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SUMMARY

1 Inhibitory connections of X- and Y-type principd cdls in the cat's dorsal laerd geniculate
nucdeus were gudied with intracdlular recording techniques in barbiturateanaesthetized animds. Cels
were identified as principd cells by antidromic activation from the visua cortex and as X or Y types by
their responsesto visud stimulation.

2. Graded dectricd stimulation was used to obtain sdective activation of X and Y ganglion cell
axons. The optic nerves were gimulated through ring electrodes behind the eye bulbs and the evoked
nerve volley was monitored by an optic tract electrode. The nerve volley conssted of two well-
segregated components, an early, low-threshold Y component and allate, high-threshold X component.

3. All principd cdls received monosynaptic excitation and disynaptic feed-forward inhibition
from optic nerve fibres. The excitatory and inhibitory post-synaptic mtentids were evoked by Y axons
inY cdls and by X axons in X cdls. Thus, the feed-forward inhibitory pathway to principa cells is type
Hective

4, Recurrent inhibition was evoked in dl cels by antidromic activation of principd cdl axons in
the visud cortex. The recurrent inhibitory potentials had sgnificantly shorter latencies in Y than in X
cdls but with consderable overlap between the two samples. This overlap presumably reflects a similar
overlap in antidromic conduction timesfor X and Y principa cdl axons.

5. Recurrent inhibitory potentids evoked in the orthodromic direction by optic nerve simulation
originated from Y axons in Y principd cdls and from X axons in X cels as would be expected for a
type-sdlective recurrent inhibitory pathway.

6. It is concluded that X and Y principa cdls in the dorsad laterd geniculate nucleus have smilar
but functionally separate inhibitory circuits.

INTRODUCTION

It is widdy agreed that cat retind ganglion cells of X and Y types contact separate classes of
principd cdls in the dorsd laerd geniculate nucleus (ALGN) thereby defining their functiond
properties (Cldland, Dubin & Levick, 1971; Stone &
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Hoffman, 1971, Sherman, 1985). The segregation of the X and Y pathways seems to be maintained at
the firg synapses of the visud cortex. Here most target cells receive sdective excitation and inhibition
from either X or Y geniculate fibres (Bullier & Henry, 1979; Ferder & Lindstrom, 1983; Ferster, 1990).
In contrast to this segregetion, it has been proposed in severd sudies that the intrinsc inhibitory
connections of the dLGN ae less specific. All types of inhibitory interactions have been reported: Y
inhibition of X cdls (Snger & Bedworth, 1973), X inhibition of Y cdls (Burke, Burne & Martin, 1985;
Bloomfidd & Sherman, 1988) and amixture of both (Hoffman, Stone & Sherman, 1972).

Most of these sudies were completed before the inhibitory circuits of the dLGN were properly
characterized. 1t is now known that principa cells receive two types of locad inhibition; feed-forward
inhibition via intrageniculate interneurones and recurrent inhibition via perigeniculate cdls (Dubin &
Cldand, 1977; Lindstrom, 1982; Ahlsdn, Lindstrom & Lo, 1985). Inhibitory neurones of both types
have been identified and found to be activated from ether the X or Y sysem (Dubin & Cldand, 1977,
Ahlsgn, Lindsrdm & Lo, 1983; Lindsrom, 1983; Wrdbd & Tanecki, 1984; see, however, Sheman &
Friedlander, 1988). This input sdectivity of the interneurones suggested to us that the dLGN inhibition
might be more specific than so far believed. Or could it be so that the output of one or both classes of
interneuronesislesstype selective than their input?

In an atempt to answer this question we have recorded intracdlularly from visudly classfied
principa cdls and tried to identify the afferent origin of both feed-forward and recurrent inhibitory
postsynaptic potentials. The synaptic responses were evoked by eectrica stimulation of the visua
pathway and threshold and conduction velocity separation methods were used to determine whether X
or Y ganglion cdl axons were responsible for the effects. It will be shown that X and Y principd cdls
are equipped with smilar but privete inhibitory circuits. A brief preliminary report has been published
(Lindstrdm & Wrébdl, 1984).

METHODS

Animal preparation. Experiments were performed on twenty-three young adult cats ([9—29 kg). Anaesthesia
was induced with an alphaxal one—alphadolone mixture (Saffan, Glaxovet Ltd 12 mg/kg 1.m.) followed by sodium
pentobarbitone (Apoteksholaget; 25—30 mg/kg i.v.). Additional small doses of pentobarbitone were given as
needed to keep the animal in a state of slow-wave sleep asjudged by EEG recordings. The animals were paralysed
by gallamine triethiodide (Flaxedil, May and Baker Ltd), continuously infused with a bicarbonate-buffered
Ringer—glucose solution. They were artificialy ventilated through a tracheotomy with a positive end-expiratory
pressure of 1—2 cmH,0. Tidal volume was adjusted to maintain end-expiratory CO, at 3¢+53+7%. Temperature was
kept at 38 °C. To reduce respiratory-linked movement of the brain the animals were suspended by a clamp placed
on a midthoracic vertebrae and a pneumothorax was performed prior to the start of the recording. The corneas were
covered with contact lenses of a curvature appropriate to focus them on a tangent screen 15 m in front of the cat.
Pupils were fully dilated, accommodation paralysed and nictitating membranes retracted by local application of 1 %
atropine and .10% neosynephrine.

Intracellular recordings. Intracellular recordings were obtained from dLGN principa cells with glass
micropipettes filled with 3 M-sodium or potassium acetate. The electrodes had their tips broken back to a diameter
of approximately 05 pm giving a DC resistance of 15—30 MU. Electrodes filled with sodium acetate were
exclusively used in later experiments since better intracellular
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recordings were obtained with such electrodes. Presumably, the leakage of sodium ions from their small tips was
too slow to induce a significant depolarization of the cells. The microelectrodes were advanced with a stepping
motor micromanipulator through the overlying cortex down to the dLGN. After the beginning of each track the
exposed cortex in the small craniotomy over the
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Fig. 1. Threshold separation method used in the experiment. Diagram to the left shows stimulation (LON, OT, Cx)
and recording (OT, dLGN) sites along the visual pathway. A—F, compound action potentials evoked in the right
optic tract by left optic nerve (LON) stimulation. Negativity is upwards in nerve volley recordings of all figures.
The stimulation intensity, indicated in multiples of threshold for the first detectable volley, was gradually increased
to obtain the consecutive records in A—F. The nerve volley consists of two components with different thresholds
and conduction times. In the diagram below the amplitudes of the 1st (Y volley) and 2nd (X volley) components are
plotted against the stimulation intensity in multiples of threshold intensity. LON, Ieft optic nerve; OT, optic tract;
dLGN, dorsal latera geniculate nucleus; Cx, primary visual cortex.

dLGN was covered by body-warm agar to reduce pulsations. In most experiments only the anterior half of the
dLGN was explored but penetrations were spaced so that LGN cells with inputs corresponding to retina
eccentricities from 1 to 55 deg were studied.

Principal cells were identified as such by their location in the dLGN, by their receptive field properties and by
antidromic activation from the visual cortex. Only typical principal cells with clear all or nothing antidromic spikes
of fixed latency were accepted for the study (cf. Figs 3 and 4). Most impaled principal cells were damaged by the
penetration. To prevent injury discharges and to stabilize the recordings the cells were initially hyperpolarized by
current injection through the recording electrode. Current injection was also routinely used to reverse or enhance
postsynaptic potentials (PSPs). The fine electrodes were polarized by this procedure so reliable measurements
oUDC membrane potentials could not be obtained. Despite this difficulty, it was still possible to measure latencies
and thresholds of synaptic potentials quite accurately. For each class of cells we also obtained severa stable
penetrations lasting up to 1 h with 70—80 mV action potentials. Measured latencies in these cells were in the same
range as for the rest of the population.

Electrical 8timulation procedures. Three stimulation sites were used to characterize the connectivity of the recorded
principal cell as shown schematically in Fig. 1. For selective stimulation of Y and X axons we adapted the
procedure of Bishop & McLeod (1954) with a
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retrobulbar ring electrode, leaving, however, the eyebulbs intact for visua stimulation. The optic nerves (ON) were layed in aU-
shaped silver-wire electrode melted into a piece of protecting plastic tube and covered by an additiona wire to close theloop. The
ring electrode was used as the cathode and a silver wire hooked through the conjunctiva behind the lower eye lid served asthe
anode. The purpose of this arrangement was to generate a uniform electrical field through the optic nerve at the levd of the
cathode and thereby to ascertain optimal threshold separation between the Y and X fibres.

To place the ring electrode around the optic nerve the zygomatic arch was first removed together with the retrobulbar fat
surrounding the nerve. The eye was then gently rotated medially and downwards and the electrode slipped between the recti
muscles and around the nerve. The eye bulb was allowed to rotate back to the original position while the flexible wire was
carefully adjusted to avoid any external pull on the nerve. Finally the exposed tissue was covered with cotton wool soaked in
warm saline. During the entire dissection and placement procedure great care was taken not to disturb the blood supply of the
retina or the optic nerve.

The optic nerve was stimulated with an isolated constant-current simulator giving rectangular pulses of variable amplitude and
duration. We preferred short pulses (005 ins) since they gave the best threshold separation between the fibre groups. With these
short pulses the threshold intensity varied between 05 and 15 mA with maximal (X) response attained at 6—10timesthreshald. In
our routine procedure the stimulation intensity was gradually increased to activate first the thickest, fast conducting axons and
then progressively more slowly conducting fibres. The evoked nerve volley was monitored with a unipolar tungsten electrode
placed in the optic tract (OT) 3—5 mm from the optic chiasm. The same e ectrode could be used to stimulate the optic tract fibres.

The conduction velocities of stimulated fibres were caculated from the difference in latencies of synaptic potentials evoked by
ON and OT stimulation and from the conductance distance measured after dissection of the nerves at the end of the experiment.
All latency measurements were taken at a stimulation intensity about two times threshold for the appropriate potential. With this
procedure the time of spike initiation at the stimulation site (about 02 ins; Lindstrom, 1982) is not included in our estimates which
explains our comparatively high conduction velocity values (cf. Stone, Dreher & Leventhal, 1979). For cortex stimulation an
array of seven tungsten electrodes, 2 mm apart, was placed 2 mm from the mid-line in the anterior—podterior direction between
A6 and P6 and inserted to a depth of 2—3 mm below the surface of the cortex (Cx). Any of these electrodes could be used for
antidromic activation of principal cell axons or to record evoked potentials and an EEG.

Visual stimulation. Receptive fields were plotted against a mesopic background on atangent screen V5 min front of the
cats. The principa cellswere first classified as X or Y using extracellular recordings. A number of visual tests were used for the
classification (in order of importance):
receptive field centre size in relation to eccentricity (Hoffman et al. 1972; Cleland, Harding & Tulunay-Keessy, 1979); sodid
resol ution tested with moving gratings of different spatial frequencies (Cleland et al. 1971; So& Shapley, 1979, Troy, 1983); the
presence of a‘null position’ (Enroth-Cugell & Robson, 1966) in aspatid summation test with contrast reversd of two hemifields.
Once classified (only afew cells required the whole battery of tests for type specification) the cell wasimpaled and the receptive
field remapped using the auditory response of unitary EPSPs as an indicator. To establish the eccentricity the area centralis and
optic disc positions were mapped with each penetration. The expected progression of receptive field positions (Sanderson. 1971)
and the changes of ocular preference at the dLGN laminar border made histological confirmation unnecessary.

RESULTS

Selective activation of X and Y ganglion cell axons

This dudy required a smple and rdiable procedure for sdective activation of X and Y inputs to
dLGN principd cdls in order to identify the source of their feed-forward and recurrent inhibitory
postsynaptic  potentiads (IPSPs). It occurred to us that the wel-established difference in axond
diameter of X and Y ganglion cdls might be utilized for sdective dectrica activation of the two
fibore groups. The thick Y fibres should have lower thresholds for stimuletion than the thinner X
fibres,
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provided that the dectricd fidd is evenly distributed through the nerve. This later condition was
achieved usng a ring dectrode around the optic nerve behind the eye bulb (Bishop & MclLeod, 1954).
The records in Fig. 1A—E show the result of graded stimulation with such an dectrode. The evoked
nerve volley, monitored by an

goq{ A i 00, B
i L BU ] Ll "-nu""
5.0 £ e e A1) - ¥ _t
o - - ,'__E 0 1 3
[=] - “ug E E .
£ 40 -t : B0 -
B SRR =
i # " i =2 a0 *
L'.: - l:-r s E:'
n 34 # od - = ..E 40 i
i it w Tea E i ¥ calls
" .' g . X cells
ol TR = .
2.0 s e 20 i
2 _:;.I "" ]ﬂ ' ++
sopdod D a
1-0 .ﬁﬁ ol g ] ]
10 20 30 40 1 F 3 4 5 6
EPSP latency (ms) Stimulation intensity {= threshaold)

Fig. 2. A, threshold—Ilatency relation for unitary EPSPs evoked in visualy identified dLGN principal cells.
The EPSPs were evoked by electrical stimulation of the optic nerves behind the eye bulbs. The thresholds are
expressed in multiples of threshold for the nerve volley. The latency was measured from the onset of the
stimulus shock artifact using an intensity of about two times threshold for the unit. Only the shortest latency
unit was plotted for cells with multiple inputs. In this and following figures: O, X cells(n =89); O, Y céls (n=
77). Two X cells with atypical inhibition are indicated by squares. B, cumulative recruitment of X and Y
unitary EPSPs based on the same sample as in A. The relative number of recruited unitaries as a percentage of
thetotal X or Y subsample has been plotted against the stimulation intensity.

dectrode in the contraatera optic tract, conssted of an ealy, low-threshold component from fast
conducting fibres (A—C) and a late, high-threshold component from more sowly conducting fibres (D
and E; Bishop & MclLeod, 1954). The edimated conduction velocity for the fastest fibres in each
component was 93 and 31 nVs indicating tha they represented the activetion of Y and X axons
respectively. A third later component appeared a even higher intensties (not illudtrated); this
component presumably originated from W fibres,

The dimulation intendty required to obtain a maxima firs component varied consderably between
expeiments (range 1+7—3+0 times nerve threshold) and so did the threshold intensity for the second
component (range 2:0—4+0). Pat of this variability can be ascribed to difficulties in determining the
absolute nerve threshold. The threshold separation was quite good in most animas, however, with
minima overlap between the two components. The plot in the lower right diagram of Fig. 1 is typica
for the contralatera, |ft optic nerve (LON). In this case the first
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Fig. 3. Intracellular recordings of EPSPs and feed-forward IPSPsina principa cdl. The recordings are from an off-centre
cell activated from the ipsilateral right eye. Its receptive field is plotted in the upper right corner (RAC, right areacentrdis).
Upper trace in A—G shows intracellularly recorded synaptic potentials evoked by stimulation of the right optic nerve
(RON) at the indicated intensities (in multiples of nerve threshold). The second trace shows the nerve volley recorded

simutaneously by the optic tract electrode. Extracellular field potentials evoked at the same stimulation intensities and

recorded with the microelectrode just outside the cell are shown below in D—F and H. The responsesin D—F were
obtained with the cell artificially depolarized by the injection of a steady positive current (2 nA) through the recording

microelectrode. This depolarization enhanced the |PSPs at the expense of the EPSPs. The response in & shows reversed

IPSPs evoked at EPSP threshold with the cell hyperpolarized by a 10 nA negative current. Only two stimuli evoked an EPSP
as shown by the first truncated, upward deflection (double arrow in U). The small arrows in B, E adU paint to the IPSP
onset. The corresponding PSPs evoked from the optic tract (OT) at EPSP threshold are shown in Hand theantidromic spike
evoked at threshold by visual cortex stimulation in |. In the extrapolation diagram the PSP latenciesfromtheright optic
nerve and the optic tract have been plotted against the conductance distance to the cell in the dLGN. The estimated

conduction velocity was the same (60 m/s) for the optic nerve fibres responsible for the EPSP and the |PSP. Voltage
calibrations between H and | refers to intra- and extracellular recordings in A—H; time calibrationtoal records. Further
detailsin the text.

component was maxima a about three times threshold for the nerve a which intensty the second
component was just beginning to grow. For the ipslaterd, right optic nerve (RON) the separation was
slightly worse but only in one experiment did the range of overlgp indude more than 10% of the fibres
asjudged by the Sze of the nerve volleys.
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To verify tha the fird and second components originated from Y and X fibres we plotted the
threshold againgt the latency for unitary excitatory postsynaptic potentids (EPSPs) in a number of
visudly characterized principd cels (Fig. 2A). Each unitary EPSP represents the synaptic effect of a
single activated optic nerve fibre (see beow). For cdls with more than one input fibre only the first
activated EPSP was included. As expected, the unitay EPSPs had lower thresholds and shorter
latendies in Y cdls () than in X cdlls ([1). In terms of latency there was very little overlap between the
two populations. Since the synaptic dday in the dLGN is the same for X and Y fibres (003 ms
Lindstrom, 1982, Wang, Cldand & Burke, 1985), the different latencdies mainly reflect the different
conduction velocities of the afferent optic nervefibres.

There appears to be a greater overlgp for threshold intensities between the two fibre groups but most
of this results from the pooling of data from severa experiments in the same plot. As pointed out above,
the threshold ranges varied somewhat from cat to cat and even between the two optic nerves in the same
anima. When the threshold of a particular unitay EPSP was compared with the smultaneoudy
recorded nerve volley the unitaries of Y cdls had thresholds within the intensty range of the firgt
component and those of X cdls within the range of the second. The cumulative recruitment curves in
Fig. 2B show that even for the pooled sample there were quite few units in the tireshold overlap zone.
Not more than 10 % of the unitaries in Y cdls had higher thresholds than the lowest threshold unitaries
of X cdls These results cdearly demongrate that the first nerve volley component originates from Y
axons and the second from X axons. Accordingly, the first low-threshold component will be referred to
asthe'Y volleys and the second component asthe ‘X volley’.

Feed-forward inhibition

Intrecdlular recordings of EPSPs and IPSPs were obtained from 178 principd cdls classfied as X
and Y cdls on the basis of visud testing (99 X cdls and 79 Y cdls). Sixteen additiond cdls had mixed
excitatory inputs from both X and Y axons. These cdls are not induded in the main materid but will be
discussed separatdly below. Of the main sample 74 cdls were activated from the ipsilaterd and 104
from the contraatera eye. Twelve of the later cels dl with Y type excitation, were recorded in the
upper C layer. These C layer cels were in dl studied aspects, except lamina podtion, $miler to Y cdls
in lamina A and Al. They are therefore included in the materid without specific labels. All principa
cdls received monosynaptic  excitation and disynaptic  feed-forward inhibition following dectricd
dimulation of one of the optic nerves. For identified Y cdls both the EPSPs and the IPSPs were
recruited with the firgt, Y component of the nerve volley while for X cdls the PSPs came with the
second, X component.

Y cells

Typicad recordings from a Y principd cdl are shown in Fg. 3. The cdl had a large off-centre
receptive fidld and no ‘null position’ in the linearity test. It responded well to a large bar, rapidly moved
through its receptive field and produced ‘on — off’ burds to a smdl light spot flashed at the centre—
surround border. Its excitatory
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input came from a single retind ganglion cdl in the ipdlaterd right eye. The unitary nature of the
excitatory input was eadly verified with dectricd simulation of the optic nerve. With the stimulation
intensity adjusted to the threshold levd of the responsible fibre, an EPSP was evoked in an dl-or-
nothing manner. The record of Fig. 3A shows four superimposed responses, three of which gave rise to
an EPSP of the same amplitude. One simulus faled to activate the axon and thus no EPSP was evoked.
The data underlying the threshold—latency plot in Fig. 2A were obtained from unitary EPSPs identified
inthisway.

The threshold intensity for the unitary EPSP in Fg. 3A was P2 times threshold for the most sensitive
fibres in the optic nerve, i.e. in the lower threshold range for Y fibres. No additiond EPSP component
was added when the gimulus strength was increased to obtain a maxima Y volley (Fig. 3B) or further,
to recruit dso X fibres (Fig. 3C). The EPSP decay became fager when the simulus srength wes
increased from the threshold levd (A) to tha of a maximd Y volley (B). This change was due to the
recruitment of feed-forward |PSPs.

To better revea the IPSP the cdl was steadily depolarized by current injection through the recording
microelectrode, a procedure that enhances the IPSP a the expense of the EPSP (Fig. 3D—F). The
records in D show that dready a stimulus of 11 times threshold for the optic mrve evoked a smdl
disynaptic IPSP. This low-threshold PSP can be seen dso in the falure trace in A. Maxima IPSP
amplitude was dtained a a stimulus strength below threshold for the X volley (E). No further IPSP
increase was obsarved when the intensity was adjusted to evoke a maxima X volley (F). This lack of
additiond effect was not caused by the JPSIP agpproaching its reversd levd. A much larger summed
IPSP could be obtained by double stimulation (not illustrated).

The inhibitory response in E was a compound IPSP. When the simulus srength was carefully
graded within the Y range the LPSP grew in a leest five discrete steps with different thresholds (not
illugrated). We take this to indicate that a least five ganglion cdls with axons of different thresholds
contributed to the inhibitory response, each one recruiting a new inhibitory interneurone. This figure is a
minimum number. Our andysds of the number of unitary IPSPs was much hampered by the on-gaing
‘spontaneous activity of the input ganglion cdls. For this principa cdl we could not, for instance,
determine whether its excitatory input ganglion cel aso contributed to the inhibitory response. This
was clearly the case for many other principa cdls (cf. bdlow). Even with these limitations it can be
concluded that the feed-forward inhibitory pathway displayed more convergence than the excitatory one
tothecell.

The latency of the PSPs were determined at twice threshold for esch response and measured from the
onset of the stimulus shock artifact to the start of the PSPs. The extracellular fild potentia (lowermost
traces in Fig. 3D—F) was dways subtracted if it was large enough to influence the messurements. For
the illugtrated cdl it was not necessary. The inflexion point near the pek of the EPSP was taken as the
onset of the IPSP (arow, Fig. 3B and K), since this was a dear pivot point for the IPSP when the
membrane potentia was changed (cf. Fig. 3A, B and K). That this point represents the true onset of the
LPSP was confirmed by reversing the IPSP with a strong hyperpolarizing current (Fig. 3.0). The
reversed |PSP was evoked &
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threshold for the EPSP and the EPSP failed in al but two traces (double arrow). This falure makes the
latency difference between the two PSPs quite evident. The |PSP latency from the optic nerve was 0~9
ms longer than that for the EPSP (222 ms compared to 1¢3 ms). The same latency difference was dso
found when the two responses were evoked from the optic tract (Fig. 3H), suggeding that it
represented the interneuronal delay in the inhibitory pathway (Lindstrom, 1982).

The measured latency from two sites of stimulation alowed us to apply an extrgpolaion procedure to
etimate the axond conduction velocity and locad geniculate dday (Ferster & Lindstrdm, 1983). In the
diagram of Fg. 3 the latency of the PSPs has been plotted againgt the conductance distance from the
dimulation sites to the recording Ste in the dLGN. The dope of the lines connecting the optic nerve and
optic tract points give the conduction velocity which was the same (60 m/s) for the axons giving the
EPSP and IPSP. This vaueiswithin the conduction velocity range for Y axons (see above).

The intercept of the lines (06 ms for the EPSP and 15 ms for the IPSP) corresponds to the geniculate
dday plus the spike initigtion time a the dte of dimulation. From our earlier work it is known that
these intercept vaues correspond to monosynaptic and disynaptic connections (bdow 1 ms for
monosynaptic and between 1 and 2 ms for disynaptic). The spike initiation time was etimated with a
smilar extrgpolation procedure but monitoring the nerve valley in the dLGN rather than PSPs (not
illugtrated). It was 0 02 ms, a quite ypicd vadue (Lindstrom, 1982). The remaining time to the EPSP
onsgt (0004 ms) includes a true synaptic delay of about 0003 ms (Lindstrom, 1982; Wang et al. 1985) and
asmdl extradday dueto dowing of theimpulsein thetermina branches of the ganglion cdl axon.

The IPSP vadue includes an additiona synaptic delay of 0003 ms plus the time for EPSP rise to spike
threshold in the interneurone (Lindstrdm, 1983) and its spike propagetion. Together this sequence eesily
accounts for a dday of 0 9 ms in the ihibitory pathway. There is certainly no time for a recurrent
inhibitory loop which would have reguired another O 05-1 ms (Lindstrom, 1982). This somewhat
eaborate treatise serves to emphasize that the early IPSP evoked in this and al other Y cdls by optic
nerve stimulation were indeed mediated by a disynaptic feed-forward pathway .

One more technica aspect desarves to be mentioned in relaion to Fig. 3. A lager |PSP was evoked
from the optic tract at the EPSP threshold than from the optic nerve (cf. Fig. 3A and H). Thislarger
IPSP implies that with optic tract stimulation more axons providing an inhibitory input to the cell were
recruited a lower intendty than the excitaory fibre. A similar change in recruitment order between the
optic nerve and optic tract electrodes was a common finding. The explanation is that the optic tract
dectrode gengaed a non-uniform fied through the nerve. In this sStuation not only fibre sze but dso
the distance between the tip of the simulation eectrode and the activated axons play a role in
determining its threshold intendity.

X cells

Recordings from a characteristic X principa cdl are shown in Fg. 4. The receptive fidd of this unit
had a smdl centre, a drong inhibitory surround and a ‘null postion” in the contrast reversa test. The
cel received excitation from two retina ganglion
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cdls in the contraaterd left eye. The unitary EPSPs are seen in the upper row of records (Fig. 4A—C),
taken with the cdl hyperpolarized to the IPSP reversd level. The firg unitary EPSP was evoked a a
dimulus strength of 35 times threshold for the nerve (Fig. 4A). This intensty was well above the
stimulus strength required for
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Fig. 4. Intracellular recordings of synaptic potentials in an X principal cell activated from the contralateral left
eye. Details as in Fig. 3. Arrows below the nerve volley recordings point to the X component. The cell was
hyperpolarized for the EPSP responses in A—C and C and depolarized to revea the IPSPsin D—F and H (5
nA). Note the longer latency of the IPSPs compared to that of the EPSPs. The conduction velocity of the
responsible optic nerve fibres was the same for both PSPs (24 m/s).

a maximad Y volley and within the lower X intendty range as indicated by a smal X component in the
nerve volley recording (arrow, lower trace). The other unitary EPSP was recruited at il higher
intensity (Fig. 4B). No additiond EPSPs were obtained with the X volley reaching its maximum (Fig.
4C).

The disynaptic feed-forward PSP evoked in the cdll by optic nerve simulation was reveded by the
injection of a srongly depolarizing current (Fig. 4D—F). The longer latency of the PSP precludes
that this hyperpolarizing response is a reversed EPSP. Note that both PSPs in this X cdl had longer
latencies than the analogous responses of the Y cdl illugrated in Fig. 3. The IPSP threshold for the X
cdl was the same as for the first unitary EPSP, i.e. well within the X range (Fig. 4D). In fact, it was
evident from records taken at intermediate levels of polarization that the unitary EPSP and IPSP were
evoked from the very same optic nerve fibre At threshold stimulation intendty and dso during
spontaneous activity they occurred together in an al or nothing fashion. Smilar observations have been
meadefor the
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magjority of well-andysed X cdls. In the present cdl the IPSP grew further with the recruitment of more
X fibres (Fig. 4E and F), indicating its convergent nature. At least four unitary IPSPs could be resolved
by more carefully graded simulation. From the dope of the lines in the extrapoletion diagram it is seen
that the described
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Fig. 5. A, latencies of monosynaptic EPSPs and disynaptic | PSPs evoked by optic nerve stimulation in visually
identified X and Y principal cells. For each cell the shortest latency of the EPSP has been plotted against that
of the IPSP. 0, X cells (n =99); O, Y cdls(n = 79). Two X cellswith feed-forward |PSPs from both Y and X
axons are marked by filled squares. B and C, distribution of receptive field eccentricities for the sample of Y
and X cellsin A.

PSPs were evoked by dowly conducting optic nerve axons. The estimated conduction velocity was the
same (24 nv/s) for both responses.

Comparison of IPSPsin X and Y cell8

A dmilar, but not dways as extensve andyds, was performed for dl the recorded Y and X cels.
The plot in Fig. 5A summarizes our main findings with respect to the feed-forward inhibition. Here the
latency of the EPSP evoked from the optic nerve has been plotted against that of the |PSP for each cell.
The data points for the vast mgjority of the X and Y cels form two well-segregated subpopulations with
minima overlap in the inhibitory dimension. All X cells had excitatory latencies equa to or longer than
2~0 ms and, with the exception of three cdls discussed below, IPSP latencies & or aove 28 ins.
Additiond unitary PSPs, if present, had very smilar latency vaues (cf. Fig. 4). With the exception of
the three mentioned cdls, none of the X cdls had inhibitory inputs that could originate from large-
diameter, fagt-conducting Y axons Severd of our X cdls fitted the criteria of lagged X cdls as defined
recently by Magtronarde (1987). There was no obvious difference between the feed-forward IPSPs in
these and other X cdls.

All 'Y cdls had IPSP latencies compatible with a disyngptic input from Y axons. In the large
magority the IPSPs reached a maximum & intensgities below threshold for the X volley. A few cdls had
IPSPs that grew beyond this point. They were dl found in experiments with a certain amount of
threshold overlgp between the X and



270 S LINDSTROM AND A. WROBEL

Y nerve volleys. In these cdls the IPSPs increased with dimulation intengties in the lower X range,
corresponding to the zone of overlgp, but not beyond the level for the maxima Y volley. We therefore
assume tha this inhibition dso originated from Y fibres with somewhat higher thresholds. We found no

Y cel with aclear inhibitory input from X fibres.
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Fig. 6. Intracellular recordings from an exceptional X cell with mixed inhibitory input. The sequence of responsesin A—E
was obtained by graded stimulation of the left optic nerve. The cell was activated by asingle X fibre with itsthreshold in the
lower X range (28 times the nerve threshold; D). Small arrowsin |) and F point to the X volley. Low-threshddY filres
evoked a small feed-forward IPSP with appropriate Y latency (A—C). Additiona IPSPswere evoked by X fibresas seen
from the change in time course of the EPSP decay when the stimulation intensity was increased within the X range (cf. D
and E). The conduction velocities were 25 m/s for the monosynaptic EPSP and 53 m/sfor the early disynaptic IPSP. Other

detailsasin Fig. 3.

A smilar plot as in Fig. 5A was obtained when instead of latency, PSP thresholds were compared
(not illugrated). For X cdls there wes a linear relation between the EPSP and IPSP vaues both in terms
of threshold intensties and latencies (cf. Fig. 5A). The Y cdl population deviated somewhat from this
lineer relationship. Many Y cdls with EPSPs in the longlatency, high-threshold end of the sample had
IPSPs with comparably short latencies and low thresholds. It is reasonable to assume that this behaviour
reflects alarger convergence within the Y inhibitory pathway.

Cellswith atypical convergence patterns

Among 178 visudly characterized X and Y cdls we found only two with mixed inhibitory input,
both dassfied as X cdls ([, Figs 5A and C and 9C). Recordings from one of these cdls is illustrated
in Fig. 6. This off-centre cdl was classfied as an X cdl by its smdl receptive fidd centre as compared
to neighbouring Y cdls. It gave a tonic discharge to the offset of a centred light spot but, unfortunately,
it was impaed before a linearity test could be gpplied. It had a single excitatory input fibre with a

threshold and latency in the lower X range (Fig. 6D). The sequence of
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recordingsin A—E were obtained with gradually increasing strength of stimulation of the left optic
nerve. The upper row of records were taken withinthe Y valley range (cf. nerve volleysin lower traces)
and yet thereisasmall disynaptic |PSP evoked at these low intengities. Both its threshold and latency
pointtoaY fibreorigin. An
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Fig. 7. Recurrent IPSPsin a'Y principal cell. A and B, recurrent PSP evoked by double stimulation of the
visual cortex (Cx) and recorded with two different time bases. Tempora facilitation was used to obtain a
diginct JPSP onset with minima latency. The dimulation intensty was adjusted so that a single
simulus was subthreshold for an JPSP (C). E—G, recurrent JPSP evoked in the orthodromic
direction in the same cdl by left optic nerve stimulation. The stimulation intensity was maxima for Y

fibres in E and F (I~6 times threshold) and for X fibresin U (80 times threshold). At a stimulation frequency
of 10 Hz only a feed-forward IPSP with a simple exponential decay was evoked (F). At lower stimulus
repetition rate (1 Hz) an additiona late irregular JPSP component is added to the response. This late IPSP
component is a recurrent JPSP evoked by orthodromic activation of recurrent inhibitory interneurones in
the perigeniculate nucleus. The recurrent LPSP was maximal with activation of Y fibres and no further IPSP
was added to the response when X fibres were also stimulated (cf. F and U). The responsesin A—C and E—U
were obtained with the cell depolarized by current injection (2 nA). D, truncated antidromic spike at threshold;
H, monosynaptic EPSP evoked by left optic nerve stimulation; D and H recorded with the cell unpolarized.
Lower traces in A—C and middle traces in F—H are extracellular field potentias, lower tracesin F—U optic

tract nerve volleys. Other detailsasin Fig. 3.

additiond PSP component was evoked ly X fibres as indicated by the change in the EPSP decay dope

between therecordsin D and E.

The difference in conduction velocity of the fibres responsble for the EPSP and early IPSP is
obvious from the extrapolation diagram. For the |PSP the conduction velocity was 53 ms, i.e. within
the Y range, while the corresponding vaue for the EPSP was typicd for X fibress 25 m/s. This

exceptiond X cdl undoubtedly received
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a mixture of inhibition from both X and Y optic nerve fibres So did the other X cel indicated by a
square. (The third deviating X cdl in Fig. 5A had a short-latency IPSP that grew with the X volley
only.) The rarity of X cdls with Y inhibitory input suggests that this type of convergence might result
from an error of connectionsin the dLGN network.
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Fig. 8. Recurrent LPSPs in an X off-centre principal cell. A and B, recurrent JPSP evoked by double
stimulation of the cortex and recorded with two different time bases. C, lack of LPSP after single stimulation
with the same intensity. D, truncated antidromic spike evoked at threshold intensity from a neighbouring
cortex electrode. F—F, recurrent PSP evoked in the orthodromic direction by right optic nerve stimulation,
same procedure as in Fig. 7. Note lack of IPSPs at 4~O times threshold, 1 Hz (F) and the late recurrent
component at 6~7 times threshold, 1 Hz (C). H, monosynaptic EPSP evoked by X fibres in the right optic
nerve. Note the long latency compared to the EPSP in Fig. 7 H. Lower traces in F—H are nerve volleys
simultaneously recorded from the optic tract. Extracellular field potentials were insignificant and therefore not
illustrated. Responses in A—C and F—C were obtained with the cell depolarized by current injection (6 nA).
Other detailsasin Fig. 3.

Sixteen cdls in our totd sample recaeived mixed excitation from X and Y optic nerve fibres. Thirteen
of these cdls had a dominant EPSP from Y axons and three from X axons. The EPSPs from the non-
dominant fibre group were dways quite smal and most cdls were visudly classfied in accordance with
their dominant excitatory inputs. Twelve of these cdls had feed-forward IPSPs that grew with both the
Y and X components of the nerve volley; the other four seemed to receive IPSPs from the dominant
fibre group only.

Recurrent inhibition

The recurrent inhibitory system was sudied in a smaler sample of cels The IPSPs were evoked by
antidromic activation of principa cdl axons from the visud cortex. A simulation eectrode could
usudly be sdected that produced a good recurrent IPSP in the recorded cdl without contamination of
an antidromic spike
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(Lindstrom, 1982). Double stimulation was used to obtain tempard facilitetion a thelevel of the
recurrent inhibitory interneuronesin the perigeniculate nucleus (Ahlsén et al. 1983). This procedure
gives recurrent |PSPs with more distinct onset and minimal latency. Recurrent IPSPswere evoked in dll
of the cdllstested.
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Fig. 9. A, scatter distribution of recurrent IPSP latencies in visudly classfied X and Y principa
cdls. For each cdl the latency of the EPSP evoked by optic nerve simulation has been plotted
agang the latency of the recurrent IPSP evoked ly cortex stimulation. The latency of the recurrent
IPSP was measured from the effective simulus (cf. Fig. 7B and C). O ae X cdls (n = 55); 0, Y cdls
(n - 68). B, latency didribution for antidromic spikes evoked by cortex stimulation in the same
sample of Y and X cdls C, didribution of thresholds for orthodromicaly activated recurrent IPSPs
in X and Y principd cdls. The IPSPs were evoked by optic nerve simulation as in Fig. 7E—G, and
the thresholds measured in multiples of nerve threshold as in Fig. 1. Open hisograms, Y cdls (n -
23); shaded higtograms, X cdls (n = 21), asin B. 0, an X cdl with mixed feed-forward IPSPs from
X andY fibres. Further detailsin the text.

Examples of such IPSPsin a’Y and an X principd cdl ae shown in Fgs 7 and 8. The records in A
and B ae the same IPSPs displayed with two different time bases. The dimulation intensity was
adiused s0 that a single simulus was subthreshold for a response (C). It follows that the PSP was
triggered by the second oimulus (producing a summed EPSP aove pike threshold in  the
interneurones). The IPSP latency was accordingly messured from the second stimulus shock artifect and
it was 24 msfor theY cdl in FHg. 7 and 25 msfor the X cdl inFg. 8.

In Fig. 9A the latency of the recurrent IPSP in al studied X and Y cdls is plotted againg their EPSP
latency from the optic nerve. The latter parameter was used to alow a comparison with previous plots.
The shortest recurrent latency (20 ms) was found among the Y cdls and they had, as a population,
sgnificantly shorter latency vaues than the X cdls. However, there was a szedble range of overlap
between the two groups (from 23 to 2¢8 ms). This overlgp in latency reflects a similar overlgp in
antidromic conduction times from the cortex to the same cdls (Fig. 9B; cf. dso Stone & Hoffman,
1971; Sone & Dreher, 1973; So & Shapley, 1979). Although it lowersthe
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andyticd sengtivity of the procedure this overlap does not exclude a typesdective recurrent inhibition.
Note that more than haf of the X cdl population had longer recurrent latencies than any Y cel. These
cdlsat least seemed to receive a selective recurrent input from the X system.

To improve the certainty of our concluson we aso evoked recurrent IPSPs in the orthodromic
direction by dimulation of the optic nerves (Lindstrém, 1982). In this way we could teke advantage of
the threshold separation between X and Y fibres. The procedure is illustrated by the recordings of Fig.
7E—G. The record in E shows a maxima feed-forward IPSP with slower time base than in previous
figures. At 10 Hz of dimulation the feed-forward IPSP had a smooth exponentid decay. When the
gimulus repetition rate was lowered to 1 Hz (Fig. 7F) a late additional IPSP component appeared. This
IPSP component results from orthodromic activation of perigeniculate neurones. In this Y cdl the
orthodromically dlicited recurrent JJ)5J) developed with the Y component of the nerve volley (Fig. 7F).
It did not increase further in amplitude when the simulus strength was increased to recruit the X fibres
dso (Fig. 7G).

A dgmilar andyss for the X cdl in Fg 8 reveded that the orthodromicaly dicited recurrent PSP
gopeared only a high X gimulus intensties. Stimulation of the right optic nerve a 4+0 times threshold,
well above Y maximum but below threshold for the excitation of the cdl, evoked no inhibitory response
(Fg. SE). A recurrent IPSI~ was evoked in the orthodromic direction, however, when the intensity was
increased to recruit the excitatory and feed-forward inhibitory input to the cell (Fig. 8F and G).

The same kind of measurements were obtained for forty-four visudly characterized principa cels
(twenty-three Y cdls and twenty-one X cdls) and the result is presented in Fig. 9C. All Y cdls had
orthodromic thresholds for the recurrent IPSP in the Y volley range and the X cdls in the X range. For
the mgority of the Y cdls we could be certain that the IPSP grew exclusvely with the Y volley (es for
the cdl in Fg. 7), indicating that the recurrent input was Y sdective. The lack of low-threshold IPSPs in
the X cdls precludes that these cdls received a Y-type recurrent inhibition. Interestingly, one of the
exceptiond X codls with mixed X-Y feedforward inhibition was teted and found to recedve an
exdusve X-type recurrent inhibition. Although a rather smdl number of cels were dudied with this
procedure it seems safe to conclude tha there is no dgnificant Y-type recurrent input to X principa
cdls or the reverse. Thus, the recurrent inhibitory pathway seem to be as type sdective as the feed-
forward inhibitory pathway.

Binocular inhibition

Many principa cdls adso receive inhibition from retind ganglion cdls in the nonexcitatory eye
(Suzuki & Kato, 1966). Such non-dominant inhibition is mediated both by the feed-forward and the
recurrent pathway (Lindstrém, 1982). We only occasiondly studied this non-dominant inhibitory input
in our sample of cdls. Among thirty-one tested Y cells twenty-sx had disynaptic feed-forward 1PSPs
from the non-dominant nerve. All these IPSPs developed with the Y component of the nerve volley.
Only two of five tested X cels had a dear disyngptic IPSP from the non-dominant eye and this IPSP
gppeared together with the X volley. Since most
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perigeniculate interneurones receive binocular excitation, the recurrent inhibitory pathway is typicdly
binocular. This was confirmed for fifteen Y and four X principd cdls with recurrent inhibition
activated in the orthodromic direction (see above). Also the recurrent IPSPs from the non-excitatory
optic nerve were evoked by the same fibre type asthe EPSPsin the cdlls.

Receptive field position

Snger & Bedworth (1973) suggested that the degree of inhibitory interaction between the X and Y
pathway differed between principa cells with centrd and more peripherd receptive fidds. To be more
gpecific, peripheral X cels were bdieved to receive dronger Y inhibition than those with centra
receptive fidds We found no such difference. The lack of Y inhibition of X cdls in our materid cannot
be explaned by a heavy bias in the sample towards centra units. The distribution of receptive field
eccentricities for dl our Y and X cdls is shown by the histograms n Fig. 5B and C. More than 40 % of
our X cdls had receptive fidds a eccentricities larger then 10 deg, the maximd vaue being 55 deg.
The only two X cdls with mixed inhibition from the X and Y systems (see above) had their receptive
fidds a intermediate eccentricities, 8 and 17 deg (O in Fg SC) There was likewise no difference in
inhibitory input to Y cellswith centra or peripherd receptivefidds.

DISCUSSION

Two main conclusons emerge from our results (1) both X and Y principa cdls in the ca’'s dLGN
recave feed-forward and recurrent inhibition; (2) the inhibitory circuits are smilar but functionaly
independent for the two cel types. Both conclusions are a odds with some views in the literature and
require consderation.

Similar inhibitory circuitsfor X andY cells

The firg intracdlular studies of the dLGN reveded prominent IPSPs in principd cels after optic
tract gimulation (Suzuki & Kao, 1966; Mcllwan & Creutzfedt, 1967; Snger & Creutzfddt, 1970).
The IPSPs occur in X and Y cdls (Snger & Bedworth, 1973) and are, for both cel types, mediated by
feed-forward and recurrent inhibitory pathways (Lindstrom, 1982). This view is supported by
recordings from the inhibitory neurones of these pathways (intrageniculate interneurones and
perigeniculate cdls), both of which are found with sdective excitaion from either the X or Y system
(Dubin & Cldand, 1977; Lindstrom, 1983; Ahlsén et al. 1983; Wrdbd & Tarnecki, 1984; Xue, Caney,
Ramoa & Freeman, 1988).

The symmetrical organization of the inhibitory pathways to X and Y principa cdls has recently been
questioned (Sherman & Friedlander, 1988). These authors propose that the feed-forward pathway might
be exclusve for X cdls and the recurrent for Y cdls. The idea has apparently evolved from their failure
to identify Y- type intrageniculate interneurones by intracellular injection of horseradish peroxidase. On
the bass of this drictly negative finding they disclam the exigence of Y-type intrageniculate
interneurones. Previous physiologica identification of such cdls is digmissed as based on a sngle
negative criterion, lack of antidromic activation from the visud cortex. This discusson fals to
acknowledge that



S LINDSTROM AND A. WROBEL 276

intrageniculate  interneurones  dso  differ  from principd cdls in aspects that provide podtive
identification criteriaz  duration of action potentias (Lindstrom, 1983; McCormick & Pape, 1988),
synaptic response to corticd (Dubin & Cldand, 1977; Lindstrom, 1983) or bran stem stimulation
(Ahlsén, Lindstrém & Lo, 1984).

Independent anatomical support for two types of intrageniculate interneurones have been obtained
with  GAD and GABA immunohistochemistry (Montero & Zempd, 1985). Presumed Y-type
intrageniculate interneurones are few in number, about 3—6 % of the neurond population in the A
laminae of the cILGN. That such a smdl group of cels is missed in a limited sample of intracdlularly
dained interneurones (Sherman & Friedlander, 1988) may not be entirdy surprisng. Anyhow, the
present findings should leave no doubt that Y principad cdls receive disynaptic inhibition of the feed-
forward typejust like X cdlls.

The proposition that X cdls lack recurrent inhibition is puzzling since X principd cels are known to
issue axon collaterds in the perigeniculate nucleus (Ahls$gn, Lindsrom & Sybirska, 1978; Friedlander,
Lin, Standford & Sherman, 1981), to excite perigeniculate cdls by such collaterds and to receive
recurrent IPSPs (references above). The present finding of recurrent IPSPs in dl sudied X cdls
reiterates these observations. It is worth noting that there were no obvious quantitative differences
between the IPSPs in X and Y principd cdls. Recurrent and feed-forward IPSPs were as brge and essy
to reved in X cdls as in Y cdls This observation does not preclude the posshility that the two
inhibitory circuits differ in importance for X and Y cdls during adequate visud activation but any such
differences remain to be shown (Sillito & Kemp, 1983).

Lack of inhibitory interaction between X and Y systems

All but two principad cels in this study received feed-forward and recurrent inhibition exclusively
from the same dafferent system as their excitatory input. Thus, we were unable to confirm previous
suggestions that the X and Y pathways have reciprocad or patidly interactive inhibition in the dLGN
(Hoffman et al. 1972; Singer & Bedworth, 1973; Burke et at. 1985; Bloomfidd & Sherman, 1988).

Our anayss rests on the edtablished method of fibre threshold separation with graded dectrica
gimulation. The procedure has been extensvely used in studies of specific neurond connections in the
spind cord (Badissera, Hultborn & lllet, 1981) and its ussfulness is dso wel documented for the
retino-geniculate pathway (Bishop & Leary, 1940; Bishop & Mcleod, 1954; Bishop, Clare & Landau,
1969). Our control recordings fully confirmed the concluson of Hoffman et at. (1971) that the first low-
threshold component of the optic nerve volley originates from Y axons and the later component from X
axons. Usng a ring eectrode for simulation an dmost perfect threshold separation between the two
fibre groups was obtained. Identicd results with the same technique have been presented by Ferster
(1990). In our view the threshold separation technique is as powerful as any visua procedure for X and
Y segregation. Combined with intracellular recordings it offers a unique opportunity to identify al the
excitatory and inhibitory inputs from retinal ganglion cdlsto asingle principa cell.

The disynaptic feed-foward IPSPs in most X cdls originaed from ganglion cdl axons with
thresholds and conduction velocitiesin the X range only. Thelack of
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sgnificant Y contribution was not due to poor resolution in the recordings. JPSPs as smal as 5 % of the
maxima response were rdiably detected; in some cdls even smdler responses could be seen. Nether
can our falure to reved Y-type IPSPs in X cdls be explained by hypotheticad shunting synapses or
synapses a remote dendritic locations. Such synaptic effects would have been disclosed by the routine
polarization of the cdls since the dendritic trees of dLGN principd cdls are quite compact (Crundli,
Leexche & Panavdas, 1987, Bloomfidd, Hamos & Shermen, 1987). EPSPs from cortico-geniculae
fibres, known to terminate a disant dendrites, were adso readily observed (S. Lindsrom & A. Wrdbd,
unpublished observations). Nether were Y-type IPSPs conceded by an excitatory input since the Y
axons could be stimulated sdlectively without contamination from X axons.

Other possibilities such as conduction failure a the interneurona level in the Y inhibitory pathway
due to a depressive effect of the anaesthesa or inhibition from the bran sem can dso be excluded.
Such schemata would require two classes of Yactivated intrageniculate interneurones with separate
projection to X and Y cells since Y-type IPSPs were readily evoked in neighbouring Y principa cdls of
the same preparation. The feed-forward IPSPs are adso quite robust to changes in depth or type of
anaesthesa (S. Lindstrdom & A. Wrdbd, unpublished observations). All of these considerations lead us
to believe that even samdl Y-type inhibitory inputs to the X cdls would have been reveded should they
exist. Thefinding of mixed IPSPsin two exceptiona X cdlls supportsthisview.

Comparable results were obtained for Y cdls, most of which had disynaptic IPSPs growing below
threshold for the X volley. Some Y cdls had additiond unitary | PSPs gppearing within the threshold
overlap zone, where the firs X axons were recruited. These IPSPs had Y-type latencies and they were
never evoked a intendties aove tha of the maxima Y volley. Therefore, we assume that al unitaries
forming the compound IPSPinY cdlswere mediated by Y fibres.

The lack of detectable X contribution to these IPSPs was not due to occluson a the interneuronda
levdl snce X and Y fibres activate separate intrageniculate interneurones. Neither is it due to saturaion
of IPSPs approaching their reversd leve. Most IPSPs were recorded with the membrane potentiad
atificidly shifted away from this potentid and larger IPSPs were eesily obtaned with tempord
summation. Note adso that convergence of Y- and X-type feed-forward IPSPs were obsarved in severd
cdls with mixed excitaory inputs from X and Y fibres The concluson that Y cdls lack feed-forward
inhibition from X axons seemsinevitable

The oHectivity of the recurrent pahway was more difficult to determine. As expected from
perigeniculate cal recordings (Ahlsén et al. 1983), the shortest IPSP latencies were found in Y principa
cels and the longest in X cdls. Many X cdls had latency values longer than any of those in Y cdls
suggesting a recurrent input exclusvely from the X system. Unfortunately, about haf the cdls had
laencies within a szesble range of overlgp between the two populaions. Since the threshold separaion
procedure is usdess with cortex gimulation, recurrent IPSPs were instead evoked in the orthodromic
direction by optic nerve stimulaion. All units checked in this way had fibre type specific inhibition via
the recurrent loop. Taken together these findings convincingly demonstrate that the recurrent inhibitory
pathwaysto principd cels are astype specific as the feed-forward pathways.
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Given the condstency of our obsarvations it may be asked why other investigators have reached
different conclusons. One explanaion might be their use of optic chiasm simulation (Hoffman et al.
1972; Singer & Bedworth, 1973, Bloomfidd & Sherman, 1988). This mode of simulation results in a
substantial overlap between the X and Y fibre populations both in latency and threshold (So & Shapley,
1981; see ds0 Results). From the published records of Singer & Bedworth (1973) it can be seen that
they dso underestimated the IPSP latency in X cells The latency was measured to the deviation point
of PSPs obtained a& two membrane polarization leves, this point being s&t mainly by EPSP depression
(see their Fig. 4D and E). IPSPs evoked in X cdls by simulation of the superior colliculus were taken
as further evidence for Y-type inhibition of dLGN X cdls (Singer & Bedworth, 1973). At the time only
Y axons were believed to bifurcate to both dructures. This argument has been waved by a later
demongration of retina X cellswith bifurcating axons (l1ling & Wésde, 1981).

The experiments of Burke et al. (1985) ae different. They blocked impulse conduction in Y axons
by applying pressure to the optic nerve. Stimulation of remaining fibres induced two phases of reduced
responsveness in both X and Y geniculae neurones as judged by fidd potentid recordings. The early
phase was ascribed to reduced excitability in the optic nerve fibres while the later phase had a much
longer latency (more than 10 ins) and duration (severd hundred milliseconds) than any IPSP we have
observed in principd cdls. Whatever the source of these subnormdities it seems unlikely that they were
generated by thelocd inhibitory circuits of the dLGN.

Functional and developmental implications

It is generdly bedieved that the X and Y pathways carry different types of informeation to higher brain
centres, dthough the exact nature of this information is debated (Stone et al. 1979; Sherman, 1985). If
two separate messages are required a the cortica leve, it would ssem drange to digtort them by
inhibitory interaction in the dLGN. Why dse would the pathways be segregated again in the cortex?
Separate inhibitory circuits for the X and Y principa cdls, as found here, ascertain that the information
reeches the cortex undisturbed. Private inhibitory sysems dso dlow for separate control of the
pathways by cortico-geniculate or brain sein neurones (Ahlsén, 1984). Such a sdective control might
be used to change the bdance between the X and Y sysems so that the brain obtans optima
information for each behaviourd task.

Anaiomicaly, X and Y principd cdls, intrageniculate interneurones, ther dendrites and axons,
termind  branches of perigeniculae neurones and retind ganglion cels dl intermingle in the dLGN
neuropile. Yet with this anatomica disorder dl synaptic connections seem to be functionaly specific.
Not only the excitatory input to principa cells but dso ther inhibitory circuits are well segregated. This
precise wiring is undoubtedly of fundamenta importance for the function of the dructure To

undergand how this impressve precison in neurond connections comes about is a red chalenge for
future studies of neuronal devel opment.
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