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Functional organization of the cat’s lateral
geniculate nucleus

S. MURRAY SHERMAN

Department of Neurobiology, State University of New York, Stony Brook, NY,
USA

Introduction

The lateral geniculate nucleus, which is the major way station bgtween r'etlna apd
visual cortex, has been the most intensely studied of all thqlamlc nL.1c1e¥. Dfespl'te
this, we are only now beginning to appreciate the role of. gemculat‘e circuitry in vis-
ual processing. This role seems to be the control or gating of retlno-gemcu!o-cor-
tical transmission [8,53,55]. That is, the neuronal circuitry of the latera}l geniculate
nucleus determines the extent to which retinal signals are rela}yed to Ylsual cortex.
However, unlike other regions of the visual system (e.g., r;tma or Ylsqal cprtex),
there is no significant elaboration of receptive field properties l?y tlys circuitry. In
part, this is because each geniculate neuron receives its main retma} input from one
axon, or from very few axons with the same receptive field propeftles, and thps ge-
niculate neurons display virtually the same receptive field properties as do their ret-
inal rents [6,7,37,38,51]. .
E\?tgesiice t[he pioneerin]g work of Hubel and Wiesel [26—28], the receptive field
approach has proven to be a remarkably productlye toolin understandlpg t}le fupc-
tional organization of most visual structures. For instance, the observat19n in retina
and visual cortex that receptive fields become more complex apd selectlve.as each
synaptic hierarchy is ascended [13,17,27,28] has led to t_he obvious cgnclusmn that
synaptic circuitry in these areas is used for the elaborgtlon of receptive ﬁeld prop-
erties, which in turn is an important neuronal concomitant for the gnalyms of visual
scenes. However, the role of geniculate circuitry was missgd or mlsuqderstood f_or
many years, partly because this receptive field appfoach failed to pFoYlde useful t:n-
sights into the functioning of this circuitry. That is, because no significant .ela 0-
ration of receptive field properties occurs between retina anq the lateral geglculqte
nucleus, many regarded this nucleus as a simple, machine-like relay qf retinal in-
formation to cortex, an otherwise uninteresting neuronal structure. Th}s ha§ led to
a paradox for nearly 20 years, because while most physiological studies (i.e., re-
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ceptive field studies) uncovered no functionally important input to geniculate relay
cells other than retinal axons*, morphological studies demonstrated that only
10-20% of the synapses formed onto these neurons actually derived from retina
[19,20,63]. The functional significance of the vast majority of synaptic input to ge-
niculate relay cells, which is clearly non-retinal in origin, can be attributed to a gat-
ing function [53]. Thus, the view that the lateral geniculate nucleus is a simple relay
can be appreciated in retrospect as a failure of limitation of the receptive field ap-
proach.

While it now seems clear that non-retinal inputs to geniculate relay cells play an
important and unique role in vision, surprisingly little is known about the mor-
phological organization of these inputs at the single-cell level. Accordingly, our
laboratory for the past few years has carried out a series of studies of this organi-
zation, with particular emphasis on the A-laminae of the cat’s lateral geniculate nu-
cleus (see Acknowledgements). The following is a brief summary of these studies.

General overview of the cat’s lateral geniculate nucleus
Geniculate lamination

The cat’s lateral geniculate nucleus is a mostly laminated structure that can be di-
vided into four general areas: the A-laminae; the C-laminae; laminae 1, 2 and 3 of
the medial interlaminar nucleus; and the geniculate wing. Fig. 1, which is a sche-
matic view of a coronal section through the lateral geniculate nucleus, shows these
laminae and their relationship to ocular input. The contralateral nasal retina in-
nervates laminae A, C, C2, 1 and the geniculate wing; the ipsilateral temporal ret-
ina innervates laminae Al, C1, 2 and the geniculate wing; and the contralateral
temporal retina innervates lamina 3 [21,25,48]. Thus, the geniculate wing is binoc-
ularly innervated, lamina C3 receives no direct retinal input, and each of the other
laminae is retinally innervated by only one or the other eye. Laminae A and Al,
which form a reasonably matched pair, have been the most intensely studied ge-
niculate regions and are thus the best understood. They form the focus of the re-
mainder of this paper.

X and Y pathways

Retinal ganglion cells of cats (as well as of all other mammals studied to date) are

divided into several distinct morphological and physiological classes, which form °

points of departure for the parallel retinofugal pathways. The retino-geniculo-cor-
tical X and Y pathways are the best understood of these parallel neuronal streams
(see Fig. 2A). These pathways are fairly independent of one another, and they seem
to remain segregated through at least the first few stages of circuitry in the visual

“To be fair, there has long been physiological evidence that some non-retinal inputs can alter geniculate
relay cell responsiveness (reviewed in Refs. 8, 53 and 55), but until recently this has not had much im-
pact on mainstream notions of geniculate circuitry and its functional significance.
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ipsilateral temporal retina
contralateral nasal retina
contralateral temporal retina

FIG. 1 Schematic drawing of coronal section through the cat’s lateral geniculate nupleus.

The various laminae and their ocular inputs are also shown. Letters and m'1mbers depict the

various laminae (see text for details), MIN indicates the med.ial interlammgr nuclegs, apd

GW indicates the geniculate wing. Note that, with two exceptions, ea}ch lam%na receives in-

put exclusively from one retina; the exceptions are the geniculate wing, VYhICh receives bi-
nocular input, and lamina C3, which receives no direct retinal input.

cortex. It is likely that each of these pathways is involved in an analysis of some-
what different aspects of the visual scene and thus play different functional roles in
visual perception (for hypotheses, see Refs. 29, 34, 52, 57 and 58). _Although the X
and Y pathways have been extensively studied at retinal and cortical levels, only
their relationship to geniculate circuitry is of concern here. More complete ac-

to VC vC . ‘—T

Vi

PGN
LGN relay cells :T,
——//interneurons
RET ——=> inhibitory BRF

——» excitatory
______ +mostly excitatory

FIG.2 Summary of neuronal circuitry involving the A-laminae of th.e cat’s lateral genicu-
late nucleus (LGN). BRF, brainstem reticular formation; PGN, perigeniculate nucleus; RET,
retina; VC, visual cortex. (Redrawn from Ref. 53.)
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FIG. 3 Drawing of typical examples of relay X and Y cells in the geniculate A-laminae;

coronal view. These cells were physiologically identified and labeled intracellularly with HRP.

The laminar borders (not shown) run horizontally, so the predominant orientation of the X

cell’s dendritic arbor is perpendicular to these borders, and it extends roughly as far in the

rostrocaudal direction as it does mediolaterally. The Y cell arbor is approximately spherical
in shape. (Taken from Ref. 16.)

&

counts of these parallel visual pathways in cats and other mammals can be found in
several recent reviews [34,51,52,54,57,58].

Relay X and Y cells are present in roughly equal numbers within the geniculate
A-laminae (see Ref. 52). These cell classes differ in a large number of response
properties which largely reflect similar differences among retinogeniculate X and Y
inputs (see above). Compared to Y cells, X cells have smaller receptive fields, re-
spond better to higher spatial frequencies but more poorly to lower ones, exhibit
more linear spatial and temporal summation in response to visual stimuli, and have
slower conducting axons. Many other differences in response properties have also
been documented for X and Y cells.

The intracellular HRP-labeling technique has permitted a detailed study of relay
X and Y cell morphology [3,15]. Both cell types have extensively branched den-
dritic arbors that contain 90-95% of the neuron’s surface membrane, and the den-
dritic branching closely obeys the ‘3/2” power law. This means that, when the di-
ameters of each daughter branch are raised to the 3/2 power and these products are
then summed, this sum equals the diameter of the parent branch raised to the 3/2
power. Among other things, this suggests efficient electrotonic conductance of volt-
age signals across the dendritic branch points and allows the dendritic arbors to be
collapsed to simple cylinders for easier modeling of neuronal functioning (see Ref.
44).

However, as is summarized by Fig. 3, in other ways these geniculate cell classes
ditfer morphologically. The X cells have smaller somata with thinner more sinuous
dendrites than do Y cells. The dendritic arbors of X cells tend to be oriented per-
pendicular to the geniculate laminae, while those of Y cells tend to be more radially
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arranged. Finally, proximal dendrites of most geniculate X cells have numerous
dendritic appendages, the significance of which is considered below, while Y cell
dendrites tend to be quite smooth and appendage-free.

Retinal and non-retinal inputs to relay cells

Fig. 2 places retinal inputs to these geniculate relay cells in the context of ngn:ret-
inal inputs (for a review of these non-retinal inputs, see Ref. 53). Local 1'nh1b1tory
neurons, which employ gamma-aminobutyric acid (GABA) as their neuro-
transmitter, form a major source of synaptic input to these ce}ls. Two groups of such
GABAergic neurons are known. One includes the local_mterneurons sgattered
among the relay cells of the A-laminae; 20-30% of all ggmculate neurons in these
laminae are GABAergic interneurons, the remaining being felay cells. The other
group includes the cells of the perigeniculate nucleus**, which is a scatter_ed cell
group lying just dorsal to lamina A. All perigeniculate cells are GABAergic. The
other two known sources of input to geniculate relay cells derive from beyond the
thalamus. The first of these emanates from cells located in layer VI of visual cortex,
particularly from areas 17, 18 and 19. The second arises .from. cell groups in the
brainstem reticular formation. These issue mostly from cholinergic cells of the para-
brachial region***, but also include noradrenergic neurons from this region as well
as from the locus coeruleus and a few serotonergic cells of the raphe nucleus [12,53].
In addition to innervating relay cells directly, the pathways from visual cortex anfi
the brainstem reticular formation also innervate both interneurons and perigeni-
culate cells. Furthermore, interneurons are directly innervated by retinal axons, and
perigeniculate cells are innervated by collaterals of relay cell axons as the;y pass
through en route to visual cortex. The cortical axons seem to excite all of their post-
synaptic targets [1,60], but the brainstem inputs are more complex and may have

**1t has been argued that the perigeniculate nucleus is a portior.1 of the thalamic retigular nuclc.:us, im-
plying that it derives from ventral thalamus (e.g., Ref. 32). For instance, the.connectlo.ns described for
various subdivisions of the reticular nucleus of the thalamus involving the brainstem reucula}r formation
plus thalamocortical and corticothalamic axon collaterals are rather sim.ilar to those described for the
perigeniculate nucleus; also, like perigeniculate cells, all cells of th.e ret.u:'ular nucleus of the. thalamus
are GABAergic. Nonetheless, other embryological and phylogenetic origins for the perigeniculate nu-
cleus cannot yet be ruled out.

***There has been some confusion about the terminology of these brainstem regions that inr.lerva'te the
thalamus. In the rat, where cytoarchitectonic boundaries are clearer than in the cat, the cholinergic and
noradrenergic cell groups that project to thalamus are quite distinct. The former has been called the
pedunculopontine tegmental nucleus, while the latter is called the locus coerul§us [2.2,49]. In the cat,
the homologous nuclei seem almost to overlap somewhat, so Fhat a mostly chohner.glc cell group rem-
iniscent of the rat’s pedunculopontine tegmental nucleus contains some .noradrf:ner.glc neurons. It is this
zone that we call the parabrachial region. The presence of nor.adrenerglc cells in this region raises some
question about its precise homology with the pedunculopontine tegmental. nuclegs ?f tl}e rat, and we
thus wish to avoid using this loaded term. The use of the term ‘parabrachial region isin accor(? with
recent terminology as applied to the cat’s brainstem (e.g., Refs. 12 and 50) We avoid 'the term ‘para-
brachial nucleus’, because this is used for a cell group that in many species is involved in the gus.tatory
pathway [43]. ‘Parabrachial region’ refers merely to the territory adjacent to the brachium conjuncti-
vum.
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rather unconventional postsynaptic effects [39,53]. Generally, the brainstem inputs
serve to increase the excitability of relay cells and decrease that of perigeniculate
cells and interneurons.

Relay cells thus receive a lavish supply of non-retinal afferents. These afferents
control the general excitability of geniculate relay cells, particularly with regard to
the responsiveness of these relay cells to activation of their retinal inputs. These
afferents can affect the relay cells via direct connections or indirectly via control of
perigeniculate cells and interneurons. It is of obvious importance to work out any
differences that occur in the pattern of these non-retinal inputs to relay X and Y
cells. Preliminary data described below indicate that such differences indeed exist.

Intrinsic physiological properties of relay cells

From the above paragraphs, it should be abundantly clear that geniculate relay cells
must integrate synaptic input from many sources, retinal as well as non-retinal. It
is thus important to assess the intrinsic integrative properties of these neurons. These
properties can be roughly divided into the passive-cable properties and active con-
ductances that the postsynaptic relay cells exhibit.

Passive-cable properties. ~ As noted above, the dendritic branching pattern of the
relay cells makes them suitable subjects for modeling as passive cables. There exist
subtle but important and consistent differences in the passive-cable properties be-
tween geniculate relay X and Y cells [4]. However, for the purposes of this discus-
sion, the most important of these properties is the electrotonic length of the entire
cell, including its dendritic arbor. Although values of electrotonic length are slightly
but significantly higher for X than for Y cells, for both classes they are only about
1. This means that even the most distally located synaptic inputs will have its post-
synaptic potential attenuated by only about 1/3 en route to the soma and axon hil-
lock. In other words, all of the synaptic input located on the dendrites of these ge-
niculate relay cells, even those most distally located, are in a position to influence
the relay cells quite effectively.

Active conductances. It is also worth noting that these geniculate relay cells are
endowed with a rich variety of membrane conductances, some of which are voltage-
dependent and others of which can be controlled by neurotransmitter action (see
Ref. 53). These conductances can also greatly affect retino-geniculo-cortical trans-
mission and can be controlled by the non-retinal afferents. For instance, a low-
threshold calcium conductance, which is voltage-dependent, can move the neuron
from a tonic state of fairly faithful relay of retinal signals to a state of bursty firing
that no longer reflects the incoming retinal signals. This conductance has been iden-
tified in relay neurons of virtually all mammalian thalamic nuclei, including the cat’s
lateral geniculate nucleus, with both in vivo and in vitro techniques (Refs. 30, 31,
39 and 56 and our own unpublished observations). The membrane voltage levels
that regulate this conductance can be effectively controlled via activity of inputs from
the parabrachial region and/or the locus coeruleus (cf. Ref. 39). Therefore, non-
retinal inputs may regulate relay cell excitability not only by classical excitation and
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inhibition, but also by unconventional control of these membrane conductances (for
a further discussion of this, see Ref. 53).

Detailed morphology of geniculate circuitry

An understanding of the morphological basis for thf: above-mentioned gating of re%
tino-geniculo-cortical transmission requires a deFalled.knoyv}edge of the types of
synaptic terminal found in the geniculate neuropil, their origins and the patternhq
synaptic contacts they form onto the relay cells. We hgve sought to addresslt is
problem via detailed reconstructions with the electroq microscope. Our general ap-
proach has been to reconstruct physiologically identified cells or axons that‘were
previously labeled with an electron-opaque marker, most' typically by tl}e mFrai
cellular iontophoresis of horseradish peroxidase (HRP) during electrophysiologica
rding [15,23,24,63]. ‘ ' .
re(é(:lch i%n[ltophoresis c]:ompletely labels the physiologically identified ‘cel! without
extending into the extracellular matrix to label other neural elements 1qd1rectly.
This labeling serves both to relate the neuronal morphology to a spemﬁc and de-
fined physiological entity as well as to ease the burden of reconstruction. The latter
benefit follows because it is possible to be confident that labeled processes, even
when they are dendritic segments separated by 500 pm or more, belong to the same
neuron, a conclusion that would otherwise be possible only after tedious and un-
realistic serial reconstruction. Unfortunately, even with intracellularly labeled ma-
terial, the time needed to perform adequate reconstructions g_enerally precludes the
possibility of sampling large numbers of labeled neurons. Qur conclusions from thf:se
studies thus require qualification regarding their generahty,‘alth.oug.h thfa consist-
ency of results across neurons of the same type is an encouraging sign in this regard.

Types of synaptic profile

Fortunately for those interested in the detailed mqrphology of the cat’s later'al ge-
niculate nucleus, roughly 95% of all synaptic terminal profiles encguntered in the
A-laminae can be identified as belonging to one of four morp_hologlcal classeg des-
ignated as RLP, RSD, FI and F2 terminals [19,20]. RLP terminals (Round vesicles,
Large profile, Pale mitochondria) and RSD term_inals (Round vesicles, Small pro-
file, Dark mitochondria) form asymmetric synaptic contacts. In contrast, F1 and F2
terminals (Flattened vesicles) form symmetric synaptic contacts. F1 and F2 termi-
nals can be distinguished because F1 terminals derive from axons, whereas EZ ter-
minals emanate from dendrites; also, F1 terminals are exclusively presynaptic pro-
files, whereas F2 terminals are both presynaptic and postsynaptic (se.e below).‘

It’ is now known that RLP terminals are isomorphic with retinal terrqlnals
[20,21,23,47,59], but the sources of the other terminal types are less securely iden-
tified and remain a focus of our research. It has been suggested ?hat most F1 and
F2 terminals are GABAergic [40] and local in origin, with FZ terminals lssulng.from
dendrites of interneurons [14,24] and F1 terminals deriving, from axons of inter-
neurons and/or perigeniculate cells (Refs. 9, 24 and 41, and see also below). Many
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and perhaps the vast majority of RSD terminals derive from visual cortex
[10,19,20,33,46]. As will be demonstrated below, F1 and RSD terminals may also
be formed from axons deriving from the brainstem reticular formation.

Distribution of synaptic inputs onto relay cells

The distribution of synaptic inputs onto relay X and Y cells labeled intracellularly
with HRP was described by our laboratory [63]. We found similarities and differ-
ences in the pattern of innervation of these cell classes. Our conclusions are sche-
matically summarized by Fig. 4 (see also Refs. 23 and 24).

For both cell types, the distal dendrites (i.e., >100 um from the soma) are dom-
inated by synapses from RSD terminals, while the proximal dendrites (<100 um
from the soma) contain nearly all of the synapses from RLP, F1 and F2 terminals.
Also, nearly half of the synapses derive from RSD terminals, 10-20% from RLP
terminals, and the remainder from F1 and F2 terminals. These relative numbers of
terminal types that contact individual X and Y cells closely match prior estimates
of their relative distribution in the neuropil [19,20].

Other features of innervation patterns differ dramatically between X and Y cells.
The vast majority of F2 terminals contact X cells, and contacts from F2 terminals
outnumber those from F1 terminals on X cells by roughly 2 to 1. On Y cells, the
difference is even more striking, since contacts from F1 terminals outnumber those

X-CELL
ke]e] (ol e} & A A A AAOA Oh & (o]
50)00 © uvvvvuﬁvvuvvvvuvtgls)vuvvvu v B 4 L
/ rl'“;‘ L b
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Y-CELL
Ol | [ O LY Y (o7 YV AONA A 404 A 7'y A

/ OW0O O Omo OEOY¥¥OVOROV YORY VOVO ¥ v v <] v v

FIG. 4 Schematic summary of synaptic inputs and their terminals of origin for relay X and
Y cells of the geniculate A-laminae. For simplicity, only a single unbranched dendrite is il-
lustrated for each neuron. Also, no distinction is made between F1 and F2 terminals (both
are shown as F terminals), but the F terminals contacting Y cells are predominantly of the
F1 type whereas those contacting X cells are mostly of the F2 type. The triadic inputs shown
for the X cell represent only those involving a retinal (RLP) terminal and an F2 terminal.
The relative distribution and location of synapses is depicted fairly accurately, but only a
fraction could be shown; on average, each of these neurons receives roughly 4000-5000 syn-
apses. (Redrawn from Wilson et al. [63].)
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X relay cell
from dendrité
of interneuron
/!® ;’;?m@ spine
X axon

FIG.5 Schematic drawing of a triadic synaptic relationship found in the geniculate A-lam-

inae, commonly within complex synaptic glomerular zones (see Figs. 8 and 9). A.retmal X

axon contacts an F2 terminal arising from an interneuron’s dendrite, and both terminals con-
tact the same spine or appendage of a relay X cell.

from F2 terminals by approximately an order of magnitude. Another dramatic dif-
ference between cell types regards the nature of the retinal input. For Y cells, RLP
terminals form simple synapses directly onto dendritic shafts, typically amongs_t in-
put from the more numerous F1 terminals. For X cells, however, RLP tern}mals
tend to contact dendritic appendages in a complex arrangement with F2 terminals:
the RLP terminal contacts the F2 terminal, and both the F2 and RLP terminals
contact the same dendritic appendage.

This arrangement which is a characteristic of F2 terminals and X cells !)ut not of
Y cells, is known as a synaptic triad and is schematically illustrated in Flg.. 5. An-
other terminal type (e.g., an RSD terminal) may replace the RLP termina.l in these
triads (see below). Frequently, these synaptic interactions are embeddeq in a com-
plex region known as a synaptic glomerulus [19,20,42,59], and glomeruli are com-
mon to geniculate circuitry in the X pathway but not in the Y pat_hway. It seems as
if retinal input to X cells is often filtered through these glomeruli.

Sources of non-retinal inputs

While the above present the pattern of inputs onto the geniculate.relay cells,‘whe.lt
is still generally missing is an appreciation of the sources of these inputs. Until this
is known, it will not be possible to understand how the various sources of non-ret-
inal input control relay cell excitability and thus effect gating of retlno-g.enlculo-
cortical transmission. As noted above, we do know that RLP terminals derive from

-retina and that F2 terminals seem to issue from dendrites of interneurons, but the

sources of the other inputs remains to be established. Preliminary worl.( frqm our
laboratory, as outlined below, has shed some light on the specific cor}trlbutlons of
perigeniculate cells, interneurons, and axons from the brainstem reticular forma-
tion to these non-retinal inputs; inputs from visual cortex have yet to be character-
ized in detail.

Perigeniculate cells. As has been previously summarized in Fig. 2, perigeniculate
cells receive input from axons of the brainstem reticular formation and from col-
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Lamina A1

FIG. 6 Drawing of typical examples of perigeniculate (PGN) cells; coronal view. These cells
were studied physiologically and labeled intracellularly with HRP. The dendritic arbors ex-
tend considerably along an axis parallel to the border with lamina A. The axons predomi-
nantly innervate the lateral geniculate nucleus, with the axon arbors there restricted to the
A-laminae, but collaterals are also involved in local circuits in the perigeniculate nucleus.
Within the lateral geniculate nucleus, each of these axons innervates both laminae A and
Al, but each predominantly innervates either lamina A if the neuron’s responses are much
stronger to visual stimulation of the contralateral retina or lamina A1 if the cell responds
predominantly to visual stimulation of the ipsilateral retina. A. Perigeniculate neuron with
a receptive field dominated by the contralateral retina. B. Perigeniculate neuron with a re-
ceptive field dominated by the ipsilateral retina. The axon arbor in the A-laminae is incom-
pletely labeled, but the general shape of the arbor there can still be discerned. (Drawing from
unpublished data of Uhlrich et al. [61].)

laterals of both geniculocortical and corticogeniculate axons. Our preliminary stud-
ies of perigeniculate cells [9,61] have employed the intracellular labeling of individ-
ual cells with HRP. This labeling not only fills the soma and dendrites, but also labels
the axon and much or all of its terminal arbor. Examples of labeled perigeniculate
cells are shown in Fig. 6.

Each axon of these cells exclusively innervates laminae A and A1, but pointedly
fails to innervate the C-laminae or the medial interlaminar nucleus. Each axon in-
nervates one of the A-laminae more densely, and this correlates with the ocular
dominance of the parent perigeniculate cell’s receptive field properties. That is, al-
though each of these labeled neurons can be binocularly activated, it responds bet-
ter to visual stimulation of one eye than of the other; when the contralateral eye is
dominant, the major projection is to lamina A, and when the ipsilateral eye dom-
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inates, lamina A1 receives the larger input [61]. Within the A-laminae, these axons
display many en passant swellings or boutons. Our electron-microscopic ipvestiga-
tions have demonstrated that these boutons are actually the synaptic terminals and
that they are of the F1 variety [9]. Axons from perigeniculate cells are thus the source
of many F1 terminals. Our preliminary evidence suggests that at lc?ast some peri-
geniculate cells directly innervate relay X cells, and other indirect evidence suggests
that relay Y cells also receive direct innervation from perigeniculate cells.

Interneurons. Interneurons have a remarkable morphology (see Fig. 7), which
generally corresponds to the class 3 cell as described by Guillery [18] from Go}gl
impregnations (see also Refs. 14, 15, 35 and 41). The cells have small somata V\‘Ilth
long thin tortuous dendrites that run vertically through one of the A-laminae with-
out crossing a laminar border. Most remarkable are the complex appendages found
throughout the dendritic arbor. These appendages are often clumped together, but
can occur singly, and they often involve swellings that are connected to each other
and to the stem dendrite by long thin processes. These swellings have the general
form of boutons, which in turn impart an ‘axoniform’ appearance to the dendrites
(cf. Ref. 18). True axons can rarely be identified with the light microscope, because
they are difficult to impregnate in Golgi material, and they could easily be confused
with dendrites in HRP-labeled material. When identified, these axons seem to ter-
minate close to or within the dendritic arbor. In general appearance, these inter-
neurons are remarkably like the interneurons of the ventrobasal thalamic nuclei as
described elsewhere in this volume [45].

Each of the 15 interneurons so far labeled with HRP in our laboratory has dis-
played rather uniform physiological characteristics, including the presence (?f a con-
ventional action potential and receptive field properties that are generally indistin-
guishable from those of relay X cells. Furthermore, the response latency of these
cells to electrical activation of the optic chiasm is not different from that of relay X
cells, which indicates that these interneurons are directly innervated by retinogen-
iculate X axons. Presumably, more subtle electrophysiological tests, perhaps in-
volving intracellular recording, will demonstrate clear differences between inter-
neurons and relay X cells. In any case, all of these interneurons seem to be firmly
entrenched in the X pathway (see also below), and we have as yet found no clear
evidence for the presence of interneurons innervated by retinogeniculate Y axons
(but see Ref. 36).

We have begun an electron-microscopic investigation of HRP-labeled interneu-
rons and found many differences between their synaptic inputs and those of_ relay
cells [24,63]. For instance, none of our sample of relay cells receives retinal inputs
onto its soma, but this occurs for interneurons. More importantly, we have been
able to confirm the conclusion reached by Famiglietti and Peters [14] that the bou-
ton-like appendages along the dendrites are actually synaptic terminals of thg F2
type. As respectable F2 terminals, they are both postsynaptic and presynaptic, since
they receive inputs from other RLP, RSD and F1 terminals as well as cgntact ap-
pendages of relay X cells in triadic synaptic arrangements. After HRP iontopho-
resis into a single interneuron, we have found both labeled and unlabeled F2 ter-
minals contacting the same postsynaptic profiles, which implies that synaptic input
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from several interneurons converges onto individual postsynaptic cells.

Fig. 8 shows a reconstruction of a cluster of appendages from a labeled interneu-
ron along with its postsynaptic partner, which is a set of dendritic appendages from
a relay X cell. The connections are richly embellished with inputs from other ter-
minal varieties in a complex glomerular zone, which, as noted above, is a feature
typified by retinogeniculate circuitry of the X pathway. Because F2 terminals from
interneurons appear to be strategically sited to regulate retinal inputs in the glom-
erulus, and because most retinal inputs to relay X cells are involved in complex syn-
aptic relationships with F2 (and other non-retinal) terminals [23,63], the interneu-
rons seem capable of playing a major role in gating retino-geniculo-cortical
transmission for the X pathway.

Although both the interneurons and the relay X cells have dendritic appendages,
Fig. 8 shows a clear and perhaps functionally vital difference between them. The
boutons on the interneuron are connected to each other and to the stem dendrite
by exceedingly fine and long processes, whereas the appendages of the relay X cell
are relatively short and stubby. We have modeled the significance of this mor-
phology, with the very important and as yet untested assumption that these den-
dritic membranes are passive and do not conduct regenerative potentials [24]. By
our model, the tips of the appendages on the relay X cell are within a fraction of a
length constant from the stem dendrite, and thus postsynaptic potentials generated
there will be faithfully conducted to the soma and axon hillock with relatively little
attenuation (less than half). In contrast, the F2 terminals so far modeled that em-
anate from the interneuron’s appendages are several length constants from the den-
dritic shaft, so that the synaptic inputs onto these processes would be attenuated by
10-100-times before reaching the stem dendrite. A consequence for interneurons
is that each cluster of appendages along its dendritic arbor is effectively isolated
electrically from all other clusters. Since the F2 terminals within the clusters are both
presynaptic and postsynaptic, this implies that the interneurons dendritic arbor
supports hundreds of local circuits.

Also, interneurons have a dendritic branching pattern that is not conducive to
efficient propagation of voltage signals across dendritic branch points. Little of any
postsynaptic potential generated beyond the first few branch points will reach the
soma, and interneurons often have 15th or higher order dendritic branching. In-
deed, most or all synapses formed onto the dendritic appendages, or F2 terminals,
of these interneurons would have their signals attenuated by several orders of mag-
nitude before reaching the soma. Our modeling of these neurons also suggests that
dendritic sections separated by several branch points will be electrically isolated from
one another. In contrast, as noted above, dendritic branching in relay cells seems
({iesigned for efficient propagation of such signals throughout the dendritic arbor

3,4].

If the soma, where electrodes most likely sample electrical activity of the neuron,
is electrically isolated from the dendritic clusters of interneurons, then synaptic in-
puts onto these clusters cannot be appreciated in conventional recording situations.
The prior statements about electrophysiology of interneurons may thus reflect only
synaptic inputs onto proximal dendrites and not those more distally located. Ob-
viously, this creates an important qualification to any conclusions concerning the
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FIG.. 8 Reconstruction of a glomerular zone in the geniculate A-laminae, showing the F2
terminals from an intracellularly labeled interneuron, the postsynaptic cluste’tr of appendages
from a relay X cell, and the location of synaptic contacts; each scale bar representf 1.0 gm
a. Labeled processes from the interneuron. A thin stem dendrite (d) emits an extremél lfl':mf;
process (open arrow) that arborizes into twelve F2 terminals connected by extremely fine
processes. These terminals are postsynaptic to retinal or RLP terminals (circles), unla}l;eled

Functional organization of the cat’s lateral geniculate nucleus 177

response properties of interneurons, including the conclusion that retinogeniculate
Y axons do not innervate them.

This unusual integrative behavior of interneurons based on cable modeling raises
an interesting question: Why, if the F2 outputs of the interneuron are electrically
isolated from the soma, should the neuron exhibit conventional action potentials?
The answer seems to be that at least some of these interneurons have myelinated
axons, and action potentials would be needed to conduct information along these
axons. We have begun to reconstruct the contacts made by one of these axons. Our
very preliminary data suggest the possibility that these axons culminate in F1 ter-
minals within the dendritic arbor. We still cannot even speculate as to the identity
of the postsynaptic elements, except for the observation that no element recon-
structed as yet is innervated by labeled terminals of both F1 and F2 varieties. In-
terestingly, Montero [41] has made comparable observations for interneurons with
unmyelinated axons, except that he describes their axonal boutons as having mor-
phology subtly different from that of typical F1 terminals.

This creates an interesting and unconventional picture of the functioning of in-
terneurons. They seem to be engaged in two separate and parallel computations
with two separate outputs. The conventional output seems to involve action poten-
tials conducted along a myelinated axon, and this would reflect integration of inputs
limited to the proximal dendrites [4]. The unconventional output derives locally from
dendritic appendages that are also postsynaptic processes and that usually assemble
in electrically isolated clusters along the distal dendrites. The two outputs seem even
to use different terminals: F1 terminals for the axon and F2 terminals for the den-
drites.

Brainstem reticular formation. 'We have labeled and reconstructed at the light and
electron microscopic levels individual axons from the brainstem reticular forma-
tion, mostly from the parabrachial region [10,62]. However, instead of intracellular
iontophoresis of HRP, these were labeled by placing the anterograde tracer, Phas-
eolus vulgaris-leucoagglutinin (PHA-L), among their somata; the PHA-L is trans-
ported along the axons and their terminal arbors where immunohistochemical tech-
niques can be used to visualize the label.

In addition to the dorsal division of the lateral geniculate nucleus, these axons

F terminals (triangles; most or all of these may be F2 terminals, but they were not sufficiently
reconstructed to be certain), and an RSD terminal (star). The labeled F2 terminals also form
synaptic outputs (solid arrows). b. Combined reconstruction of the labeled interneuron’s
processes from a (stippled) and unlabeled postsynaptic processes from ¢ (open). The syn-
apses from the F2 terminals onto the relay X cell’s appendages are illustrated (solid arrows;
these represent the same solid arrows as in a). ¢. Unlabeled postsynaptic dendrite (d) from
a relay X cell with eight appendages that receive all of the neuron’s synaptic input in the
reconstructed zone. These include nine synapses from RSD or retinal terminals (circles), nine
from F2 terminals of the labeled interneuron (stippled triangles; these correspond to the solid
arrows in a and b), 40 from unlabeled F terminals (solid triangles), and three from RSD ter-
minals (stars). The 16 triadic synaptic arrangements are illustrated by overlapping pairs of
symbols for synapses from RLP and F terminals. (Taken from Hamos et al. [24].)
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frequently innervate other thalamic nuclei that are within the central visual path-
ways. These include the ventral division of the lateral geniculate nucleus, the peri-
geniculate nucleus, and portions of the lateral posterior-pulvinar complex. We have
never seen an axon that innervates the lateral geniculate nucleus plus a non-visual
thalamic structure, such as the ventrobasal complex or medial geniculate nucleus.
The terminal arbors of these axons within the lateral geniculate nucleus are sparsely
branched with boutons mostly en passant.

Our initial electron microscopic studies of these labeled axons has supported the
notion that the boutons seen at the light microscopic level are the exclusive site of
synaptic contacts. Furthermore, these observations have generally proved comple-
mentary to those of De Lima et al. [11]. They labeled terminals within the A-lam-
inae with an antibody directed against choline acetyltransferase and studied this
material with the electron microscope. These cholinergic terminals, which presum-
ably derive from the parabrachial region [12], have morphological features re-
markably similar to those we have seen for terminals labeled from PHA-L injec-
tions into the parabrachial region.

We have reconstructed portions of single axons labeled from the parabrachial re-
gion. These axons frequently enter synaptic glomeruli to contact dendritic shafts and
appendages of presumed relay X cells plus F2 terminals. These axons also innervate
other dendritic segments that have not yet been identified as to cell type. Since
electrophysiological evidence indicates that axons from the brainstem reticular for-
mation directly innervate interneurons and relay Y cells as well as relay X cells (e.g.,
Ref. 1; reviewed in Ref. 53), it is plausible that some of these unidentified postsyn-
aptic profiles belong to these other cell types. In any case, Fig. 9 summarizes some
of the synaptic relationships we have documented for the X pathway. Frequently,
a parabrachial axon enters into triadic synaptic relationships with F2 terminals and
dendritic appendages of relay X cells; dendritic shafts of the same postsynaptic cell
are also contacted. However, unlike the triadic relationships formed by retinal ter-
minals, for which a single RLP terminal contacts both the dendritic appendage and
the F2 terminal, those formed from parabrachial axons usually involve separate ter-
minals that contact these postsynaptic elements. Interestingly, a retinal terminal and
parabrachial axon often share the same F2 terminal and dendritic appendage for
their own triadic relationships. Thus, at least for the X pathway, input from the
parabrachial region is ideally sited to gate retino-geniculo-cortical transmission.

Perhaps most surprisingly, we documented several examples of an individual
parabrachial axon that produces some terminals forming symmetric synapses and
others forming asymmetric synapses. This challenges the conventional notion that
any axon produces a morphologically homogeneous type of terminal and synapse.
The dense PHA-L labeling within the terminals tends to obscure features such as
vesicle morphology, and thus it is difficult to be certain how these terminals would
be identified if unlabeled. With this proviso, we tentatively consider the terminals
that form symmetric synapses to be F1 terminals and those forming asymmetric
synapses to be RSD terminals (for a more complete discussion of this, see Ref. 10).
We found a strong tendency for the putative RSD terminals to contact dendritic
appendages, while the putative F1 terminals contact dendritic shafts and F2 ter-
minals.
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FIG. 9 Schematic drawing of the innervation by a single parabrachial axon qf X cell cir-
cuitry within the lateral geniculate nucleus. The single axon contacts an F2 term_mal from an
interneuron plus a dendritic appendage and shaft of.a relay X cell; th.e F2' ter'mmal .conta'cts
the same dendritic appendage. Thus, the parabrachial axon engages in triadic I'.ClathI’lShlpS
similar in many ways to those of retinal terminals. In fact, as Sl:l(?WIl, a parabra_ch1al axon an.d
retinal terminal often share the same F2 terminal and dendritic appen'd?lge in their triadic
relationships. The synapses formed by the parabrachial axon onto dendritic appendages tend
to be asymmetric, whereas those formed onto dendritic shafts and F2 terminals tend to be
symmetric. (Taken from Cucchiaro et al. [10].)

Visual cortex. It has been known for many years that corticogeniculate axons form
synapses from RSD terminals (e.g., Refs. 10, 19, 20, 33 aqd 46)._ Although other
sources of RSD terminal have been recently documented, including our tentative
conclusion that one such source is the innervation from the brainstem retlgular for-
mation, it is likely that the vast majority of RSD terminals deriye from visual cor-
tex, which implies that corticogeniculate axons produce the plurality of synapses opto
geniculate relay cells. In fact, corticogeniculate axons outqumber geniculocortical
axons by a factor of roughly 10. Despite this, depressmgly little is known al?out Fhe
functional significance of this input (for a discussion of this, see I_{ef. 5'3). Likewise,
insufficient morphological information is available to characterize th1§ pthway at
the single neuron level. We hope to address some of t.hese mgrphgloglcal issues by
applying the above-mentioned PHA-L-labeling technique to individual corticogen-

iculate axons.

Conclusions

Contemporary studies of the cat’s lateral geniculate n}lcleus perfqrmed ina nuprer
of laboratories, including ours, has enabled us to begin to appreciate the fungtlonal
organization of this nucleus. For nearly 20 years, students of_the l.ateral gen%culate
nucleus have recognized the broad classes of syr}aptlc terminal in the g.emculate
neuropil and have also realized that retinal terrpmals are a s.mall minority there,
although until recently this has not seemed to influence notions about the func-
tional significance of geniculate circuitry very much. We now have a much bet.ter
understanding of how these different terminal types contr'lbute to j[he innervation
of geniculate relay cells. We are also beginning to determine the different sources
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TABLE 1 Synaptic profiles in the A-laminae of the cat’s lateral geniculate nucleus

Type Source Percent
RLP retinal axons 1020
RSD cortical and BRF? axons 4045
F1 various axons® 20-25
F2 dendrites of interneurons 20-25

*Brainstem reticular formation.

5 . N
Axons from interneurons, from cells of the perigeniculate nucleus (and reticular nucleus of
the thalamus), and from cells of the brainstem reticular formation.

fqr these terminal types (see Table 1), although much more still needs to be learned.
Fl{lally, we have clear evidence that these morphological features of geniculate cir-
cuitry differ significantly between the X and Y pathways.

The point of all of this morphological work is that it represents an attempt to un-
derstand the anatomical basis for an important and interesting function: namely
the control of retino-geniculo-cortical transmission. As noted elsewhere (see Ref.,
53), the gating of this transmission may represent a key neuronal substrate for vis-
ugl attention, although various areas of visual cortex are almost certainly also in-
timately involved in the control of visual attention. Since ‘visual attention’ is an um-
b.reI.Ia term that covers many related but separate phenomena, there must be many
dlSFlnCt neuronal substrates for it. Perhaps the great complexity and variety of non-
retinal inputs to geniculate relay cells represent different circuits for different at-
tentional mechanisms.
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