eye (reviewed in Hensch, 1996).

Longer periods of MD are sufficient to cause morphological plasticity in the

geniculocortical afferents that terminate in layer IV of the primary visual cortex.

Reconstructions of individual geniculocortical arbors show that, after 7 days of
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MD, deprived-eye arbors retract about half their branches so that the total length l
of deprived arbors within layer IV of the cortex is about 50% of normal (Antonini

and Stryker, 1993b, 1996). 'A',

One possible mechanism for the rapid loss of cortical responsiveness to

the deprived eye caused by 2 days of MD is the loss of presynaptic º

neurotransmitter release sites from the geniculocortical axon branches that are

destined to be eliminated. If presynaptic sites are specifically removed from

some branches of deprived-eye arbors, their absence might provide a signal for

the retraction of those branches. This hypothesis could be tested by measuring

jthe numerical synaptic density (the number of presynaptic sites per unit area of
S

geniculocortical axon) in deprived geniculocortical afferents after 2 or 7 days of
!º

MD. -- º } º

The predicted results of this hypothesis are as follows: 2 days of MD - " . º

should result in a decrease in numerical synaptic density in deprived-eye :
-

//{

afferents. Specifically, if presynaptic sites are selectively removed from . R

deprived-eye axon branches that are destined to be retracted, then the * - - - - |
deprived-eye synaptic density should become approximately 50% of its former

value. With longer periods of MD, we know that many of the branches of the |
§ 1 I

deprived-eye geniculocortical axons retract. If it is only those deprived-eye yº

axon branches which are devoid of presynaptic sites that are withdrawn, then

the synaptic density of the deprived-eye projection will return to normal. Since

there is little morphological change in the geniculocortical arbors serving the

nondeprived eye over this time course (Antonini and Stryker, 1996), the º
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hypothesis predicts that after 7 days of MD, numerical synaptic density in

deprived and nondeprived afferents should again become equal.

More generally, one may hypothesize that the temporal mismatch

between the loss of visual responsiveness to deprived-eye stimulation and the

morphological withdrawal of deprived-eye geniculocortical afferent arbors may

be accounted for by a loss of half of their synapses after 2 days of MD (although

not necessarily only from those branches that will eventually be retracted),

resulting in a transient halving of the numerical density of their presynaptic sites,

followed by a homeostatic restoration of synaptic density to its long-term stable

value, once half the branches of deprived-eye arbors have fully retracted after 7

days of MD. To test this hypothesis, we developed a method for identifying

presynaptic sites in deprived and nondeprived geniculocortical afferents

following MD, for measuring their relative numerical density, and for measuring

the relative amounts of synaptic vesicle protein (SVP) per unit area of axon.

Our results clearly reject the hypothesis and reveal instead a remarkable

conservation of synaptic density throughout a period of dramatic axonal

rearrangement, resulting in a twofold difference between the total numbers of

presynaptic sites in deprived and nondeprived axons. Some of these data have

been presented in abstract form (Silver and Stryker, 1997).
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Materials and methods

Labeling of geniculocortical afferents and monocular deprivation

A total of ten kittens were used for this study. All of them were from the

breeding colony at the University of California, San Francisco and had normal

pigmentation. All procedures were carried out in accordance with the Society

for Neuroscience's Policy on the Use of Animals in Neuroscience Research and

were approved by the Committee on Animal Research, University of California,

San Francisco.

On postnatal day 26-30, the anterograde neuronal tracer Phaseolus

vulgaris leucoagglutinin (Pha-L, Gerfen and Sawchenko, 1984) was injected

into lamina A of the lateral geniculate nucleus (LGN) of both hemispheres. This

procedure has been described in detail by Antonini and Stryker (1993a).

Briefly, kittens were preoperatively administered subcutaneous injections of

0.01-0.02 mg/kg glycopyrolate to control respiratory secretions and 14 mg/kg of

the antibiotic amoxicillin. Anesthesia was initially induced with an intramuscular

injection of ketamine hydrochloride (20 mg/kg) and acepromazine (0.1 mg/kg)

followed by isoflurane. Animals were then intubated, and anesthesia was

continued by delivering a mixture of isoflurane and oxygen through the

endotracheal tube. The depth of anesthesia of the animals was monitored by

continuously measuring respiratory rate, heart rate, end tidal CO2, and response

to a pinch of the paw, and the level of isoflurane was adjusted to keep the

animal in a state of deep anesthesia (usually 1-3% isoflurane). An intravenous

catheter was inserted into a saphanoeus or cephalic vein to deliver lactated
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Ringers solution with 2.5% dextrose throughout the surgical procedure at a rate

of 5-10 mL/kg/hr. Dexamethasone (1-2 mg/kg) was administered intravenously

to control cerebral edema. Pupils were dilated by ocular administration of

ophthalmic atropine sulfate (2%), and the nictitating membranes were retracted

with ocular application of phenylephrine hydrochloride (10%).

A bilateral craniotomy was performed above the lateral geniculate nuclei

(Corresponding approximately to Horsley-Clarke stereotaxic coordinates AP 1 to

AP 8 and ML6 to ML 10). The dura was retracted, and a tungsten

microelectrode was inserted vertically into the cortex overlying the LGN. As the

electrode was lowered into the brain, the eyes were monocularly stimulated

with a flashlight, and electrophysiological visual responses were recorded. A

penetration was considered to traverse the binocular portion of the LGN if

monocular visual responses corresponding to the known response properties of

the eye-specific LGN laminae were observed (Sanderson, 1971). Specifically,

if a pattern of contralateral responses (corresponding to lamina A) followed by

ipsilateral responses (lamina A1) and then contralateral responses (C laminae)

was observed as the electrode was lowered through the LGN, the recording site

was considered to be appropriate for Pha-L injection. The use of these criteria

was essential, since the results of this study depend crucially on labeling a

population of geniculocortical afferents that serve only the contralateral eye and

represent only the binocular portion of the visual field.

After a recording site was identified, the tungsten electrode was removed,

and a glass pipette (tip diameter 10-15 pm) filled by suction with a solution of
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2.5% Pha-L (Vector, Burlingame, CA) in sodium phosphate buffered saline was

lowered along the same trajectory. Visual responses were recorded through the

tip of the pipette, and the pipette was advanced until contralateral visual

responses were obtained. Pha-L was then iontophoretically injected into

lamina A of the LGN using a 2000V compliance current source device

(Stoelting, Wood Dale, IL) that delivered 7-sec pulses of 8 p.A positive current at

50% duty cycle for 4 minutes. Approximately 3 separate Pha-L injections were

made in each LGN. After the scalp incision was sutured, kittens received topical

application of lidocaine ointment to the wound margins as well as

subcutaneous injections of the analgesic butorphenol (total dose = 0.2-0.4

mg/kg). Animals were administered oral amoxicillin (14 mg/kg) twice a day for

several days following the surgery. Monocular lid suture was performed under

isoflurane anesthesia for some animals on either P33 (7-day MD) or P38 (2-day

MD).

Perfusion and tissue processing

Following a 10-14-day period during which the Pha-L was transported to

the geniculocortical afferents in layer IV of the cortex, kittens received an

intraperitoneal injection of pentobarbital (100 mg/kg) to induce deep anesthesia

on postnatal day 40 and were perfused transcardially with 1 L of ice cold 0.1 M

sodium phosphate buffer (pH=7.4) followed by 1 L of ice cold 4%

paraformaldehyde in the same buffer. The brain was blocked in the coronal

plane at AP +10 mm, and the LGNs and primary visual cortices of both
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hemispheres were removed from the skull in a single block of tissue. After one

hour of postfixing at 4°C, each primary visual cortex was dissected from the

block. The pia was removed from each tissue block using fine forceps, and the

tissue was embedded in 5% agar in distilled water and sectioned on a

Vibratome. The block containing the LGNs was cut into 80 pum-thick coronal

sections, and the cortical blocks were sectioned at 70 pum in the coronal plane.

Because the location of the injection sites and cortical labeling were unknown

until after the immunohistochemistry was performed, the entire LGN and primary

visual cortex of each hemisphere was completely sectioned during the 16-48

hours following perfusion. Sections were collected in 20 mM potassium

phosphate with 150 mM sodium chloride (potassium phosphate buffered saline,

KPBS, pH=7.4).

Immunohistochemistry

Standard diaminobenzidine (DAB) immunohistochemistry was

performed to determine the location of Pha-L-labeled neurons within the LGN.

Although every section of the LGN was processed with DAB, only every seventh

section of the visual cortex was processed this way. This allowed the

determination of the anterior and posterior boundaries of the Pha-L-labeled

geniculocortical afferents in the visual cortex but still left most of the sections

containing Pha-L antigen available for double label immunofluorescence. For

DAB immunohistochemistry, sections were incubated for one hour at room

temperature in a blocking solution consisting of 20 mM KPBS, 2.5% bovine
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serum albumin (Sigma, St. Louis, MO), 0.5% Triton X-100, 3% normal rabbit

serum (Vector), and 0.05% thimerosal (Sigma). They were then transferred to a

primary antibody solution consisting of the blocking solution and a goat anti

Pha-L antibody (Vector, used at 1:1000 dilution) and incubated overnight at

4°C. Following three ten minute washes with KPBS, standard procedures were

followed using the Vector ABC peroxidase anti-goat IgG kit. KPBS was used in

all solutions except the final three 10 minute washes preceding the DAB

reaction. 10 mM Tris buffer with 150 mM sodium chloride was used for these

washes and for the DAB reaction itself. The DAB reaction solution contained 0.5

mg/mL DAB, 6.95 mg/mL nickel ammonium sulfate, and 0.01% hydrogen

peroxide. After the DAB reaction, sections were mounted from tap water onto

gelatinized slides, cleared with xylenes, and coverslipped. An animal was only e: - - -

used for this study if both LGNs contained Pha-L-labeled neurons located in the a

A lamina of the LGN. In addition, labeled neurons had to be located in the

region of the LGN in which the binocular portion of the visual field is

represented. Label resulting from injection sites in the monocular segment of

the LGN or in the medial intralaminar nucleus was excluded from further

analysis. Pha-L that was anterogradely transported to axon terminals in primary

visual cortex often labeled distinct ocular dominance columns in layer IV. After

the anterior-posterior boundaries of the cortical label were determined, the

remaining sections from this portion of primary visual cortex were used for

double label immunofluorescence.
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Immunofluorescence

Agar embedding medium was removed from the sections to decrease the

volume they occupied in the antibody solutions. The blocking solution was as

described above except that 3% horse serum (Vector) was added. Sections

were blocked for one hour at room temperature and then transferred to blocking

Solution containing goat IgG anti-Pha-L antibody (Vector; dilution of 1:500) and

one of the following primary antibodies: mouse IgG monoclonal anti

synaptophysin (Boehringer Mannheim, Indianapolis, IN; dilution of 1:10), mouse

IgG monoclonal anti-synaptotagmin antibody (Matthew et al., 1981; provided by

Dr. Louis Reichardt, University of California, San Francisco; dilution of 1:1000),

mouse IgG monoclonal anti-SV2 antibody (Buckley and Kelly, 1985; provided

by Dr. Regis Kelly, University of California, San Francisco; dilution of 1:50), or

mouse IgG monoclonal GAD65 (Chang and Gottlieb, 1988; dilution of 1:5). The

anti-GAD65 antibodies in a GAD-6 hybridoma supernatant were obtained from

the Developmental Studies Hybridoma Bank maintained by the Department of

Pharmacology and Molecular Sciences, Johns Hopkins University School of

Medicine, Baltimore, MD, and the Department of Biological Sciences, University

of Iowa, Iowa City, IA, under contract NO1-HD-6-2915 from the NICHD.

Sections were incubated in primary antibodies for 48 hours at 4°C,

washed 3 times for 10 minutes each in KPBS, and transferred to a secondary

antibody solution containing biotinylated horse anti-mouse IgG (Jackson, West

Grove, PA; dilution of 1:200) and Cy3-conjugated rabbit anti-goat IgG (Jackson;

dilution of 1:100) in blocking solution. After overnight incubation at 4°C,
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Sections were washed three times in KPBS for ten minutes each and then

transferred to a solution containing Cy5-conjugated streptavidin (Jackson;

dilution of 1:100) in KPBS with 0.05% thimerosal and then incubated overnight

at 4°C. Following a final series of 3 washes in KPBS for 10 minutes each,

sections were mounted on gelatinized microscope slides from tap water. A

mounting medium consisting of 5% n-propyl gallate (Sigma) and 10% (v/v) 0.1

M sodium PBS in glycerol was used, and coverslips were sealed with clear nail

polish.

Confocal microscopy and image processing

Image collection and processing were carried out as described in Silver

and Stryker (1999a). Images were collected as pairs of sequential optical

sections separated by 1 pum in a stack. Presynaptic sites were considered to be

colocalized if each pixel in the cluster of SVP label in the reference section was

located entirely within the boundaries of the corresponding Pha-L-labeled axon

branch in the reference Section.

Quantification of colocalization

Colocalization indices were designed to allow for quantitative

comparisons of either the number of colocalized presynaptic sites per unit area

of labeled axon (numerical synaptic density) or the average intensity of these

sites per unit area of labeled axon (synaptic vesicle protein density, or SVP

density). For numerical synaptic density, the index is simply the number of
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colocalized presynaptic sites in the field divided by the number of Pha-L

positive pixels in the portions of the geniculocortical axon branches localized to

the reference section. For SVP density, the colocalization index is defined as

p
a Ul

where p = the total summed intensities of the SVP pixels within colocalized

presynaptic sites in the field, a = the number of Pha-L positive pixels in the

portions of the geniculocortical axon branches localized to the reference

section, and u = the average intensity of the SVP label in the neuropil (the

entire field except for cell somata and blood vessels). Essentially, this measure

gives the average intensity of SVP label per unit area of labeled axon, corrected

for many sources of variability that are unrelated to monocular deprivation

(Silver and Stryker, 1999a).

Because all of the Pha-L injection sites were located entirely within

lamina A of the LGN, the Pha-L-labeled geniculocortical axons in a given field

represent only the eye contralateral to the hemisphere containing the field. In

each monocularly deprived animal, one hemisphere contained only deprived

eye Pha-L-labeled geniculocortical axons while the other hemisphere

contained only nondeprived-eye Pha-L-labeled axons. For animals that were

not deprived, one hemisphere had labeled axons representing the contralateral

left eye, and the other had labeled axons serving the contralateral right eye.

Each field generated one value for the numerical synaptic density and one

value for SVP density, and the fields were averaged to compare deprived

versus nondeprived (or left versus right) synaptic densities or SVP densities for
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each animal. Additionally, all deprived and all nondeprived fields were

averaged across animals to allow for statistical comparisons incorporating the

entire data set.

Descriptive statistics

Individual fields vary widely in the number of Pha-L-labeled axon

branches that they contain. Colocalization indices computed from fields which

have dense axon labeling are more reliable measures of colocalization than

fields that have sparse labeling. Therefore, when averaging fields to compute a

group colocalization index, each field was weighted by the number of Pha-L

positive pixels localized to the reference section for that field, as was the

standard deviation (Hunter and Schmidt, 1990).

Weighted averages of deprived and nondeprived fields were compared

using a contrast index, defined as

X deprived - X nondeprived

Xarned txondºned

This contrast index would have a value of 0 if the average colocalization indices

for the deprived eye and the nondeprived eye were equal. If all geniculocortical

presynaptic sites were located exclusively within nondeprived-eye

geniculocortical axons, the contrast index would be equal to -1. Similarly, the

Contrast index would have a value of +1 if the cortex contained only deprived

eye geniculocortical presynaptic sites. Because the numerator of the contrast

index contains a difference between the deprived-eye average and

**.*

tº

r
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nondeprived-eye average and each average has its own weighted standard

error of the mean, the standard error of the contrast index is the standard error

of the difference (Hays, 1963) normalized by the denominator of the contrast

index, or

º o

– + SSx..., " Sx..….
Xarned txondºned

In order to compare changes in synaptic density and SVP density

following 2 days of MD to the physiological plasticity which takes place after this

period of deprivation, we used existing data obtained from normal kittens of

ages P37-P45 from Stryker (1989) and data from kittens that had received MD

for 2 days (deprivations beginning at P37 - P40) from the thesis of Hensch

(1996). Physiological measures of eye dominance were expressed for the 10 to

51 cells in each microelectrode penetration as the contralateral bias index (CBl,

Reiter et al., 1986). In normal animals, the average CBI for penetrations made

in left hemispheres was compared to that for penetrations in right hemispheres

using the contrast index and standard error of the difference described above.

The same analysis was carried out for 2-day MD animals, except the

comparison was made between penetrations in hemispheres contralateral to

the deprived eye and penetrations in hemispheres ipsilateral to the deprived

eye. All CBI averages were weighted by the number of neurons recorded in

each penetration.

Since a prominent feature of ocular dominance plasticity following 7 days

of MD is the retraction of deprived-eye geniculocortical axon branches (Antonini
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and Stryker, 1993b), we quantitatively compared synaptic density and SVP

density results after 7 days of MD to the existing data on morphological changes

in the geniculocortical projection. For 6-7-day MD animals (deprivations

beginning P32-P36), data from Antonini and Stryker (1993b) were summarized

as group averages of either the total length of individual geniculocortical

deprived-eye arbors or the total length of nondeprived arbors. These averages

were compared in the form of a contrast index (as described above), and the

variability of the data was expressed as the standard error of the difference (as

described above). To determine the variability in the total lengths of individual

geniculocortical arbors in normal P39-P40 animals, we used data from Antonini

and Stryker (1998). Since all of the geniculocortical arbors that they

reconstructed from normal animals of this age were in the right hemisphere, it

was not possible to compare left hemisphere and right hemisphere arbors.

Instead, the arbors were listed in the order in which they were reconstructed,

and this list was separated into odd-numbered (arbitrarily designated “left") and

even-numbered (“right") afferents. The “left" and “right" groups were compared

using a contrast index and standard error of the difference.

Analysis of synaptic density and SVP density data using each animal as its own

control

Because every animal used in this study received bilateral Pha-L

injections in lamina A of the lateral geniculate nuclei, it was possible to compare

numerical synaptic density or SVP density values in the left hemisphere of a

tes .
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single animal to the corresponding values in the right hemisphere. For

monocularly deprived animals, this is equivalent to comparing deprived-eye

afferents to nondeprived-eye afferents, because lamina A neurons receive

exclusively monocular retinal input from the contralateral eye. Synaptic density

or SVP density for all the fields in a single hemisphere for a given SVP antibody

were averaged, and the average was weighted by the number of Pha-L positive

pixels in each field. The hemisphere averages were compared using the

contrast index described above to compute a single contrast index for each

SVP antibody in each animal. These data were separated into normal, 2-day

MD, and 7-day MD groups, and the group mean of the single animal contrast

indices (combining all 3 SVP antibodies) was computed using a weighted

average. This group average and the group standard deviation were weighted

by the total number of Pha-L positive pixels in all the fields for each animal for

each SVP antibody.

Calculation of absolute synapse spacing

To compare the data in this paper to previous estimates of synaptic

density of the geniculocortical projection based on electron microscopic

measurements, we estimated the absolute density of presynaptic sites in

geniculocortical afferents of normal animals. The length of individual segments

of Pha-L-labeled geniculocortical axons located within the reference section

was estimated by determining the length of the major axis of an ellipse whose

dimensions were chosen to best fit the shape of the traced axon segment. The
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parameters of the ellipse were computed using the Analyze Particles algorithm

in NIH Image. The major axis lengths were summed for each field and divided

by the number of colocalized presynaptic sites in that field to produce an

estimate of synaptic spacing for a single field in units of pum of geniculocortical

axon per colocalized presynaptic site. These values were then averaged

across all fields to obtain a measure of absolute spacing of geniculocortical

presynaptic sites. The average and the standard deviation were weighted by

the sum of the lengths of the major axes in each field. Sample size was 30

fields from a total of 3 normal animals.

Statistical analysis

To determine whether two means were significantly different from each

other, 2-tailed Student's t-tests were employed using a criterion probability of p

= 0.05. Corrections for multiple comparisons were made using the formula pºor,

= 1-(1-p)", where n is the number of comparisons (p. 376 of Hays, 1963).

Multiple comparisons were grouped by deprivation condition, resulting in 8

comparisons for normal animals and 7 each for 2-day and 7-day MD animals.

In addition, 6 comparisons were made for the analysis using each animal as its

own control. In all statistical comparisons made in this study, the null

hypothesis Ho was that there was no difference between the two means that

were being compared. However, the finding that there is insufficient evidence

to reject H, is not equivalent to the assertion that the two means are identical. It

is possible that Ho was not rejected because the sample sizes were not

87



sufficiently large or because the data were too variable. Statistical power

analysis provides a quantitative method to estimate confidence in a negative

result given the sample size and variance (Cohen, 1988). One way to represent

the strength of a negative result is to choose a confidence level and determine

the minimum detectable difference (Zar, 1984) between 2 populations that

could have been discovered with a particular pair of samples from these

populations. In the formulas for minimum detectable difference given in (Zar,

1984, p. 111 and 135) the pooled sample variances were weighted by the

number of Pha-L positive pixels in each field. For analysis of two sample

comparisons, computed minimum detectable differences were divided by the

sum of the two sample means so that they could be quantitatively compared to

the Contrast index values.

Results

Labeling of presynaptic sites in geniculocortical afferents

In order to determine the effects of monocular deprivation on the

distribution of presynaptic sites in geniculocortical afferents, a technique for

identifying individual presynaptic sites located within deprived and nondeprived

afferents was required. To accomplish this, focal injections of the anterograde

neuronal tracer Phaseolus vulgaris leucoagglutinin (Pha-L, Gerfen and

Sawchenko, 1984) were made into lamina A of the lateral geniculate nuclei

(LGN) of P26 to P30 kittens. The tracer was taken up by geniculate neurons

and transported to their terminals in layer IV of primary visual cortex, where it
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labeled a population of both X- and Y-type geniculocortical afferents. Labeled

geniculocortical arbors in cortical area 17 were visualized with an anti-Pha-L

antibody and a Cy3-conjugated secondary antibody. Presynaptic sites were

identified using one of a panel of antibodies raised against synaptic vesicle

proteins: anti-synaptophysin (Wiedenmann and Franke, 1985), anti

synaptotagmin (Matthew et al., 1981), or anti-SV2 (Buckley and Kelly, 1985),

followed by a biotinylated secondary antibody. Cy5-conjugated streptavidin

was used to visualize the presynaptic sites. Stacks of thin optical sections of the

immunofluorescently double labeled tissue were collected using a confocal

microscope.

Examples of synaptophysin, synaptotagmin, and SV2 label and an

example of Pha-L-labeled axons are shown in Figure 1. For all SVP antibodies,

the pattern of labeling was consistent with that expected for presynaptic markers

(Figure 1A, D, and E). Dense punctate label was observed in the layer IV

cortical neuropil, and staining was absent from neuronal somata and blood

vessels. Figure 1C is a false color overlay of a synaptophysin image and a

Pha-L image collected from the same field. Several yellow punctate areas of

apparent colocalization which may represent presynaptic sites within Pha-L-

labeled geniculocortical axons are apparent.

The synaptic vesicle protein antibodies used in this study label most if not

all of the synapses in layer IV of the cortex. However, only approximately 6% of

the synapses made onto layer IV spiny stellate neurons in cat visual cortex are

of thalamic origin (Ahmed et al., 1994). Additionally, only a small percentage of
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the thalamocortical axons projecting to layer IV are labeled by the focal

injections of Pha-L into the LGN. Therefore, the vast majority of labeled

synapses in layer IV are not located within Pha-L-labeled geniculocortical

axons and represent a potential source of false positive colocalization artifact.

Even if the probability of a false positive colocalization for each single

presynaptic site is very low, the fact that the pool of potential false positive

synapses is so much greater than the pool of presynaptic sites that are actually

contained within Pha-L-labeled geniculocortical axons means that false positive

Colocalization artifact is a significant danger.

To minimize the contribution of this artifact to the colocalization data,

customized object-based techniques were employed to accurately select only

those labeled synapses actually located within Pha-L-labeled afferents. These

techniques measure colocalization by determining the location of each Pha-L-

labeled geniculocortical axon branch and each labeled presynaptic site in

three-dimensional space. The method is fully described in Silver and Stryker

(1999a) and will only be briefly summarized here. All image processing

procedures were carried out blind with respect to whether the field contained

deprived or nondeprived Pha-L-labeled axons. After tracing and excluding

pixels within non-neuropil structures (cell bodies and blood vessels) from

further analysis, the SVP images were thresholded such that the brightest 10%

of the pixels were above threshold. The use of a relative threshold allowed for

quantitative comparison of fields from different animals and corrected for

several sources of inter-field variability including quality of perfusion, antibody
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penetration, and gain and black settings on the confocal microscope. This

relative threshold is only valid if MD has no effect on the relative levels of overall

SVP label in ocular dominance columns in primary visual cortex. We have

quantitatively tested this and have found that the amount of overall SVP label is

not dependent on position within deprived or nondeprived ocular dominance

columns in layer IV following 2 or 7 days of MD (Silver and Stryker, 1998). Only

those presynaptic sites that were completely located within the boundaries of a

Pha-L-labeled axon branch were classified as colocalized. This 100% overlap

Criterion was found to produce the highest colocalization signal-to-noise ratio

(Silver and Stryker, 1999a).

Colocalization analysis of GAD65 validates object-based colocalization º

analysis

To assess the validity of our procedures, we used the apparent

Colocalization of GAD65 with geniculocortical axons as a biological control.

GAD65 is an isoform of the GABA synthetic enzyme glutamic acid

decarboxylase that is localized primarily to presynaptic terminals of GABAergic

inhibitory neurons (Kaufman et al., 1991; Esclapez et al., 1994). The overall

pattern of GAD65 and SVP label in kitten layer IV is qualitatively similar

(compare Figure 1A, 1D, and 1E with 1F), and the spatial statistics of the two

types of label are quantitatively alike (Silver and Stryker, 1999a). Because the

geniculocortical afferents form only asymmetric (and therefore excitatory)

synapses in layer IV of cat primary visual cortex (Garey and Powell, 1971;
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Freund et al., 1985), any apparent colocalization of GAD65-labeled inhibitory

presynaptic terminals with Pha-L-labeled geniculocortical afferents is artifactual.

To compare the amount of colocalization measured for synaptophysin

with Pha-L labeled axons to that for GAD65 with Pha-L-labeled axons, we

computed colocalization indices for a Pha-L field collected from one location

with either a synaptophysin or GAD65 field from a different location (still within

layer IV of primary visual cortex). This "shuffled" condition (by analogy to

electrophysiological cross-correlation studies) provides a quantitative estimate

of the amount of colocalization expected for two labels based on random

overlap. If the colocalization index for two labels collected from the same field

(the “experimental" condition) is significantly greater than the shuffled

Colocalization index, then the two labels are considered to be colocalized. If the

experimental colocalization index is less than the shuffled index, the two labels

are anticolocalized (that is, they label distinct sets of structures). These data

can also be expressed in the form of a contrast index (the difference between

the experimental and shuffled colocalization indices divided by the sum of these

indices). This contrast index has a positive value for colocalized antigens and a

negative value for anticolocalized antigens. Figure 2 indicates that

synaptophysin is colocalized with Pha-L-labeled geniculocortical afferents

while GAD65 is anticolocalized with these afferents. The difference between

the synaptophysin and GAD65 contrast indices was statistically significant

(p<0.01, 2-tailed t-test, 6 experimental and 6 shuffled fields analyzed for each

antigen). This result validates the object-based colocalization analysis by
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showing that it excludes the false colocalization of a molecule not contained

within the geniculocortical afferents.

Synaptic density and SVP density in normal animals

Synaptic density and SVP density data were first collected from control

animals with normal visual experience in order to determine the baseline

variability in these measures. Every animal in the data set received Pha-L

injections in lamina A of the LGN of both hemispheres. These injections

labeled geniculocortical afferents in each cortical hemisphere which served

only the eye contralateral to the injection site. Therefore, it was possible to

estimate the variability of the data by comparing the colocalization indices in the

left hemisphere to the colocalization indices in the right hemisphere. Each

Confocal microscope field generated a single value for the colocalization index.

A contrast index (the difference between the average of the colocalization

indices for the left hemisphere fields and the average for the right hemisphere

fields divided by the sum of these averages) provided a standardized measure

for comparing the two hemispheres. If the average colocalization indices for the

two hemispheres were equal, the contrast index would have a value of 0.

Colocalization was quantified as either numerical synaptic density (the

number of presynaptic sites normalized by the amount of Pha-L label in the

field) or SVP density (the summed intensities of the colocalized SVP pixels

normalized by the amount of Pha-L label in the field, see Materials and

methods). Figure 3 shows the contrast indices for synaptic density and SVP
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density for 3 different synaptic vesicle proteins: synaptophysin, synaptotagmin,

and SV2. In all 6 cases, the average left hemisphere colocalization indices

were not significantly different from the average right hemisphere values (p-0.1,

2-tailed t-test, sample sizes - synaptophysin: 30 fields from 3 animals,

synaptotagmin: 20 fields from 2 animals, SV2: 20 fields from 2 animals).

Comparison with previous methods for measuring ocular dominance plasticity

Because these synaptic density and SVP density measurements have

not been used before to study ocular dominance plasticity, it was important to

compare the values and variability obtained using these techniques to other

methods for quantifying ocular dominance plasticity that are more established.

The contralateral bias index (CBI, Reiter et al., 1986) is a physiological measure

that summarizes the relative responses to the two eyes of a collection of

neurons. CBls were computed for single microelectrode penetrations made in

the left and right hemispheres of animals with normal visual experience (ages

P37-P45 at the beginning of recording, data from Stryker, 1989), and the

average CB1 values for the two hemispheres were compared using the contrast

index described above (Figure 3). As expected, the left and right hemispheres

were not significantly different (p-0.99, 2-tailed t-test, left hemispheres: 4

penetrations, 150 neurons; right hemispheres: 2 penetrations, 42 neurons).

Anatomical plasticity following MD has been assessed by measuring

changes in the lengths of geniculocortical arbors (Antonini and Stryker, 1993b).

Comparison of the lengths of 7 normal arbors from Antonini and Stryker (1998),
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arbitrarily assigned to "left" or "right" groups based on the order in which they

were reconstructed (see Materials and methods), also revealed no significant

differences between the groups (p-0.9, 2-tailed t-test, Figure 3). In normal

animals, the values and range of variability of these established measures of

the effects of deprivation are similar to those of our new measures of numerical

synaptic density and SVP density.

Effects of 2 days of MD on synaptic density and SVP density in deprived and

nondeprived geniculocortical afferents

A decrease in synaptic density or SVP density in deprived

geniculocortical axons might account for the striking mismatch between

anatomical and physiological effects of 2 days of MD. Two days of MD is

sufficient to cause a robust and saturating physiological ocular dominance shift

such that most primary visual cortical neurons lose their responses to

stimulation of the deprived eye (reviewed in Hensch, 1996), but little if any

change in the size or complexity of deprived and nondeprived geniculocortical

afferent arbors is thought to occur after such a short period of deprivation

(Antonini and Stryker, 1996). Six to seven days of deprivation is required for

the loss of about half the branches of deprived-eye arbors (Antonini and

Stryker, 1993b).

One hypothesis is that loss of some presynaptic sites in deprived-eye

geniculocortical arbors and/or addition of presynaptic sites to nondeprived-eye

arbors is responsible for the physiological ocular dominance shift observed
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after 2 days of MD. More specifically, one may propose that the loss of

presynaptic sites from half of the branches of deprived-eye arbors is the signal

that leads to the eventual loss of those branches. Since there is thought to be

little retraction of deprived-eye geniculocortical arbors and no elaboration of

nondeprived-eye arbors taking place during this time, measurement of relative

synaptic density of the deprived versus nondeprived afferents provides a direct

test of the general hypothesis. Relative synaptic densities and SVP densities

were computed for deprived and nondeprived afferents and expressed as a

contrast index, the value of which would be negative if deprived-eye density

were reduced relative to nondeprived-eye density following 2 days of MD.

Figure 4 shows that 2 days of MD had no effect on the relative numerical

synaptic density in deprived and nondeprived geniculocortical afferents (p-0.2,

2-tailed t-test, synaptophysin: 30 fields from 3 animals, synaptotagmin: 20 fields

from 2 animals, SV2: 20 fields from 2 animals). The results were identical for all

three SVP markers used in this study. Therefore, addition or removal of

presynaptic sites in the geniculocortical projection is not responsible for the

physiological ocular dominance shift produced by 2 days of MD. While synaptic

density measurements reflect the number of presynaptic sites per Pha-L

positive pixel, SVP density is the total summed intensities of all colocalized SVP

pixels normalized by the number of Pha-L positive pixels. Therefore, SVP

density is sensitive to potential changes in the size of presynaptic sites and to

the amount of synaptic vesicle protein per site. SVP density in deprived

afferents was equal to that in nondeprived afferents for all three SVP antibodies
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tested (p-0.2, 2-tailed t-test), indicating that the amount of SVP label per

presynaptic site is unaffected by 2 days of MD.

These results fail to show a statistically significant difference between

deprived and nondeprived afferents in synaptic density or SVP density after 2

days of MD. The lack of significance of a difference is not, however, equivalent

to the positive assertion that synaptic density or SVP density are identical in

deprived and nondeprived arbors. If the synaptic density or SVP density were

actually different in deprived and nondeprived afferents, the present data set

might not reveal this difference if the sample sizes were too small or the data

were too variable. Statistical power analysis (Cohen, 1988) can be used to

quantify the power of a negative result of a statistical comparison of two

samples by estimating the minimum detectable difference (Zar, 1984) that could

have been found if it existed in the populations, given the sample sizes, sample

variances, and a choice of confidence levels (see Materials and methods).

Using a 90% confidence level (B=0.10), we determined the minimum detectable

differences in numerical synaptic density or SVP density between deprived and

nondeprived afferents following 2 days of MD. These ranged from 0.18 (for

synaptophysin synaptic density) to 0.23 (for SV2 SVP density) when expressed

on the same scale as the contrast indices (Figure 4). For example, given our

Sample, we can be 90% certain that the true contrast index for synaptophysin

synaptic density does not differ by more than 0.18 from a value of 0.

To compare these data to physiological measurements of the effect of 2

days of MD, data from the thesis of Hensch (1996) were represented as a
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contrast index (Figure 4). CBIs were computed for microelectrode penetrations

from hemispheres both contralateral and ipsilateral to the deprived eye. The

ocular dominance shift is indicated by the fact that CB1 values from hemispheres

contralateral to the deprived eye are much lower than CBI values from

hemispheres ipsilateral to the deprived eye (p<0.0001, 2-tailed t-test, sample

sizes: 10 penetrations (167 neurons) contralateral to the deprived eye, 9

penetrations (172 neurons) ipsilateral to the deprived eye). A comparison of the

size of the effect of 2 days of MD on CB1 values with the minimum detectable

difference values computed for synaptic density and SVP density suggests that

if there were an actual change in synaptic density or SVP density following 2

days of MD that was even a third of the magnitude of the physiological change,

it would have been detectable with our data.

Despite the profound physiological effect of 2 days of MD, the density of

presynaptic sites on deprived-eye afferents is not reduced relative to that in

nondeprived-eye afferents. Since the deprived-eye afferents probably have not

shrunk by this time, their reduced efficacy is not accounted for by a loss of the

presynaptic component of synapses.

Models of possible presynaptic changes in geniculocortical afferents following 7

days of MD

After 7 days of MD, the total length of deprived-eye geniculocortical

arbors is reduced by about 50% (Antonini and Stryker, 1993b), and the loss of

physiological response to deprived-eye stimulation is similar to that observed
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after 2 days of MD (reviewed in Hensch, 1996). Such deprivation might cause

numerical synaptic density or SVP density in the deprived geniculocortical

afferents to increase, decrease, or stay the same. Models of these possibilities

are shown schematically in Figure 5.

In the active synapse model, synapse elimination is even greater than

retraction of deprived-eye axon branches. Therefore, 7 days of MD would

cause a decrease in the total number of presynaptic sites per deprived arbor

and would also decrease numerical synaptic density. The passive synapse

model postulates that synapses and axon branches are removed at equal rates.

In this model, 7 days of MD results in a decrease in the number of presynaptic

sites per deprived-eye arbor. As deprived-eye axon branches are retracted, the

presynaptic sites within these branches are eliminated. However, the

distribution of presynaptic sites in the remaining axon branches is essentially

unchanged. Therefore, in this model, the synaptic density of deprived-eye

branches is unaffected by 7 days of MD. In the dynamic synapse model,

presynaptic sites are redistributed within a shrunken arbor so that 7 days of MD

does not result in any net synapse elimination. In this case, the number of

presynaptic sites per deprived-eye arbor does not change, so the synaptic

density increases.

By measuring the density of presynaptic sites within deprived-eye arbors

following 7 days of MD, it is possible to discriminate among these 3 models.

Although the colocalization analysis used in this study was not designed to

measure absolute synaptic density, it can be used to compare the relative
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numerical synaptic densities in deprived and nondeprived geniculocortical

afferents. If 7 days of MD does not alter the absolute synaptic density of

nondeprived-eye afferents, a comparison of deprived-eye and nondeprived-eye

synaptic densities is equivalent to measuring absolute synaptic density in the

deprived-eye projection and represents a direct test of the models presented in

Figure 5. Consistent with this possibility is the finding that 7 days of MD causes

a 50% reduction in the total length of deprived-eye geniculocortical afferents but

has little or no effect on nondeprived-eye axons (Antonini and Stryker, 1993b).

Similarly, if changes in the synaptic density of nondeprived-eye afferents

are in the opposite direction of the changes that occur in deprived-eye afferents,

then a relative comparison of deprived and nondeprived afferents would yield

the same results as an absolute measure of deprived-eye synaptic density, but

the size of the effect would be larger. The only scenario in which a relative

comparison of deprived versus nondeprived synaptic density would yield

qualitatively different results from a measurement of absolute deprived-eye

synaptic density is if the synaptic densities of deprived and nondeprived

afferents both changed in the same direction (i.e., both increased or both

decreased). Since there is ample evidence that ocular dominance plasticity is a

result of competition between the populations of afferents representing the two

eyes (Guillery, 1972; Chapman et al., 1986; Antonini and Stryker, 1998; Hata et

al., 1999; for a review see Shatz, 1990), we view this possibility as very remote

and do not consider it further.
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Effects of 7 days of MD on synaptic density and SVP density in deprived and

nondeprived geniculocortical afferents

Depriving kittens of pattern vision in one eye by monocular lid suture for

7 days (P33-P40) had no effect on the relative numerical synaptic density or

SVP density in deprived and nondeprived geniculocortical afferents (Figure 6;

p-0.95, 2-tailed t-test, synaptophysin: 30 fields from 3 animals, synaptotagmin:

20 fields from 2 animals, SV2: 20 fields from 2 animals).

Since 7 days of MD produced a negative result for all measures of

relative synaptic density and SVP density, statistical power analysis was used

to determine the strength of these negative results. The analysis was identical

to that used for the 2-day MD results. Minimum detectable differences in the 7

day MD samples ranged from 0.19 to 0.35 when expressed on the same scale

as the contrast indices. In order to compare these results with previously

published data on the effects of 6-7 days of MD on the geniculocortical

projection (MD beginning P32-P36), data from Antonini and Stryker (1993b)

were displayed as a contrast index (Figure 6). As shown by Antonini and

Stryker, the difference between the average total length of the deprived-eye

geniculocortical afferents and the average of the nondeprived-eye afferents

following 7 days of MD was statistically significant (p<0.0001, 2-tailed t-test, 13

deprived-eye axons and 7 nondeprived-eye axons). Since this difference in

arbor lengths is greater than all of the minimum detectable differences for

synaptic density and SVP density, we conclude that if there were changes in
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synaptic or SVP density similar in magnitude to the change in arbor length, our

data would have revealed them.

These results are most consistent with the passive synapse model

presented in Figure 5. That is, relative synaptic density in deprived versus

nondeprived geniculocortical axons is unchanged by 7 days of MD. Since

deprived-eye afferents are known to undergo significant retraction of axon

branches after 7 days of MD (Antonini and Stryker, 1993b), these synaptic

density data indicate that 7 days of MD induces a net decrease in the number of

presynaptic sites per deprived-eye geniculocortical arbor. These data also

Suggest a tight coupling between retraction of axon branches and elimination of

presynaptic sites in the deprived-eye geniculocortical projection during MD.

Analysis of the effects of MD using each individual animal as its own control º

The data presented on the effects of MD on relative synaptic density and

SVP density so far have involved the averaging of density measurements from

fields containing labeled deprived-eye geniculocortical afferents from multiple

animals and comparison of this average to the corresponding average from

nondeprived-eye fields. Because every animal in our data set received Pha-L

injections into lamina A of the LGN of both hemispheres, every monocularly

deprived animal had Pha-L-labeled deprived-eye afferents in one hemisphere

and labeled nondeprived-eye afferents in the other hemisphere. This allowed

for the reanalysis of the data set using each animal as its own control. We

reasoned that this analysis could decrease the variability of the data and
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increase the likelihood of detection of small changes in relative synaptic density

or SVP density produced by MD.

Numerical synaptic density or SVP density measurements were

averaged for each hemisphere, and these averages were used to compute a

Contrast index for each SVP marker in each animal. Because the data

presented in Figures 3, 5, and 6 do not indicate any differences among

synaptophysin, synaptotagmin, or SV2, the results from these three SVP

markers were combined and used to calculate average synaptic density or SVP

density contrast indices for normal animals, 2-day MD animals, and 7-day MD

animals (Figure 7). Data from fields containing synaptophysin, synaptotagmin,

and SV2 were pooled in the group averages. In all cases, there were no

statistically significant differences between deprived and nondeprived (or left

versus right in the case of the normal control animals) synaptic density or SVP

density measurements (p-0.5, 2-tailed t-test, 7 contrast index values for each

condition (3 synaptophysin, 2 synaptotagmin, and 2 SVP), with each contrast

index value incorporating data from 10 fields). The group averages for all the

contrast indices within a condition were weighted by the total number of Pha-L

positive pixels in the fields from each animal.

Statistical power analysis of these negative results produced minimum

detectable differences ranging from 0.10 to 0.23 using a confidence level of

90% (Figure 7). Of the 6 comparisons tested, the two largest minimum

detectable differences were for the synaptic density and the SVP density from

normal animals. This suggests that any differences between deprived and
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nondeprived afferents after either 2 or 7 days of MD are well within the range of

normal variability. Given that identical results were obtained for 3 independent

SVP markers, it is very likely that numerical synaptic density and SVP density

are equal in deprived and nondeprived geniculocortical afferents following

either 2 or 7 days of MD.

Exclusion of additional potential sources of variability: ocular dominance

columns, laminar position, and axon orientation

Several other analyses were carried out to attempt to account for the

variability in the synaptic density and SVP density data. Because primary visual

cortex is organized into ocular dominance columns (Hubel and Wiesel, 1962),

the relative distribution of left- and right-eye geniculocortical afferents is not

uniform across layer IV of primary visual cortex (Hubel and Wiesel, 1972; Shatz

et al., 1977). If synaptic density or SVP density of geniculocortical afferents

serving one eye varied as a function of position within an ocular dominance

column, this could increase sample variability, since a single confocal

microscope field only samples an area of approximately 100 pm x 70 pum. For

example, elimination of deprived-eye geniculocortical presynaptic sites could

be greater or faster at the interface of deprived and nondeprived ocular

dominance columns (where competition is likely to be substantial) than in the

center of the deprived-eye ocular dominance columns (where the deprived eye

is likely to maintain dominance despite deprivation effects elsewhere).
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By photobleaching the confocal microscope field immediately after image

collection, the position of the field could be accurately determined. Since the

Pha-L injections in the LGN labeled a monocular population of geniculocortical

afferents serving the eye contralateral to the injection site, ocular dominance

columns were often observed in the pattern of Pha-L-labeled afferents in the

cortex. An analysis of synaptic density and SVP density as a function of ocular

dominance column position revealed no correlation between these measures

(data not shown). Similarly, neither synaptic density nor SVP density was

correlated with the depth of the field within the cortex (superficial versus deep

layer IV) (data not shown).

Finally, because it was sometimes difficult to trace Pha-L-labeled axon

segments which were oriented perpendicular to the plane of the optical section, * -

we selected only those axon segments whose uninterrupted length within the º

reference section was at least 25 pixels, corresponding to a length of 3.3 p.m.

These long axon segments were within the plane of the reference section and

were very easy to identify and trace. Reanalysis of a portion of the data set

consisting of only long axon segments produced the same results as analysis of

the entire data set, although the variance was greater due to the smaller sample

sizes (data not shown).

Distribution of geniculocortical presynaptic sites following MD of 2 or 7 days

Figure 8 summarizes the present findings on the distribution of

presynaptic sites within geniculocortical afferents following MD. The top portion
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of the model indicates the known effects of MD on physiological visual

responses of primary visual cortical neurons and on the morphology of

geniculocortical afferents, while the bottom portion represents the distributions

of presynaptic sites on deprived-eye geniculocortical afferents indicated by the

findings of this study.

Two days of MD causes a saturating loss of visual cortical responses to

deprived-eye visual stimulation (reviewed in Hensch, 1996) without substantial

morphological changes in geniculocortical arbors (Antonini and Stryker, 1996).

This ocular dominance shift is not accompanied by loss of deprived-eye

geniculocortical presynaptic sites or addition of nondeprived-eye presynaptic

sites. Thus, loss of deprived-eye cortical responsiveness after 2 days of MD is

not due to a decrease in the number of presynaptic sites in deprived-eye
* * *

geniculocortical afferents. Other mechanisms which may mediate physiological º

Ocular dominance plasticity induced by 2 days of MD are considered in the

Discussion. Seven days of MD is sufficient to cause a 50% loss of deprived-eye
- *

geniculocortical axon branches (Antonini and Stryker, 1993b). There is a

maintenance of synaptic density in the geniculocortical projection during this

period of deprivation, resulting in a 50% decrease in the number of deprived

eye geniculocortical presynaptic sites relative to the number of nondeprived

eye sites following 7 days of MD. Finally, measurements of SVP density in

deprived and nondeprived afferents indicate that MD has no effect on either the

size of geniculocortical presynaptic sites or the amount of SVP antigen per

presynaptic site following either 2 or 7 days of MD.
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Discussion

We have determined the effects of monocular deprivation on relative

numerical synaptic density and SVP density in deprived and nondeprived

geniculocortical axon arbors. Our results demonstrate that these measures are

unchanged following 2 days of MD, even though deprivation for this period of

time has significant effects on the activity patterns of geniculocortical afferents

and causes a physiological ocular dominance shift (reviewed in Hensch, 1996).

Seven days of MD causes a decrease in the total length of deprived-eye

geniculocortical arbors (Antonini et al., 1993b) which is accompanied by a

reduction in the number of presynaptic sites within these arbors relative to the

number of nondeprived-eye sites, resulting in a conservation of synaptic density

in deprived and nondeprived geniculocortical arbors.

Do clusters of synaptic vesicle protein label represent synapses?

Several lines of evidence indicate that clusters of SVP label like those

we have measured are generally found at synapses. Electron microscopic

analysis of punctate synaptophysin immunoreactivity in dissociated

hippocampal cultures reveals axonal varicosities that contain synaptic vesicles

and are presynaptic to dendrites (Fletcher et al., 1991). In rat primary cortical

cultures, the amount of SVP label at a given presynaptic site is correlated with

the amount of FM1-43 (Betz et al., 1992) taken up into synaptic vesicles that are

recycled at that presynaptic site (Staple et al., 1997). In Drosophila,

postsynaptic potentials can be evoked from myotubes (Broadie and Bate, 1993)
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precisely at the stage at which synaptotagmin-immunoreactive punctate

structures appear in motor axon presynaptic terminals (Littleton et al., 1993).

Electron microscopic studies of patterns of SVP immunoreactivity in developing

mammalian cerebral cortex reveal that SVP expression is associated with

presynaptic terminals or synapses en passant in ferret (Voigt et al., 1993) and in

cat visual cortex (Chun and Shatz, 1988). The number of SVP clusters per unit

length of geniculocortical arbor in our material (1 per 7.5 + 0.5 pum, see

Materials and methods) matches the density of synaptic boutons measured in

Y-type geniculocortical axons in area 18 of P30-P37 kittens, where Friedlander

and Martin (1989) found an interbouton interval of 6.60 pm along individual

axon branches and showed that such boutons were located at synapses

identified in the electron microscope.

Nonsynaptic SVP label, such as that in transport vesicles, is unlikely to |

contribute to the measurements of synaptic density or SVP density made in this

paper. In time-lapse studies of living hippocampal cultures, large immobile --

clusters of synaptotagmin are located in apposition to postsynaptic elements,

while smaller motile clusters are present in regions of the axon which do not

have synaptic contacts (Kraszewski et al., 1995). The fluorescent intensity of

the smaller clusters is 15-20 times less than that of the synaptic clusters, so that

if they were present in our material, their signal would have been below the

10% intensity threshold used in our colocalization analysis.
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Mechanisms of physiological ocular dominance plasticity following 2 days of

MD

Two days of MD had no effect on either the relative numerical synaptic

density or the relative SVP density in geniculocortical afferents. Thus, the loss

of responsiveness of cortical neurons to the deprived eye following 2 days of

MD is not due to the loss of presynaptic terminals in deprived-eye

geniculocortical axons. Previous studies have shown that the decrease in

Cortical deprived-eye visual responsiveness is due to changes within the cortex

itself, as visual responses of LGN neurons remain largely normal even after

months of MD (Wiesel and Hubel, 1963a; reviewed in Blakemore and Vital

Durand, 1981). Other possible explanations include (1) a decrease in the

probability of neurotransmitter release from deprived-eye geniculocortical

presynaptic terminals, (2) a decrease in the number of postsynaptic glutamate

receptors at deprived-eye geniculocortical synapses, or (3) changes in

intracortical circuitry. The developing neuromuscular junction provides

precedent for the second possibility: postsynaptic acetylcholine receptors

disappear from the muscle cell before the presynaptic nerve terminal is

withdrawn from the synapse (Balice-Gordon and Lichtman, 1993; Colman et al.,

1997). While the third possibility is also attractive, measurements of total SVP

label in deprived compared to nondeprived ocular dominance columns in layer

IV of critical period kittens showed no change following 2 days of MD (Silver

and Stryker, 1998). Since more than 90% of layer IV synapses are excitatory

and of intracortical origin (Winfield, 1983; Ahmed et al., 1994), total SVP label
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should accurately reflect the density of intracortical excitatory presynaptic

terminals. Similarly, 2 days of MD did not change the levels of inhibitory

intracortical presynaptic terminals in deprived compared to nondeprived ocular

dominance columns in layer IV as assessed by measuring GAD65

immunoreactivity (Silver and Stryker, 1999b). Of course, changes in

intracortical circuitry induced by MD could involve postsynaptic mechanisms or

presynaptic functional changes that are not reflected in measurements of

overall SVP label or GAD65 immunoreactivity.

Loss of presynaptic sites in deprived-eye geniculocortical axons following 7

days of MD

The findings of the present study in combination with earlier *...* a

measurements of the size of deprived geniculocortical arbors (Antonini and

Stryker, 1993b) demonstrates that 7 days of MD causes a 2-fold difference

between deprived-eye and nondeprived-eye geniculocortical arbors in number

of presynaptic sites. This loss of presynaptic sites is consistent with the

reduction in physiological responses to deprived-eye stimulation but less than

might be expected, given that 7 days of MD causes a loss of deprived-eye

responsiveness in the visual cortex that is much greater than 50% (reviewed in

Hensch, 1996). However, even after much longer deprivations, the anatomical

changes in geniculocortical input match the physiological reorganization of

visual responses in layer IV (Shatz and Stryker, 1978). In addition, a number of

manipulations, including enucleation of the nondeprived eye (Kratz et al., 1976;
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Spear et al., 1980) and iontophoresis of the GABAA receptor antagonist

bicuculline in primary visual cortex (Burchfiel and Duffy, 1981), can acutely

restore responses to the deprived eye even outside layer IV that are normally

subthreshold. The persistence of deprived-eye geniculocortical presynaptic

sites that we have demonstrated provides a likely substrate for these responses.

Reverse suture, in which the originally deprived eye is opened and

allowed normal visual experience while the originally nondeprived eye is

sutured closed, can permit long-term recovery of the originally deprived

projection (Hubel and Wiesel, 1970; Blakemore and Van Sluyters, 1974).

Specifically, reverse suture following 7 days of MD during the critical period

allows the originally deprived eye to come to dominate cortical responses, and

this recovery is accompanied by partial regrowth of originally deprived-eye

geniculocortical arbors (Antonini et al., 1998). In a Hebbian model of

competitive interactions underlying ocular dominance plasticity, if all the

deprived-eye geniculocortical presynaptic sites were lost, there would be no

possibility for recovery of the deprived-eye projection following reverse suture.

However, our finding that a substantial fraction of presynaptic sites remain in the

deprived-eye projection after 7 days of MD suggests a mechanism for recovery

of deprived-eye responses and regrowth of deprived-eye arbors following

reverSe Suture.

The present results show that synaptic density is equal in deprived and

nondeprived geniculocortical afferents following 7 days of MD. This is in

apparent contradiction with the findings of Friedlander et al. (1991), who filled
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Y-type geniculocortical axons projecting to area 18 with horseradish peroxidase

and performed light and electron microscopic analysis of normal, deprived, and

nondeprived axon arbors. They found that deprived-eye arbors had a 175%

higher density of presynaptic boutons per mmº of tissue than nondeprived-eye

arbors, a result similar to the dynamic synapse model described in Figure 5.

Any of several experimental differences between the present study and that of

Friedlander et al. (1991) exist which could account for the different results: (1)

The animals in the Friedlander et al. experiments were deprived for much

longer than those in the present study (1-4 years versus 2-7 days). (2) We

studied a mixture of X- and Y-type neurons projecting to cortical area 17, while

the Friedlander et al. study focused exclusively on Y-type axons in area 18. (3)

We measured the average synaptic density over the entire arbor, while

Friedlander et al. confined their bouton density measurements to the densest

central portion of their labeled arbors. (4) The bouton density measurements

given in Friedlander et al. (1991) are boutons per volume of brain within the

Selected region, not boutons per unit length or volume of presynaptic axon.

Therefore, an increase in the density of presynaptic arbor within the selected

volume may account for their findings.

Maintenance of synaptic density in geniculocortical axons following 7 days of

MD

The most striking finding of this study is the conservation of numerical

Synaptic density in geniculocortical arbors throughout a period in which half the
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branches of deprived-eye arbors are lost. The relative synaptic density of

deprived and nondeprived geniculocortical axons was unaffected by 7 days of

MD. This indicates that these arbors regulate the density of presynaptic sites to

keep it constant despite dramatic changes in their activity patterns and large

scale morphological rearrangements. Such conservation of synaptic density

also implies that elimination of presynaptic sites and retraction of axon

branches occur at similar rates.

On a shorter time scale, tight coupling of axon branch dynamics and

addition and withdrawal of presynaptic sites was observed in developing

Xenopus retinotectal axons, where even short branch tips, whose average

lifetimes are approximately 10 minutes (Witte et al., 1996), contain

synaptophysin puncta (Pinches and Cline, 1998). Thus, the conservation seen

in retracting axons in the present study over days may also be present in

growing axons over a time scale of minutes.

We do not know whether the coordinate regulation of axonal branches

and presynaptic sites that we have observed is widespread or universal within

the central nervous system, but the cell biology of this conservation

phenomenon merits investigation.
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Figure 1 Synaptic vesicle protein antibodies can be used to label presynaptic

sites within Pha-L-labeled geniculocortical afferents. Images are single

confocal microscope optical sections of immunofluorescent label in layer IV of

P40 kitten primary visual cortex. A, False-color image of synaptophysin

immunofluorescence. The pattern of labeling is similar to that expected for a

synaptic vesicle marker. There are a high density of labeled neuropil punctate

structures that are likely to correspond to presynaptic terminals and an absence

of label in cell bodies. B, False-color image of geniculocortical afferents labeled

by an injection of the anterograde neuronal tracer Phaseolus vulgaris

leucoagglutinin (Pha-L) into lamina A of the lateral geniculate nucleus.

Geniculate neurons located at the injection site took up the Pha-L and

transported it to their axon terminals in layer IV of primary visual cortex. Thin

axonal ramifications and varicosities can be visualized. C, False-color overlay

of the images in A and B. Yellow represents regions of apparent colocalization

of synaptophysin and Pha-L. Not all of the yellow puncta correspond to

presynaptic sites within Pha-L-labeled geniculocortical afferents. This is

because the large number of synaptophysin-labeled presynaptic sites within

axons not labeled with Pha-L make the probability of false positive

colocalization artifact very high if only single optical sections are considered.

Special object-based techniques were used to decrease the contribution of

false positive artifact to the colocalization measurements (see Materials and

methods). D, Synaptotagmin immunofluorescence. The overall pattern of

labeling is similar to that observed for synaptophysin (panel A). E, SV2
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immunofluorescence. Again, the label is consistent with that observed with

other synaptic vesicle markers. F, False-color overlay of GAD65 (red) and Pha

L (green) immunofluorescence. GAD65 is an isoform of glutamic acid

decarboxylase which is preferentially localized to presynaptic terminals in

GABAergic inhibitory neurons. Because the geniculocortical projection is

entirely excitatory, it does not contain any GAD65 labeling. Since the overall

pattern of GAD65 immunoreactivity is roughly similar to that of synaptophysin,

synaptotagmin, and SV2, it can be used to estimate the amount of artifactual

apparent colocalization. Because there is no actual overlap of the GAD65 and

the Pha-L patterns, any apparent overlap must be due to false colocalization

artifact. Scale bars = 5 pum.
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Figure 2. Quantitative comparison of the amount of colocalization of

synaptophysin or GAD65 with Pha-L-labeled geniculocortical afferents in P40

kittens. The amount of apparent colocalization of synaptophysin with Pha-L

expected based on random overlap of the two labels was computed by

performing colocalization analysis on a synaptophysin field and a Pha-L field

obtained from separate and nonoverlapping regions of layer IV (referred to as

the shuffled condition). This was compared to the actual colocalization index,

measured by carrying out an identical analysis on synaptophysin and Pha-L

fields collected from the same location (the experimental condition). The

colocalization index was defined as the sum of synaptophysin pixel intensities

in presynaptic sites colocalized with Pha-L-labeled axons normalized by the

amount of Pha-L label in the field (SVP density, see Materials and methods).

Shuffled and experimental colocalization indices were also computed for

GAD65 and Pha-L. Experimental and shuffled colocalization indices were

compared in the form of a contrast index. As expected, synaptophysin was

colocalized with Pha-L-labeled geniculocortical afferents, and GAD65 was

anticolocalized with these afferents. The object-based colocalization procedure

employed in this study can easily discriminate between synaptophysin and

GAD65 colocalization contrast indices (p<0.01, 2-tailed t-test). Error bars

indicate standard errors of the mean.
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Figure 3 Relative numerical synaptic density and SVP density in

geniculocortical afferents in P40 kittens with normal vision. In order to estimate

the variability in the colocalization measurements used in this study, a

comparison of left hemisphere and right hemisphere values was carried out in

normal control animals. Colocalization indices were expressed as either

numerical synaptic density (the number of colocalized presynaptic sites

normalized by the amount of Pha-L label in the field) or SVP density (the sum of

the intensities of the SVP pixels in colocalized presynaptic sites normalized by

the amount of Pha-L label in the field). Quantitative comparisons of the average

of left hemisphere colocalization indices and the average of the right

hemisphere values were made in the form of a contrast index, defined as (left -

right) / (left + right). None of the 6 conditions had a contrast index with a value

significantly different than 0 (p-0.1, 2-tailed t-test). In order to compare these

results with more established techniques for studying cortical plasticity, we

analyzed published data on ocular dominance distributions from single unit

electrophysiological recordings in primary visual cortex of kittens P37-P45 at

time of recording (Stryker, 1989). Contralateral bias indices (CBIs, see

Materials and methods) were computed for microelectrode penetrations made

in either left or right hemispheres of normal animals. The same contrast index

used for synaptic density and SVP density was used to compare CBls obtained

from left hemispheres to CBIs from right hemispheres. This CBI contrast index

was not significantly different from 0 (p=0.99, 2-tailed t-test), indicating that there

was no difference between the average CBI from the left hemispheres and the
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average CBI from the right hemispheres. Additionally, a contrast index for

published data from Antonini and Stryker (1998) on the total length of individual

geniculocortical arbors in normal P39-P40 kittens was computed. Since all of

the axons were reconstructed in the right hemisphere, they were arbitrarily

designated “left" or “right" based on the order in which they were reconstructed.

These two groups were compared using the contrast index described above.

As expected, they did not significantly differ (p-0.9, two-tailed t-test). Error bars

indicate standard errors of the difference.
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Figure 4 Relative numerical synaptic density and SVP density in deprived and

nondeprived geniculocortical afferents following 2 days of MD. P38 kittens

were monocularly deprived for 2 days, and averages of synaptic density and

SVP density were separately determined for deprived and nondeprived

geniculocortical axons. Deprived and nondeprived afferents were compared

using a contrast index. For all 6 conditions, the contrast index was not

significantly different from 0 (p-0.2, 2-tailed t-test). To calculate our confidence

in these negative results, statistical power analysis was employed to determine

minimum detectable differences. These represent deviations of the contrast

index from 0 for two populations that would have been detected for a particular

pair of Samples from these populations given the sample sizes, the sample

variances, and a choice of confidence level. Horizontal bars indicate minimum

detectable difference levels for a confidence level of 90%. Data on the effects of

2 days of MD (deprivation beginning P37-P40) on the ocular dominance of

cortical neurons from the thesis of Hensch (1996) were plotted using a contrast

index to allow comparison with the synaptic density and SVP density data.

Because some of the animals in Hensch's thesis received left eye MD and

Some received right eye MD, the CBI contrast index was represented as a

comparison of CBIs from the hemisphere contralateral to the deprived eye

versus CBIs from the hemisphere ipsilateral to the deprived eye. CBls from

contralateral hemispheres were significantly lower than ipsilateral CBls

(p<0.0001, 2-tailed t-test). Error bars indicate standard errors of the difference.
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Figure 5 Possible models of presynaptic site rearrangements in deprived-eye

geniculocortical arbors following 7 days of MD. As shown in all 3 models, 7

days of MD causes a 50% reduction in the total length of individual deprived

eye geniculocortical arbors (Antonini and Stryker, 1993b). There are 3 possible

types of changes in the distribution of presynaptic sites in deprived-eye

geniculocortical axons following 7 days of MD. Presynaptic sites could be

removed from deprived-eye afferents more rapidly than branches are retracted

(the active synapse model), resulting in both a decrease in the number of

presynaptic sites per axon and a decrease in numerical synaptic density.

Alternatively, if deprived-eye presynaptic sites are eliminated to the same extent

as deprived-eye axon branches are withdrawn (the passive synapse model),

the shrunken deprived-eye geniculocortical arbor will contain fewer total

synapses but will maintain normal synaptic density. Finally, if presynaptic sites

are not eliminated but simply redistributed within the pruned deprived-eye arbor

(the dynamic synapse model), the total number of presynaptic sites per arbor

will be unchanged by MD, but the synaptic density in the remaining deprived

eye geniculocortical axon branches will be increased. Although only possible

changes in deprived-eye arbors are depicted here, the measurement of relative

synaptic densities in deprived and nondeprived geniculocortical axons

following 7 days of MD effectively discriminates among these 3 models (see

Results).
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Figure 6 Relative numerical synaptic density and SVP density in deprived and

nondeprived geniculocortical afferents following 7 days of MD. P33 kittens

were monocularly deprived for 7 days, and averages of synaptic density and

SVP density were computed independently from hemispheres containing either

deprived or nondeprived Pha-L-labeled geniculocortical afferents. The same

contrast index used in Figure 4 was employed to quantitatively compare

deprived and nondeprived axons. For all 6 conditions, the contrast index was

not significantly different from 0 (p-0.95, 2-tailed t-test). Horizontal bars indicate

minimum detectable difference levels for a confidence level of 90%. The effect

of 6-7 days of MD on relative total lengths of deprived and nondeprived

individual geniculocortical arbors from Antonini and Stryker (1993b) was plotted

for comparison purposes. As reported by Antonini and Stryker, 6-7 days of MD

beginning at ages P32-P36 causes morphological rearrangements in the

geniculocortical projection so that the total length of individual deprived-eye

afferents was significantly smaller than the total length of individual

nondeprived-eye afferents (p<0.0001, 2-tailed t-test). Error bars indicate

Standard errors of the difference.
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Figure 7 Analysis of numerical synaptic density and SVP density data using

each animal as its own control. Because every animal in this study received

Pha-L injections in the LGN of both hemispheres, geniculocortical afferents

representing the eye contralateral to the injection site were labeled in each

hemisphere. This allowed intra-animal comparisons to be made of deprived

and nondeprived geniculocortical axon synaptic density and SVP density.

Some of the data presented in Figures 3, 4, and 6 were reanalyzed in this

manner. Average synaptic density and SVP density values were computed

Separately for each SVP antibody in each hemisphere, and one contrast index

was generated for each SVP antibody per experimental animal. This contrast

index compared deprived and nondeprived afferents for animals that received

MD and compared left and right hemisphere values for normal control animals.

Open circles represent contrast indices for individual animals. In all cases, the

group average of the contrast indices was not significantly different from 0

(p=0.05, 2-tailed t-test). Error bars indicate standard errors of the mean, and

horizontal bars indicate minimum detectable difference levels for a confidence

level of 90%. The group averages and minimum detectable differences for

animals receiving 2 or 7 days of MD were indistinguishable from normal control

animals.
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Figure 8 The distribution of geniculocortical presynaptic sites following 2 and

7 days of MD. The data presented in this study suggest the following model: 2

days of MD results in no change in relative numerical synaptic density or SVP

density in deprived and nondeprived geniculocortical afferents, despite the fact

that 2 days of MD is sufficient to cause a saturating physiological ocular

dominance shift (reviewed in Hensch, 1996). Seven days of MD results in

Coordinate retraction of deprived-eye geniculocortical axon branches (Antonini

and Stryker, 1993b) and removal of deprived-eye geniculocortical presynaptic

sites and/or addition of nondeprived-eye geniculocortical presynaptic sites.

This produces in a net change in relative synapse number in deprived and

nondeprived geniculocortical arbors after 7 days of MD. However, relative

Synaptic density in these remodeled synapses is unaffected by 7 days of MD.

Neither 2 days nor 7 days of MD changes the size of presynaptic sites or the

amount of SVP expressed per presynaptic site in geniculocortical afferents.
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Chapter 4

Distributions of synaptic vesicle proteins and GAD65 in

deprived and nondeprived ocular dominance columns

in layer IV of kitten primary visual cortex are unaffected

by monocular deprivation

Abstract

Two days of monocular deprivation (MD) of kittens during a critical period

of development is known to produce a loss of visual responses in the primary

visual cortex to stimulation of the nondeprived eye, and 7 days of deprivation

results in retraction of axon branches and loss of presynaptic sites from

deprived-eye geniculocortical arbors. The rapid loss of responsiveness to

deprived-eye visual stimulation could be due to a decrease in intracortical

excitatory input to deprived-eye ocular dominance columns (ODCs) relative to

nondeprived-eye columns. Alternatively, deprived-eye visual responses could

be suppressed by an increase in intracortical inhibition in deprived columns

relative to nondeprived columns. We tested these hypotheses in critical period

kittens by labeling ODCs in layer IV of primary visual cortex with injections of the

anterograde tracer Pha-L into lamina A of the LGN. After either 2 or 7 days of

MD, densities of intracortical excitatory presynaptic sites within deprived relative

to nondeprived ODCs were estimated by measuring synaptic vesicle protein

(SVP) immunoreactivity (IR). Since most of the synapses within layer IV of
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primary visual cortex are excitatory inputs from other cortical neurons, levels of

SVP-IR provide an estimate of the amount of intracortical excitatory input. We

also measured levels of immunoreactivity of the inhibitory presynaptic terminal

marker GAD65 in deprived relative to nondeprived ODCs. Monocular

deprivation (either 2 or 7 days) had no effect on the distributions of either SVP

or GAD65-IR in deprived and nondeprived columns. Therefore, the rapid loss of

deprived-eye visual responsiveness following MD is due neither to a decrease

in intracortical excitatory presynaptic sites nor to an increase in intracortical

inhibitory presynaptic sites in layer IV of deprived-eye ODCs relative to

nondeprived columns.

Introduction

Deprivation of pattern vision in one eye for as few as 2 days during a

critical period in early life causes a loss of responsiveness of neurons in primary

visual cortex to visual stimulation of the deprived eye (Wiesel and Hubel, 1963;

reviewed in Hensch, 1996). This phenomenon is known as ocular dominance

plasticity, and the mechanisms by which the deprived eye comes to lose its

ability to drive cortical neurons remain unknown. The major synaptic inputs to

layer IV neurons in primary visual cortex of the cat have been extensively

characterized (Winfield, 1983; Beaulieu and Colonnier, 1985; Ahmed et al.,

1994), and they consist of excitatory thalamocortical synapses and excitatory

and inhibitory intracortical connections. Two days of monocular deprivation

(MD) results in no change in the numbers of presynaptic terminals in deprived
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relative to nondeprived geniculocortical arbors (Silver and Stryker, 1999b).

One alternative mechanism to explain the decrease in cortical responsiveness

to deprived-eye stimulation is selective loss of intracortical excitatory input in

deprived-eye ocular dominance columns (ODCs). Recurrent local excitatory

connections in primary visual cortex are thought to amplify sensory signals from

thalamocortical inputs in a nonlinear manner (Douglas and Martin, 1991), and

even a small decrease in excitatory drive in deprived ODCs could cause a

Substantial decrease in responses to deprived-eye visual stimulation.

Another possibility is that an increase in intracortical inhibition in

deprived ODCs could result in suppression of deprived-eye cortical visual

responses. GAD65 is an isoform of the GABA synthetic enzyme glutamic acid

decarboxylase which is localized preferentially to inhibitory presynaptic

terminals (Kaufman et al., 1991; Esclapez et al., 1994), and disruption of the

GAD65 gene in mice prevents ocular dominance plasticity (Hensch et al.,

1998). In addition, Jones and colleagues have demonstrated changes in the

patterns of expression of GABA and GAD in adult monkey visual cortex

following monocular deprivation (reviewed in Jones, 1993; see Discussion).

To test these hypotheses, we have developed a method for measuring

the amounts of synaptic vesicle protein- (SVP) or GAD65-immunoreactivity (IR)

as a function of position within deprived and nondeprived ODCs. Since the

overwhelming majority of layer IV synapses are intracortical excitatory

connections (Winfield, 1983; Beaulieu and Colonnier, 1985; Ahmed et al.,

1994), measurement of overall SVP-IR is a valid approximation of the density of
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intracortical excitatory presynaptic sites. Similarly, the levels of GAD65-IR

represent a quantitative estimate of the density of intracortical inhibitory

presynaptic sites. Our results indicate that following 2 days of MD, both SVP

levels and GAD65 levels remain equal in deprived and nondeprived ODCs.

Therefore, the loss of deprived-eye visual responsiveness after 2 days of MD is

not due to either a decrease in intracortical excitatory presynaptic sites or an

increase in intracortical inhibitory presynaptic sites in layer IV of deprived-eye

ODCs relative to nondeprived-eye columns.

Seven days of MD is sufficient to cause retraction of deprived-eye

geniculocortical axon branches (Antonini and Stryker, 1993b) and loss of

presynaptic terminals from these arbors (Silver and Stryker, 1999b). To

determine whether these presynaptic rearrangements in the geniculocortical

projection are accompanied by similar changes in intracortical connections, we

measured SVP- and GAD65-IR in deprived and nondeprived ODCs. Our

results again show that 7 days of MD has no effect on levels of either SVP- or

GAD65-IR in deprived relative to nondeprived ODCs. These findings constrain

possible substrates of activity-dependent plasticity in primary visual cortex

during the critical period. Some of these data have been presented in abstract

form (Silver and Stryker, 1998, 1999a).
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Materials and methods

Most of the anatomical methods used in this study are identical to those

in an earlier publication (Silver and Stryker, 1999b) and are therefore described

only very briefly here.

Care and use of animals

A total of 8 kittens were used in this study. All were from the breeding

colony at the University of California, San Francisco and had normal

pigmentation. All procedures involving living animals were carried out in

accordance with the National Institutes of Health Guide for the Care and Use of

Laboratory Animals and were approved by the Committee on Animal Research,

University of California, San Francisco.

Labeling of ocular dominance columns and monocular deprivation

ODCs in layer IV of primary visual cortex were labeled by injecting the

anterograde neuronal tracer Phaseolus vulgaris leucoagglutinin (Pha-L, Gerfen

and Sawchenko, 1984) into lamina A of the lateral geniculate nucleus (LGN) of

both hemispheres in kittens (age 26-30 days). This procedure has been

previously described (Antonini and Stryker, 1993a; Silver and Stryker, 1999b).

All injection sites used in this study were in the dorsal portion of lamina A within

the binocular representation of the visual field. Monocular lid sutures were

performed under isoflurane anesthesia for some animals on either P33 (7-day

MD) or P38 (2-day MD).
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Perfusion and tissue processing

After recovery from surgery, Pha-L was anterogradely transported by

LGN axons to their site of termination in layer IV of primary visual cortex. The

transport period was 10-14 days, after which kittens were deeply anesthetized

on P40 with an intraperitoneal injection of pentobarbital (100 mg/kg). They

were then perfused transcardially, and the LGNs and visual cortex were

sectioned coronally as previously described (Silver and Stryker, 1999b).

Immunohistochemistry and immunofluorescence

Standard diaminobenzidine (DAB) immunohistochemical techniques

were employed to determine the location of Pha-L labeled neurons in the LGN.

To ensure that the injection sites were confined to the binocular region of

lamina A of the LGN, every section of each LGN was processed. Every injection

site used in this study was located in the binocular portion of the LGN, and any

label resulting from injection sites in either the monocular segment of the LGN

or the medial intralaminar nucleus was excluded from further analysis. Since

cortical sections containing labeled ODCs were required for double label

immunofluorescence, only every seventh section of the visual cortical blocks

were reacted with DAB. This allowed an estimate of the anterior and posterior

boundaries of the Pha-L-labeled geniculocortical afferents in the visual cortex

but still left most of the cortical sections in this region available for

immunofluorescence. Descriptions of the immunohistochemical and
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immunofluorescent techniques used to label Pha-L, SVPs, and GAD65 are in

Silver and Stryker (1999b).

Confocal microscopy and image processing

Immunofluorescent sections were imaged using either an MRC600 or

MRC1024 confocal microscope (Biorad, Hercules, CA). Sections with at least 2

distinct Pha-L-labeled ODCs in layer IV of area 17 in primary visual cortex were

selected for further analysis. Stacks of 7 SVP or GAD65 optical sections

separated by 1 pum were collected through a 60x oil immersion objective lens

with a numerical aperture of 1.4. Microscope settings were as follows: zoom

setting = 2.0, iris setting = 3 for the MRC600 (corresponding to an aperture size

of 2.16 mm) or 1 for the MRC1024 (corresponding to 1 mm), and image size of

768 x 512 pixels (corresponding to 102 pm x 68 pum for the MRC600 and 98 pm

x 65 pum for the MRC1024). For each section, gain and black level settings in

the SVP or GAD65 channel were chosen to use the full range of pixel intensities

(0-255) without saturation at either end of the pixel intensity range. Beginning

at the edge of the Pha-L-labeled region, a series of image stacks were collected

approximately every 120 pum along a tangential path within layer IV. Once the

gain and black levels settings were established, they were kept constant for

every stack collected from the tissue section. Image collection continued until

the Pha-L-labeled region was completely traversed. After each SVP or GAD65

image stack was collected, the field was photobleached to mark its position

within the Pha-L-labeled ODCs.
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The intensity of SVP and GAD65 label decreases with increasing depth

of the optical section within the tissue due to poor antibody penetration

(Calhoun et al., 1996) and increased light scattering. This would introduce

variability into the measurements if the image stacks were collected at different

tissue depths. To prevent this, stacks of images were always collected at

depths where the SVP and GAD65 signal were greatest (invariably at the top

face of the tissue section), and the image within each stack that had the highest

average pixel intensity was selected for further analysis. After all of the SVP or

GAD65 stacks were collected, the tissue section was imaged at low power in

the Pha-L channel to visualize the labeled ODCs and the photobleached fields

(Fig. 1).

Image processing was performed on a Macintosh computer using the

public domain NIH Image program (developed at the U.S. National Institutes of

Health and available on the Internet at http://rsb.info.nih.gov/nih-image■ ).

Statistical analysis

For a given experimental condition, relative fluorescence values

representing the amount of label in a single field were expressed as contrast

indices (see Results) and graphed on a scatter plot versus distance from ODC

center. Coefficients of determination (r) were computed to measure the

strength of the relationship between the two variables, and simple linear

regression was performed to derive the slopes (regression coefficients) of the

linear best-fit functions. These were converted to percent change from one

-

º

147



ODC center to the next (assuming a column width of 400 pm) using the

following formula:

(400)(slope) *k

[1 - (400)(slope)]
%change = 2

t-tests were used to determine whether regression coefficients were

significantly different from 0 at the 0.05 confidence level (pp. 271-272 of Zar,

1984). Two-tailed tests were carried out for the data from control animals with

normal visual experience, while one-tailed tests were used for MD animals. p

values generated by the t-tests were corrected for multiple comparisons using

the formula pºon = 1-(1-p)", where n is the number of comparisons (p. 376 of

Hays, 1963) and had a value of 2 for the normal control synaptophysin animal,

6 for the 2-day MD SVP animals, 5 for the 7-day MD SVP animals, and 6 for the

GAD65 animals (including all GAD65 deprivation conditions).

For each of the t-tests performed in this study, the null hypothesis H, was

that there was no relationship between relative fluorescence and position within

Ocular dominance columns. In general, if a given t-test fails to provide statistical

evidence to reject Ho, this conclusion is not equivalent to the positive assertion

that there is truly no relationship between the two variables. It is possible that

the null hypothesis was not rejected because the sample size was not large

enough or because the data were too variable. Statistical power analysis is a

technique which provides quantitative estimates of the amount of confidence in

a negative result. In the case of simple linear regression, one can compute the

minimum value of the regression coefficient (the slope of the linear best-fit

function) that could have been detected in a population given the sample data
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set and chosen confidence levels (pages 75-83 of Cohen, 1977). These

minimum detectable regression coefficient values were converted into minimum

detectable differences (expressed in units of percent change) to provide

estimates of the differences in relative fluorescence values between one ODC

Center and the next that could have been detected with our data, if such

differences had actually been present in the population.

Laminar analysis of GAD65 immunoreactivity

Differences between cortical layers in GAD65 fluorescence values were

assessed by collecting a single line of fields spanning all laminae in the cortical

plate. The immunofluorescence procedures described above were performed,

except sections were mounted on glass microscope slides, allowed to dry,

cleared in xylenes, and mounted in DPX medium (Electron Microscopy

Sciences, Fort Washington, PA). To avoid potential artifact from any systematic

nonstationarities, data collection began at different depths within the cortical

plate in the different tissue sections. Of the four tissue sections used for this

analysis, one began in the white matter and progressed continuously to the pial

surface, one went from the pial surface to the white matter, one began in the

Center of the cortical plate, progressed to the pia, and then continued from the

white matter back to the beginning, and one went from the center of the cortical

plate to the white matter and then from the pia back to the beginning. Following

image collection and photobleaching, the coverslips were removed by

immersion in xylenes, and the sections were stained with cresyl violet. Based
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on this Nissl stain, laminar boundaries of the sections were determined using

camera lucida. The laminar boundaries were overlaid on the low-magnification

photobleached GAD65 images, and fields were assigned to cortical laminae.

Fields which fell on the boundaries between cortical laminae were excluded

from further analysis.

One way analysis of variance (ANOVA) was performed to determine

whether the amount of GAD65 label varied as a function of cortical layer. For

pairwise comparisons, differences between average fluorescence values for 2

laminae (abbreviated as d) were converted from units of contrast index to

percent differences using the following formula:

%difference = 2 • 100

Results

Labeling of ocular dominance columns in layer IV of primary visual cortex

Cat primary visual cortex is organized into ocular dominance columns

(ODCs) which are oriented radially within the cortical plate, span all cortical

layers, and are approximately 400-500 pum wide in area 17 (kitten: LeVay et al.,

1978; cat: Shatz et al., 1977). They are defined physiologically as alternating

regions of cortex in which visual responses of cortical neurons are dominated

by one eye over the other (Hubel and Wiesel, 1962). Anatomically, ODCs were

first visualized by observing degenerating geniculocortical afferents projecting

to layer IV of primary visual cortex following lesions of part of one layer of the

LGN (Hubel and Wiesel, 1972) and later by transneuronal labeling of the
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thalamocortical projection with intraocular injections of tritiated proline in the cat

(Shatz et al., 1977). There is good agreement between anatomical column

boundaries and those defined using physiological criteria (Shatz and Stryker,

1978).

The three major synaptic inputs to layer IV neurons in primary visual

cortex are excitatory geniculocortical, excitatory intracortical, and inhibitory

intracortical (Ahmed et al., 1994). Changes in synaptic strength in any of these

inputs could account for the rapid loss of deprived-eye visual responses of

primary visual cortical neurons following 2 days of monocular deprivation (MD,

reviewed in Hensch, 1996). Deprived-eye synaptic inputs could become less

effective through the loss of excitatory presynaptic neurotransmitter release

sites and/or the addition of inhibitory presynaptic sites serving the deprived eye.

This possibility has been tested for the geniculocortical inputs, where 2 days of

MD results in no change in the numbers of presynaptic sites in deprived relative

to nondeprived afferents, while 7 days causes a 50% decrease in the number of

deprived-eye presynaptic sites relative to nondeprived-eye sites (Silver and

Stryker, 1999b).

Because the axons making up the geniculocortical projection are strictly

monocular, it is straightforward to determine the numbers of presynaptic sites in

deprived relative to nondeprived afferents by anatomically labeling afferents

serving one eye and counting the number of presynaptic sites labeled with a

marker for synaptic vesicle proteins (SVPs). On the other hand, both the

intracortical excitatory and intracortical inhibitory inputs are of mixed ocular
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dominance, and current techniques do not allow selective labeling of a

homogeneous population of intracortical axons of known ocular dominance.

However, the response properties of neurons as a function of their position

within ODCs suggest that the ocular dominance of intracortical inputs is not

randomly distributed in the visual cortex. For example, the centers of left-eye

ODCs contain primarily synaptic inputs representing the left eye. The fraction of

left-eye inputs decrease as one moves tangentially along layer IV away from the

column center. As one moves into right-eye territory, the cortex contains an

increasing fraction of right-eye synaptic inputs until the right-eye ODC center is

reached. Therefore, by using immunohistochemical markers for intracortical

excitatory or inhibitory presynaptic sites, differences in the density of these sites

representing either the left or right eye can be measured.

To determine the effects of MD on the distribution of intracortical

excitatory and inhibitory presynaptic sites in deprived and nondeprived ODCs,

columns in primary visual cortex were labeled by injections of the anterograde

tracer Phaseolus vulgaris leucoagglutinin (Pha-L) in lamina A of the lateral

geniculate nucleus, and double label immunofluorescence was performed

using an anti-Pha-L antibody and one of a panel of antibodies raised against

either a SVP or the inhibitory presynaptic terminal marker GAD65. Pha-L was

taken up by monocular geniculate neurons serving the eye contralateral to the

injection sites and transported to geniculocortical arbors. Figure 1 illustrates

distinct Pha-L-labeled ODCs in layer IV of primary visual cortex.
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The edges of the Pha-L-labeled region (arrowheads in Figure 1) could

represent either the edges of labeled ODCs or portions of ODCs that were not

completely labeled because of limited spread of Pha-L at the injection sites in

the LGN. However, the presence of two labeled ODCs flanking an unlabeled

column serving the eye ipsilateral to the injection sites allows a precise

determination of the center of the unlabeled column (arrows in Figure 1), even if

the two flanking columns are only partially labeled. For this reason, all column

center designations used in this paper were made in unlabeled ODCs flanked

by Pha-L-labeled columns on either side.

Labeling of synaptic vesicle proteins and GAD65

To determine the density of intracortical excitatory and inhibitory

presynaptic sites as a function of position within ODCs, quantifiable labels for

these types of inputs were required. Electron microscopic analysis of synaptic

density of primary visual cortex has shown that the vast majority of synapses in

layer IV are excitatory and of intracortical origin. Approximately 6% of layer IV

synapses in adult cat are thalamocortical (Ahmed et al., 1994), and estimates of

the fraction of layer IV synapses that are symmetric (and therefore inhibitory)

include 15% (adult cat; Beaulieu and Colonnier, 1985) and 1.5% (P40 kitten;

Winfield, 1983). Therefore, measurements of total synaptic density in layer IV

reflect mostly intracortical excitatory synapses, and the density of overall SVP

label can be used to estimate the density of intracortical excitatory presynaptic

Sites.
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To measure this density, one of a panel of anti-SVP antibodies (anti

synaptophysin (Wiedenmann and Franke, 1985), anti-synaptotagmin (Matthew

et al., 1981), or anti-SV2 (Buckley and Kelly, 1985)) were used to label

presynaptic sites. Images of SVP immunofluorescent label were collected at

high power with a confocal microscope as a series of fields in a tangential

trajectory within layer IV of primary visual cortex. Examples of raw images are

shown in Figure 2A, C, and E. These show the characteristic pattern of SVP

markers, including punctate neuropil staining and absence of label from non

neuropil structures such as cell bodies and blood vessels. Figure 2B, D, and F

are examples of SVP label at higher magnification. Punctate structures

corresponding to individual presynaptic sites can be distinguished. Following

image collection, each field was photobleached to mark its location within the

ODCs (dark rectangles in Figure 1).

Individual images vary in the number and size of cell bodies, blood

vessels, and other non-neuropil structures which generally do not contain SVP

or GAD65 label. To remove this source of variability from the data set, all non

neuropil structures were manually traced, and the average neuropil pixel

intensity was computed for the remaining portion of the field, resulting in a

single density measurement for each field (approximately 100 x 70 pm). All

image collection and processing was done blind with respect to which eye was

represented by the Pha-L labeled ODCs.

Because gain and black level settings were kept constant for all the

images collected from a tissue section, quantitative comparisons of the amount
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of SVP- or GAD65-IR could be made between fields and correlated with the

positions of those fields within ODCs. These relative comparisons remove

several sources of variability between tissue sections, including quality of

perfusion and antibody penetration. Many fields were collected in each tissue

section in a line that spanned several ODCs, and the average SVP density

across all of these fields represents the SVP density for the tissue section.

Average SVP density measurements from single fields were then compared to

the group average in the form of a relative fluorescence metric using the

following contrast index.

Xind
-

Xavg
Xind + Xavg

where X, is the SVP density in an individual field and X, is the average SVP

density across all fields in the tissue section. This contrast index would be

positive if the individual field had more label than the average, negative if the

individual field had less label than the average, and it would have a value of 0 if

the individual field were equal in intensity to the section average.

To correlate these relative fluorescence values with position within

labeled ODCs, a line connecting the centers of the measured and

photobleached fields was drawn on the low power Pha-L montage, and the

Cumulative distance between the column center and the field Center was

measured along this line. Fields more than one ODC width from the column

Center were excluded from analysis. Although Shatz et al. (1977) reported that

the average ODC width in adult cats is approximately 500 pm, we have

Conservatively chosen 400 pm as the ODC width to avoid the possibility that
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some fields were located beyond the center of the adjacent Pha-L-labeled

ODC.

Baseline variability in normal control animals

Before determining the effects of MD on SVP density in deprived and

nondeprived ODCs, the relative fluorescence technique described above was

employed in one kitten with normal visual experience to establish the baseline

variability in the measurements. Since geniculate neurons in lamina A

represent exclusively the contralateral eye, injections of Pha-L into lamina A of

the LGN in each hemisphere allowed the labeling of left-eye ODCs in the right

cortical hemisphere and right-eye columns in the left hemisphere of the same

animal. We assume that in undeprived animals, the density of SVP label (and

by extension, the density of intracortical excitatory inputs) should be the same in

left-eye and right-eye columns. Specifically, a plot of relative SVP fluorescence

versus distance from the center of one eye's ODC should indicate no correlation

between these two variables. This was observed for synaptophysin

immunofluorescence (Fig. 3). Solid lines indicate the linear best fit for the data,

and the slopes of these lines were not significantly different from 0 (Table 1).

Two days of MD and relative SVP density

Two days of MD at the height of the critical period is sufficient to cause a

saturating shift in responses of visual cortical neurons in favor of the

nondeprived eye (reviewed in Hensch, 1996) without any change in the
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numbers of presynaptic sites in deprived relative to nondeprived

geniculocortical afferents (Silver and Stryker, 1999b). As the majority of

excitatory current in primary visual cortical cells comes from other cortical

neurons (Douglas and Martin, 1991), one hypothesis to explain the rapid loss of

deprived-eye responsiveness following MD is a decrease in the number of

intracortical excitatory presynaptic sites serving the deprived eye. Since

deprived-eye ODCs contain mainly deprived-eye synapses, this hypothesis

predicts that the density of intracortical excitatory presynaptic sites (as estimated

by overall SVP measurements) should be less in deprived-eye ODCs than in

nondeprived-eye columns. Specifically, SVP density should decrease with

increasing distance from the center of nondeprived-eye ODCs and increase

with increasing distance from the center of deprived-eye ODCs. Figure 4 shows

the results of testing this hypothesis for the SVPs synaptophysin,

Synaptotagmin, and SV2. In all cases, the slope of the linear best-fit function is

not significantly different from 0 (Table 1).

Statistical power analysis (Cohen, 1977) was performed to determine the

amount of confidence in these negative results. In principle, if there actually

were a difference in the amounts of SVP label in deprived relative to

nondeprived columns, it is possible that our sample was not large enough or

had too much variability to detect this difference. To quantify the likelihood of

this possibility, we chose a confidence level of 90% (B = 0.1) and computed the

minimum detectable difference in fluorescence between deprived and

nondeprived column centers which could have been observed given these
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particular sample sizes and variances. Since the 3 SVP markers did not

appear to differ from each other, the data were pooled, and the average

minimum detectable difference was 24.7%. In addition, qualitative examination

of double label immunofluorescent sections at low magnification indicated that

SVP density was uniform along layer IV and did not show a pattern of label that

correlated with the Pha-L-labeled ODCs (data not shown). This indicates that

SVP density is independent of position within either deprived or nondeprived

ODCs and that the loss of responses of primary visual cortical neurons to

deprived-eye stimulation following 2 days of MD is not due to elimination of

intracortical excitatory presynaptic sites serving the deprived eye.

Seven days of MD and relative SVP density

Seven days of MD causes branch retraction and loss of presynaptic sites

in deprived-eye geniculocortical arbors such that both the total arbor length

(Antonini and Stryker, 1993b) and the number of presynaptic sites per arbor

(Silver and Stryker, 1999b) are approximately 50% of their normal values. If

analogous elimination of intracortical excitatory presynaptic sites transmitting

deprived-eye signals occurs following 7 days of MD, this should be reflected as

a difference in the overall SVP density of deprived and nondeprived ODCs.

More precisely, the intensity of SVP label should be maximal in the center of

nondeprived ODCs and decrease with increasing distance from the column

center, while increasing distance from the center of deprived ODCs should be

Correlated with an increase in immunofluorescence of SVP markers.

;

158



Synaptic vesicle protein density in deprived relative to nondeprived

ODCs did not change following 7 days of MD (Fig. 5). None of the linear best-fit

functions had a slope significantly different from 0 (Table 1). To estimate the

power of these negative results, minimum detectable differences were

computed for each regression equation. One can be 90% certain that the

difference in SVP levels between deprived and nondeprived ODCs is less than

23.4%. Inspection of images at low magnification also indicated that 7 days of

MD had no effect on the levels of SVP label in deprived relative to nondeprived

ODCs (data not shown). In conclusion, the elimination of deprived-eye

geniculocortical presynaptic sites following 7 days of MD (Silver and Stryker,

1999b) is not accompanied by loss of intracortical excitatory presynaptic sites in

deprived-eye ODCs.

Monocular deprivation and relative GAD65 density

Another hypothesis to explain the rapid loss of deprived-eye

responsiveness following 2 days of MD is an increase in the density of

intracortical inhibitory presynaptic terminals in deprived ODCs relative to

nondeprived columns. A higher density of inhibitory synapses in deprived-eye

columns could suppress deprived-eye visual responses in neurons located

within these ODCs. We labeled intracortical inhibitory presynaptic terminals

with an antibody raised against GAD65 (Chang and Gottlieb, 1988) and

determined whether MD had any effect on the amounts of GAD65

immunoreactivity in deprived relative to nondeprived ODCs. GAD65 is an
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isoform of the GABA synthetic enzyme glutamic acid decarboxylase which is

localized preferentially to inhibitory presynaptic terminals (Esclapez et al.,

1994). A functional role for GAD65 in ocular dominance plasticity is suggested

by the findings of Hensch et al. (1998), in which disruption of the GAD65 gene

in mice prevented the physiological shift in visual responsiveness normally

induced by 4 days of MD.

We measured the levels of GAD65 immunoreactivity in kittens with

normal visual experience as well as in animals that underwent 2 or 7 days of

MD as a function of distance from either left- or right-eye ODC centers (control

animals) or deprived or nondeprived ODC centers (MD animals). In all cases,

the slope of the linear best-fit functions was not significantly different from 0 (Fig.

6, Table 1). Average minimum detectable differences at a 90% confidence level

were 32.4% for 2 day MD animals and 9.8% for 7 day MD animals. These

general conclusions on the pattern of GAD65 density were confirmed by

viewing the immunofluorescent sections at low magnification (data not shown).

In summary, MD of either 2 or 7 days had no effect on densities of intracortical

inhibitory presynaptic terminals in deprived relative to nondeprived ODCs in

primary visual cortex, indicating that the rapid loss of deprived-eye visual

responsiveness in cortical neurons after 2 days of MD is not due to a increase in

the density of inhibitory presynaptic sites in deprived ODCs relative to

nondeprived columns. In addition, the density of inhibitory presynaptic sites in

deprived and nondeprived columns do not show changes analogous to the
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documented changes in numbers of presynaptic sites in the geniculocortical

projection following 7 days of MD (Silver and Stryker, 1999b).

Validation of the relative fluorescence technique using laminar analysis of

GAD65 density

Because the method employed in this study to quantify relative levels of

SVP or GAD65 immunofluorescence has not previously been used to measure

the relative densities of presynaptic sites, the finding that all experimental

conditions yielded a lack of correlation with position within ODCs calls into

question the validity of the technique. To determine whether this method

reliably detects differences in presynaptic site density when they are known to

exist, we measured relative levels of GAD65 immunofluorescence as a function

of location within cortical laminae in primary visual cortex. Image collection was

exactly as described above, except instead of collecting fields along a line

within layer IV which spanned several ODCs, images were collected in a line

that crossed cortical laminar boundaries spanning the pial surface and the

white matter. Following photobleaching of the fields, cortical laminae were

identified by performing cresyl violet staining on the tissue sections and tracing

laminar boundaries with Camera lucida. These boundaries were Overlaid with

the image of the photobleached fields, and individual fields were assigned to a

cortical lamina (Fig. 7A). Fields falling on a laminar boundary were excluded

from further analysis.
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Average relative GAD65 fluorescence levels were plotted as a function of

cortical lamina using the same contrast index used to assess the effects of MD

(Fig. 7B). To test whether GAD65 fluorescence varied as a function of location

within cortical laminae, a one-way ANOVA was performed, and a highly

significant effect of cortical lamina was observed (F(4,41) = 20.4, p < 1 x 10°).

Although this result indicates that the technique is able to detect laminar

differences in GAD65 label, it does not address whether this laminar profile is

related to laminar differences in inhibitory synaptic density. To establish this,

the same data were plotted in comparison to measurements from an electron

microscopic study of Winfield (1983) in which the density of symmetric synapses

was measured in primary visual cortex of P40 kittens as a function of cortical

lamina (Fig. 7C). With the possible exception of layer I, there is general

agreement between the data of Winfield (1983) and the GAD65 fluorescence

measurements made in this study. Therefore, the technique we have used to

assess the effects of MD on SVP and GAD65 density in deprived relative to

nondeprived ODCs is able to resolve cortical laminar differences in GAD65

label and is also consistent with the known laminar profile of inhibitory

Synapses as determined using a completely independent technique.

Although it is not possible to directly compare results from the techniques

employed to assess the effects of MD to those from the laminar analysis, one

can ask whether differences in fluorescence between adjacent ODC centers

would have been detected if they had been of the same magnitude as the

measured laminar differences. Given the standard errors of the mean of the
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regression coefficients from the GAD65 columnar data (Table 1), the threshold

percent difference required to reach significance at the p = 0.05 level (following

corrections for multiple comparisons) was 20.5 (averaging across all

deprivation conditions). Differences of at least this magnitude were observed

when comparing GAD65 fluorescence values in layer II/III versus IV, IV versus

V, and I versus either II/III, IV, V, or VI. Therefore, the percent difference values

obtained from the laminar analysis indicate that if differences of that size had

been present in the data set used to assess the effects of MD, they would have

been easily detectable.

The reasons for the possible difference between our data and those of

Winfield (1983) in lamina I are unknown. One possibility is that the mean

density of symmetric inhibitory synapses in lamina I of P40 kitten primary visual

cortex are significantly higher than the mean reported by Winfield (1983), since

the standard error of the mean of his layer I measurements is more than 3 times

greater than the mean itself. The high level of GAD65 immunofluorescence we

have observed in lamina l is due to a band of intense GAD65 immunoreactivity

in superficial lamina I. High levels of GAD65 staining in superficial cortical

lamina I have also been observed in 5-week old kitten primary visual cortex (G.

Mower, personal communication), adult cat primary visual cortex (Guo et al.,

1997), and adult monkey striate cortex (Hendrickson et al., 1981).
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Discussion

Monocular deprivation and intracortical excitatory presynaptic sites

The vast majority of synapses within layer IV of primary visual cortex are

excitatory (Winfield, 1983; Beaulieu and Colonnier, 1985). Given that only

approximately 6% of layer IV synapses in adult cat are thalamocortical (Ahmed

et al., 1994), most of the anatomical synaptic input to layer IV is excitatory input

from other cortical neurons. In addition, the majority of excitatory current in

visual cortical neurons comes from intracortical connections (Douglas and

Martin, 1991). These facts alone make the hypothesis that loss of intracortical

excitatory input to deprived-eye ODCs is responsible for the decrease in

deprived-eye visual responsiveness observed after 2 days of MD an initially

attractive one. In addition, long periods of MD result in permanent physiological

plasticity that cannot be influenced by opening the deprived eye or by a reverse

suture paradigm (Wiesel and Hubel, 1965). This plasticity occurs in all cortical

layers, most of which receive little or no direct geniculocortical input compared

to the significant geniculocortical projection to layer IV (LeVay and Gilbert,

1976). One possibility is that changes in the density of intracortical excitatory

presynaptic sites within deprived and nondeprived ODCs could occur which

would result in permanent alterations in synaptic connectivity in primary visual

Cortex that cause the observed long-lasting physiological changes.

We have tested these hypotheses by labeling intracortical excitatory

presynaptic sites with anti-SVP antibodies and determining the levels of SVP

immunofluorescence as a function of position within deprived and nondeprived
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ODCs. There is substantial evidence to suggest that the punctate structures

labeled by these antibodies are found at synapses defined either

physiologically or by electron microscopic criteria. This has been discussed in

detail in Silver and Stryker (1999b) and will not be repeated here. Our data

indicate that MD of either 2 or 7 days has no effect on the density of intracortical

excitatory presynaptic sites in deprived relative to nondeprived ODCs.

Monocular deprivation and intracortical inhibitory presynaptic sites

Several lines of evidence suggest that changes in GABAergic circuitry

are critically involved in ocular dominance plasticity. Both intravenous

administration (Duffy et al., 1976) and cortical iontophoresis of the GABAA

receptor antagonist bicuculline (Burchfiel and Duffy, 1981) are able to reverse

the physiological effects of MD in some neurons, suggesting that at least part of

the loss of deprived-eye visual responsiveness is due to increased inhibition of

cortical neurons that normally would respond to deprived-eye visual stimulation.

Continuous infusion of bicuculline into kitten primary visual cortex during a 7

day period of MD prevents physiological ocular dominance plasticity (Ramoa et

al., 1988), and the possibility that the GABAergic changes following MD are

presynaptic in origin is supported by the findings of Hensch et al. (1998), in

which mice lacking the GAD65 gene show no effect of 4 days of MD on the

ocular dominance distribution of primary visual cortical responses.

Unlike many other enzymes that synthesize neurotransmitters, the

enzyme that synthesizes GABA, glutamic acid decarboxylase (GAD), has two

E
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distinct isoforms that have different biochemical properties and subcellular

localizations (reviewed in Soghomonian and Martin, 1998). While activity of

both the GAD65 and GAD67 isoforms requires binding to the cofactor pyridoxal

phosphate, studies of brain extracts indicate that GAD67 is normally saturated

with pyridoxal phosphate and is therefore constitutively active, while about half

of the GAD65 is not bound to this cofactor (Kaufman et al., 1991). In addition,

while GAD67 protein expression is found in cell somata and dendrites, the

GAD65 isoform is localized preferentially to presynaptic terminals of inhibitory

neurons (Esclapez et al., 1994). These data raise the possibility that GAD67

plays primarily a metabolic role by providing GABA for the tricarboxylic acid

cycle, while GAD65 may be specialized for synaptic synthesis of GABA that is

subject to rapid regulation (Martin and Rimvall, 1993).

One hypothesis to explain the rapid loss of deprived-eye visual

responsiveness following 2 days of MD is an increase in the density of

intracortical inhibitory presynaptic terminals in deprived relative to nondeprived

ODCs. Additionally, the anatomical changes in the geniculocortical projection

induced by 7 days of MD could be accompanied by long-lasting increases in

inhibitory presynaptic terminals in deprived relative to nondeprived ODCs. We

have tested both of these hypotheses and conclude that MD of either 2 or 7

days has no effect on density of GAD65 immunoreactivity (and by extension,

density of intracortical inhibitory presynaptic terminals) in deprived relative to

nondeprived ODCs.
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Our data also address the possibility that MD causes complementary

changes in the densities of excitatory and inhibitory presynaptic sites.

Specifically, MD could result in both a decrease in the number of excitatory

intracortical presynaptic terminals and an increase in the number of inhibitory

intracortical presynaptic sites in deprived ODCs relative to nondeprived

columns. These changes might not be detectable by measuring overall SVP

density as a function of position within ODCs, as SVP markers label both

excitatory and inhibitory presynaptic terminals, and the complementary changes

could cancel each other. However, the lack of either 2 or 7 days of MD on

GAD65 density in deprived relative to nondeprived ODCs argues against this

possibility, as GAD65 is a selective marker for inhibitory presynaptic sites.

These results, in combination with those Silver and Stryker (1999b),

show that there is little or no change in the densities of any of the excitatory or

inhibitory synaptic inputs to deprived relative to nondeprived ODCs in layer IV

Over a 2 day period during which deprived-eye responses are lost from most of

the neurons in the layer. This could be explained by modifications at a

molecular level that are not immediately reflected in levels of SVP or GAD65.

These include functional changes in presynaptic terminals, resulting in

alterations in the probability of neurotransmitter release, or postsynaptic

mechanisms which change the size of the EPSP evoked by a given amount of

released transmitter, and either or both of these could be present at any of the 3

major synaptic inputs to layer IV. In addition, there could be changes in the

activity of inputs to layer IV from other cortical layers which are more rapidly or
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powerfully affected by deprivation. This possibility is consistent with recent

physiological findings that 1 day of MD causes a physiological ocular

dominance shift in neurons in supragranular and infragranular layers at the

borders of ODCs in primary visual cortex, without corresponding plasticity in the

border regions of layer IV (Trachtenberg et al., 1999).

Comparison with previous literature

Monocular deprivation in adult monkeys causes a decrease in the

number of GABAergic neurons and GAD-positive somata and puncta in

deprived-eye ODCs (Hendry and Jones, 1986; 1988). This result is in apparent

disagreement with data from the present study, and the changes in GAD

positive puncta observed by Hendry and Jones are in the opposite direction of

those predicted by the hypotheses tested in this paper. While the distribution of

GAD67 mRNA expression in adult cat visual cortex is unaffected by MD

(Benson et al., 1989), experiments in adult monkeys suggest that the initial

effects of MD on GABAergic markers occur posttranscriptionally and alter

protein levels, while much longer periods of MD are required to induce

analogous changes in GAD67 mRNA levels (Benson et al., 1994). Thus, the

lack of effect of MD on GAD67 mRNA expression in adult cat could be due to

either species differences between cats and monkeys, or, since the effects of

MD on the distribution of GAD protein have not yet been examined in adult cats,

to posttranscriptional changes in GAD protein expression following MD that are

not reflected at the mRNA level.
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Considering only those studies that have measured GAD protein

expression, the MD-induced decrease in GAD-immunoreactive puncta that

occurs in adult monkey deprived ODCs (Hendry and Jones, 1986; 1988) was

not observed in critical period kittens either with anti-GAD antibodies which did

not discriminate between the 65 and 67 kDa isoforms (Bear et al., 1985), or with

presynaptic terminal-specific anti-GAD65 antibodies (present study). One

possible explanation for these discrepancies is that the changes in GABA and

GAD expression in the adult monkey are the result of a homeostatic

compensatory mechanism in which neurons in deprived ODCs correct for the

decrease in visual input induced by MD by decreasing inhibitory synaptic

transmission. On this hypothesis, MD does not alter GABAergic markers in

critical period animals, because physiological plasticity is sufficient to

compensate for the initially diminished visual inputs to neurons in deprived

ODCs. Since MD of adult monkeys produces no change in response properties

of visual cortical neurons (LeVay et al., 1980), the functional changes that occur

in critical period animals are not possible in adult cortex, so an alternative

means of compensating for the reduced visual signal coming from the deprived

eye may be required.

This hypothesis is also consistent with the apparent age-dependent

regulation of GABAA receptors following MD. Deprivation of adult monkeys

results in a decrease in expression of both the receptor complex (Hendry et al.,

1990) and individual GABAA receptor subunits (Hendry et al., 1994) in deprived

ODCs, while MD of kittens does not cause the distribution of binding sites for the
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GABA, receptor agonist muscimol to show a columnar pattern in layer IV of

primary visual cortex (Mower et al., 1986). As in the case of the GAD

experiments, this set of results might reflect either age or species differences.

The definitive experiments to test this model would be to examine the

distribution of GABA, GAD, or GABA, receptors in monkeys deprived during the

critical period, and the prediction is that the distributions of these markers in

layer IV would be unaffected by MD.

Functional plasticity during the critical period that results in changes in

response properties of visual cortical neurons without affecting the overall

distribution of either excitatory or inhibitory presynaptic sites may also account

for our failure to see any columnar pattern of synaptophysin or GAD65 label in

normal animals despite the well-known physiological dominance of visual

cortical neurons by the contralateral eye (Hubel and Wiesel, 1962).
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Table 1. Quantitative analysis of the effects of 2 or 7 days of MD on levels of

SVP and GAD65 density in deprived relative to nondeprived ODCs. Sample

size is the number of fields (and therefore the number of relative density

measurements) for each experimental condition. rº is the coefficient of

determination and is a measure of the strength of the relationship between

relative fluorescence and distance from ODC center. The slope of the linear

best-fit function is presented in units of contrast index as well as percent

change. Percent change refers to the difference in fluorescence levels between

adjacent ODC centers, assuming an ODC width of 400 pum (see Results).
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Table 1

Statistical summary of SVP and GAD65 distributions in layer IV of primary visual
cortex following MD

slope of linear
experimental

2

best fit x 10° percent
CI■ OUO sample size r (reqression coeff.) change

not deprived; synaptophysin; 38 0.025 –0.9 + 1.0 –7.1 + 7.4
distance from left-eye col. center

not deprived; synaptophysin; 20 0.066 2.6 + 2.3 -18.9 + 16.9
distance from right-eye col. center

2 day MD; synaptophysin; 15 0.046 1.2 + 1.5 9.8 + 12.5
distance from dep.-eye col. center

2 day MD; synaptophysin; 25 0.012 0.6 + 1.1 4.6 + 8.8
distance from nondep.-eye col. center

2 day MD; synaptotagmin; 19 0.010 0.7 ± 1.6 5.5 + 14.1
distance from dep.-eye col. center

2 day MD; synaptotagmin; 15 0.025 -1.9 + 3.2 -13.9 + 22.7
distance from nondep.-eye col. center

2 day MD; SV2; 10 0.047 -1.0 + 1.5 -7.3 + 11.4
distance from dep.-eye col. center

2 day MD; SV2; 18 0.062 -2.0 + 2.0 -14.9 + 14.5
distance from nondep.-eye col. center

2 day MD; pooled SVP markers; 44 0.005 0.4 + 0.9 3.6 + 7.7
distance from dep.-eye col. center

2 day MD; pooled SVP markers; 58 0.005 -0.7 - 1.3 –5.4 + 10.0
distance from nondep.-eye col. center

7 day MD; synaptophysin; 5 0.801 -4.4 + 1.3 -30.1 + 9.7
distance from dep.-eye col. center

7 day MD; synaptophysin; 20 0.001 0.2 + 1.5 1.8 + 12.8
distance from nondep.-eye col. center

7 day MD; synaptotagmin; 5 0.016 0.3 + 1.3 2.3 + 11.0
distance from dep.-eye col. center

7 day MD; synaptotagmin; 24 0.003 -0.5 + 2.0 –4.0 + 15.0
distance from nondep.-eye col. center

7 day MD; SV2; 14 0.180 2.1 + 1.3 18.6 + 11.1
distance from nondep.-eye col. center

7 day MD; pooled SVP markers; 10 0.201 -1.6 + 1.2 -12.7 -- 9.1
distance from dep.-eye col. center
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Table 1 (continued)

7 day MD; pooled SVP markers; 58
distance from nondep.-eye col. center

not deprived; GAD65; 24
distance from left-eye col. center

not deprived; GAD65; 27
distance from right-eye col. center

2 day MD; GAD65; 26
distance from dep.-eye col. center

2 day MD; GAD65; 56
distance from nondep.-eye col. center

7 day MD; GAD65; 15
distance from dep.-eye col. center

7 day MD; GAD65; 88
distance from nondep.-eye col. center

0.003

0.051

0.009

0.003

<0.001

0.039

0.034

0.4 + 1.0

-0.6 + 0.6

-0.4 + 0.9

-0.5 + 2.0

0.1 + 1.1

-0.4 + 0.5

-0.7 -E 0.4

3.2 + 8.3

-4.9 + 4.5

–3.2 + 7.0

-4.0 + 14.9

0.6 + 9.5

–2.8 + 3.8

-5.7 H 3.3
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Figure 1 Pha-L-labeled ocular dominance columns (ODCs) can be used to

locate SVP or GAD65 immunofluorescent fields within an ODC. ODCs in P40

kitten primary visual cortex were labeled by injections of the anterograde tracer

Pha-L into lamina A of the lateral geniculate nucleus. Dark rectangles are fields

in which SVP or GAD65 density measurements were made. Following image

collection, fields were photobleached to mark their position within the ODC.

Because an edge of the Pha-L labeled area (arrowheads) could represent

either the edge of a labeled ODC or the boundary of the Pha-L label, ODC

column centers were always defined in an unlabeled column (arrows) flanked

by two labeled columns. Scale bar = 100 p.m.
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Figure 2 Confocal optical sections of SVP and GAD65 label. Each of the

images in the left column represent a single field (corresponding to one

photobleached rectangle in Figure 1) of the SVP markers synaptophysin (A),

synaptotagmin (C), SV2 (E), or the inhibitory presynaptic terminal marker

GAD65 (G). In all cases, the expected pattern of punctate neuropil label and the

absence of label from cell somata and blood vessels was observed. White

rectangles indicate areas that are shown at higher magnification in the

corresponding images in the right column (B, D, F, and H). Punctate structures

that are likely to be individual presynaptic terminals were observed in all cases.

Brightness and contrast levels have not been altered in any of these images;

they represent the raw data used to make SVP and GAD65 density

measurements. Scale bars, 5 pm in A, C, E, and G, 1 pm in B, D, F, and H.
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Figure 3 Measurements of synaptophysin relative fluorescence in a kitten with

normal visual experience as a function of distance from left- or right-eye ODC C
centers. Each field (corresponding to a single photobleached rectangle in

Figure 1) generated one relative fluorescence value (open circles).

Fluorescence measurements were normalized and quantified using a contrast

index (see Results) and plotted versus distance from ODC center. Solid lines

indicate the linear best-fit functions derived using least squares regression.

Only those fields falling within 400 pum of a well-defined ODC center (see

Results) were included in the analysis. In both A and B, the slope of the linear

best-fit function was not significantly different from 0 (see Table 1).
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Figure 4 Two days of MD has no effect on levels of SVP density in deprived

relative to nondeprived ODCs. SVP density measurements for synaptophysin

(A, B), synaptotagmin (C, D), or SV2 (E, F) were obtained as described in Figure

3 and plotted versus distance from either deprived (A, C, E) or nondeprived (B,

D, F) ODC centers. In all six cases, the slope of the linear best-fit function was

not significantly different from 0 (see Table 1).
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Figure 5 Seven days of MD has no effect on levels of SVP density in deprived l

relative to nondeprived ODCs. SVP density measurements for synaptophysin ~~

(A, B), synaptotagmin (C, D), or SV2 (E) were obtained as described in Figure 3

and plotted versus distance from deprived (A, C) or nondeprived (B, D, F) ODC J
centers. In all five cases, the slope of the linear best-fit function was not

significantly different from 0 (see Table 1). No data were obtained for SV2

fluorescence as a function of distance from deprived-eye ODC centers.
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Figure 6 Monocular deprivation of either 2 or 7 days has no effect on levels of l

GAD65 density in deprived relative to nondeprived ODCs. GAD65 density º
measurements were obtained as described in Figure 3 and plotted versus 7/.

A ■ º
distance from either left-eye (A), right-eye (B), deprived (C, E), or nondeprived

(D, F) ODC centers for normal control (A, B), 2-day MD (C, D), or 7-day MD (E.

F) animals. In all six cases, the slope of the linear best-fit function was not

significantly different from 0 (see Table 1).
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Figure 7 Laminar analysis of GAD65 fluorescence levels validates the relative

fluorescence technique used for plasticity measurements. A, GAD65

immunofluorescence in primary visual cortex from a P40 kitten with normal

visual experience. Dark rectangles are photobleached fields from which

GAD65 density measurements were made. Arrowheads indicate cortical

laminar boundaries assigned using cresyl violet staining and camera lucida. B,

Relative GAD65 fluorescence values from fields lying entirely within a single

cortical lamina were averaged in the form of a contrast index (see Results) to

obtain a mean relative fluorescence value for each cortical lamina (n = 4 tissue

Sections). One-way ANOVA indicated that GAD65 fluorescence varied as a

function of cortical lamina. C, Data from B were replotted to determine whether

the laminar profile of GAD65 fluorescence correlated with the laminar profile of

density of symmetric inhibitory synapses in P40 kitten primary visual cortex from

Winfield (1983). With the possible exception of lamina I (see Results), these two

independent techniques generate similar laminar profiles of inhibitory synaptic

density. Therefore, the relative fluorescence techniques employed in this study

can accurately discriminate cortical laminar boundaries and replicate previously

published data on inhibitory synaptic density. Error bars represent standard

errors of the mean. Scale bar = 100 p.m.
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Chapter 5

Conclusions and future directions

Conclusions

I have examined the effects of 2 and 7 days of monocular deprivation

(MD) on the distribution of presynaptic terminals in the 3 major projections to or

within kitten primary visual cortex: geniculocortical excitatory, intracortical

excitatory, and intracortical inhibitory inputs. These durations of deprivation

were chosen based on previous work which used different techniques to study

the effects of MD in primary visual cortex. Many experimental studies have

characterized the physiological ocular dominance shift in responses of primary

visual cortical neurons following MD. Two days of MD is the minimum amount

required to produce a robust and saturating loss of deprived-eye visual

responses (reviewed in Hensch, 1996). To determine whether this

physiological plasticity is due to changes in presynaptic site distribution in

geniculocortical, intracortical excitatory, or intracortical inhibitory axons, these

projections were separately labeled in animals that had received 2 days of MD,

and the densities of deprived relative to nondeprived inputs were compared.

Another major effect of MD is the retraction of deprived-eye

geniculocortical axon branches following 7 days of deprivation (Antonini and

Stryker, 1993). These morphological changes may be part of the anatomical

consolidation of the more rapid physiological plasticity. In addition, although

the total length of deprived-eye geniculocortical arbors decreases by 50% after

~.
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7 days of MD (Antonini and Stryker, 1993), the ocular dominance shift as

assessed electrophysiologically is much greater (reviewed in Hensch, 1996).

Thus, there is a mismatch, both in time course and size of effect, between the

physiological changes in ocular dominance and the morphological plasticity as

measured by reconstruction of individual geniculocortical arbors. To test

whether this mismatch could be accounted for by redistribution of deprived and

nondeprived presynaptic sites in any of the 3 major synaptic inputs to primary

visual cortex, kittens were monocularly deprived for 7 days, and each of the 3

projections (geniculocortical, intracortical excitatory, or intracortical inhibitory)

was separately labeled. The relative densities of deprived and nondeprived

presynaptic terminals were then measured for each of the 3 types of synapses.

The effects of 2 and 7 days of MD on the relative distribution of presynaptic sites

in deprived and nondeprived geniculocortical, intracortical excitatory, and

intracortical inhibitory axons will now be reviewed.

Geniculocortical presynaptic sites

I have tested the hypothesis that the loss of deprived-eye visual

responsiveness in primary visual cortical neurons following 2 days of MD is due

to loss of presynaptic neurotransmitter release sites within deprived-eye

geniculocortical axons. A more specific form of this hypothesis postulates that

the absence of presynaptic sites from axon branches of deprived-eye

geniculocortical arbors acts as a signal for subsequent retraction of these

branches. Testing of this hypothesis required the development of methods to

N-
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immunofluorescently label presynaptic sites within deprived and nondeprived

geniculocortical axons and object-based image processing techniques to

colocalize presynaptic site markers with labeled afferents.

MD of 2 days had no effect on the synaptic density (the number of

presynaptic sites per unit area of geniculocortical arbors) in deprived relative to

nondeprived afferents, indicating that elimination of presynaptic sites from

deprived geniculocortical axons is not responsible for the rapid MD-induced

loss of deprived-eye visual responsiveness in primary visual cortex. In addition,

synaptic densities were equal in deprived and nondeprived arbors following 7

days of MD. Since the total length of deprived geniculocortical arbors is

reduced by 50% during this period of deprivation (Antonini and Stryker, 1993),

the total number of deprived-eye presynaptic sites in the geniculocortical

projection is also halved by 7 days of MD. Thus, there is a tight coupling

between axon branch retraction and elimination of presynaptic sites in deprived

geniculocortical arbors. Although this reduction in the number of deprived-eye

geniculocortical presynaptic sites is too slow to account for rapid physiological

ocular dominance plasticity, it is likely to be involved in the anatomical

consolidation of the effects of deprivation.

These results are consistent with previous studies of evoked potentials in

primary visual cortex of cats that were monocularly deprived for several months.

The early component of the potential (corresponding to the presynaptic

geniculocortical volley) evoked by electrical stimulation of the optic nerve was

reduced in the deprived pathway relative to the nondeprived pathway (Singer,
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1977). In addition, the ratio of deprived to nondeprived current source densities

in cortical area 18 were similar for early monosynaptic and late polysynaptic

sinks, indicating that most if not all of the ocular dominance shift in current

source densities is attributable to differences in geniculocortical synaptic

transmission (Mitzdorf and Singer, 1980). In fact, these differences are

apparent even in evoked potentials recorded from the white matter below area

18, suggesting that they are present at the level of thalamocortical axons

(Mitzdorf and Singer, 1980).

One unexpected outcome of these experiments is that synaptic densities

in geniculocortical axons are conserved following either 2 or 7 days of MD.

Even though deprivation causes dramatic changes in the activity patterns and

morphology of deprived-eye geniculocortical arbors, these axons appear to

regulate the spacing of presynaptic sites throughout the period during which

these changes are taking place. Further experiments will be required to test

whether this regulation is specific to the geniculocortical projection or whether it

is a feature of axons in general. Some evidence for the generality of the

phenomenon comes from studies of developing Xenopus retinotectal axons, in

which short axon branch tips that have an average lifetime of 10 minutes (Witte

et al., 1996) were found to contain synaptic vesicle protein immunoreactivity

(Pinches and Cline, 1998). These results, which show that axon branch

extension is accompanied by addition of neurotransmitter release machinery,

are complementary to those presented here, in which branch retraction and

elimination of presynaptic sites occur concomitantly.
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Excitatory intracortical presynaptic sites

Most of the synapses made onto layer IV spiny stellate primary visual

cortical neurons are excitatory and of intracortical origin (Winfield, 1983;

Beaulieu and Colonnier, 1985; Ahmed et al., 1994). These anatomical

observations raise the possibility that rapid physiological ocular dominance

plasticity and/or anatomical consolidation of deprivation effects are due to

changes in excitatory intracortical connections. Specifically, an increase of

intracortical excitatory presynaptic sites in nondeprived ocular dominance

columns (ODCs) and/or a decrease in deprived columns could mediate the shift

in visual responses of primary visual cortical neurons towards the nondeprived

eye after 2 days of MD. With longer periods of MD (7 days), rearrangements in

geniculocortical presynaptic sites could be accompanied by analogous

changes in the distribution of excitatory intracortical presynaptic sites.

These hypotheses were tested by measuring overall synaptic vesicle

protein (SVP) levels in deprived relative to nondeprived ODCs following either

2 or 7 days of MD. Because the population of layer IV primary visual cortical

synapses is dominated by excitatory intracortical connections, measurements of

overall SVP levels in a region of cortex accurately reflect the density of

excitatory intracortical input in that region. Although the total population of

primary visual Cortical neurons includes a range of ocular dominance scores,

the partitioning of this cortical area into ocular dominance columns means that

the centers of deprived-eye ODCs will contain primarily deprived-eye

presynaptic sites and nondeprived ODC centers will have mostly nondeprived
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presynaptic sites. This allows for the relative levels of deprived and

nondeprived excitatory intracortical presynaptic sites to be determined by

measurement of overall SVP label as a function of position within deprived and

nondeprived ODCs. The results of these measurements indicate that 2 and 7

days of MD had no effect on densities of excitatory intracortical presynaptic sites

in deprived relative to nondeprived ODCs. Therefore, the loss of deprived-eye

visual responsiveness of cortical neurons is not caused by elimination of

deprived-eye excitatory intracortical connections within deprived ODCs after 2

days of MD. Similarly, whatever anatomical changes are responsible for

consolidation of the rapid physiological changes caused by MD, they do not

appear to include changes in the distribution of excitatory intracortical

presynaptic sites within deprived and nondeprived ODCs, at least not following

a 7-day period of MD.

Intracortical inhibitory presynaptic sites

The final major input to layer IV primary visual cortical neurons is

intracortical inhibitory synapses from GABAergic neurons within the cortex. An

increase of inhibitory input in deprived ODCs and/or a decrease in inhibition in

nondeprived ODCs could mediate physiological ocular dominance plasticity.

Previous experiments have suggested that at least some of the inability of the

deprived eye to drive visual cortical responses is due to increase in inhibition of

Cortical neurons that would otherwise respond to deprived-eye visual

stimulation. Either intravenous infusion (Duffy et al., 1976) or

!*.
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microiontophoretic visual cortical administration (Burchfiel and Duffy, 1981) of

the GABAA receptor antagonist bicuculline unmasks deprived-eye visual

responses in primary visual cortical neurons that were previously subthreshold.

In addition, GABAergic intracortical circuitry plays an essential role in ocular

dominance plasticity, as either intracortical infusion of bicuculline during a

period of deprivation (Ramoa et al., 1988) or disruption of the GAD65 gene

(Hensch et al., 1998) prevents physiological shifts as assayed by

microelectrode recordings of primary visual cortical neurons. These

experiments in which GABAergic function is altered during MD only

demonstrate that normal inhibitory function is required for ocular dominance

plasticity to occur; they do not indicate that plasticity in inhibitory circuitry

represents the synaptic changes that are responsible for the decrease in

deprived-eye responsiveness.

To test whether an increase in relative density of intracortical inhibitory

presynaptic sites in deprived eye ODCs underlies the rapid MD-induced

physiological ocular dominance shift, I labeled inhibitory presynaptic sites in

deprived and nondeprived ODCs and measured their relative levels as a

function of position within ODCs following 2 days of MD. Inhibitory inputs were

visualized with an antibody raised against GAD65 (Chang and Gottlieb, 1988),

an isoform of the GABA synthetic enzyme glutamic acid decarboxylase which is

localized to presynaptic terminals of inhibitory neurons (Esclapez et al., 1994).

Similar techniques were used to determine whether the changes in

geniculocortical presynaptic sites observed after 7 days of MD are
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accompanied by similar rearrangements in intracortical inhibitory presynaptic

sites. The data from these experiments demonstrate that such changes in

intracortical inhibitory presynaptic sites do not occur, since levels of GAD65

immunoreactivity are equal in deprived and nondeprived ODCs following either

2 or 7 days of MD.

These results are in apparent disagreement with those of Hendry and

Jones (1986; 1988), in which MD of adult monkeys caused a decrease in the

number of GAD-positive neuronal somata and puncta in deprived-eye ODCs in

primary visual cortex. The discrepancy might be explained by invoking two

distinct forms of experience-dependent visual cortical plasticity. In developing

animals during the critical period, MD causes functional and synaptic

rearrangements that alter the response properties of primary visual cortical

neurons such that most neurons come to respond preferentially to nondeprived

eye visual stimulation. In adult animals, there is no physiological plasticity

following even very long periods of MD (cats: Hubel and Wiesel, 1970;

monkeys: LeVay et al., 1980). Since the distribution of ocular dominance in

primary visual cortex is apparently resistant to MD-induced change in adult

animals, the cortex may homeostatically downregulate GABAergic inputs to

deprived-eye ODCs in order to facilitate cortical responses to what would

otherwise be ineffective visual signals from the deprived eye. These

homeostatic alterations would not be necessary in developing cortex, as

synaptic rearrangements allow neurons to change their response properties to

favor inputs from the nondeprived eye.
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This hypothesis is supported by the finding that MD has no effect on the

distribution of GAD-immunoreactive puncta (GAD65 and GAD67 label were not

discriminated) in kitten primary visual cortex (Bear et al., 1985). However, MD

of adult cats was shown to have no effect on relative GAD67 mRNA levels in

adult cat primary visual cortex (Benson et al., 1989). This result led Benson et

al. (1989) to put forth an alternative hypothesis: the experimental discrepancies

are due to species differences between the cat and monkey. Specifically, cats

have a greater degree of binocular convergence in primary visual cortex than

monkeys. This is evident from the fact that visual responses of neurons in

primary visual cortex tend to be more binocular in the cat than the monkey and

that the edges of anatomical ODCs are less defined in the cat (cat. LeVay et al.,

1978; monkey: LeVay et al., 1980). Since fewer layer IV neurons receive

exclusively deprived-eye inputs in the cat than the monkey, the cat would be

expected to exhibit less downregulation of GAD and GABA in deprived ODCs

following MD. However, a different interpretation of the Benson et al. (1989)

results that is consistent with the adult homeostasis hypothesis is based on the

finding that the initial effects of MD on GAD expression in the adult monkey are

posttranscriptional and affect only GAD protein levels, while alterations in GAD

mRNA levels only occur with much longer periods of deprivation (Benson et al.,

1994).

Although these 2 hypotheses are not mutually exclusive, an analysis of

the effects of MD on relative GAD protein expression in either the adult cat or

the critical period monkey would provide definitive tests of these alternatives.
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The hypothesis presented here predicts that MD of adult cats would result in a

decrease in GAD immunoreactivity in deprived ODCs, while critical period

monkeys should show no effect of deprivation on relative GAD levels. In

contrast, the Benson et al. (1989) hypothesis would predict the converse set of

results: no effect in adult cats and a decrease in relative GAD label in deprived

ODCs of critical period monkeys.

Future directions

The major limitation of the experiments presented in this thesis is that

they only allow detection of MD-induced changes that involve anatomical

plasticity in presynaptic terminals. In light of this, the finding that there were no

alterations in the distribution of presynaptic sites in any of the 3 major synaptic

inputs to primary visual cortex following 2 days of MD suggests two other

general possibilities to account for rapid physiological ocular dominance

plasticity. These are: (1) functional changes in presynaptic terminals which

alter the probability of neurotransmitter release and (2) postsynaptic changes

that modify the size of the excitatory or inhibitory postsynaptic potential (EPSP

or IPSP) caused by the release of a given amount of neurotransmitter. Either or

both of these types of change could occur at any of the 3 synaptic inputs studied

in this thesis.

Several lines of evidence support the possibility that changes in the

number or type of postsynaptic neurotransmitter receptors are crucially involved

in synaptic plasticity. Studies of the developing neuromuscular junction during
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the transition from multiple to single innervation have shown that postsynaptic

acetylcholine receptors disappear from muscle cells before presynaptic axon

terminals are withdrawn (Balice-Gordon and Lichtman, 1993; Colman et al.,

1997).

In the central nervous system, the discovery of silent synapses (Isaac et

al., 1995; Liao et al., 1995) provides a plausible mechanism for postsynaptically

mediated changes in synaptic strength. In hippocampal slice preparations,

Some synapses have only N-methyl-D-aspartate-type glutamate receptors

(NMDA receptors) functionally active in the postsynaptic membrane. Because

NMDA receptors require both binding of glutamate and membrane

depolarization to remove the voltage-dependent Mg” block and pass current

(Mayer et al., 1984), NMDA-only synapses will be “silent" unless functional

voltage-independent O-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

type glutamate receptors (AMPA receptors) are also present in the postsynaptic

membrane. Stimulation protocols resulting in long-term potentiation (LTP) of

hippocampal synapses have been shown to result in the addition of functional

postsynaptic AMPA receptors (Isaac et al., 1995; Liao et al., 1995), and this

provides a likely mechanism for the long-lasting increase in synaptic efficacy.

Rapid insertion of AMPA receptors into postsynaptic membranes of

organotypic hippocampal slice cultures following tetanic stimulation has been

detected using antibodies against the AMPA receptor subunit GluR1 (Shi et al.,

1999), and long-term depression in dissociated hippocampal cultures is

accompanied by an immediate decrease in the number of plasma membrane
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postsynaptic AMPA receptors as measured immunohistochemically (Carroll et

al., 1999). Silent synapses are present in the developing rat visual cortex

(Rumpel et al., 1998) and could play a role in mediating physiological ocular

dominance plasticity, as both geniculocortical and intracortical excitatory

Synapses are thought to be glutamatergic. Finally, rapid stimulation-induced

postsynaptic morphological changes have been observed in rat hippocampal

slices. Tetanic stimulation causes dendrites of hippocampal neurons to extend

filopodia that are likely to be the precursors to dendritic spines, and these

morphological changes do not take place in the presence of the NMDA receptor

antagonist 2-amino-5-phosphonopentanoic acid (APV) (Maletic-Savatic et al.,

1999).

At the geniculocortical synapse, one anatomical approach to studying

possible changes in postsynaptic receptor expression induced by MD would be

to apply the object-based colocalization procedures described in Chapter 2 and

extend them to include the identification of those postsynaptic elements located

in opposition to identified presynaptic sites in deprived and nondeprived

geniculocortical afferents. Since most if not all geniculocortical synapses are

glutamatergic, the most attractive postsynaptic markers would be antibodies

raised against either AMPA- or NMDA-type glutamate receptors. This

experiment would require the use of 3 immunofluorescent labels: Pha-L to

identify deprived or nondeprived geniculocortical arbors, SVP antibodies to

label presynaptic sites within these arbors, and a postsynaptic marker to locate
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the postsynaptic element opposed to each identified geniculocortical

presynaptic terminal.

The danger of false positive colocalization artifact of the presynaptic

markers would be as serious as it was for the experiments presented in Chapter

3 (the effects of MD on density of presynaptic sites in deprived and nondeprived

geniculocortical afferents), and there exists the additional problem of accurately

matching the correct postsynaptic element to the corresponding identified

geniculocortical presynaptic terminal in three-dimensional space. Given the

literature on silent synapses presented above, there could be differential

changes in the surface expression of AMPA- and NMDA-type glutamate

receptors at geniculocortical synapses, and these could represent a mechanism

underlying the loss of deprived-eye visual responsiveness following 2 days of

MD. While it is possible that this light microscopic approach would not have

sufficient spatial resolution to detect a difference between synapses expressing

functional AMPA receptors on the postsynaptic membrane and those in which

AMPA receptors are in the membranes of intracellular compartments and

waiting to be inserted into the postsynaptic membrane (and therefore not

functional), these experiments could provide important insight into mechanisms

of ocular dominance plasticity. The techniques necessary to carry out these

experiments are currently being developed by Naomi Ruff and Michael Stryker.

An independent approach to the study of possible MD-induced changes

in geniculocortical synaptic transmission is the development of a slice

preparation that includes the entire geniculocortical projection in a single slice.
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Since the pathways representing the two eyes are segregated into eye-specific

layers in the LGN, this would allow independent electrical stimulation of

deprived and nondeprived geniculocortical afferents while recording from layer

IV recipient neurons. If physiological ocular dominance plasticity is due to

functional changes at geniculocortical synapses, then the monosynaptic EPSPs

recorded in layer IV neurons following electrical stimulation of geniculocortical

afferents should be consistently larger for nondeprived stimulation than

deprived stimulation.

The main difficulty with this approach is that the geniculocortical afferents

follow a tortuous path from their origin in the LGN to their site of termination in

layer IV of primary visual cortex. This makes it practically impossible to

establish a plane of section in the kitten that allows the entire projection to be

contained within a single slice. The situation is somewhat more promising in

the mouse, because the brain is much smaller than the kitten's and more of it is

contained in each slice. In addition, techniques are being developed to prolong

the viability of slice preparations, and this should allow thicker slices to be

made, thereby increasing the probability that a single slice could include the

entire geniculocortical projection for both eyes. Another technical challenge is

the problem of accurately positioning the stimulating electrodes within the LGN

so that any measured differences between evoked deprived and nondeprived

geniculocortical EPSPs are due to MD-induced differences in relative strength

of the geniculocortical synapses and not because one electrode was positioned
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more optimally than the other for maximal activation of the recorded cortical

neurOn.

One of the virtues of this physiological approach is that it allows for the

possibility of separating presynaptic and postsynaptic changes in

geniculocortical synaptic transmission caused by MD. Presynaptic changes in

the probability of neurotransmitter release are thought to be accompanied by

changes in the amount of a type of short-term synaptic plasticity called paired

pulse facilitation (PPF; reviewed in Zucker, 1989). PPF occurs when the

presynaptic axon fires two action potentials at high frequency. Because calcium

that flows into the presynaptic terminal during the first spike has not yet been

completely cleared when the second spike arrives, the amount of

neurotransmitter released by the second spike is greater than that released by

the first. Therefore, EPSPs are larger in response to the second spike than the

first, and the difference between the sizes of the first and second EPSPs

corresponds to the amount of PPF. Synapses with a high probability of

neurotransmitter release typically will show less PPF than synapses with low

probability of release, because more of the available neurotransmitter is

released during the first spike, leaving proportionately less to be released by

the second spike.

If MD causes relative changes in the probability of neurotransmitter

release from deprived and nondeprived geniculocortical presynaptic terminals,

this should be reflected as differences in the amount of PPF observed following

electrical stimulation of deprived or nondeprived geniculocortical inputs.
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Specifically, if the loss of deprived-eye visual responsiveness is due to a

decrease in the probability of neurotransmitter release from deprived-eye

geniculocortical synapses and/or an increase at nondeprived geniculocortical

synapses, than PPF should be increased in response to deprived-eye

geniculocortical stimulation relative to the amount of PPF observed following

stimulation of the nondeprived pathways.

Alternatively, changes in relative strength of deprived and nondeprived

geniculocortical synapses could have a postsynaptic locus. One hypothesis is

that the deprived pathway has a greater proportion of silent (NMDA only)

synapses than the nondeprived pathway. This could be tested in the

geniculocortical slice preparation using minimal electrical stimulation of

deprived or nondeprived geniculocortical inputs. Silent synapses could be

revealed by depolarizing the postsynaptic neuron, and the presence of NMDA

receptors could be confirmed by blocking the EPSPs evoked in the depolarized

neuron by the addition of the NMDA receptor antagonist APV to the bath. If

deprived geniculocortical synapses have more silent synapses than

nondeprived synapses, this would suggest a likely synaptic mechanism for the

loss of deprived-eye visual responsiveness following MD. This general

approach of measuring the prevalence of silent synapses in a thalamocortical

slice preparation has been successfully employed in the somatosensory barrel

cortex of rats (Isaac et al., 1997).

Another way to study the effects of MD on deprived and nondeprived

geniculocortical synapses in vivo is suggested by the work of Ferster et al.
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(1996), in which they cooled primary visual cortex and made intracellular

recordings from layer IV neurons to isolate their geniculocortical inputs.

Cooling of the cortex to 4-14°C largely inactivates intracortical synaptic

transmission. In addition, this procedure decreases the amplitude of

thalamocortical EPSPs, but it simultaneously decreases the (presumably

synaptic) noise in these potentials, leaving the signal-to-noise ratio largely

unchanged.

The Ferster et al. (1996) study focused on orientation tuning of

thalamocortical inputs, but their approach could logically be extended to

compare the relative strengths of deprived and nondeprived geniculocortical

EPSPs in layer IV neurons. If the inability of the deprived eye to drive visual

cortical responses is due to decreased transmission at deprived-eye

geniculocortical synapses, this should be reflected as a decrease in the size of

layer IV EPSPs in response to visual stimulation of the deprived eye as

compared to those evoked by nondeprived-eye visual stimulation.

Although it would be very difficult to extend this technique to dissect

presynaptic from postsynaptic changes, this approach has certain advantages

over the slice preparation described above. Isolation of geniculocortical

contributions to layer IV neurons in vivo would allow the study of ocular

dominance plasticity in a preparation in which the neural circuitry is intact and

can be activated using patterns of neural activity produced by visual stimulation

of the retina instead of a stimulating electrode. In addition, if the ocular

dominance of neurons could be determined with extracellular recordings of
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visually evoked action potentials before beginning whole-cell patch recording,

this could be compared with the intracellular ocular dominance scores from the

same cells as measured by comparing the size of deprived and nondeprived

geniculocortical EPSPs. If these two types of ocular dominance ratings were in

agreement, this would represent strong evidence that the loss of

responsiveness to deprived-eye visual stimulation is due to decreased synaptic

efficacy at deprived-eye geniculocortical synapses.

All of the future directions described so far involve the study of

geniculocortical synaptic plasticity as a possible mechanism underlying rapid

physiological ocular dominance plasticity. Just as the hypotheses tested in this

thesis included possible changes in the distribution of presynaptic sites in

intracortical excitatory and inhibitory inputs as well as those in geniculocortical

afferents, functional changes in synaptic efficacy (either of presynaptic or

postsynaptic origin) could also occur at intracortical and/or excitatory synapses.

Additionally, the same reasons that measurements of synaptic density and SVP

density in deprived and nondeprived geniculocortical afferents are more direct

than analogous measurements of intracortical presynaptic sites also apply to

the study of possible postsynaptic changes and functional presynaptic changes.

In particular, although it is trivial to make a cortical slice preparation that has

much of the intracortical excitatory and inhibitory circuitry intact, there is no site

in the cortex where an electrode could be placed to stimulate a population of

axons of uniform ocular dominance.
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In spite of this difficulty, there are a number of experiments which could

shed light on possible contributions of intracortical excitatory and/or inhibitory

synaptic plasticity to MD-induced changes in the response properties of primary

visual cortical neurons. An analogue of the experiments presented in Chapter 4

(measurement of the density of intracortical excitatory and inhibitory presynaptic

sites in deprived relative to nondeprived ODCs following MD) would be to

examine the effects of MD on distributions of markers of postsynaptic

neurotransmitter receptors in deprived and nondeprived ODCs. Since

intracortical excitatory synapses are thought to be glutamatergic, antibodies

against AMPA and NMDA receptors would be most useful to study whether MD

modifies the pattern of these connections.

Some of these experiments have already been performed in kitten visual

cortex, in which MD causes a decrease in the amount of immunoreactivity of the

NMDAR1 subunit in layer IV of deprived ODCs (Catalano et al., 1997). Since

these effects were observed only in layer IV, this result does not reveal whether

the MD-induced changes in NMDAR1 expression occur at geniculocortical or

intracortical synapses. Although this study examined the effects of 2 weeks of

MD on the pattern of NMDA receptor protein expression, evidence for rapid

experience-dependent changes in NMDA receptors comes from the work of

Quinlan et al. (1999). In rats that were reared in the dark, as little as one hour of

exposure to light induced expression of the NMDA receptor subunit 2A in visual

cortex (Quinlan et al., 1999). Finally, infusion of antisense DNA into visual

cortex to reduce NMDA receptor expression during a period of MD prevents
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physiological ocular dominance plasticity while leaving normal visual

responses intact (Roberts et al., 1998). As in the case of bicuculline infusion

during MD, this finding does not indicate that the site of expression of the

physiological ocular dominance shift involves synapses with NMDA receptors.

However, it does demonstrate that NMDA receptor function is required for the

loss of deprived-eye visual responsiveness caused by MD to occur.

In conclusion, there is much evidence to suggest that MD causes a

change in the pattern of expression of NMDA receptors which is consistent with

decreased excitation in deprived-eye ODCs. However, it is not yet known

whether these experience-dependent changes are occurring at thalamocortical

or intracortical sites, and the functional consequences of decreased NMDA

receptor levels in layer IV of deprived ODCs following MD have not yet been

elucidated.

The major postsynaptic receptor at intracortical inhibitory synapses is the

GABAA receptor. MD of adult monkeys causes a decrease in protein expression

of the GABAA receptor complex (Hendry et al., 1990) as well as individual

subunits of the complex (Hendry et al., 1994) in deprived-eye ODCs. These

results are analogous to those reported for the MD-induced decrease in GAD

expression in deprived ODCs of adult monkeys (Hendry and Jones, 1986;

1988). The same possibilities outlined above to interpret the GAD results apply

to those obtained using anti-GABAA receptor antibodies. Until further

experiments are performed in critical period monkeys, it will remain unclear

whether the adult plasticity is a homeostatic compensation unique to post

º
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critical period animals or whether the observed changes are independent of the

age of the animal. It would be surprising to measure a decrease in GABAergic

function in deprived-eye ODCs of critical period animals in response to MD, as

the deprived ODCs are precisely where the cortical response to deprived-eye

stimulation is less than normal. Although the definitive experiments in critical

period monkeys have not yet been carried out, kittens that were subjected to

MD throughout the critical period into adulthood showed no columnar pattern of

binding of the tritiated GABAA agonist muscimol in primary visual cortex (Mower

et al., 1986).

A different approach to this problem would be to record extracellularly

from single primary visual cortical neurons in vivo, determine their ocular

dominance, and then record intracellular synaptic potentials from the same

neurons while pharmacologically blocking inhibition in the recorded cell.

Although this would be a very technically challenging experiment, this method

has been successfully employed to examine the degree of stimulus orientation

selectivity that remains in neurons after inhibition has been blocked (Nelson et

al., 1994). Inhibitory blockade was achieved by using intracellular pipette

Solutions consisting of GABA receptor antagonists that prevent GABAergic

transmission by blocking ion channels from the inside of the recorded neuron.

Although intracellular inhibitory blockade changes many properties of the

recorded cell, including the resting potential and the amount of spontaneous

activity, each neuron could serve as its own control in an ocular dominance

experiment. Neurons would be selected that had a much smaller response to
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visual stimulation of the deprived eye than the nondeprived eye based on

extracellular recordings of action potentials. Following intracellular inhibitory

blockade, if these neurons show equally large EPSPs in response to visual

stimulation of the deprived and nondeprived eye, this would strongly suggest

that inhibitory inputs play an important role in suppressing deprived-eye visual

responses.

Although this positive result would be very informative, a negative result

of continued dominance by the nondeprived eye following intracellular

inhibitory blockade would be difficult to interpret. Neurons at the centers of

nondeprived ODCs will be dominated by the nondeprived eye, and this will be

largely independent of deprivation effects. In fact, it will be mostly a function of

the fact that the thalamocortical afferents are organized into ODCs and that

there is a precise correlation between the pattern of thalamic input and the

ODCs as defined physiologically (Shatz and Stryker, 1978). This difficulty could

be partially overcome by targeting micropipette penetrations (Crair et al., 1997)

to the borders of ODCs, where the dominance of neurons by the nondeprived

eye is more likely to be a result of deprivation instead of the normal pattern of

geniculocortical inputs. This could be achieved (at the expense of an even

more technically challenging study) by using intrinsic signal optical imaging

(Bonhoeffer and Grinvald, 1996) to derive a map of the location of ODCs prior to

the micropipette recordings.
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