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ABSTRACT

The ferret dorsal lateral geniculate nucleus (dLGN) undergoes two periods of retinal afferent
segregation during postnatal development. The first establishes the eye-specific laminae, A and Al,
and the second establishes ON/OFF sublaminae within laminae A and Al. In contrast to eye-
specific segregation, which seems to rely only on presynaptic activity, ON/OFF sublamination
requires both pre- and postsynaptic activity. Because of its dependence on postsynaptic (relay cell)
activity, sublamination may be influenced by extraretinal inputs which alter relay cell excitability.
We have examined the postnatal development of cholinergic brainstem inputs to the dLGN to
determine whether these inputs arrive in time to influence sublamination and whether the
cholinergic innervation is present in laminar zones (i.e., whether it might target relay cells). Choline
acetyltransferase (ChAT) immunoreactivity is not detected in the dLGN until a few days after the
second postnatal week (just after sublamination begins), at which time it can be seen in both A and
C laminae. ChAT labeling increases in intensity until two days before the end of the fourth
postnatal week (when ON/OFF sublamination is comp!zte), when it drops dramatically throughout
the dLGN . ChAT labeling returns a few days later, but appears in the interlaminar and inter-
sublaminar zones instead of within the A and C laminae. However, the pattern of ChAT labeling
reverses once more, so that in the adult, ChAT labeling appears in the A and C laminae and is
relatively absent from interlaminar zones. Acetylcholinesterase (AChE) labeling in the dLGN
shows a similar ontogenetic pattern and time course. Retrograde labeling of brainstem cholinergic
nuclei demonstrates that these inputs are in place in the dLGN after the second postnatal week.
Thus, cholinergic inputs to A and A1 laminae of the ferret dLGN do arrive in time to influence
ON/OFF sublamination.
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INTRODUCTION

The dorsal lateral geniculate nucleus (dLGN) relays visual information from retinal ganglion cells
(RGCs) to visual cortex. It receives visually-criven excitatory inputs from the retina, visual cortex
and superior colliculus, inhibitory inputs from intrageniculate and perigeniculate interneurons, and
modulatory inputs from several pontomesencephalic brainstem nuclei, the largest of which 1s
cholinergic. [A closely related structure, the ventral lateral geniculate nucleus (vLGN), also receives
retinal and neuromodulatory inputs and may be involved in visuomotor responses and circadian rhythms
(Harrington, 1997).] The ferret dLGN is composed of six layers, the characteristic organization in
carnivores: A, C and C2 receive inputs from contralateral retina; A1 and C1 receive ipsilateral input,
while C3 receives only nonretinal input (Linden et al,, 1981). Layers A and A1 receive input from
X- and Y-type RGC inputs, while layers C, C1 and C2 receive W-type RGC input (Linden et al,

1981).

The ferret retinogeniculate pathway has been used as a model system in developmental plasticity
(despite the fact that ferrets do not seem to be highly visual animals and instead seem to rely mainly
on olfaction; Apfelbach and Wester, 1977)) because the pathway is relatively immature at birth, its
development is at least in part activity-def ¢ndent and this activity is relatively easy to manipulate via
ocular treatments. The cat dLGN is also extensively used in investigations of developmental
plasticity for the same reasons, though cats are born after 65 days of gestation, while ferrets are
born after only 41 days. Retinogeniculate development occurs at roughly the same rate in both

species; therefore, the cat’s retinogeniculate pathway is more mature at birth and many investigators



have resorted to embryonic studies to examine early events in retinogeniculate development. In
this paper, cat and ferret data will be discussed interchangeably; hov.ever, when quantitative information

is presented from the cat, this will be explicitly noted.

Most studies of retinal afferent segregation within the dLGN have focused on the classical excitatory
(glutamatergic) retinogeniculate neurotransmitter system (see Shatz, 1990; Cramer and Sur, 1996 for
reviews); here we suggest that a neuromodulatory (cholinergic) system arising in the pontomesencephalic
tegmental region of the brainstem might influence segregation of on and off retinal afferents. In
addition, we provide anatomical evidence that cholinergic inputs arising from the pedunculopontine
tegmental and laterodorsal tegmental nuclei (PPTg and LDTg, respectively) arrive in the dLGN eatly

enough to influence on/off segregation in the ferret dLGN.

Ontogeny of the Retinogeniculate Pathway

Embryonic Development

In ferrets, neurogenesis of retinal ganglion éells (RGC) and dorsal lateral geniculate (dLGN) neurons
begins at embryonic day (E) 20; retinal ganglion cell neurogenesis continues through postnatal day (P) 2
(Greiner and Weidman, 1981), while dLGN neurogenesis concludes by E30 (Peduzzi, 1989). RGC axon
outgrowth from the eye has been detected as early as E24, though some exit the eye earlier since RGC
axons are present in the optic chiasm by this age (Johnson and Casagrande, 1993). Axons from both
nasal and temporal retina grow into the optic chiasm in roughly two stages; the first is apparently
independent of midline cues while the second relies on some as yet undetermined cue or combination of

cues at the midline (Baker and Reese, 1993). During the second stage of axon growth into the chiasm,
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axons from nasal RGCs cross to innervate contralateral LGN; however, temporal azons are prevented
from crossing the midline and, instead, they turn back from the midline to innervate ipsilateral LGN

(Stretavan and Reichardt, 1993; Godement et al., 1994).

As a result of the segregation of nasal and temporal retinal inputs at the chiasm, each dLGN
receives inputs from both eyes. In the cat, contralateral inputs arrive first (at E32) and grow across
most of the dLGN while ipsilateral inputs arrive around E35 and grow into the caudomedial
portion of the LGN (Shatz, 1983); thus, the overlap of ipsi- and contralateral inputs is extensive,
though never complete, as was initially suggested (Shatz, 1983; but see Shatz, 1996 for 2 more recent
assessment). In the ferret, retinal afferents arrive at the dLGN between E25 and E27 and invade
the nucleus by E32, with contralateral inputs invading before ipsilateral (Cucchiaro and Guillery,
1984; Johnson and Casagrande, 1993). The pattern of contra- and ipsilateral innervation of ferret
dLGN is very similar to that seen in the cat, though Hutchins and Casagrande (1990) have explicitly
noted that contralateral fibers innervate the future A1 area less densely than they do the rest of the

dLGN and that ipsilateral fibers are the first to restrict themselves to their appropriate territory.

Postnatal Development

On the day of birth (embryonic day 41; E41 = postnatal day zero; P0), the overlap between ipsilateral
and contralateral inputs is extensive in the dLGN and contralateral inputs have extended into the
adjacent perigeniculate nucleus (PGN) (Linden et al., 1981; Cucchiaro and Guillery, 1984; Hahm, 1991).
By P8, eye-specific inputs have segregated into fairly distinct laminae in the dLGN so that contralateral

inputs terminate mainly in the A layer and ipsilateral inputs terminate mainly in the A1 layer; however,
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some axons still extend processes across laminar borders until between P15 and P19 (Linden et al,, 1981;

Cucchiaro and Guillery, 1984; Hahm, 1991b).

ON/OFF segregation in the ferret dLGN begins around P14 and is complete by P28 (several days
before eye opening). During this second segregation period, inputs from ON-center and OFF-center
RGCs, whose dendrites stratify in the inner inner plexiform layer (ilPL) and outer IPL (oI.PL) of the
retina, respectively, segregate to form distinct sublaminae within the eye-specific (ie., A and A1) layers of
the dLGN (Nelson et al,, 1978). ON-center and OFF-center RGCs are named for their responses to
light: ON-center cells are maximally depolarized when the center of their receptive field is illuminated
while the surround is dark; OFF-center cells are maximally depolarized when the surround is illuminated
and the center is dark. Stryker and Zahs (1983) were the first to demonstrate that sublaminae in A and

A1 represent the anatomical segregation of ON and OFF inputs in the ferret dLGN.

Activity-Dependence of Retinal Afferent Segregation in the dLGN

A central question in developmental neurobiology is whether the mechanisms which refine
neuronal connectivities depend on neuronal activity. In 1949, Hebb postulated a mechanism for
synaptic strengthening. This so-called Hebbian plasticity requires that postsynaptic neurons detect
coincidence of presynaptic inputs and respond to that coincidence by specifically strengthening
synaptic responses to those inputs. Hebbian plasticity is thought to play a central role in
developmental changes in connectivities and N-methyl-D-aspartate (NMDA) receptors, which may
act as coincidence detectors, have been implicated in retinogeniculate plasticity (Stent, 1973;

Constantine-Paton et al., 1990; Mooney et al,, 1993). The proposed mechanism of NMDA
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receptor involvement in neuronal plasticity has been widely studied, especially in the rat
hippocampus (see Bliss and Collingridge, 1993 for review). Briefly, both alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA) and NMDA receptors are activated by glutamatergic input.
NMDA receptors differ from AMPA receptors in two critical ways: 1. They do not become
activated until the postsynaptic neuron is sufficiently depolarized to relieve a voltage-dependent
magnesium block of the NMDA receptor’s cation channel and 2. During adequate depolarization,
they conduct calcium: cations. Sufficient influx of calcium is required for activation of nitric oxide
synthase (NOS), which produces a putative retrograde messenger, nitric oxide (NO), which may diffuse
across the synaptic cleft to the presynaptic neuron and cause an increase in glutamate release, increasing
synaptic efficacy (Schuman and Madison, 1991). In addition, caldum activates a number of second
messenger pathways and may cause morphological and/or physiological changes in the postsynaptic

neuron (e.g., see Chen et al,, 1997).

Because eye-specific segregation is complete before photoreceptor maturation and eye opening in
both ferret and cat, there is no visually-driven activity in the retina during eye-specific segregation;
however, spontaneous waves of action potential activity have been detected in the RGCs of fetal
rats (Galli and Maffei, 1988; Maffei and Galli-Resta, 1990) and neonatal ferrets (Meister et al., 1991;
Wong et al., 1993; Wong and Oakley, 1996). In #itr electrophysiological recordings in cat dLGN
have established that RGC axons make functional synapses onto relay cells even before eye-specific
segregation begins; thus retinal activity (presynaptic activity) can be transmitted to relay cells
(postsynaptic activity) during both eye-specific and ON/OFF segregation periods (Shatz and

Kirkwood, 1984; Shatz, 1996). Electron micrographs of retinal inputs to dLGN relay cells (also in
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cat) provide anatomical evidence that retinogeniculate synapses are already established during eye-
specific segregation (Campbell and Shatz, 1992). Thus, it is conceivable that spontaneous activity of
retinal ganglion cells activates NMDA receptors on dLGN relay cells, strengthening and perhaps

physically stabilizing “appropriate” synapses to create a functional adult retinogeniculate system.

Eye-Specific Segregation

Shatz and Stryker (1988) disrupted eye-spedific segregation in kittens via minipump delivery of
tetrodotoxin (TTX; a neurotoxin which prevents action potential activity) near the optic chiasm. They
concluded that presynaptic activity was required for eye-specific segregation to proceed normally;
however, the TTX was not restricted to the chiasm. Therefore, it is more accurate to conclude that
action potential activity is required for eye-specific segregation, but the critical activity might be
presynaptic, postsynaptic or a combination of both. {An alternate interpretation is that TTX influences
segregation not by blocking activity, but instead by influencing axon growth. Wilkemeyer and Angelides
(1996) demonstrated that TTX stimulates axon branching and the formation of varicosities in
organotypic cocultures of rat thalamic and cortical tissue; however, since TTX concurrently blocks
activity and causes changes in axonal morphology, it is perhaps impossible to separate these effects.]
Preliminary data from Cook et al. (1996) have shown that focal blockade of presynaptic activity, achieved
by repeated intraocular applications of TTX, does not disnipt eye-specific segregation in neonatal ferrets.
Penn et al. (1998) have perhaps provided some resolution to these conflicting results with their recent
finding that focal blockade of RGC action potential activity does in fact prevent eye-specific segregation
in the ferret. Their elegant experimental design involves the use of cholinergic antagonists to block

action potential activity of RGCs indirectly, that is, without changing any other aspect of RGC structure
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or function. Since they did not show any single-axon anatomy, however, they did not address the issue
of whether activity blockade is sufficient to alter axonal morphology, even in the absence of TTX. In
conclusion, it seems that presynaptic action-potential activity is required for the normal formation of eye-

specific laminae in ferret dLGN.

It is not clear, however, whether postsynaptic activity (i.e., dLGN relay cell activity) is requited for eye-
specific segregation. Supporting the notion that eye-specific segregation is independent of postsynaptic
activity, Smetters et al. (1994) have demonstrated that blockade of N-methyl-D-aspartate NMDA)
receptor function, by systemic delivery of CPP (a competitive antagonist of glutzinate at the NMDA
receptor), does not disrupt eye-specific segregation in the ferret dLGN. It is worth noting that blockade
of NMDA receptors in developing relay cells blocks a major component of postsynaptic activity, so that
NMDA receptor blockade severely attenuates relay cell activity (Sillito et al., 1990; Heggelund and
Hartveit, 1990; Esguerra et al, 1992; Kwon et al., 1992; Ramoa and McCormick, 1994b). Additional
evidence that eye-specific segregation is postsynaptic activity-independent comes trom Cramer et al
(21996), who were unable to disrupt eye-specific segregation in ferret dLGN by systemic delivery of L-
nitroarginine (L-NoArg, an arginine analog) to inhibit NOS. Thus, it seems that eye-specific segregation

may be presynaptic activity-dependent but postsynaptic activity-independent.

ON/OFF Sublamination
Cramer and Sur (1997) have shown that presynaptic activity blockade, via repeated intraocular injections
of TTX from P12-P24, is sufficient to prevent ON/OFF sublaniination in ferret dLGN. Thus, it seems

that sublamination is dependent on presynaptic action potential activity. Wong and Oakley (1996)
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shewed that ON and OFF RCC activir- - *h= neonatal ferret is correlated until sublamination begins
aiid then they develop tistinui I+ st frequencies whict migiit be used to drive segregation. Evidence that
ON/OFF sublamination is also postsynaptic activity-dependent comes from Hahm et al. (1991a) who
blocked sublamination in ferret dLGN via osmotic minipump delivery of D-APV or systemic delivery of
MK-801 to inhibit NMDA receptor function. In addition, Cramer et al. (1996) demonsrated that NOS

blockade, again by systemic delivery of L-NoAtg, is sufficient to disrupi ON/OFF sublamination.

Extraretinal inputs to the dLGN

Intrathalamic Inputs

y-aminobutyric acid (GABA)-ergic input to dLGN relay cells, which represents about one third of
all inputs to cat dLGN relay cells (Erisir et al,, 1998), come from local (i.e., intrageniculate)
interneurons and from neurons of the thalamic reticular formation (nRT; nucleus reticularis
thalami), which includes the perigeniculate nucleus (PGN; Mitrofanis, 1994). In the ferret, the
dorsocaudal region of the nRT gives rise to the PGN by PO (Mitrofanis, 1994). Intrageniculate
interneurons each receive retinotopic inp t from one or two RGCs and they are thought to provide
spatially precise, feed-forward inhibition to dLGN relay cells (Dubin and Cleland, 1977). In
contrast, PGN interneurcn: receive binocular retinal inputs, peribrachial input, and collaterals from
geniculocortical and corticogeniculate fibers; they are thought to provide a more diffuse inhibition
of dL.GN relay cell activity (Dubin and Cleland, 1977; Hu et al., 1989a). PGN intemeurons are also
involved in the generation of so-called spindle waves, synchronous oscillations which appear as
brief (1-3 second) periods of low-frequency (6-14 Hz) activity in electroencephalograms (EEGs);

dLGN relay neurons also exhibit spindle wave activity (von Krosigk et al., 1993).
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Extrathalamic Inputs

Retinal ganglion cell input is exclusively glutamatergic and represents about 20% of the total input to
dLGN relay cells (in the A layers); in addition, relay cells receive major inputs from two extrathalamic
sources: a second glutamatergic input from pyramidal neurons in layer 6 of striate and extrastriate visual
cortices (Brodmann's areas 17,18 and 19 in ferret; Clasca et al., 1995), roughly 25% of the total input; and
cholinergic input from the pedunculopontine tegmental and laterodorsal tegmental nuclei (PPTg and
LDTg, respectively) of the midbrain reticular formation, roughly 25% of the total input (percentages in
cat; Edsir et al., 1997b and 1998). In both rat and ferret, the brainstem cholinergic input to the dLGN
comes primarily from the PPTg and the LDTg provides only a minor input (Henderson and Sherriff,
1991). The dLGN also receives a variety of minor extrathalamic inputs, which include a serotonergic
projection from the raphe nuclei (Mize and Payne, 1987), a noradrenergic projection from the locus
coeruleus (Papadopoulos and Parnavelas, 1990), a histaminergic projection from the posterior ventral
region of the hypothalamus (Uhlrich et al.,, 1993), 2 GABAergic projection from the pretectum
(Cucchiaro et al., 1991), and a presumably glutamatergic (Jeon et al., 1997) projection from the superior

colliculus (Sutton and Brunso-Bechtold, 1988).

Influence of the Major Extraretinal Inputs on Retinal Afferent Segregation

Research intoc mechanisms of retinal afferent segregation in the dLGN has focused on the role of
activity in the retinogeaiculate pathway; however, given that cortical and brainstem inputs represent
approximately half of the total input to dLGN relay cells (Exisir et al., 1997b and 1998), these

extraretinal inputs may significantly influence retinogeniculate segregation.
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Corticogenirulate Inputs

Primary visual cortex (Brodmann’s area 17, striate cortex), which receives zelay cell input via layer 4, also
sends output from layer 6 to dLGN relay cells between P9 and P17 in the ferret (Clasca et al., 1995).
However, much cortical input to dLGN comes first from layer 5 neurons in dorsal occipital coriex
(presurnptive areas 18 and 19; extrastriate cortex), which send a descending projection to dLGN around
P5; these axons are collaterals of a projection from layer 5 to brainstem, the majority of which are not
removed until after P21 (Clasca et al,, 1995). Such collateral pruning without the death of the entire
neuron is a widespread phenomenon in the developing mammalian brain (O’Leary, 1992). The function
of the persistent extrastriate projection to LGN is not known; howev..t, because extrastriate axons arrive
by PS5, they might play a role in both eye-specific and ON/OFF retinogeniculate segregation. The layer 6
projection to LGN relay cells is a permanent one; however, since it does not arrive in the LGN until
around P9, its influence over retinogeniculate segregation is likely restricted to the pedod of ON/OFF

sublamination.

Cholinesgic Brainstem Inputs

Anatomy

The dLGN receives a minor cholinergic input from the parabigeminal nucleus (PBG), which is located in
the pontine region of the midbrain (Fitzpatrick et al., 1989; Hutchins and Casagrande, 1988; Harting et
al,, 1991; Turlejski et al,, 1994). The PBG also sends a major cholinergic input to the superior colliculus

(Tan and Harvey, 1989; Jhiang et al., 1996).

Major cholinergic input to the dL GN and other principal thalamic relay nuclei come from two nuclei,
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also located in the pontomesencephalic tegmental region of the brainstem: pedunculopontine tegmental
{PPTg) and lateral dorsal tegmental (LD Tg; also dorsolateral tegmental) (rat: Woolf and Butcher, 1986;
ferret: Henderson, 1987a; Fitzpatrick et al., 1989; Henderson and Sherriff, 1991; cat: de Lima et al., 1985;
de Lima and Singer, 1987; see Semba and Fibiger, 1989 for review). Mesulam et al. (1983) have suggested
a standardized nomenclature for the six major cholinergic nuclei of the rat brain (Ch1 through Ch6); Ch5
includes cholinergic neurons in the PPTg, cuneiform nucleus and parabrachial area and Ch6 is comprised
solely of cholinergic neurons in the LDTg. Unfortunately, a plethora of less well--defined terms are

routinely used to describe this brainstem region and its subregions.

Moruzz and Magoun (1949) first identified the region as the “brain stem reticular activating system”, a
term which refers to its ability to switch EEG patterns from the synchronized state which occurs during
sleep to the desynchronized state which occurs when the animal is awake. Francesconi et al. (1988)
describe this region as the midbrain reticular formation, which includes mainly cholinergic (Shute and
Lewis, 1967; de Lima and Singer, 1987; Henderson, 1987b; Fitzpatrick et al.,, 1989), but also noradrenergic
(de Lima and Singer, 1987; Henderson, 1987b; Fitzpatrick et al., 1989) and glycinergic neurons (Fort et
al, 1993). In the cat, this region is sometimes called the perbrachial region (PBR; eg, in Hartveit and
Heggelund, 1994), which includes mainly cholinergic, but also noradrenergic and serotonergic, neurons
which occupy the periphery of the brachium of the inferior colliculus (BIC); the term more often used
in cat is the parabrachial (PB) region, which refers to the more caudal portions of the brainstemn
cholinergic region (e.g., in Exisir et al, 1997a). The PB contains mostly cholinergic neurons,
concentrated along the ventromedial extent of the BIC (Uhlrich et al., 1988). De Lima and Singer

(1987) use a closely related name— the medial nucleus of the brachium conjunctivum, which also
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describes the anatomical location of the region.

Electron microscopy has shown that cholinergic inputs synapse directly onto both relay cells and
interneurons in the dLGN as well as PGN interneurons (Raczkowski and Fitzpatrick, 1989;
Beaulieu and Cynader, 1992; Erisir et al., 1997a). In addition, autoradiographic analysis has revealed
that relay cells of the dLGN possess both nicotinic (Parkinson et al., 1988) and muscarinic M2 (Spencer

et al,, 1986) types of acetylcholine (ACh) receptors.

Physiology

Relay cells have two basic response modes: burst firing and tonic firing. Burst firing occurs during
spindle waves (6-15 Hz), which occur during slow-wave sleep (McCatley et al., 1983) and absence seizures
(see review in Kostopoulos et al,, 1981a, b). Burst firing occurs when a dLGN relay cell’s resting
membrane potential is relatively hyperpolarized (below -60 mV), which deinactivates a low-threshold
calcium current (called LT or Ir); depolarization of a relay cell under these conditions, via retinal input, for
instance, causes a long LT calcium spike (Le., depolarization) upon which 2-7 action potentials ride (Dossi
et al,, 1992; McCormick and Pape, 1990). Burst firing reflects a non-linear transformation of incoming
retinal signals (Lu et al,, 1993; Guido et al., 1995); however, recent evidence from Guido and Sherman
(1998) indicates that signal detection in relay cells is actually improved during burst firing (versus tonic

firing).

The second response mode of dLGN relay cells is the tonic, or relay, mode. Tonic firing occurs during

REM sleep and the waking state, when spindle waves are absent, and reflects an increased transfer ratio
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(ie., relay cell action potentials are fired more reliably in response to excitatory inputs), a more linear
transformation of retinal signals and an increase in the signal to noise ratio (Livingstone and Hubel, 1981;
Sawai et al., 1988; Lu et al.,, 1993; Guido et al,, 1995). A relay cell will fire in the tonic mode when its
resting membrane potential is above -60 mV, so that Iris inactivated and there is no LT calcium spike in

response to depolarizing inputs (Dossi et al., 1992; McCormick and Pape, 1990).

Response properties of dLGN relay cells can be switched from bursting to tonic (as during the switch
from slow-wave sleep to arousal) by stimulation of brainstem regions which send cholinergic input to the
dLGN (Francesconi et al., 1988; Hu et al,, 1989a; Lu et al., 1993; Hartveit and Heggelund, 1995; Uhlrich
et al., 1995) or direct application of ACh to relay cells (Sillito et al,, 1983; McCormick and Prince, 1987;
Francesconi et al,, 1988; McCormick, 1992). These changes are effected by both nicotinic (Hu et al,
1988, 19892 and 1989b; McCormick, 1992; Zhu and Uhlrich, 1997) and muscarinic (Francesconi et al.,
1988; Marks and Roffwarg, 1989; McCormick and Prince, 1987; McCormick, 1992) ACh receptors on
dLGN relay cells. In siw microdialysis in the rat has shown that ACh release in the thalamus is correlated
with behavioral arousal states, so that extracellular ACh levels are elevated during the waking state and

REM sleep and significantly attenuated during slow-wave sleep (Williams et al, 1994).

Intrageniculate and perigeniculate (PGN) interneurons which send inhibitory GABAergic inputs to
dLGN relay cells also receive cholinergic brainstem inputs. Acetylcholine inhibits both types of
interneurons via muscarinic receptors (McCormick and Prince, 1986; McCormick and Pape, 1988; Pape
and McCormick, 1995); intrageniculate interneurons are also inhibited viz nicotinic receptors (Lee and

McCormick, 1995; Zhu and Uhlrich, 1997). Thus, ascending cholinergic brainstem inputs to dLGN relay
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neurons excite them not only directly (via nicotinic and muscarinic ACh receptor-mediated
depolarization), but also indirectly (via nicotinic and muscarinic ACh receptor-mediated inhibition of

inhibitory inputs from both intrager.iculate and PGN interneurons).

Putative Role for Cholinergic Inputs to dLGN in Retinogeniculate Segregation

Brainstem cholinergic inputs might influence retinogeniculate segregation by altering the excitability of
developing relay neurons, though perhaps not by switching them from bursting to tonic firing. Ramoa
and McCormick {1994) have shown that the development of the low-threshold calcium current (Ir) is
protracted in the ferret dLGN; I+ is not fully functional until P19. Despite this, cholinergic inputs to
dLGN relay neurons do increase relay cell excitability, both by direct excitation of relay cells and by
indirect inhibition of inhibitory inputs to relay cells, and might simply enhance the reliability of relay cell

responses to retinal inputs (Le., increase the transfer ratio) during retinal afferent segregation.

A second possibility is that cholinergic brainstem inputs might enhance synaptic plasticity during activity-
dependent retinal afferent segregation. Zhu and Uhlrich (1997) recently provided evidence that nicotinic
acetylcholine receptors (nAChRs) on dLGN relay cells conduct not only sodium and potassium, but also
calcium cations. Recall that the NMDA receptor is thought to play a critical role in neuronal plasticity
because, in response to sufficient depolarization, it conducts calcium cations into the postsynaptic
neuron. If nAChRs can also conduct calcium cations, perhaps even in the absence of “sufficient”
postsynaptic depolarization, cholinergic inputs might induce in dLGN relay cells a state of heightened
synaptic plasticity during retinal afferent segregation. Because ON/OFF segregation is both pre- and

postsynaptic activity-dependent and because Ir is not fully functional until P19, brainstem cholinergic
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inputs might be more likely to exert this type of an influence during ON/OFF segregation than during

eye-specific segregation.

Finally, cholinergic afferents might enhance activation of the ON channel in the dLGN. Henderson
(19872) has shown that ON sublaminae in the adult ferret dLGN receive more cholinergic afferents than
do OFF sublaminae, suggesting that cholinergic input might have a stronger exditatory influence in the
ON relay cells. Physiological evidence for a developmental difference in activation of ON and OFF
channels comes from Wong and Oakley (1996), who showed that ON RGCs do not burst as often as do
OFF RGCs during ON/OFF segregation. In addition, Kageyama and Wong-Riley (1984) showed that
OFF channels are more metabolically active than are ON channels in cat and ferret (both nocturnal
animals; this pattern is reversed in diurnal primates); this suggests that overall levels of activity, perhaps
even in the developing system, might be lower in the ON sublaminae. If a minimal level of RGC activity
is required for ON/OFF segregation to proceed normally, cholinergic inputs may be critical to
development of ON sublaminae. Thus, I have examined the development of cholinergic innervation of
the ferret dLGN in order to compare the time course of its development to the known stages of eye-

specific segregation and ON/OFF sublamination.

MATERIALS AND METHODS

Twenty-two pigmented ferrets (Mustela putorius furd) between the ages of P7 and adult were used in
this study; 20 were neonates (PO to P42) and two were adults (>P180). Two ferrets were used for

Dil tracing, two for #n vifro tracing and 18 for immunocytochemistry and/or histochemistry. Ferret
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jills were obtained from Marshall Farms (North Rose, NY); jills and kits were housed in our
breeding colony. Experiments were performed under a protocol approved by MIT’s Animal Care
and Use Committee and every effort was made to minimize discomfort, distress and pain to the
animals at all times. Ferrets were given an overdose of the barbituate anesthetic sodium
pentobarbitol (Nembutal; Abbott Laboratories, North Chicago, IL; 50 mg/ml); the doses were 250
mg/kg body weight for neonates, 125 mg/kg for subadults and 100 mg/kg for adults. Depth of
anesthesia was judged to be adequate when there was absolutely no response to a strong pinch
between the toes of a hindfoot. In cases where this depth of anethesia was not reached within ten
minutes after the initial dose, a supplemental dose (in a few cases, multiple doses) was given until an

adequate depth of anesthesia was reached.

Choline Acetyltransferase (ChAT) Immunocytochemistry

Preparation of Tissue Sections

After an adequate depth of anesthesia was reached, each ferret was transcardially perfused first with
room temperature (RT) 0.9% saline just until the perfusate from the right atrium became essentially
free of dlood, immediately followed with ice-cold (0-4° C) 4% pre-filtered paraformaldehyde in 0.1
M phosphate buffer (PB, pH 7.4)‘. The volume of paraformaldehyde was scaled according to the
size of each ferret (e.g., a 300 g neonate 'would require 500 ml and an adult, weighing 1 kg, would
require 1 liter); paraformaldehyde perfusion was only stopped when the ferret was completely rigid.
Brief (1-4 hours) postfixation was sometimes used in neonates when the brain was not sufficiently
hardened by the perfusion; it consisted of either 2% paraformaldehyde in PB plus 15% sucrose in

0.01M phosphate-buffered saline (PBS, pH 7.4) or 4% paraformalehyde in PB. Two chunks of
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tissue (thalamus and midbrain tegmentum) were manually dissected out of the brain and the
meninges were removed. Neonatal tissue was always sectioned on a Frigocut-E 2800 cryostat
(Reichert-Jung, Germany); adult tissue was sectioned on either the cryostat or a Vibratome (Ted
Pella, Redding, CA). Cryosectioned tissue was cryoprotected in a two-step process: the tissue was
placed in 15% sucrose in PBS on a shaker table at RT until it sunk, at which point 30% sucrose was
exchanged for the 15% and the tissue was left to sink in the 30% sucrose at 4° C overnight.
Vibratome-sectioned tissue was not cryoprotected. 50 um thick sections were collected in PBS and
kept at 4° C until immunocytochemical processing was begun (optimal staining was achieved when
processing began within 48 hours of sectioning). Thalamic tissue was sectioned in the horizontal
plane in order to optimize viewing of A and A1 laminae and ON and OFF sublaminae; midbrain

tissue was sectioned in the coronal plane in order to optimize viewing of PPTg and LDTg.

Immunocytochemistry

Several immunocytochemical processing methods were tried, with very little success, until we
adopted both the antibody (moneclonal anti-choline-acetyltransferase made from rat-mouse hybrid
cell line; Boehringer-Mannheim, Indianapolis, IN) and method used in the lab of ME Bickford (see
Patel and Bickford, 1997 for original protocol), which was altered slightly to optimize ChAT
staining in ferret tissue. All incubations and rinses were done on a shaker table. Sections were
preincubated in 10% normal goat serum (NGS) in 0.05% Triton-X-100-PBS (PBSX) for 2 hours at
RT and then incubated in primary antibody (1:50 anti-ChAT) plus 1% NGS in PBSX for 34-48
hours, also at RT. Omission of the primary antibody prevented immunostaining, indicating that the

anti-ChAT antibody binds specifically to ChAT in the ferret brain. Sections were rinsed 3 x 15 min
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in PBS and then incubated in secondary antibodv (1:100 biotinylated goat-anti-rat IgG; Vector
Laboratories, Burlingame, CA) plus 1% NGS ir: PBS at RT, followed by another 3 x 10 min PBS
rinse, one hour in 1:100 Vectastain Elite ABC kit (Vector), 2 x 10 min PBS rinse, 2 x 10 min tris-
buffered saline (TBS, pH 8.4) rinse. Sections were developed in 3, 3’-diaminobenzidine (DAB
substrate kit for peroxidase, Vector), prepared according to the kit directions, for 6 to 30 minutes
(untll the reaction product was judged to be dark enough) and then the reaction was stopped by
removal of DAB and addition of excess TBS. Unfortunately, since DAB development times were
varizble, it is not possible to quantify staining intensities actoss ages; instead, we only discuss the
staining pattern. ChAT immunoreactive (ChAT+) fiber staining in the dLGN was optimal when
tissue was left in TBS at 4° C for 7-10 days; this may allow the DAB reaction to continue. Sections
were mounted from 0.01 M PB onto gelatin-subbed glass slides and allowed to air-dry; within 24-72
hours, the mounted sections were dehydated through graded alcohols (1-2 min in each: 70%, 95%,
95%, 100%, 100% EtOH), defatted by 3 x 2 min immersions in Histoclear, a xylene substitute

(National Diagnostics, Atlanta, GA) and coverslipped with Permount (Fisher, Springfield, NJ).

For AChE histochemistry by a modified Jensen-Blackstad method, we used the same methods of
perfusion through sectioning as detailed above. All incubations and rinses were performed on a
shaker table at RT. Sections were rinsed once briefly in dH:O and incubated for 2 hours in
incubation medium [0.068 g Parsidol (Parke-Davis, Motris Plains, NJ), 0.3 g acetylthiocholine
iodide, 0.225 g glycine, 0.15 g copper sulfate (hydrate), 1.23 g sodium acetate (hydrate) in 300 ml

dH:O, plus glacial acetic acid to reach pH 5]. Sections were developed as follows: incubation
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medium was remcved, sections rinsed once in dH:O, incubation in 1.25% sodium sulfite for one
minute, 2 x dH:O rinses, incubation in 1% silver nitrate 1-3 min, 2 x dH:O rinses, incubation in
sodium thiosulfate 5 min, 3 x 5 min 0.9% saline rinses. Sections were mounted within 48 hours and
dehydrated and defatted as above for ChAT immunocytochemistry. AChE sections were
coverslipped with DPX (Electron Microscopy Sciences, Ft. Washington, PA) because the use of

Permount was specifically discouraged in the protocol.

Labeling of Brainstem Projections to dL.GN with Dil

Two neonatal ferrets (P7 and P18) were perfused as abofre; brains were removed and postfixed in
4% paraformaldehyde at 4° C for 48 hours. Each brain was pinned in a dissecting dish and the left
cerebral hemisphere was gently lifted at its caudal end to expose the left LGN. A needle was used
to embed 1, 1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate (Dil; Molecular
Probes, Eugene, OR) crystals just below the surface of the LGN and the brains were returned to
individual vials of 4% paraformaldehyde. The vials were wrapped in foil to prevent photobleaching
of the Dil and left in a 37° C oven for two weeks to accelerate the movement of Dil through the
cell membranes; after two weeks, they were moved to RT. The P7 brain was sectioned (100 um) in
the coronai plane on a Vibratome after 16 weeks of total tracing time; the P18 brain was sectioned
at 100 pm after 25 weeks. The P18 sections were counterstained with bis-benzimide (0.001%,
fltered before use; 0.1M PB rinse, 10 min bis-benziminde incubation, 0.1M PB rinse). Sections
were only dried long enough to fix them on glass slides and mounted with Vectashield mounting
medium (Vector) to protect against photobleaching. Sections were kept in a light-excluding box at
4° C and photographed on a Leitz Diaplan (Wild Leitz, Wetzlar, West Germany) within 24 hours.
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Labeling of Brainstem Projections to dLGN In Viro

Two ferrets (P7 and P23) were used fot in vitro tracing. After the ferrets were adequately
anesthetized, brains were carefully removed from the skull and kept continuously submerged,
except during transfer to Sylgard (gift of Dow Corning, Midland, MI) dish, in ice-cold artificial
cerebrospinal fluid (ACSF, containing, in mM: 126 sucrose, 3 KCl, 2 MgSOs, 25 NaHCO;, 1
NaHPO,, 2.5 CaCl., 10 dextrose, and 0.5 kynurenic acid) bubbled with carbogen gas (95% O:/5%
CO:) until the end of the procedure. Cortex and cerebellum were dissected away to leave a
thalamus-midbrain chunk. Meninges were gently removed, brains were submerged and pinned
through rostromedial thalamus and caudomedial medulla in a Sylgard-lined dissection dish at RT.
The P7 brain was labelled with 3% biocytin (Sigma, St. Louis, MO) in 0.05M Tris buffer (pH 8); the
P23 brain was labelled with 10% biotin dextran amine, MW 3000 (BDA; Molecular Probes), also in
Tris buffer. A few crystals of pontamine sky blue (Sigma) were added to each solution to allow easy
visualization of the injection sites. Sh.p electrodes were made from thin-walled glass capillary
tubes (WPI, Sarasota, FL) on a Flaming Brown pipette puller (Sutter, San Rafael, CA); the tips were
broken against a piece of AccuWipe tissue (Fort Howard, Green Bay, WI) and the electrodes were
back-filled with tracing solutions. Tracer solutions were pressure injected through the head stage of
Axoclamp 2A amplifier (Axon Instruments, Foster City, CA) into both dLGNs; each dLGN
received between three and six injections along its dorsocaudal extent. Tracing time was 10 hours
for the P7 brain and 11 hours for the P23 brain. At the end of tracing, brains were removed to 4%
paraformaldehyde and kept at 4° C overnight for fixation. Tissue was cryoprotected and cut at 50

um on the cryostat, as described above. Sections were processed as follows: incubated overnight
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in 1:100 ABC Elite at RT, rinsed 2 x 5 min in PBS, rinsed 2 x 5 min in TBS and developed in DAB
until a dark purple reaction product could be seen in the dLGNs. Sections were mounted from
0.01 M PB onto gelatin-subbed glass slides in rostrocaudal order. After air-drying overnight,
sections were counterstained with Neutral Red (Sigma) as follows: 10 sec in 5% acetate buffer (pH
3.3), 20 sec in filtered 0.5% Neutral Red it acetate buffer, 3 x 20 sec in 5% acetate buffer, and then
air-dried again. Sections were dehydrated, defatted and mounted as described above for ChAT

immunocytochemistry, except that the 70% EtOH step was skipped.

RESULTS

Choline acetyltransferase (ChAT) is the synthesizing enzyme for acetylcholine and, as such, is a
specific marker for cholinergic cells; acetylcholinesterase (AChE), on the other hand, is the
degradative enzyme for acetylcholine and it is produced by both cholinergic and cholinoceptive cells
(Eckenstein and Sofroniew, 1983). We examined the early postnatal development of both enzymes
in the developing ferret dorsal lateral geniculate nucleus (dLGN) to determine: whether the arrival
of cholinergic inputs in the dLGN is temporally correlated with ON/OFF retinal afferent
segregation; whether cholinergic inputs are associated with specific dLGN subregions (e.g., laminar
or intetlaminar zones) during ON/OFF segregation; and whether the pattern of ChAT
immunostaining in the LGN changes during ON/OFF retinal afferent segregation. We examined
ferret brains for ChAT and AChE staining at P8, P13 and P14 (ChAT and AChE, respectively;
taken as one timepoint), P17, P20, P23, P26, P32, and adult. In addition, we retrogradely labeled

projections to the dLGN at P7, P18 and P23 to compare with the date of arrival of cholinergic
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inputs derived from the histological data and to confirm that these inputs do indeed originate in

cholinergic nuclei of the brainstem.

Thalamic nuclei receive input from six cholinergic nuclei, four located in basal forebrain and two in
upper brainstem; the upper brainstem nuclei provide the major cholinergic input to thalamus
(Mesulam et al., 1983). Of the brainstem nuclei, the PPTg provides the main cholinergic input to
the dLGN (and, generally, to all sensory and motor relay nuclei of the thalamus), while LDTg
targets limbic, associational and intralaminar nuclei (Hallanger et al., 1987). Thus, our discussion
will be focused on the development of ChAT immunostaining and AChE histochemistry in dLGN

and PPTg.

Ontogenetic Trends in Cholinergic Labeling in Thalamus and Brainstem

ChAT immunoreactivity is not seen in brainstem or dLGN until P13, though there is some light
staining in other thalamic regions by P8 (Figs. 1A, B). The LDTg and PPTg also lack ChAT label at
P8 (Fig. 1B), suggesting that the ChAT label seen in extrageniculate thMc regions does not
originate in the brainstem, but instead is derived from basal forebrain sources of acetylcholine
(Mesulam et al., 1983). From P13 to P23, ChAT staining increases throughout both thalamus and
brainstem (e.g., P17: Figs. 1C, D). Between P26 (Fig. 1E, F) and P32 (Figs. 1G, H), there is a
profound decrease in ChAT immunoreactivity throughout the thalamus, though ChAT-
immunoreactive (ChAT+) somata and fibers are more intensely labeled in the brainstem at these
ages than at any other (compare Figs. 1E and 1G with Figs. 1F and 1H, respectively). Because

ChAT immunoreactivity is so intense in the brainstem at these ages, it is highly unlikely that the
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decrease in thalamic labeling is a methodological artifact. Between P32 and adulthood (Figs. 11, J),

the pattern and intensity of ChAT immunoreactivity changes in both thalamus (note the dramatic

increase in ChAT labeling which develops in the dLGN) and brainstem.

AChE labeling appears before ChAT immunoreactivity, appearing by P8 in both brainstem
(specifically PPTg and LDTg) and thalamus; it is more intense and more diffuse than ChAT label at
every age examined (Figs. 1A-H), except in the adult in which the intensity of the two labels is
roughly equivalent (Figs. 11, J; also, compare Figs. 2 and 3). Generally, AChE labeling increases
throughout the thalamus (including the dLGN) between P8 and adulthood (Figs. 1A, C, E, G, I).
AChE labeling in the PPTg and LDTg increases in intensity between P8 and P26, when label in the
PPTg is maximal (Fig. 1F). {In contrast, LDTg labeling appears to reach its maximum during
adulthood (Fig. 1])]. By P32, the diffuse AChE label in the PPTg decreases slightly, though more
individual labeled somata are discernible, both in PPTg and LDTg (Fig. 1H). In the adult, AChE
label in the LDTg is still diffuse, while PPTg label is localized to somata and fibers (Fig. 1]). The
diffuse and localized AChE label may reflect the two forms of AChE (the soluble and membrane-
bound forms, respectively) present in both developing and mature mammalian central nervous

systems (Inestroza and Ruiz, 1985; Gorenstein et al., 1991).

Postnatal Development of ChAT Labeling in dLGN
At P8, eye-specific segregation has defined the A and A1 laminae within the dLGN and

cytoarchitectonic movement has begun to establish an interlaminar zone between them (Linden et
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al,, 1981; Cucchiaro and Guery, 1984; Hahm, 1991b. At this age, there is almost no ChAT
immunoreactivity in the dLGN (Fig. 2A). At P13, just before ON/OFF sublamination begins,
ChAT+ somata have become visible in the PPTg (not shown) and the dLGN begins to show low-
level ChAT immunoreactivity in the the A, A1 and C laminae (Fig. 2B). Thus, it seems that
cholinergic inputs from the PPTg are not present during most of the period of eye-specific

segregation but that they do indeed arrive in time to influence ON /OFF sublamination in the ferret

dLGN.

At P17, when eye-specific segregation is nearly complete in the dLGN and ON/OFF segregation is
ongoing, ChAT label is more intense within the neuropil of the A and C laminae and seems to be
absent from interlaminar zones (Fig. 2C). At P20, ChAT immunostaining reveals pale interlaminar
zones between A and A1 as well as between ON and OFF sublaminae (Fig. 2D). ChAT label is
thus restricted to the C laminae and sublaminar zones within both A and A1. Also at P20,
individual ChAT+ fibers, including fibers leaving the optic tract to invade the dI.GN, have become
plainly visible and their dense pattern of termination around the somata of presumptive (based on
soma size; Guillery, 1966) relay cells is discernible even by light microscopy (Fig. 4A). By P23,
laminar staining seems to be at its peak intensity (though this could not be quantified for
methodological reasons discussed above) and ChAT fibers remain visible (Fig. 2E). At P26,
however, ChAT labeling intensity decreases dramatically in the entire thalamus (Fig. 1E), including
the dLGN, where laminar borders between A and A1 are nc longer visible (Fig. 2F). However,
ChAT immunoreactivity peaks in the brainstem at this age, indicating that the decrease in ChAT is

localized to the thalamus and is not the result of a methodological problem (compare again Figs. 1E
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and F). This is not the first report of a developmental decrease in ChAT imniunostaining:
McHaffie et al. (1991) reported that ChAT immunoreactivity undergoes a developmental decrease
throughout the thalamus between the third and fourth postnatal weeks in cat; in addition, Ibanez et
al. (1991) reported that ChAT mRNA levels drop throughout the entire rat central nervous sysiem
during the third postnatal week. In each of these reports, including this study, the attenuation in

ChAT (or ChAT messenger RNA) levels is transient.

At P32, after ON/OFF sublamination is complete, the pattern of ChAT staining reverses, so that
laminar zones become very pale and interlaminar zones are darkly stained (Fig. 2G). Individual
ChAT+ fibers are visible coursing both through and across interlaminar zones (Fig. 4C). The
higher density of ChAT+ innervation in the ON sublaminae (versus OFF sublaminae) of adult
ferret dLGN which was reported by Henderson (1987a) is not apparent in our tissue at P32;
sublaminar differences were still not discernible even in the adult dLGN (Fig. 2H). Also in the
adult dLGN, inter-sublaminar zones are no longer clearly defined by ChAT labeling, though the
interlaminar zone between A and A1 is still evident (Fig. 2H). Interestingly, ChAT labeling in the
optic tract, present throaghout ON/OFF sublamination and still present even at P32 (Figs. 2A-G),
almost completely disappears in the adult dLGN (Fig. 2H). The disappearance of ChAT
immunoreactivity in the tract might indicate that some portion of the total cholinergic input to the

ferret dLGN innervates it via the optic tract during development, but is later removed.

Postnatal Development of AChE Labeling in dLGN

At P8, AChE label is most visible in the C layers of the dLGN, though pale labeling can also be
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discerned in the A laminae, which are separated by an already visible interlaminar zone (Fig. 3A).
AChE might be expected to appear earlier in the C layers since they are the first to show signs of
cytological maturity (Linden et al., 1981) and several studies have demonstrated a temporal
correlation between AChE expression and cytological maturation of neocortical neurons (Stitchel
and Singer, 1987; de Carlos et al., 1995). AChE labeling remains more intense in the C layers than
in the A laminae through P32 (Fig. 3), though label does intensify within the A laminae so that the
interlaminar zone between them is easily identified by P17 (Fig. 3C) and the inter-sublaminar zone
between the ON and OFF leaflets of the A lamina is visible by P23 (Fig. 3F). AChE labeling of
interlaminar zones increases between P20 and P26 so that the interlaminar zone separating A and
A1 is not easily identified at P26 (Figs. 3D-F). Between P26 and P32 (i.e., at the end of ON/OFF
sublamination), the pattern of AChE labeling reverses so that AChE labeling becomes most dense
within interlaminar zones, versus laminar zones, just as the pattern of ChAT labeling does (compare
Figs. 2F and G with Figs. 3F and G, respectively). The pattern of AChE labeling reverses again,
just as the pattern of ChAT labeling does, between P32 and adulthood (compare Figs. 2G and H
with Figs. 3G and H, respectively), so that in the adult, laminar zones (both A and C) are much
more densely labeled than are interlaminar zones. It is interesting that AChE labeling is diffuse and
roughly localized to the somata of geniculate cells from P8 to P32 (see Figs. 4B and D for a higher-
power view of AChE labeling at P20 and P32), but that it apparently becomes less associated with

somata and more localized to fibegs in adulthood (compare Figs. 3A-G with Fig. 3H).

Optic tract labeling for AChE completely disappears after P32 (recall that ChAT labeling also

disappears after P32, see again Fig. 2H), so that the tract is not visible at all with AChE labeling in
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the adult (Fig. 3H). Hutchins and Casagrande (1988) have also observed a disappearance of AChE
labeling in the optic tract of tree shrews which occurs just after eye opening; they traced fibers
within the optc tract to both PBg and vLGN. This might mean there is a transient cholinergic
projection to the dLGN from the PBg and that this projection disappears after retinogeniculate
segregation is complete. An alternative, and more likely, explanation for the disappearance of both
ChAT and AChE labeling in the optic tract is an increase in myelination, which may prevent
penetration of immunocytochemical and histochemical reagents, between P32 and adulthood
(internal capsule labeling also disappears between these ages; compare Figs. 1G and 1I). Moore et
al. (1976) found that in the cat optic tract, only 23% of fibers are myelinated by the end of the
second postnatal week, which is roughly equivalent to the end of the fourth postnatal week in the

ferret, but 100% of the fibers are myelinated in the adult.

Retrograde Labeling of PPTg and LDTg

There was no labeling of brainstem cholinergic nuclei by either Dil or biocytin at P7. The P7 brain,
retrogradely labeled in v with biocytin, contained a central core of tissue which did not histologically
react as robustly as the outer portions of the tissue; we attribute this poor staining to anoxia. The P23
brain contained a much larger core of non-reactive tissue and, in addition, the injection sites were not
limited to the dLGN, so data from the P23 brain are omitted from this discussion. In the P7 brainstem,
however, the raphe nuclei contained a very pale, diffuse DAB reaction product (not shown). This
indicates that the time allowed for retrograde transport of label— 10 hours— was adequate for the tracer to
reach the PPTg, LDTg and PBg, which lie roughly adjacent to the raphe nuclei in the brainstem. We

consider this data, together with the lack of retrograde Dil Iabeling in the brainstem and the lack of
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ChAT immunostaining at P8, to be reasonable evidence that the brainstem cholinergic inputs to dLGN
do not arrive before P8. Retrograde labeling from dLLGN with Dil at P18 reveals projections from three
cholinergic brainstem nucei, PPTg, LDTg and PBg. The majority of retrogradely labeled somata were
observed in PBg (Fig. 5E); fewer somata were labeled in PPTg (Fig. 5D); and, in LDTg, only an
occasional isolated neuron was detected (Fig. 5F). In addition, the superior colliculus contained a large
number of retrogradely labeled cells (Fig. 5C) and the dorsomedial periaqueductal gray (PAG) contained
a few labeled neurons with extremely spiny apical processes (not shown). The presence of a projection
fromn the PPTg, LDTg and PBg at P18 is consistent with the upregulation of ChAT and AChE in the
dLGN observed at P17 in immunocytochemical and histochemical material, and supports the likelihood

that these brainstem nuclei provide the cholinergic input in the dLGN.

DISCUSSION

Ontogeny of Cholinergic Inputs to Fetret dLGN and Methodological Considerations

We have shown, using both choline acetyltransferase (ChAT) immunocytochemistry and retrograde
labeling, that appreciable cholinergic inputs (from three brainstem nuclei: PPTg, LDTg and PBg) to
the ferret dLGN are not present during the main period of eye-specific segregation (PO to P8), but
that they arrive by P17/P18 (during ON/OFF sublamination). ChAT labeling indicates that
cholinergic input arrives in the dLGN by P13, but additional retrograde labeling is required to
confirm this result. Interestingly, ChAT immunoreactivity was also not detected in the brainstem
cholinergic nuclei before P13. This may indicate that there is little or no acetylcholine synthesis in

the brainstem nuclei before this age; alternatively, our detection threshold for ChAT might be
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relatively high, since the ant-ChAT antibody we used does not have any previously reported
reactivity in ferret tissue and, initially, we had considerable methodological problems with the ChAT
immunocytochemistry in the neonatal brain tissue. [The most serious of these problems concerned
the use of Triton: sections processed without Triton only showed very pale staining in somata (i.e.,
no fiber staining whatsoever) whereas sections processed with greater than 0.1% Triton lost
structural integrity and showed nonspecific ChAT staining (e.g., within geniculate cells). The
second problem concerned the temperature at which the primary antibody incubation took place:
sections incubated in primary antibody at 4° C, even for as long as 72 hours, never exhibited the

same intensity of ChAT staining as sections incubated at RT for much shorter time periods.]

If cholinergic inputs are to influence ON/OFF sublamination by altering dLGN relay cell
excitability, they might be expected to contact relay cells directly. ChAT labeling is concentrated in
laminar zones (i.e., cell-rich zones) from its initial appearance at P13 untl P26 (Fig. 2), when ChAT
labeling intensity drops throughout the dLGN and the thalamus in general (though brainstem
labeling is very intense at this age). In addition, dense ChAT+ labeling surrounds the somata of
large geniculate cells (presumably relay cells, since interneurons tend to be much smaller in size;
Guillery, 1966) during ON /OFF sublamination (Fig. 4A) but cease to form such networks after
sublamination is complete (Fig. 4C). [Interestingly, the pattern of AChE labeling around geniculate
somata does not exhibit a parallel change (Figs. 4B, D)]. Thus, cholinergic brainstem inputs are in
the right place at the right time to influence ON/OFF sublamination, though they arrive too late to

influence eye-specific segregation.
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Besides influencing ON/OFF sublamination by generally increasing relay cell excitability and,
perhaps, plasticity during development, cholinergic brainstem inputs might also differentially
regulate the excitability of ON versus OFF relay cells. An anatomical investigation by Henderson
(1987a) demonstrated that ChAT+ fiber innervation of the ON sublamina was greater than
innervation of the OFF sublamina in the adult ferret dLGN. We did not find any differential
ChAT labeling in neonates or in the adult; however, two methodological differences exist between
Henderson’s study and our own which might explain this discrepancy. First, Henderson exclusively
used ferrets under one year of age, while the adult ferret used in this study was 25 months old, and
it is possible that remodeling of cholinergic afferents continues after the first year of life. Secondly,
the DAB reaction product in our adult dLGN tissue was exceedingly dark which may have
obscured subtle differences in the densities of chouinergic innervation of ON and OFF sublaminae;

inter-sublaminar zones may not be visible in the adult dLGN for the same reason (Fig. 2H).

It must be noted that immunocytochemical detection of ChAT is not a measure of ChAT activity.
Two developmental studies of ChAT activity in cat visual system have shown an extremely
protracted development of ChAT activity in dLGN. Potempska et al. (1979) showed that ChAT
activity levels in the dLGN rise rapidly during the first five postnatal weeks, though they do not
approach adult levels until approximately the sixteenth postnatal week; this is in contrast to ChAT
activity in visual cortex, which maintains a relatively consistent level of activity, but shows a
transient developmental increase which peaks around the twelfth postnatal week before returning to
baseline levels. Fosse et al. (1989) also showed that ChAT activity levels do not reach adult levels

until the seventeenth postnatal week in cat dLGN. We also observed a profound increase in ChAT
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labeling between P32 and adulthood (Fig. 2); this increase might underlie increases in ChAT activity.
If the intensity of ChAT immunolabeling is indeed well-correlated with ChAT activity, the
difficulty we experienced in immunolabeling neonatal tissue for ChAT might simply be explained by
a paucity of ChAT at those ages and not by an incompatibility between the ferret enzyme and the
anti-ChAT antibody. However, in at least one other developmcatal system, ChAT immunolabeling
and ChAT activity are not well-correlated: Sakaguchi and Saito (1991) have shown, in a study of the
male zebra finch song-control system, that ChAT activity transiently and significantly increases during the

critical period for song learning, while ChAT immunolabeling remains relatively constant.

Brainstem inputs from PPTg and LDTg to dLGN are not exlusively cholinergic. Noradrenergic
neurons (de Lima and Singer, 1987; Henderson, 1987b; Fitzpatrick et al, 1989), glycinergic neurons (Fort
et al.,, 1993), and glutamatergic neurons (Lavoie and Parent, 1994) are also present in both nuclei. In
addition, individual cholinergic parabrachial neurons in the cat colocalize reduced nicotinamide
adenine dinucleotide phosphate-diaphorase (NADPHd), which regulates nitric oxide synthesis
(Bickford et al., 1993); in squirrel monkey, cholinergic PPTg and LDTg neurons colocalize
glutamate (Lavoie and Parent, 1994); and in rat, cholinergic LDTg neurons colocalize substance P
(Vincent et al., 1983; Sutin and Jacobowitz, 1990). Development of NADPHd staining has been
studied in ferret (Cramer et al., 1995) and cat (Guido et al,, 1997) dLGN. In both cases, there is an
initial paucity of NADPH labeling followed by a rise in both the intensity of the label and in the
number of dLGN neurons expressing NADPHd. This increase peaks around P28 and then falls to
adult levels (when very few geniculate somata are stained) by P41 or P42. Because NADPHd

expression in the dLGN is endogenous during development, dut almost exclusively exogenous
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(from brainstem cholinergic inputs) in adulthood, Guido et al. (1997) have suggested two roles for
nitric oxide, a retrograde messenger function during developmental plasticity and an orthograde
amplifier function en retinogeniculate transmission during adult plasticity. Recently, Williams et al.
(1997) confirmed that activation of the LDTg causes an increase in nitric oxide concentrations
within the rat thalamus. Because NADPHA labeling is present in the neuropil of the ferret dLGN
by PO (Cramer et al,, 1995) and because cholinergic brainstem inputs arrive in time to influence
ON/OFF sublamination, we propose that nitric oxide might also act in an orthograde manner
during development and that its effects would redouble the excitatory effects that cholinergic inputs

have on relay cells.

Ontogeny of AChE Labeling in Ferret dLGN

Acetylcholinesterase (AChE) histochemistry worked quite reliably in both neonatal and adult ferret
brain tissue, but since AChE is not a specific marker for cholinergic cells (i.e., it can be produced by
non-cholinergic cells; see Eckenstein and Sofroniew, 1983), it does not provide unambiguous
information about the ontogeny of cholinergic innervation of the dLGN. Thus, the source(s) of
AChE in the ferret dLGN may include, besides cholinergic inputs from PPTg, LDTg and PBg,
afferents from the retina, visual cortex, thalamus and non-cholinergic brainstem nuclei; in addition,
AChE may be produced by geniculate neurons themselves. In addition, AChE may be released
from neuronal somata, axon terminals and dendrites (Greenfield et al., 1983a; Greenfield et al.,
1983b). Unless the source(s) of AChE within the dLGN can be identified, the ontogeny of AChE

labeling cannot reasonably be linked to the ontogeny of cholinergic innervation of the dLGN.



There is, perhaps, even greater ambiguity in the role(s) of AChE, especially in the developing brain.
AChE, besides hydrolyzing acetylcholine, seems to perform several other functions in the brain,
including hydrolysis of other neurochemicals, such as substance P (known to colocalize with
tegmental cholinergic neurons; see Vincent et al., 1983) and met- and leu-enkephalins (Chubb et al,
1980); more pertinently here, it may have both morphogenic and synaptogenic roles in developing
neural systems (Kristt, 1979; Harvey and MacDonald, 1985; Robertson, 1987; Robertson et al,
1987; Robertson et al., 1988a; Robertson et al., 1988b; Robertson et al., 1989; Layer, 1990). In
developing thalamocortical systems of rodents, AChE expression in primary sensory nuclei of the
thalamus, including the dLGN, coincides with the period during which thalamocortical axons are
elongating and making synapses in their respective cortical targets (Robertson et al., 1989).
Interestingly, AChE is also transiently expressed in developing rat visual cortex during the period of
geniculocortical synaptogenesis and its expression can be dramatically reduced by blockade of
retinogeniculate activity or by lesions which disrupt the geniculocortical projection, suggesting that
AChE expression there is activity-dependent (Robertson et al., 1987; Robertson et al., 1988a;
Robertson et al., 1988b; Robertson et al., 1989). ChAT activity in developing rat visual cortex is not
altered by a similar activity blockade (Robertson et al., 1988b). Perhaps, then, AChE labeling in the
developing ferret dLGN is related to the morphological and synaptic changes which characterize its
early postnatal development; however, it must be noted that AChE expression in the ferret dLGN
is not transient as is AChE expression in the rodent dL.GN and visual cortex. Nevertheless, it
would be interesting to determine whether activity blockade, often used to probe mechanisms of

retinogeniculate development, might also influence AChE expression in the dLGN.
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The relationship between cholinergic inputs and mechanisms of neural plasticity, both physiological
and anatomical, have been intensely examined in many brain regions. Since brainstem cholinergic
inputs arrive in the ferret dLGN in time to influence ON/OFF sublamination, we suggest that they
play at least a permissive role in the anatomical plasticity of the retinogeniculate projection during this
developmental period. Further anatomical and physiological investigation is required before any stronget
statement can be made regarding the specific role of cholinergic inputs in ON/OFF sublamination in the
ferret dLGN; however, there is an extensive body of evidence suggesting that cholinergic inputs can
influence both anatomical and physiological plasticity in other neural systems. The retinotectal system of
submammalian vertebrates undergoes retinal axon segregation whose mechanisms are very similar to
retinogeniculate segregation in mammals (see Constantine-Paton et al., 1990; Goodman and Shatz, 1993
for reviews). Schmidt (1995) has demonstrated that extrinsic cholinergic inputs to the optic tectum are
required for retinotopic sharpening of the glutamatergic retinotectal projection at:er optic nerve crush in

the goldfish.

Investigations of developmental and adul: plasticity in mammalian sensory cortical areas has provided
much evidence to support the notion that modulatory cholinergic inputs significantly influence cortical
plasticity; some of these studies have also elucidated mechanisms by which acetylcholine produces its
effects. In kitten visual cortex, Gu and Singer (1989) have shown that blockade of muscarinic, but not
nicotinic, acetylcholine receptors prevents ocular dominance plasticity induced by monocular deprivation.
In developing mouse sensorimotor cortex, cholinergic deafferentation at birth causes delays and
alterations in cytoarchitectonic differentiation, disorganization of the thalamocortical projection (i.c.,
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barrel formation is prevented), and disruption of boundary formation between layers V z2nd VI and
between layers I1I and IV (Hohmann et al,, 1988; Hohmann et al, 1991a, 1991b). In adult cat
somatosensory cortex, Juliano et al. (1991) have shown that cholinergic depletion prevents an increase in
metabolic activity in regions adjacent to an area deprived of afferent activity by digit removal, suggesting
that cholinergic inputs are involved in maintenance and plasticity of somatotopic maps. Also in cat
somatosensory cortex, Metherate et al. (1988) found that acetylcholine, when delivered concurrently with
glutamate or sensory stimulation, produces a marked enhancement in subsequent neuronal responses to
either glutamate or sensory stimuli. In adult rat auditory cortex, Aramakis et al. (1997) used a muscarinic
agonist to produce a dose-dependent enhancement of NMDA (but not AMPA) receptor-mediated
neuronal responses to glutamate; in addition, they provided evidence that muscarinic agonists cause this
long-lasting enhancement of NMDA receptor function via a G-protein. Considered together, these
anatomical and physiological studies provide strong evidence that modulatory cholinergic inputs can

influence anatomical and physiological plasticity both in developing and adult neural systems.

CONCLUSION

Thus, it is reasonable to postulate that, since brainstem cholinergic inputs arrive in the dLGN near the
beginning of the ON/OFF sublamination period, they might influence the activity-, NMDA receptor-
and NO-dependent developmental plasticity which cnderlies retinogeniculate sublatnination in the ferret
dLGN. We suggest two possible mechanisms (see also INTRODUCTION) by which brainstem cholinergic
inputs might play such a role: they might increase the responsiveness of relay cells so that reponses to

retinal inputs are extremely reliable (perhaps especially in the ON sublamina); and/or they might facilitate
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synaptic strengthening (which may be correlated with synaptic stabilization) by enhancing NMDA
receptor function (hence enhancing downstream effects of NMDA receptor activation, including, e.g.,

NO production) at developing retinogeniculate synapses.
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FIGURE LEGENDS

Figure 1. Overview of the main events in postnatal development of cholinergic inputs to the
ferret dALGN. Each image is a composite which includes, on the left, ChAT immunolabeling, and on
the right, AChE histochemical labeling. For each age, two low-power images are shown: a horizontal
section through dorsal thalamus at the level of the dLGN on the left and a coronal section through
pontomesencephalic brainstem at the level of the PPTg and LDTg on the right. Arrows indicate the
position of the dLGN in thalamic sections; PPTg and LDTg are labeled in (B). (A) Thalamus and (B)
brainstem at P8. (C) Thalamus and (D) brainstem at P17. (E) Thalamus and (F) brainstem at P26; note
the decrease in thalamic ChAT labeling, though ChAT labeling has peaked in the brainstem, notably in
the PPTg. (G) Thalamus and (H) brainstem at P32; note the return of ChAT labeling to the thalamus
and its altered patiemn (Le., visible in discrete fibers which are located in interlaminar rather than lJaminar
zones). In the brainstem, PPTg and LDTg somata are highly visible. () Thalamus and (J) brainstem in
the adult; note that the ChAT immunolabeling pattern is most intence at this age and that it has again
reversed (i.e., most dense labeling is in laminar rather than interlaminar zones). PPTg: pedunculopontine
tegmental nucleus; LDTg; laterodorsal tegmental nucleus; R: rostral; D: dorsal; M: medial. Scale bars =

500 pym.

Figure 2. Higher-power images of ChAT ontogeny in the ferret dLGN. Arrowheads indicate the
position of the interlaminar zone between A and A1; arrows indicate the position of lamina A. (A) P8;
note that the dLGN is less ChAT-ir than surrounding thalamic regions and no laminae can be
distinguished within the dLGN. (B) P13 (ie., just before the onset of ON/OFF sublamination); ChAT
labeling remains low within the dLGN, though very pale interlaminar zones can be seen between slightly
darker A, A1 and C lamninae. (C) P17; the PGN has become distinct and the division between PGN and
dLGN, as well as interlaminar zones within the dLGN, are readily apparent. (D) P20; inner and outer
sublarninae are visible within A and A1. (E) P23; interlaminar and laminar zones are even more easily
distinguishable. (F) P26 (when ON/OFF sublamination is complete); the division between PGN and
dLGN is still distinct, but interlaminar zones within dLGN are much less so. (G) P32; note the reversal
in the ChAT labeling pattern so that the interlaminar and inter-sublaminar zones are the most densely
labeled areas. (H) Adult; in dLGN, the ChAT labeling pattern has reversed once again and its intensity
has increased dramatically, while the PGN appears pale. The division between ON and OFF sublaminae
is not visible and ChAT label in the optic tract, seen consistently at younger ages, has completely
disappeared. PGN: perigeniculate nucleus; Ai and Ao: inner and outer sublamina of lamina A,
respectively; Ali and Alo: inner and outer sublaminae of lamina A1; C: all four C laminae; R: rostral; M:
medial. Scale bar = 250 pm.

Figure 3. Higher-power images of AChE ontogeny in the ferret dLGN. Arrowheads indicate the
position of the interlaminar zone between A and A1; arrows indicate the position of lamina A. (A) P8;
labeling appears dark in the C laminae and pale in the A laminae. (B) P13; labeling in the C laminae has
dramatically increased. (C) P17; labeling has increased in the A laminae and the interlaminar zone
between them is readily apparent. Some label appears in the PGN. (D) P20; no change from P17. (E)
P23; labeling intensity has increased in the A laminae and sublaminae can be identified within lamina A.
(F) P26; labeling has decreased throughout the A and C laminae but increased in intetlaminar zones so
that they are much less distinct than at P23. (G) P32 AChE labeling has decreased in laminar zones and
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increased in interlaminar zones, mirroring the changes in ChAT labeling seen at this age. (H) Adult;
AChE labeling has reversed its pattern once again so that the most intense label appears in laminar
zones. Note the appearance of distinct AChE+ fibers and the more intense labeling of sublaminae Ai
and A1i (ON) versus Ao and Alo (OFF) and also the disappearance of label from the optic tract (OT).
Abbreviations are the same as in Fig. 2. Scale bar = 250 pm.

Figure 4. High-power images of ChAT and AChE labeling in the dLGN during and after
ON/OFF sublamination. Arrowheads indicate presumptive relay cell somata; arrows indicate ChAT+
or AChE+ fibers. (A) At P20, during ON/OFF sublamination, ChAT-ir fibers (not individually
distinguishable) are visibly concentrated around somata (indicated by bracket), whereas (C) at P32 (after
sublamination is complete), individual ChAT+ fibers can be: identified, but concentrations of fibers can
no longer be seen surrounding somata. Thus, it seems ChAT+ inputs are targeted to somata during
ON/OFF sublamination but alter their pattern of termination after sublamination is complete. In
contrast, AChE labeling at both (B) P20 and (D) P32 appears as a diffuse, granular reaction product
concentrated around somata but also present throughout the neuropil. There is no apparent change in
the pattern of AChE labeling after sublamination is complete, though AChE+ fibers become more
visible at that time. Scale bar = 10 ym.

Figure 5. High-power images of brainstem neurons retrogradely labeled by Dil injections in the
ferret LGN at P18. Low-power images of an AChE-labeled coronal section through (A) rostral and
(B) caudal pontomesencephalic brainstem of a P17 ferret, indicating the positions of the three cholinergic
brainstem nuclei and the superior colliculus, which each send ascending projections to dLGN. (C) A
large group of Dil labeled neurons in the superior colliculus (SC). (D) Dil labeled neurons in the
parabigeminal nucleus (PBg). (E) Dil labeled neuron in the laterodorsal tegmental nucleus (LDTg); only
a few neurons were labeled in the LDTg. (F) Dil labeled neurons in the pedunculopontine tegmental
nucleus (PPTg); several neurons were retrogradely labeled in the PPTg. Scale bars, AChE sections (A, B)
= 1.5mm. Scale bars, Dil images (C-F) = 50 pm.
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