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Frequency dependent corticofugal excitation of
principal cellsin the cat’s dorsal lateral geniculate

nucleus
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Summary.  Excitatory  postsynaptic  potentials
(EPSPs) were evoked in principal cdlls of the cat’s
dorsal lateral geniculate nucleus by eectrica stimu-
lation of cortico-geniculate fibres. The EPSPs had a
pronounced frequency sensitivity. They were barely
detectable at stimulation frequencies below 3 Hz
but increased dramatically in size a higher
frequencies. At 30—50 Hz their amplitude typicaly
exceeded that of EPSPs from optic tract fibres. A
prominent EPSP potentiation was aso obtained
with pair pulse dimulation. The findings ae
discussed in relation to the hypothesis that the
cortico-geniculate system serves as a variable gain
regulator for the visua input to the cortex.
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Introduction

Principa cells in the dorsal laterd geniculate
nucleus (dLGN) of the cat are equipped with two
disynaptic feed-back pathways, one inhibitory with
the interneurones located in the perigeniculate
nucleus (Dubin and Cleland 1977; Lindstrom 1982;
Ahlsén and Lindstrom 1982) and one excitatory
with the responsible cells in layer 6 of the primary
visud cortex (Gilbert and Kely 1975; Tsumoto et
al. 1978; Ahlsén et al. 1982; Ferster and Lindstrém
1983). The function of these systems is dill
unknown dthough several different ideas can be
found in the literature (Singer 1977; Murphy and
Sillito 1987). We have
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recently proposed that the recurrent circuits serve
as variable gain regulators for the transmission of
visua signas through the dLGN (Ahlsén et al.
1985). In this modd the excitatory and inhibitory
systems are viewed as postive and negative
neuronal amplifiers that increase or decrease the
efficiency of the dLGN relay depending on
which system is operative. The imposed gain
changes may contribute to the neurond
readjustments underlying psychophysica
changesin attention (Singer 1977).

Two requirements have to be fulfilled for the
recurrent circuits to function as suggested
(Ahlsén et a. 1985). They should be controlled
by extravisud inhibitory and/or excitatory inputs
to the recurrent neurones and, when operative,
they should become more efficient the higher the
level of activation. As to the first point, an
inhibitory projection from the brain stem to
perigeniculate neurones has dready been
identified (Singer 1973; Ahlsén et d. 1984;
Ahlsén 1984) and there is indirect evidence for a
similar control of layer 6 cels (Singer e 4.
1976; Livingstonc and Hubel 1981). Here we
demonstrate that synapses of cortico-geniculate
neurones have a built-in frequency amplification
that fulfils the second requirement for the
excitatory circuit. An abstract of the main
findings has been published (Lindstrom and
Wrébel 1985).

M ethods

Experiments were performed on pentobarbital anaesthetized
cats (Nembutal, Abbott), initial dose 25—35 mg/kg, sup-
plemented as needed to maintain the animal in a state of
dow wave deep. During recordings the animals were
paralyzed with gallamine triethiodide (Flaxedil, May &
Baker Ltd), 5—7 mg/kg.h and artificialy ventilated to an
end-expiratory CO, of 3.5%. To reduce movements of the
brain a pneumothorax was performed and the animals
suspended by a clamp on a midthoracic vertebra. Body
temperature was kept at 38°C and blood pressure maintained
above 110 mm Hg by a dow i.v. infusion of ringer-glucose
solution.
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The visua pathways were stimulated electrically by
cathodal constant current pulses (0.2 ms duration) applied to a
tungsten electrode in the optic tract or to any in arow of similar
electrodes, inserted 2—4 mm into the visual cortex at the
border between areas 17 and 18. Evoked potentials and visua
responses were used for proper placement of the electrodes. For
visual stimulation the pupils were dilated, accommodation
paralyzed and the eyes focused by appropriate contact lenseson
a tangent screen 1.5 m in front of the animal. Glass
micropipettes filled with 3 M potassium or sodium acetate were
used for extra and intracellular recordings from dLGN
principal cells, the sodium filled electrodes usually being the
best. For intracellular recordings the electrodes had their tips
broken back to a diameter of about 0.5 um, giving a resistance
of about 15—30 M U. The electrodes were advanced to the
dLGN through the overlaying cortex. This resulted in a rather
high coupling capacitance which together with the high
electrode resistance reduced the frequency response of the
recording system to about 1 kHz. Principal cells of the dLGN
were identified by their location in laminae A and Al, by their
receptive field properties and by antidromic activation from the
cortex.

Results

Monosynaptic EPSPs were evoked in principal cells
by eectrica stimulation of cortico-geniculate fibres
in the cortex. As described before (Ahlsén et al.
1982) the EPSPs had fairly long latencies (2.7—4.0
ins) and high thresholds (150—300 ~uA), their long
latency and high threshold being explained by the
fine caliber of the cortico-geniculate axons (Ferster
and Lindstrom 1983; Robson 1983). The cortex
dimulation aso evoked antidromic spikes and
disynaptic recurrent IPSPs in the recorded principal
cells. These latter responses typicaly had lower
thresholds from the optima simulation eectrode
and shorter latencies than the EPSPs evoked by
cortico-geniculate fibres (Ahlsén et a. 1982). Thus,
strong cortex stimulation produced a quite complex
response in the principa cells with superimposed
postspike afterhyperpolarizations, recurrent 1PSPs
and cortico-geniculate EPSPs (Fig. IA, cf. aso Fig.
lin Ahlsén et d. 1982).

The different response components could easily
be differentiated by careful graded <timulation
through the cortex eectrode. Since individua
principal cells receive convergent excitation from
corticogeniculate neurones in a larger cortex area
than the termination zone of their own axons
(unpublished observations), it was often possible to
obtain recordngs without antidromic spikes by
using another stimulation electrode than the optimal
one (Figs. 1G and 2). This technique could not be
used to avoid the recurrent inhibition via
antidromicaly activated principa cell axons and
perigeniculate neurones since the inhibition had
about the same wide convergence as the cortico-
geniculate excitation. More than that, stimuli strong
enough to activate corticogeniculate axons
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Fig. 1A—G. Increase of cortico geniculate EPSPs by repetitive
stimulation. A,B Synaptic responses evoked in a principal cell
by electrical stimulation of the visual cortex (Cx) at 2 mA. The
stimulus repetition rate was 2 Hz for A and 20 Hz for B. C
Monosynaptic EPSP evoked by optic tract (OT) stimulation.
D,E Same stimuli asin A,B but with the cell depolarized by a
steady current injection 1 nA) through the i ecording electrode.
F Antidromic spike evoked by cortex stimulation at threshold
intensity. The spike amplitude is attenuated by an insufficient
frequency response of the recording system (see methods).
Antidromic spikes were evoked aso in A,B and D,E, but
except for the record in A (asterisk), the soma invasion was
blocked. Calibration bars in E are for A—E. G Continuous
recording of EPSP enhancement in another cell. Note the
recurrent |PSP evoked by the first stimulus and the gradual
increases in EPSP amplitude with successive stimuli. Thin line
indicates mean resting membrane potential level, dotted line
peak voltage for the first recurrent PSP

nents evoked by corticofuga excitation of
inhibitory interneurons in the dLGN circuitry
(Dubin and Cleland 1977; Ahlsén and Lindstrém
1983; Lindstrém 1983). To minimize effects due to
changes in any of these inhibitory mechanisms, the
cells were often hyperpolarized to the |PSP reversal
level by current injection through the
microelectrode (Fig. 2, inserts). The IPSP reversa
level was determined a stimulation intensties
below threshold for the cortico-geniculate fibres.
The frequency sensitivity of the cortico-genicu-
late EPSPs were studied in 48 principa cells with
stable recordings. The sample included both X and
Y type cells and the findings were similar for both
cell types. The EPSPs were barely detectable at
stimulation rates below 2—3 Hz even if maximal
simulation intensty (2 mA) was used. The
reponse in Fig. IA is quite typical for an
unpolarized cell. Here the EPSP is reveded only by
the smadl irregularities on the early phase of the
recurrent IPSP. A quite sizeable EPSP developed in
the same cdll, however, when the stimulation rate
was increased above 5—10 Hz. The record in B
shows the steadystate EPSP at 20 Hz, smdler
EPSPs were obtained at
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10 and 5 Hz. A smilar dramatic change in EPSP
amplitude with repetitive stimulation was found in
all tested cells. The EPSPs increased 4—8 fold and
in most cases hey became much larger than the
maxima EPSPs from retinal ganglion cells (cf. Fig.
IB and C).

The transition from a response dominated by the
recurrent IPSP (Fig. 1A) to an EPSP dominated
response (Fig. 1 B) occurred quite rapidly as illus-
trated for another cell in Fig. 1G. The first stimulus
evoked a large recurrent 1PSP but an EPSP was
obvious dready with the second stimulus. The
EPSP grew successively with each stimulus up to a
plateau level after about 25 stimuli. The dramatic
frequency enhancement of the EPSP was not due to
changes in IPSP or EPSP driving forces or to IPSP
depression. In the illustrated case, each successive
EPSP started from a dightly hyperpolarized level (2
mV), the hyperpolarization apparently caused by a
lasting effect from the hidden recurrent 1PSPs
evoked by each stimulus (cf. first three stimuli).
Such a smdl hyperpolarization would have a
negligible effect on the driving force for the EPSP.
A change in driving force would neither explain
that the peak of the enhanced EPSP by far exceeds
the resting membrane potentia level (thin line).
Since the EPSP starting point is on the postive side
of the initial peak IPSP level (dotted line), the
depolarization is not due to a reversed recurrent
| PSP.

To estimate the high frequency dfect on the
complex recurrent |PSPs (see above), the cells were
much depolarized to enhance the amplitude of the
IPSPs at the expense of the EPSPs. The records in
Fig. 1D and E were obtained in this way, using the
same stimulation parameters as in A and B. In this
situation the IPSP was a most halved when the
frequency increased from 2 to 20 Hz. We believe
that the IPSP depression was smaller and that most
of the difference between D and E was due to an
increased EPSP current. Recurrent |PSPs, evoked at
sub-threshold intensities for the EPSP, were only
marginally affected by a smilar frequency increase
and EPSP enhancement was still seen when cells
were polarized beyond the reversal level of the
IPSP. If the enhancement effect was due mainly to
IPSP depression, the depolarization would in the
latter case be smaller a 20 than at 2 Hz. The
opposite was aways found. We conclude that 1PSP
changes can only account for a fraction of the
observed increase in EPSP amplitudes. This would
be true even if the recurrent inhibitory synapses
were on proxima dendrites and had a shunting
effect on distal corticogeniculate synapses.

Two further observations support the notion that
the EPSP potentiation is due to an increased

excitatory action of cortico-geniculate fibres. The
potentiation process was associated with an in-
creased cell conductance as revealed by tests with
small current pulses superimposed on the synaptic
responses. We aso observed a pronounced fre-
quency enhancement of extracellular field poten
tids, evoked in the dLGN by cortico-geniculate
fibres. This effect was particularly striking after
blockade of geniculate inhibitory mechanisms by
locd injections of picrotoxin. In this Stuaion the
change in the field potentid can only be explained
by an increased excitatory synaptic action. Note that
the net effect of repetitive stimulation of
corticofugal fibres was aways excitation, even with
the inhibitory mechanisms intact. In extracelular
recordings the principa cells started to fire bursts of
gpikes corresponding to the enhanced field
potentia. Thus, the EPSP enhancement
outweighted any inhibition gererated by
corticofugal inputs to geniculate interneurones.

The enhanced EPSP could be finely graded in
amplitude by changing the dtimulation intersity.
Thus, the response was a compound EPSP formed
by the convergent action of many cortico-geniculate
fibres. The dow rise time and long duration of the
response, compared to optic tract EPSPs, is to be
expected from the large disperson in conduction
times of cortico-geniculate fibres (ranging from 2.5
to more than 40 ins; Ferster and Lindstrom 1983, cf.
also Tsumoto and Suda 1980) and from their synap-
tic termination on distal dendrites (Robson 1983).
The overal time course of the compound EPSP
remained about the same at different frequencies.
Therefore, there is no reason to invoke recruitment
of unknown polysynaptic pathways to account for
the frequency effect. More likely, the entire EPSP
enhancement is due to an increased efficiency of the
inonosynaptic synapses onto principa cells. When
evoked from two stimulation electrodes in the cor-
tex, separated by 2 mm, the EPSP component
evoked from one eectrode was unaffected by fre-
guency enhancement of the EPSP from the other.
Such independence might suggest a presynaptic
mechanism for the enhancement. A postsynaptic
component involving N-methyl-D-aspartate
(NMDA) receptors (Koch 1987) seems to be less
important. A pronounced frequency enhancement of
EPSP field potentials was obtained also after j.v.
injections of the non-competitive NMDA antagonist
Ketamine (5—10 mg/kg), athough the EPSP
amplitude was somewhat reduced (by 10—20%).

The plot in Fig. 2A show in more detall the
relative amplitude of cortico-geniculate EPSPs at
different frequencies. The measurements were
obtained from a different principa cell then the
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Fig. 2A,B. Frequency enhancement and pair pulse enhancement of cortico-geniculate EPSPs in another principal cell. The EPSPs were
evoked by cortex stimulation at 2 mA and the recorded cell hyperpolarized to the reversal level for the recurrent IPSP. The plot in A
shows the amplitude of maximally enhanced EPSPs at different frequencies in per cent of the mean amplitude at 0.2—1 Hz. In B the
amplitude of the second EPSP in a pair is plotted in per cent of the unconditioned test response against the stimulus pulse interva. Each
point in the diagrams is the mean of at least 20 traces and the hatched fields represent the mean test levels SEM. Cdlibration barsin B

refer to all inserted records

recordings in Fig. 1 and the reference low
frequency potentials were obtained with the cell
hyperpolarized to the IPSP reversal level (insert).
With repetitive simulation there was a monotonic,
amogt linear increase in EPSP amplitude with
frequencies above 2 Hz;, the EPSP a 50 Hz
ataining an amplitude about 4.5 times the reference
level. These transient EPSPs were superimposed on
a padld, deady depolarizing shift of the
membrane, away from the IPSP reversal level, at
higher frequencies (up to 12 mV a 50 Hz not
illustrated). Due to the change in driving force this
depolarization should dlow adso a Szeddle
recurrent inhibitory current at the peak of the
enhanced EPSP. Accordingly, the plot in Fig. 2A
presumably underestimates the EPSP enhancement.

The EPSP enhancement in the same cell follow-
ing a single preceding stimulation of the cortico-
geniculate fibres is shown in Fig. 2B. At short inter-
vals there was a three-fold increase in amplitude of
the conditioned EPSP. The pair pulse enhancement
decreased at longer intervals aong an approxi-
mately exponential curve with a time constant of
about 100 ins. The frequency enhancement in Fig.
2A is in reasonable agreement with this decay time
course. For ingtance, there was ill a small but
significant pair pulse enhancement a 215 ins, the
longest interval tested. This would correspond to a
critic  frequency’ for EPSP  enhancement
somewhat

below 5 Hz, which is not too far from the observed
3 Hz. Compared to the steady state frequency
effect, the optimal pair pulse enhancement was aso
quite substantial. With a Inear summation process
an even larger frequency enhancement than in Fig.
2A would be obtained. The discrepancy could
easly be explained by the steady depolarization
induced by repetitive stimulation (see above).

Discussion

The frequency enhancement of cortico-geniculate
EPSPs resembles similar processes at other synaptic
dtes like the neuro-muscular junction (Magleby
1973) or the perforant path-dentate granule cell
synapse in hippocampus (Lomo 1971; McNaughton
1980). For the neuro-muscular junction it has been
demongtrated with quanta andysis that the
frequency enhancement is due to a presynaptic
process (Del Cadtillo and Katz 1954). A comparable
andysis is not feasble with the present in vivo
system but it seems likely that a smilar processis at
work. The kinetics of the enhancement is
comparable and there is independence between
different sets of cortico-geniculate fibres. An en
hancement involving postsynaptic NMDA re-
ceptors. as hypothesized by Koch (1987). seems
less likely in view of the resistance of the effect to
NMDA blockade with Ketamine. The main
difference with
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other systems is quantitative. To our knowledge, no
other mammalian synapse has a frequency en
hancement as pronounced as the cortico-geniculate
synapse. where a 4—8 fold increase is a common
finding. A doubling would be a good effect in other
systems. The dramatic effect here might be related
to an unusudly low probability of transmitter
release & low stimulation rates. Other observations
seem to indicate that the degree of frequency
enhancement is inversely related to the “resting”

probability of transmitter release (McNaughton
1980).

The extreme behaviour of the cortico-geniculate
synapse on principa cells should be considered in
relation to the connectivity and possible function of
the system. The layer 6 cortico-geniculate cells
form one limb in an excitatory recurrent pathway to
principa cells from which they in turn receive
monosynaptic  excitation (Ahlsén e a. 1982
Ferster and Lindstrom 1983). They aso send
excitatory collaterals to excitatory simple cells in
layer 4, the main cortical targets of dLGN principa
cels (Ferster and Lindstrom 1985ab), and this
synapse too has a pronounced frequency sengitivity.
Thus, the layer 6 cdls will influence the visua
input to the cortex by a combined positive feed
back-feed-forward action onto the excitatory input
neurones of the cortex. To maintain stability in such
asystem it is probably necessary to keep the resting
gan low. Otherwise occasona spikes in layer 6
cells might generate an input signa to the cortex
that could be interpreted as a rea visua event.
During visud activation, on the other hand, the gain
should be increased in order to influence the input
to the cortex significantly. This is exactly what
happens with the found frequency enhancement.

We have earlier proposed that the layer 6 cor-
tico-geniculate system might serve as a positive
neurona amplifier and, together with its perigenicu-
late recurrent inhibitory counterpart, be used in
attention control (Ahlsén et al. 1985). The described
property of the cortico-geniculate synapses fits
nicdy into this modd. Ther frequency
enhancement would, by necessity, increase the gain
of the input-output relation of the dLGN (cf. Fig.
5B in Ahlsén et a. 1985). It is obvious that such a
gain change should occur without a reduction in
gpatial resdution of the visud sgnd. This would
require a proportional gain change for both centre
and surround mechanisms of the principa cell
receptive fidd. The baancing effect might be
obtained via the corticofugal projection to both
principal cells and intrageniculate interneurones
(Dubin and Cldand 1977, Lindstrom 1983). Earlier
observations indicate that the corticofuga system is
indeed organized as required with opposite effects
on the centre and

antagonistic surround (Schmielau and Singer 1977,
Tsumoto et a. 1978). In view of this arrangement it
is somewhat surprisng that Murphy and Sillito
(1987) in a recent study observed a reduced
surround effect (manifested as a change in length
tuning) but no effect on the centre response of
principa cells following cortica ablation.

The advantage with the gain control hypothesis
is that it can be applied easily to other sensory
thaamic nuclei. In an independent theoretica study
Crick (1984) aso proposed an excitatory feed-back
as the neurona substrate for attention control. He
located the responsible neurones to the reticular
nucleus. This was an unfortunate choice since these
structures contain the recurrent inhibitory inter-
neurones of the thaamic nuclei rather than excit-
atory cells. This mistake apart, he proposed that the
attention control system should contain a mecha-
nism for transent strengthening of the synaptic ef-
fects, especidly at high firing frequencies. The
correspondence between this aspect of his
hypothesis and the properties of the cortico-
geniculate system is indeed remarkable.
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