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Summary.  1. In the cat visual cortex (VC), electrophoretic glutamate 
application at a depth corresponding to layer VI  may have excitatory or 
inhibitory effects on relay cells of the lateral geniculate nucleus (LGN).  
Corticofugal excitation was seen, if the receptive field centers (RFCs) of the 
VC neurons recorded at the application site were within 2.3 ~ of the RFCs of 
the L G N  neurons under test. Inhibitory effects were seen if the RFCs of both 
cells were further apart  up to 3.1 ~ . Glutamate  application at more  superficial 
cortical sites had no effect on LGN-neuron  activity. 

2. Cross-correlation analysis between spontaneous activities of 
simultaneously recorded VC and L G N  neurons revealed excitatory 
cortico-geniculate connections in 18 pairs with RFCs separated by less than 
1.7 ~ In 15 pairs the peak  latency of the excitation was 2 -5  msec (3.4 msec in 
the average), 3 pairs showed long cortico-geniculate latencies (13-18 msec). 
The existence of a fast and slow cortico-geniculate system is suggested. 

3. Inhibitory cortico-geniculate interaction was demonstrated with 
cross-correlation analysis in 8 pairs of which 4 had RFCs separated by more  
than 1.7 ~ The onset latency of the inhibition was 2 -7  msec except for 2 pairs 
with about 20 msec latency. 

4. Most of the L G N  neurons which were affected by cortical glutamate 
application or which showed an excitatory or inhibitory connection with a 
VC neuron were sustained cells, while the majority of VC neurons which 
were recorded in the effective glutamate application sites or which showed a 

1 Present address: Dept. of Physiology, Kanazawa University Medical School, Kanazawa, 920 
Japan 
2 Present address: Dr. Charles R. Legendy, Albert Einstein College, Kennedy Center, Room 322, 
1410 Pelham Parkway South, Bronx, N.Y. 10461, U.S.A. 

0014-4819 /78 /0032 /0345 /$  4.00 



346 T. Tsumoto et al. 

significant interaction with LGN neurons in the cross-correlogram were 
binocularly driven and complex, with mostly large RFCs (mean diameter 
3.5~ They responded briskly to moving small spots as well as to moving 
slits. 

5. It is concluded that the corticofugal excitatory effect is transmitted 
through monosynaptic links from VC neurons located in layer VI (complex 
cell) to LGN relay neurons (mostly sustained-cell) and this system is 
organized in a precise topographical manner. 

6. In an Appendix neuron pairs which showed a positive correlation in 
the geniculo-cortical direction were described. The findings may support the 
view that complex as well as simple cells are driven monosynaptically from 
geniculo-cortical afferents of the sustained or transient type. 

Key words: Visual system - Cortico-thalamic connections - Thalamo- 
cortical input - Functional organization - Cat 

It has been known for a long time, that thalamic projection nuclei receive 
corticofugal fibers from those cortical areas to which they project (Macchi and 
Rinvik, 1976; Walker, 1938). The projections from the visual cortex (VC) to 
the dorsal lateral geniculate nucleus (LGN) of the cat have been repeatedly 
demonstrated anatomically (for ref. see Macchi and Rinvik, 1976). These 
projections appear to be topographically organized so that a precise reciprocal 
connection between LGN and VC can be assumed (Holl~inder, 1970; 
Kawamura et al., 1974; Niimi et al., 1971; Updyke, 1975). The 
cortico-geniculate fibers appear to originate essentially from layer VI pyramidal 
cells (Gilbert and Kelly, 1975; Lund et al., 1975; Sanides and Donate-Oliver, 
1977). Physiological investigations using various methods reported inconsistent 
results as to the function of the cortico-geniculate pathway. Iwama et al. (1965) 
and Suzuki and Kato (1965) found that electrical stimulation of VC produced 
effects within LGN which they interpreted as presynaptic inhibition, while 
Ajmone-Marsan and his colleagues (Ajmone-Marsan and Morillo, 1961; Wid6n 
and Ajmone-Marson, 1960) reported facilitatory effects on one-third of LGN 
neurons and inhibition of most neurons. Schmielau and Singer (1977) suggest, 
that such a facilitatory cortico-geniculate effect might be responsible for 
binocular facilitation of LGN-relay cells. 

With electrical stimulation of VC the function of the corticofugal system is 
difficult to assess because of concomitant antidromic invasion of the recurrent 
collaterals in the LGN. To avoid such contamination Vastola (1967) used a 
method of cathodal polarization block of VC activity and described a facilitatory 
corticofugal effect in most instances. By cooling inactivation of VC, Hull (1968) 
reported a similar effect in the monkey LGN, whereas in the cat, Kalil and 
Chase (1970) observed two different effects on LGN neuron activity and 
suggested two types of corticofugal actions, i.e., a direct excitatory and a 
disinhibitory (presynaptic inhibition to recurrent collateral inhibition). By the 
same method, however, Richard et al. (1975) found no significant changes in 
LGN activity, whereas Schmielau and Singer (1977) mostly observed 
facilitatory effects. 
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W e  h a v e  a t t e m p t e d  to  f u r t h e r  c la r i fy  t h e  f u n c t i o n  o f  t h e  c o r t i c o - g e n i c u l a t e  

p a t h w a y  by  o b s e r v i n g  c h a n g e s  in L G N  ac t iv i ty  f o l l o w i n g  t h e  e x c i t a t i o n  o f  V C  

n e u r o n s  i n d u c e d  by  e l e c t r o p h o r e t i c  a p p l i c a t i o n  o f  g l u t a m a t e .  Th is  m e t h o d  

a l lows  a s e l ec t i ve  a c t i v a t i o n  o f  n e u r o n s  and  thus  avo ids  a n t i d r o m i c  a c t i v a t i o n  o f  

a f f e r e n t  f ibers  (Cur t i s  a n d  C r a w f o r d ,  1969 ;  Z ieg lg~ insbe rge r  and  Fr ies ,  1971) .  

A l s o ,  c r o s s - c o r r e l a t i o n  analys is  b e t w e e n  s p o n t a n e o u s  ac t iv i t i es  o f  

s i m u l t a n e o u s l y  r e c o r d e d  V C  a n d  L G N  n e u r o n  pai rs  was  d o n e  to  d i sc lose  a 

d i r ec t  i n t e r a c t i o n  b e t w e e n  n e u r o n s  at b o t h  sites.  

Methods 

Preparation 

The experiments were done on twenty-four adult cats (weight 2.4-4.1 kg) anesthetized with sodium 
pentobarbitone (Nembutal) (i.p., 30-40 mg/kg). After the initial surgery, a continuous i.v. infusion 
with 1 ml (20 mg) Galamine-triethiodide (Flaxedil) in 1.6 ml Ringer solution and 0.4 ml Laevulose 
solution (Laevosan 40 %) per hour was maintained. 20-30 mg Nembutal was added after 6-8 hours. 
Artificial respiration was adjusted to an end-tidal CO2 concentration of 3.5-4.0%, the rectal 
temperature maintained at 37-38 ~ C. The nictitating membrane was retracted with neosynephrine 
(5 %), the pupils were dilated with atropine (1%) instilled into the eyes and refraction was corrected 
with contact lenses using a Rodenstock refractometer for focussing the cat's eyes on the tangent 
screen located 1 m in front of the cat. The position of the optic disc was ophthalmoscopically 
determined (Fernald and Chase, 1971). 

Geniculate Recording 

Glass micropipettes, filled with 2-M-NaCl-solution, were introduced stereotaxically into the LGN at 
the level of A 5.5-6.0, L 9.0-10.0 through a chamber closed by agar jelly. Guided by the LGN-map 
of Sanderson (1971), penetrations were repeated until excitatory receptive fields (RFs) of the 
encountered LGN unit were located in the central or paracentral visual fields, which project to the 
dorsal surface of VC, a region conveniently suited for cortical recording. In some experiments the 
geniculate recording site was marked by iontophoretic ejection of Fast green dye (2-5 gA for about 
10 min) (Thomas and Wilson, 1965) and the electrode position was found to be in the LGN. 

Cortical Recordings and Electrophoretic Application of Glutamate 

After LGN unitary activities were identified, the exposed VC was stimulated systematically by 
applying electrical pulses of 0.05-0.1 msec width through a silver ball electrode, and the cortical 
point was determined from which the LGN neuron could be antidromically invaded with minimum 
intensity. Around this point double-barrel glasspipettes (theta-type) were inserted into VC through 
a dosed chamber. One channel was filled with 2-M-NaCl-solution for recording, the other with a 
solution of Fast green dye for histological identification of the recording site. A second theta-pipette 
for electrophoresis was attached to the recording pipette which protruded 20-30 gm beyond the 
orifice of the phoresis pipette (Hess and Murata, 1974). Both channels of the phoresis pipette were 
filled with glutamate solution (L-mono-sodium-glutamate 2M, pH 8.4). For electrophoretic 
application of glutamate constant currents were drawn from a high-resistance source. When 
necessary, retaining currents up to 20 nA were used to prevent leakage of glutamate from 
micropipette tips. Amplification and display techniques for unit activity were conventional. 
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Visual Stimulation 

The response properties of each neuron were explored with moving hand-held black or bright 
targets. For quantitative analysis, computer guided moving stimuli were projected from the rear 
onto the screen with a slide projector. Usually, the light stimuli were 1.0-1.5 log units above or 
below the background illumination, which was kept in the scotopic-mesopic range. Only one eye was 
stimulated at a time. VC and LGN neurons were classified into simple and complex, and into 
sustained and transient cells, respectively, according to the published criteria (Cleland et al., 1971; 
Hubel and Wiesel, 1962; Pettigrew et al., 1968). 

Evaluation of Glutamate-Induced Effects 

Before glutamate was applied to the VC recording site, an optimal stimulus for the LGN unit was 
swept back and forth across its RF. Mostly this stimulus consisted of a white or dark bar (width about 
0.2-0.5 ~ length about 1-4~ The speed of movement was usually 4-8~ Peristimulus time 
histograms (PSTHs) of LGN and VC units were simultaneously calculated with an on-line PDP-12 
or PDP-11 system. Usually 10-20 sweeps were averaged with a bin width of 10 or 20 msec. Then, 
glutamate was ejected to the VC recording site by applying a negative current of 20-100 nA. The 
current intensity was adjusted so that the cortical unit was clearly excited but not yet suffered from 
depolarizing inactivation. Sometimes, switching off the positive retaining currents was sufficient. 
During the glutamate-electrophoresis, PSTHs of the LGN and VC units were repeated with the 
same stimuli. After stopping glutamate ejection, control PSTHs were made again. Only the neuron 
pairs from which such a series of at least 3 PSTH-pairs could be recorded were used for analysis of 
the glutamate effect. In most cases, effects of various intensities of glutamate electrophoresis could 
be investigated from the same pair. 

The background and response activity of LGN neurons were separately determined in the PSTH, 
and the mean (m) and standard deviation (s) of the PSTHs were calculated for each type of activity. 
If the activity during glutamate application was beyond m + 2s, the effect was judged to be 
attributable to VC excitation. 

Cross-Correlation Analysis 

Cross-correlograms of LGN and VC neuron spikes were constructed by the PDP-11 with 1 msec 
binwidth and displayed on a monitor scope during and after their calculation. Usually, activities of 
both neurons were analysed in the absence of visual stimulation. When the discharge rate of the VC 
neuron was very low, a small amount of glutamate was ejected in order to sample a sufficient 
number of spikes during the limited time of recording. Auto-correlograms of both neurons activities 
provided information on the spike discharge patterns of individual neurons and facilitated 
interpretation of the cross-correlograms (Moore et al., 1970). 

Depth Localization of VC Neurons 

In most experiments the cortical recording depth was read from the micromanipulator, by taking the 
point as 0, when the electrode tip touched the cortical surface. In several experiments the Fast green 
dye filled in one channel of the theta-pipette was electrophoretically ejected at the end of the 
penetration. After the experiment, electrode tracks and recording sites were reconstructed and 
localized with respect to cortical layers. The depth of the recording site as identified by histology 
corresponded well to that read from the micro-manipulator, if the penetration was at least about 
2 mm lateral from the medial longitudinal fissure. Data obtained from more medially located 
penetrations without histological identification were omitted from depth analysis, because they were 
not normal to the cortical surface. 
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ResultS 

The present report is based on 211 pairs of neurons recorded simultaneously 
from LGN and VC (area 17), 114 of which were studied with glutamate 
electrophoresis into VC and 133 with cross-correlation analysis. Thirthy-six 
pairs were studied with both methods. 

Effects of Glutamate-Induced Excitation of VC on LGN Unit Activity 

All VC neurons showed a clear increase of their spike discharge rates after 
application of glutamate as long as the tips of the recording and the phoresis 
electrode were close together (< 50 gm). The phoresis current was adjusted so 
that the neurons discharged with maximum frequency but avoiding 
depolarization block. 

In thirty-nine of the 114 pairs investigated by glutamate phoresis, the LGN 
partner showed significant changes in activity during glutamate-induced 
excitation of the VC partner. The distance between the RFCs of both neurons 
was one of the important factors which determined the glutamate effect on the 
LGN neuron activity. An example for this finding is shown in Figure 1. The VC 
neuron in this example was located in layer VI of area 17, as found out later 
histologically. It had a fairly large RF (3.5 • 3.0 ~ near the area centralis, 
responded preferentially to a fast moving slit (8~ and was driven equally 
from both eyes. Its response was poor when the slit passed through the 
periphery of its RF. It could be classified as a complex cell. 

Several LGN neurons were tested with the same cortical electrode position. 
The stimulus was adjusted to be optimal only for the LGN neurons so that 
responses of the VC neuron were far from maximal in this figure. The RFC of 
the first LGN-neuron (on-center, contralaterally driven, sustained response) 
(LGNa) was separated from that of the VC neuron by about 2.7 ~ and the two 
RFCs did not overlap (see top of Fig. 1). During glutamate-excitation of the VC 
neuron we did not find any significant activity changes in the LGN1 unit. 

The next LGN unit (LGN2, on-center, sustained) had a RF (RF2) which 
partly overlapped with that of the VC unit. LGN2 was driven by the 
contralateral eye. When glutamate was applied to the cortical recording site, the 
VC unit showed an increased spontaneous discharge rate, whereas the 
spontaneous and response activity of LGN2 were clearly suppressed to about 
50 % and 60 %, respectively (B of the left column). After glutamate ejection the 
responses and background activity of LGN2 recovered to the precontrol level (C 
of the left column). 

The RF of LGN3 was essentially overlapping with one corner of the RF of 
the VC unit, the centers of both cells being separated by about 1.8 ~ LGN3 was 
also contralaterally driven, on-center and sustained. During glutamate 
application to the cortical site responses to the moving slit were not significantly 
changed but the background activity was increased to about 230 % of the control 
(middle of the center column). 
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Fig. 1. Effects of intracortical glutamate application on 4 LGN-neurons successively recorded and a 
simultaneously recorded VC-neuron. Top: arrangement of RFs and stimulus. The numbers 1 to 4 
indicate the RF of the neurons LGN1 to LGN4, the large RF is that of the VC-neuron. Stimulus 
speed was about 2~ The slit position was adjusted to the excitatory receptive field of the 
LGN-neuron tested. Each column shows a series of PSTHs from the same neuron pair. The 
LGN-neuron is indicated for each column. A: control PSTH-pairs made before glutamate 
application. B: PSTH-pairs obtained during glutamate application. C: control PSTH-pairs made 
after stopping glutamate application. Ten sweeps for each PSTH, bin width 10 msec 

The  effect  of  cor t ica l  g lu t ama te  app l i ca t ion  on L G N - a c t i v i t y  was, to some  
extent ,  d e p e n d e n t  on  the  m a g n i t u d e  of  the  e l ec t rophores i s  current .  A t  20 hA,  
no signif icant  act ivi ty  changes  were  o b s e r v e d  in the  V C  or  the  LGN3 neuron .  A t  
50 n A ,  the  d ischarge  r a t e  of  the  V C  unit  i nc reased  to abou t  200 % of  the  con t ro l  
and  tha t  of  LGN3 to 2 3 0 % .  The  r e sponses  of  LGN3 to the  moving  slit d id  no t  
show signif icant  changes .  A t  80 n A  the  d ischarge  r a t e  of  the  V C  unit  was 
d o u b l e d  again,  whi le  the  b a c k g r o u n d  act ivi ty  of  LGN3 was even sl ightly less 
m a r k e d  than  at  50 n A .  This  t e n d e n c y  tha t  too  much  cur ren t  (usual ly  m o r e  than  
80 h A )  m a d e  the effects  less c lear  or  absen t  was o b s e r v e d  qui te  f requent ly .  

The  R F C  of  LGN4 in F igure  1 was still  c loser  to  tha t  of  the  V C  unit  (1.1 ~ 
(see  top  of  Fig. 1). R F  p r o p e r t i e s  were  the  s ame  as the  p rev ious  L G N  units.  
Dur ing  g l u t a m a t e - i n d u c e d  exc i ta t ion  of  the  V C  unit ,  r e sponses  of  LGN4 to 
fo rwa rd  and  b a c k w a r d  m o v e m e n t s  of  the  slit i nc reased  to  abou t  1 2 0 %  and  
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Fig. 2. Exci tatory corticofugal interaction between a V C  and an L G N  neuron. Top left: RF- 
arrangement, relative to blind spots, o f  one L G N -  (circle) and 5 successively recorded VC-neurons. 
Numbers 1 to 5 indicate the RF of VC1 to VCs. A: cross-correlogram between spontaneous activity 
of the VCa and LGN neuron (4005 VC1 and 4263 LGN neuron spikes). Bin width 1 msec. The 
activity of VC~ was slightly increased by glutamate application, g and C: auto-correlograms of VCa 
and the LGN neuron activity during the same period as A. D-F: PSTH-pairs of VC1 and the LGN 
neuron to a horizontally moving slit which was optimal only for the latter. D: control PSTHs before 
glutamate application. E: PSTHs during glutamate application with 60 nA current, F: PSTHs after 
stopping glutamate application. Bin width of PSTHs, 10 msec, I0 sweeps. Total numbers of 
LGN-neuron discharges in D 2172, E 3343, F 2232 

150 %, in the  two d i rec t ions ,  respec t ive ly ,  and  the  s p o n t a n e o u s  d ischarge  ra te  
i nc r ea sed  l ikewise  to a b o u t  130 % of  the  control .  

The  resul ts  of  these  e x p e r i m e n t s  suggest  tha t  the  effect  of  cor t ica l  g l u t a m a t e  
app l i ca t ion  on the  L G N  act ivi ty  m a y  change  f rom suppress ion  to  faci l i ta t ion,  
when  bo th  R F s  of  the  r eco rd ing  pa i r  a p p r o a c h  each  other .  A l so ,  the  b a c k g r o u n d  
act ivi ty  of  L G N  neurons  a p p e a r e d  to be  m o r e  sensi t ive to the  
g l u t a m a t e - e x c i t a t i o n  of  V C  than  r e sponses  to a mov ing  slit. These  f indings will 
be  fu r the r  e l a b o r a t e d  la ter .  

Excitatory Linkage from VC Neuron to L G N  Neuron 

Cross - co r r e l a t i on  analysis  b e t w e e n  sp ike  t ra ins  of  V C  and L G N  neurons  showed  
tha t  the  fac i l i t a tory  effect  of  V C  on L G N  act ivi ty  m a y  be  t r a n s m i t t e d  t h rough  
d i rec t  cor t i cofuga l  l inks.  A n  e x a m p l e  of  this is shown in F igure  2. This  L G N  unit  
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had a concentric on-center RF (X-type) and was driven by the contralateral eye. 
It was held sufficiently long to perform cross-correlation and glutamate 
application analyses successfully with 5 different VC neurons encountered in 
one penetration. The cross-correlogram between spontaneous discharges of 
VC1 and the LGN neuron showed a clearly distinguishable although not very 
prominent peak in the corticofugal direction (Fig. 2A). The latency of this peak 
was about 4 msec and its width about 10 msec. Since the auto-correlograms (Fig. 
2B and C) of both neurons showed no strong periodicity which could be 
reflected in the cross-correlogram, this peak can be interpreted as excitation of 
the LGN neuron by the VC neuron. The very short latency and the shape and 
time course of the peak, similar to those of EPSPs (McIlwain and Creutzfeldt, 
1967) suggest a monosynaptic connection. Yet, the excitatory cortico-fugal 
effect must be considered rather weak. This was also the case in other pairs with 
positive cortico-geniculate correlation. 

Glutamate application to the VC recording site induced an activation of the 
LGN neuron (Fig. 2D-F) .  The background activity of the LGN neuron 
increased to about 220% of the control, and the responses to the moving slit 
increased to about 120%. The cortical unit was located deep in the cortex, 
probably near the grey/white border.  This was confirmed by histological 
identification of the recording site. During withdrawal of the electrode we 
recorded 4 more VC neurons (VC2-VCs) successively. Their  RFs are shown in 
the inset of Figure 2. None of these VC units showed a positive cross-correlation 
with the activity of the LGN unit. When glutamate was applied to the recording 
site of VC4, which was recorded at a depth of about 1400 ~tm, no significant 
changes were observed in the spontaneous and the response activity of the LGN 
unit. After having pulled the recording electrode out of the cortex antidromic 
action potentials could be elicited in the LGN neuron by electrical stimulation 
applied to the same cortical spot through a silver ball electrode. This allows to 
identify this neuron as a relay neuron. 

Inhibitory Effects of VC 

Figure 3 shows an example of an inhibitory effect of a VC neuron on an LGN 
neuron. The RF arrangement of the neuron pair is shown on top. The LGN unit 
(on-center and X-type) was driven by the ipsilateral eye. The VC unit had 
complex properties but a relatively small RF; it responded preferentially to fast 
moving stimuli (8-16~ and inhibitory side bands were not clearly 
distinguishable. The cross-correlogram between the spontaneous discharges of 
both neurons showed a deep trough in the direction of VC to LGN, with an 
onset latency of 4 msec, a peak latency of 11 msec and a duration of 35 msec, 
which suggests an inhibition of the LGN by the VC-neuron. Its shape and time 
course resemble those of IPSPs and the suppression of activity is significantly 
deeper  than the superficial troughs due to the clustered activity of the 
VC-neuron as it is demonstrated in the auto-correlogram of its activity (Fig. 
3B). Glutamate application to the VC recording site caused only a slight 
activation of the VC neuron which correlates to the only small inhibitory effect 



Corticofugal Effect on Lateral Geniculate 353 

�9 �9 

A VC ~" LGN ( VC ~ LGN 

D Contr. 
(Pre) 

VC 

LGN 

E Glut. 

L / 

I B VC C LGN 

F Contr. 
( Post ) 

i.~ ~ . , , L .  . . . .  L J, i, 

F 
200 msec 0 20(~ msec )0'sec 

Fig. 3. Inhibitory corticofngal interaction between a VC and a LGN neuron. Top left: arrangement 
of their RFs (with the position of the blind spots). A: cross-correlogram between the spontaneous 
activities (3089 spikes of VC- and 8192 of LGN-neuron). The activity of the VC-neuron was slightly 
elevated by glutamate application. B and C, auto-correlograms of the VC and LGN neuron activity 
during the same period as A. D-F: PSTH-pairs of the neurons to a moving slit. Speed of the 
movement is about 2~ Bin width 10 msec, 10 sweeps. D: control PSTHs before glutamate 
application. E: PSTHs during glutamate application. F: control PSTHs after stopping the 
application. Total discharges of the LGN-neuron in D 6998, E 5523, F 6389 

on the background  activity of  the L G N  unit to about  8 0 %  of the control ;  
responses  to the moving slit were not  significantly al tered (Fig. 3 D - F ) .  

Some Properties of the Whole Sample 

The topograpic  relationships be tween  cortical and geniculate recording points,  
for  which effective interact ion could be demonst ra ted ,  can be est imated f rom 
the relative visual field posit ions of  the interacting sites in Figure 4. The  
distances be tween the geometr ical  centers of  the RFs  of  the L G N  units tested 
and the VC neurons  recorded  at the g lutamate  application site (A) or  tested for 
cross-correlat ion (B) are shown on the abscissa, and the n u m b e r  of  pairs on the 
ordinate.  

A n  excitatory cort icofugal  effect by glutamate  (black) can only be elicited 
f rom recording sites in which the R F C  of  a V C  neuron  is separa ted  by less than 
2.3 ~ f rom that  of  the affected L G N  cell, while inhibi tory cortical sites (hatched)  
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Fig. 4. Dependency of the glutamate-effect (A) 
and of the corticofugal correlations (B) on distance 
between RF-centers of simultaneously recorded 
VC- and LGN-neuron. A: The experiments, in 
which glutamate was applied at a site where a VC 
neuron could be recorded simultaneously, are 
sampled. On the abscissa, the distance between the 
RF-centers of the LGN and VC neuron are 
recorded. On the ordinates, numbers of pairs in 
which cortical glutamate application had an 
excitatory (filled columns), an inhibitory (hatched 
columns) and no effects (empty columns) on 
activity of the LGN-neuron. B: Number and 
RF-center separation of VC-LGN neuron pairs, in 
which the cross-correlogram showed a corticofugal 
excitatory (filled columns); an inhibitory (hatched) 
or no correlation (empty) 

t end  to conta in  neu rons  wi th  R F C s  fu r the r  away.  The  same t r e n d  is seen  when  
the  R F s  of  n e u r o n  pairs  with d i rec t  in te rac t ions  in the  c r o s s - c o r r e l o g r a m  are  
e v a l u a t e d  (B). T h e  18 n e u r o n  pa i rs  wi th  exc i t a to ry  in te rac t ions  have  nea r ly  
concent r ic  RFs ,  mos t  of  t h e m  s e p a r a t e d  by  less than  1.2 ~ In these  pairs ,  the  
onse t  l a tency  of  the  exc i ta t ion  was + 3 . 4  msec  in the  average ,  excep t  tha t  3 pa i rs  
had  a la tency  of  1 3 - 1 8  msec. The  d u r a t i o n  of  the  exc i ta t ion  was abou t  13 msec  
on average .  Inh ib i to ry  in te rac t ions  are  seen  in 8 pai rs  of  which 4 had  R F C s  
s e p a r a t e d  m o r e  than  1.8 ~ . In  those  pai rs  the  onse t  l a tency  of  the  inh ib i t ion  was 
4.0 msec  in the  ave rage  except  for  2 pai rs  wi th  a b o u t  20 msec  la tency.  The  
d u r a t i o n  of  the  inh ib i t ion  was abou t  4 0 - 5 0  msec.  

The  cor t icofuga l  g lu t ama te  effects were ,  in some neurons ,  s l ight ly  
a symmet r i c  in the  sense  tha t  t hey  were  m o r e  p r o m i n e n t  on the  gen icu la te  
r e sponse  to s t imulus  m o v e m e n t  in one  or  the  o the r  d i rec t ion .  These  effects  
were ,  however ,  no t  sys temat ica l ly  r e l a t ed  to the  p r e f e r r e d  d i rec t ion  of  the  
cor t ica l  n e u r o n  r e c o r d e d  at the  app l i ca t ion  site. 

Functional Properties of  Neurons 

T h e  m a j o r i t y  of  L G N - c e l l s  which were  in f luenced  by  cor t ical  g l u t a m a t e  
app l i ca t ion  showed  sus ta ined  r e sponses  to f lashing l ight spots.  Less  than  1 0 %  
had  pure ly  phas ic  responses .  In  our  to ta l  sample ,  nea r ly  35 % of  the  L G N - c e l l s  
were  pu re ly  phas ic  r e sponder s .  T h e r e  was no  signif icant  d i f fe rence  b e t w e e n  on-  
and  of f -center ,  nor  b e t w e e n  ipsi-  or  con t r a l a t e r a l l y  dr iven  cells in the  s amp le  of  
L G N - c e l l s  in f luenced  f rom the  cor tex.  
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Fig. 5. RF width (abscissa) of VC 
neurons which were recorded at the 
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A: Filled columns: VC neurons 
recorded at the site where glutamate 
application had an excitatory effect on 
the LGN partner. Hatched columns: VC 
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an inhibitory effect. Empty columns: no 
effect. B: Filled columns: VC neurons 
which had an excitatory corticofugal 
interaction with the LGN partner in the 
cross-correlogram. Hatched columns: 
VC neurons with an inhibitory 
interaction. Empty columns: no 
significant interaction 

The  m a j o r i t y  of  cor t ica l  cells r e c o r d e d  in the  effect ive g l u t a m a t e  app l i ca t ion  
spots  were  complex  cells, while  on ly  few m a y  be  classif ied as s imple  ( p r o p o r t i o n  
8.3 : 1). A l l  cor t ica l  cells wi th  exc i t a to ry  o r  inh ib i to ry  in te rac t ion  with  
L G N - c e l l s  in the  c r o s s - c o r r e l o g r a m  had  comple x  p roper t i e s .  In  contras t ,  the  
complex  : s imple  p r o p o r t i o n  in our  whole  cor t ica l  s ample  was 2.4 : 1. 

The  R F - w i d t h  of  V C  neu rons  which  were  r e c o r d e d  at  an effect ive g l u t a m a t e  
app l i ca t ion  site or  which showed  di rec t  i n t e rac t ion  with an L G N - n e u r o n  in the  
c ross -co r re l a t ion  were  b e t w e e n  1.6 and  5.2 ~ ( m e a n  3.5 ~ ) (Fig. 5). These  
R F - d i a m e t e r s  a re  at the  large  end  of  the  d i s t r ibu t ion  of  cor t ica l  R F ' s  in our  
sample .  Mos t  cor t ica l  cells with cor t i co- fuga l  gen icu la te  effects  also r e s p o n d e d  
br i sk ly  to re la t ive ly  fast moving  s t imuli  a l though  the i r  r e sponses  were  p o o r  to 
the  s t imuli  crossing the b o r d e r  of  R F  as seen in F igures  1 and  3. Mos t  o f  t hem 
were  equa l ly  dr iven  f rom bo th  eyes  and  had  a b r o a d  tuning for  o r i en t a t i on  of  the  
slit and  for  d i rec t ion  of  the  spot  m o v e m e n t .  On-  and  o f f - r e sponses  to s t a t iona ry  
spots  of  the  same size were  very  p o o r  o r  absent .  

Cortical Depth Localization of the Neurons Related to the Corticofugal Effects 

In  mos t  of  the  e x p e r i m e n t s  using g lu t ama te ,  exc i t a to ry  o r  inh ib i to ry  effects of  
L G N  n e u r o n  act ivi ty  were  o b s e r v e d  on ly  when  the  cor t ica l  e l ec t rode  was n e a r  
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the end of a penetration, i.e., in the deepest layers of the cortex. Except for 4 
cases the effective cortical sites were located between 2000 and 2500 ~m depth, 
which approximately corresponds to layer VI of the cortex. This was confirmed 
by histological identification of the VC recording site in several experiments. No 
significant differences were found between the depth of VC sites from where 
excitatory and inhibitory effect could be elicited. Also, fifteen of the 17 neurons, 
which showed an excitatory or inhibitory corticofugal interaction with the 
partner LGN neurons in the cross-correlograms were found at a depth of 
2000-2500 ~tm, corresponding to layer VI of the cortex. 

Discussion 

Anatomical Properties of the Cortico-Geniculate System 

The findings reported here demonstrate a rather precise topographical 
corticofugal excitatory connection from VC to LGN. In fact, excitatory 
corticofugal connections between a cortical and a geniculate cell were seen in 
the cross-correlogram only if the centers of their RFs were within 1.7 ~ of each 
other. Assuming a magnification factor of about 0.5 mm. degree- in the 
central/paracentral cortical projection field, in which our cortical recordings 
were done, this would indicate a preciseness within the millimeter range. 
Topographically, it may be still better if the scatter of the cortical retino-topic 
map and thus the unreliability of the visual field projection for an exact 
anatomical point location in the cortex were taken into account (Albus, 1975; 
Creutzfeldt et al., 1974). The physiological findings presented here extend to 
the microscopic dimension, the basically retino-topical organization of the 
corticofugal system to the LGN, repeatedly demonstrated with anatomical 
methods (see Introduction). 

The depth distribution of corticofugal neurons and of effective glutamate 
spots deep in the cortex is also in good agreement with the anatomical 
localization of cortico-geniculate neurons essentially in layer V I  (Gilbert and 
Kelly, 1975; Robson and Hall, 1975; Sanides and Donate-Oliver, 1977). Since 
the apical dendrites of these deeply located pyramidal cells reach through the 
whole cortex up to layers I/II, one might have expected a cortico-geniculate 
effect also from glutamate injections at more superficial cortical sites. That this 
was seen only exceptionally may be due to the small dendritic density of layer VI 
neurons in superficial parts of the cortex or may even indicate a lesser glutamate 
sensitivity of the apical dendrites. 

Neurophysiological Properties of the Excitatory Corticofugal Pathways 

The latency of corticofugal excitation as demonstrated by the cross- 
correlograms between single VC-LGN neuron pairs (2-5 msec, mean 3.4 msec) 
is relatively long but may still be compatible with a direct link between the 
respective neurons. For geniculate electrical stimulation, the response latency of 
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VC cells has a range of 1.0-7.0 msec (Singer et al., 1975; Toyama et al., 1974), 
and the few antidromic responses recorded in cortical cells after 
LGN-stimulation yielded latencies of 1.4 +0.56 (Toyama et al., 1974) and 1.2 
+ 0.4 msec (Singer et al., 1975). But considering that these were shortest values 
measured at the beginning of the intracellularly recorded action potentials, 
while ours were peak values of discharge probabilities, and taking into account a 
possibly long synaptic delay in the geniculate cells because of the distal den- 
dritic location of the corticofugal synapses (Guillery, 1967, 1969; Jones and 
Powell, 1969), a considerable difference between the antidromically determined 
conduction time of the corticofugal fibres and the actual corticofugal 
transmission time may be expected. Anatomically, corticofugal fibres are 
thinner than the afferent radiation fibres as was remarked by Ram6n y Cajal, 
and there are no anatomical findings available which might indicate a further 
excitatory synaptic relay from cortex to geniculate. The latency values of 
corticofugal excitation found in our experiments (2-5 msec) therefore support 
the view that the cortico-geniculate path is, on the average, slower than the 
afferent path. 

In fact, some corticofugal fibres may have an extremely slow conduction 
velocity, as an exceptionally long latency (13-18 msec) of corticofugal 
excitatory interaction was observed in the cross-correlograms of 3 pairs in the 
present experiments. This has been confirmed in recent experiments, in which 
we had placed electrical stimulation electrodes in the LGN. Some VC units, in 
these experiments, had an extremely long antidromic latency (15-28 msec), 
although their orthodromic latency was within the normal range of 
monosynaptic conduction time (2-3 msec). They could be driven by visual 
stimuli (weak, complex type responses), but some were not activated directly by 
the afferent radiation volley nor by light stimuli. Another feature of these cells 
was the almost complete absence of spontaneous activity. 

These findings suggest the existence of a fast and slow cortico-geniculate 
projection system. The conduction velocities of the fast and slow fibres may be 
estimated to be 5-20 m/sec and 0.7-1.7 m/sec, respectively. Such very slow 
conduction velocities of corticofugal fibres were first described by Orem and 
Schlag (1971) from the frontal cortex to the internal medullary lamina of the cat 
thalamus and later by Singer et al. (1975) from VC to the thalamus. Although 
the final destination of the antidromically identified corticofugal fibers is not 
absolutely sure in the experiments using electrical stimulation, the present 
results on the excitatory connections in the cross-correlogram led us to the 
conclusion that the slow as well as the fast corticofugal fibres project to LGN. 

As to the type of LGN neurons which could be excited by local cortical 
glutamate application or which were in direct excitatory contact with single VC 
neurons, we assume that they were relay neurons because of their well defined 
center-surround organisation. In some cases, we were able to support this by 
antidromic excitation after electrical VC stimulation. Using double recordings 
from retinal and geniculate cells with excitatory connections, Dubin and 
Cleland (1977) found LGN cells which were only orthodromically driven 
from the VC, while relay cells showed no signs of orthodromic excitation after 
electrical VC stimulation. It could be that the antidromically evoked action 
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potentials and recurrent inhibition in the LGN cancelled the weak orthodromic 
corticofugal effects in their experiments, if the orthodromic potential were 
conducted slower than the antidromic volleys as suggested above. 

The predominance of cells with sustained responses (presumably X-cells), 
receiving corticofugal effects is interesting in the light, that X-cells were also 
predominantly affected by stimulation of the reticular formation (Fukuda and 
Stone, 1976; Singer and Bedworth, 1974), and the frontal eye field (Tsumoto 
and Suzuki, 1976). But as we do not yet understand, satisfactorily, the functional 
significance of the X-/Y-distinction in the cortex, a further interpretation of 
these differences would be premature. 

Corticofugal Inhibitory Effects 

The inhibitory effects of cortical glutamate application and of single cortical 
neuron activity could be due to intracortical as well as to intrageniculate 
inhibition. In the cortex, it has been demonstrated that glutamate applied at 
distances above 100-200 ~tm from a neuron inhibits its spontaneous and 
response activity (Hess et al., 1975), and recurrent intracortical inhibition is a 
well-established mechanism. In the LGN, mutual inhibition between relay 
neurons through recurrent collaterals is also clearly demonstrated and extends 
over a larger area (Burke and Sefton, 1966; Singer and Creutzfeldt, 1970). It is 
thus possible that the cortico-geniculate inhibitory effects are due to the 
functional organisation of inhibition within the cortex and the LGN. 

Functional Characteristics of the Corticofugal Neurons 

Recently Gilbert (1977) reported that neurons in layer VI were binocularly 
driven, and preferred fast moving stimuli and had large elongated RFs. Our 
observations are in agreement with this except that excitatory RFs of the 
cortico-geniculate neurons presented here were mostly square. This discrepancy 
may be accounted for by the fact, also noted by Gilbert (1977), that stimulation 
of the periphery of RFs of such neurons were not effective for eliciting clear 
responses particularly if a small slit was used; the lateral borders of RFs of the 
neurons are vague so that their shape might appear to be different depending on 
techniques used to plot excitatory RFs. 

The properties of our cortico-geniculate neurons are to some degree similar 
to those of neurons projecting from layer V to the superior colliculus (Palmer 
and Rosenquist, 1974). This might suggest that we recorded from layer V 
neurons and stimulated in layer VI. But the arrangement of electrodes was 
opposite: the recording electrode was always protruding and contained Fast 
green dye for histological identification of electrode position. Neurons in layer V 
and VI are said to be distinguishable by their spatial summation properties, 
whereas else they have rather similar properties (Palmer and Rosenquist, 1974; 
Gilbert, 1977). Since we did not systematically determine spatial summation, we 
cannot comment on this. 
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Functional Implications 

The actual functional significance of the corticofugal retino-topically organized 
excitatory connections with the afferent relay nucleus is not known and it is not 
easy to suggest a reasonable hypothesis based on our experiments. In fact, the 
cortico-fugal effect must be considered as being very weak in terms of excitation 
and inhibition of geniculate neurons. Therefore, also the effect of cortical 
cooling inactivation on geniculate activity may be so small that it may escape 
experimental demonstration, at least in anaesthetized animals (Richard et al., 
1975, see Introduction). The fact that there appears to be a center-surround 
organisation also of the cortico-fugal system may further explain the evasiveness 
of the effects of global cortical inactivation. Our findings may suggest that local 
afferent excitation of a cortical spot would lead to an enhancement of the 
afferent activity within and decrease activity in the relay nucleus around that 
spot, thus providing a positive feedback loop with lateral inhibition for focal 
amplification of afferent and thus cortical activity. Schmielau and Singer (1977) 
suggest, in a recent report, that the cortico-geniculate pathway may also be 
responsible for binocular facilitation of LGN-cells. This would be in agreement 
with our observation that all cortico-geniculate cells were binocular. But as they 
could also be driven monocularly, this cannot be their only function. A proper 
model within which the corticofugal mechanisms described in this paper play an 
integral part is not yet available. The function of the extremely slowly 
conducting corticofugal fibres described here in the visual system, is even more 
obscure yet. On the other hand, since the reciprocal thalamo-cortical 
connections seem to be a general feature for all thalamo-neocortical systems 
(Macchi and Rinvik, 1976) the precise topographical organization and the 
excitatory nature of  the corticofugal pathways demonstrated here for the visual 
system might be generalized for the whole neocortex. 

Appendix 

While analyzing the tape-recorded data of VC-LGN neuron pairs for 
cross-correlation, we found 9 pairs which showed a sharp peak following the 
LGN-action potentials, indicating a simultaneous recording from a cortical and 
an LGN cell afferent to it. It appears worthwhile to communicate these 
observations, albeit scanty, as it is rather by chance that one can collect such 
data. One example is shown in Figure 6. The PSTHs of the cortical cell (VC in 
A) showed a narrow response peak with the moving slit indicating a small 
excitatory center (about 1 ~ wide) as is typical for simple cells. The response peak 
of the on-center LGN-cell had the same width but was much higher. The 
responses on the VC- and LGN-cells coincide during the forward and backward 
movement of the stimulus. The cross-correlogram (C), calculated from the 
spontaneous activity of the LGN- and VC-cell shows a peak from -1 to -12 
msec. The VC cell was slightly activated by a low dosis of electrophoretically 
applied glutamate in order to lower its threshold for afferent impulses. The 
original recording of Figure 6B, in which the oscilloscope beam was triggered by 
the LGN action potentials, shows a minimum latency of the triggered cortical 
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Fig. 6. Excitatory geniculo-cortical interaction between a simple VC and a LGN neuron. A: 
Arrangement of the RF of the LGN-neuron and responses (PSTH) of the two neurons to a light slit 
moving as indicated. Speed of movement about 4~ 10 sweeps, bin width 20 msec. The weak 
response of the cortical neuron (stimulation in non-optimal orientation) is marked by a dot. B: 
Superimposition of 20 sweeps triggered by spikes of the LGN neuron. Spikes of the VC neuron 
followed those of the LGN neuron with a latency of about 1.2 msec. C: Cross-correlogram between 
the spontaneous activities of the recorded pair, based on 3181 discharges of the VC and 2889 of the 
LGN neuron. VC neuron was slightly activated by switching off the retaining current of the 
glutamate-electrophoresis channel. D and E: Auto-correlograms of the VC and LGN neuron 
activity during the same period as C 

ac t i on  p o t e n t i a l s  o f  1.2 msec .  T h e  a u t o - c o r r e l o g r a m s  o f  t h e  co r t i ca l  a n d  t h e  

g e n i c u l a t e  cel l  d e m o n s t r a t e  a t e n d e n c y  o f  t h e  l a t t e r  to  d i s c h a r g e  in bu r s t  (D  a n d  

E) .  T h e  p e a k  in this  g e n i c u l a t e  a u t o - c o r r e l o g r a m  is at 4 msec .  T h e  h igh  v a l u e s  in 

t h e  c r o s s - c o r r e l o g r a m  b e t w e e n  - 4  a n d  - 1 2  m s e c  m a y  be,  in par t ,  d u e  to such  
b u r s t y  a f f e r e n t  vo l l eys  w h i c h  m a y  r e a c h  t h r e s h o l d  occas iona l ly .  
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Fig. 7. Excitatory geniculo-cortical interaction between a complex VC and an L G N  neuron.  In the 
top left an a r rangement  of  their RFs and of a st imulus is shown. Speed of the slit movemen t  was 
about  2~ A: Responses  of  the two neurons  to a moving slit (20 sweeps, bin width 10 msec). B: 
Cross-correlogram between the spontaneous  activities of the recorded pair (3029 discharges of  the 
VC and 6900 of the L G N  neuron).  A sharp peak is seen at - 2  msec indicating an excitatory drive 
from the L G N  to the VC neuron.  C and D: Auto-eorre lograms of the VC and L G N  neuron activity 
during the same period as B 

A precise assessment of the success rate of geniculo-cortical afferent 
discharges in eliciting a cortical action potential is not possible, since the cortical 
neuron was excited also directly by glutamate. But in any case, the short latency 
indicates a direct, monosynaptic excitation of this cortical cell, and the complete 
coincidence of the responses during light stimulation would be compatible with a 
specific and exclusive visual excitation of this cortical cell through this afferent 
fibre (for further discussion of this see Lee et al., 1977). 

Since most of the cells which were recorded for a sufficient length of time in 
this study were cells in the deeper  cortical layers, the cortical partners of the 
other 8 cell pairs with geniculo-cortical connections were complex cells. An 
example of such a pair is shown in Figure 7. The response of the cortical cell to a 
moving bar is stretched over a wider area than that of the LGN-cell,  and the 
cortical neuron discharges even during an inhibitory pause of the LGN-neuron  
(see backward movement  of the stimulus, right side of PSTH in A). The 
gefiiculo-cortical latency of the sharp peak in the cross-correlogram was about 
2 msec (B), which is compatible with a monosynaptic excitation from the 
geniculate cell. This suggests that the cortical cell must get additional visual 
afferent input, possibly with a less powerful drive as can be judged from the 
PSTH. 



362 T. Tsumoto et al. 

Of the 8 complex cells, in which a geniculo-cor t ical  exci tat ion could be 
demons t r a t ed  in the cross-correlograms,  the geniculate  pa r tne r  h a p p e n e d  to be 
a phasically responding ,  p resumab ly  Y-cell  in 3 pairs and  the peak  latencies in 
this group were be tween  1.2 and  2.0 msec, while in the other  5 pairs the 
genicula te  cells showed susta ined responses  to s ta t ionary st imuli  and  the peak  
latencies were 3 .0 -6 .0  msec, suggesting X-cells.  In  all cases, the RFs of the two 
par tne r  cells were comple te ly  or part ial ly overlapping.  These  f indings suppor t  
the view that  complex cells as def ined  here  may be dr iven monosynapt ica l ly  

f rom geniculo-cort ical  afferents of the X- or Y-type,  bu t  due to the exper imenta l  
design we were not  able to de t e rmine  complete ly  the degree of afferent  
excitatory convergence  on  these complex  cells in the deeper  cortical layers. 

Acknowledgements. We wish to thank Mr. I. Hammond and D. Michael for improving the computer 
programme of cross-correlation analysis, and Mrs. R. Rauschenbach and J. Tolksdorf for preparing 
the figures. C.R. Leg6ndy was supported by the Alexander von Humboldt Stiftung. 

References 

Ajmone-Marsan, C., Morillo, A.: Cortical control and callosal mechanisms in the visual system of 
cat. Electroenceph. clin. Neurophysiol. 13, 553-562 (1961) 

Albus, K.: A quantitative study of the projection area of the central and the paracentral visual field 
in area 17 of the cat. Exp. Brain Res. 24, 159-179 (1975) 

Cajal, S. Ram6n y: Histologie du syst6me nerveux de l'homme et des vert6br6s, Vol. IIA. Paris: 
Maloine 1911 

Burke, W., Sefton, A.J.: Discharge patterns of principal cells and interneurons in lateral geniculate 
nucleus of rat. J. Physiol. (Lond.) 187, 201-212 (1966) 

Cleland, B. G., Dnbin, M.W., Levick, W.R.: Sustained and transient neurons in the cat's retina and 
lateral geniculate nucleus. J. Physiol. (Lond.) 217, 473-496 (1971) 

Creutzfeldt, O.D., Innocenti, G.M., Brooks, D.: Vertical organisation in the visual cortex (area 17) 
in the cat. Exp. Brain Res. 21, 315-336 (1974) 

Curtis, D.R., Crawford, J.M.: Central synaptic transmission-microelectrophoretic studies. 
Pharmacol. Rev. 9, 209-240 (1969) 

Dubin, M.W., Cleland, B. G.: Organization of visual inputs to interneurons of the lateral geniculate 
nucleus of the cat. J. Neurophysiol. 40, 410427 (1976) 

Fernald, R., Chase, R.: An improved method for plotting retinal landmarks and focusing the eyes. 
Vision Res. 11, 95-96 (1971) 

Fukuda, Y., Stone, J.: Evidence of differential inhibitory influences on X- and Y-type relay cells in 
the cat's lateral geniculate nucleus. Brain Res. 113, 188-196 (1976) 

Gilbert, C.D., Kelly, J.P.: The projections of cells in different layers of the cat's visual cortex. J. 
comp. Neurol. 163, 81-106 (1975) 

Guillery, R.W.: Patterns of fiber degeneration in the dorsal lateral geniculate nucleus of the cat 
following lesions in the visual cortex. J. comp. Neurol. 130, 197-222 (1967) 

Guillery, R.W.: The organization of synaptic interconnections in the laminae of the dorsal lateral 
geniculate nucleus of the cat. Z. Zellforsch. 96, 1-38 (1969) 

Hess, R., Murata, K.: Effects of glutamate and GABA on specific response properties of neurons in 
the visual cortex. Exp. Brain Res. 21, 285-297 (1974) 

Hess, R., Negishi, K., Creutzfeldt, O.: The horizontal spread of intracortical inhibition in the visual 
cortex. Exp. Brain Res. 22, 415--419 (1975) 

Holl~inder, H.: The projection from the visual cortex to the lateral geniculate body (LGB). An 
experimental study with silver impregnation methods in the cat. Exp. Brain Res. 10, 219-235 
(1970) 

Hubel, D.H., Wiesel, T.N.: Receptive fields, binocular interactions and functional architecture in 
the cat's visual cortex. J. Physiol. (Lond.) 160, 106-154 (1962) 



Corticofugal Effect on Lateral Geniculate 363 

Hull, E.: Corticofugal influence in the macaque lateral geniculate nucleus. Vision Res. 8, 
1285-1298 (1968) 

Ito, M., Sanides, D., Creutzfeldt, O.D.: A study of binocular convergence in cat visual cortex 
neurons. Exp. Brain Res. 28, 21-36 (1977) 

Iwama, K., Sakajura, H., Kasamatsu, T.: Presynaptic inhibition in the lateral geniculate body 
induced by stimulation of the cerebral cortex. Japan. J. Physiol. 15, 310-322 (1965) 

Jones, E.G., Powell, T.P.S.: An electron microscopic study of the mode of termination of 
cortico-thalamic fibers within the sensory relay nuclei of the thalamus. Proc. Roy. Soc. (Lond.) 
Set. B 172, 173-185 (1969) 

Kalil, R.E., Chase, R.: Corticofugal influence on activity of lateral geniculate neurons in the cat. J. 
Neurophysiol. 33, 459-424 (1970) 

Kato, H., Yamamoto, M., Nakahama, H.: Intracellular recordings from lateral geniculate neurons of 
cat. Japan J. Physiol. 21, 307-323 (1971) 

Kawamura, S., Sprague, J.M., Niimi, K.: Corticofugal projections from the visual cortices to the 
thalamus, pretectum and superior colliculus in the cat. J. comp. Neurol. 159, 339-362 (1974) 

Kelly, J.P., van Essen, D.C.: Cell structure and function in the visual cortex of the cat. J. Physiol. 
(Lond.) 238, 515-547 (1974) 

Lee, B., Cleland, B., Creutzfeldt, O.D.: The retinal input to cells in area 17 of the cat's cortex. Exp. 
Brain Res. 30, 527-538 (1977) 

Lund, J.S., Lund, R.D., Hendrickson, A.E., Bunt, A.H., Fuchs, A.F.: The origin of efferent 
pathways from the primary visual cortex, area 17, of the macaque monkey as shown by 
retrograde transport of horseradish peroxidase. J. comp. Neurol. 164, 287-304 (1975) 

Macchi, G., Rinvik, E.: Thalamo-telencephalic circuits: a neuroanatomical survey. In: Handbook of 
Electroencephalography and Clinical Neurophysiology (ed. A. R6mond), Vol. 2, Part A, pp. 
86-133. Amsterdam: Elesevier 1976 

McIlwain, J.T., Creutzfeldt, O.D.: Microelectrode study of synaptic excitation and inhibition in the 
lateral geniculate nucleus of the cat. J. Neurophysiol. 30, 1-21 (1967) 

Moore, G.P., Segundo, J.P., Perkel, D.H., Levitan, H.: Statistical signs of synaptic interaction in 
neurons. Biophys. J. 10, 876-900 (1970) 

Niimi, K., Kawamura, S., Ishimaru, S.: Projections of the visual cortex to the lateral geniculate and 
posterior thalamic nuclei in the cat. J. comp. Neurol. 143, 279-312 (1971) 

Orem, J., Schlag, J.: Direct projections from cat frontal eye field to internal medullary lamina of the 
thalamus. Exp. Neurol. 33, 509-517 (1971) 

Palmer, L.A., Rosenquist, A.C.: Visual receptive field of single striate cortical units projecting to 
the superior colliculus in the cat. Brain Res. 67, 27-42 (1974) 

Pettigrew, J.D., Nikara, T., Bishop, P.O.: Responses to moving slits by single units in cat striate 
cortex. Exp. Brain Res. 6, 373-390 (1968) 

Richard, D., Gioanni, Y., Kitsikis, A., Buser, P.: A study of geniculate unit activity during cryogenic 
blockage of the primary cortex in the cat. Exp. Brain Res. 22, 235-242 (1975) 

Robson, J.A., Hall, W.C.: Connections of Layer VI in the striate cortex of the grey squirrel. Brain 
Res. 90, 133-139 (1975) 

Sanderson, K.J.: The projection of the visual field to lateral geniculate and medial haterlaminar 
nuclei in the cat. J. comp. Neurol. 143, 101-118 (1971) 

Sanides, D., Donate-Oliver, F.: Identification and localization of some relay cells in cat visual 
cortex. In: Architectonics of the Cerebral Cortex, M. A. B. Brazier and H. Petsche (Edit.). IBRO 
Monograph Series, pp. 227-234. New York: Raven Press 1978 

Schmielau, F., Singer, W.: The role of visual cortex for binocular interactions in the cat lateral 
geniculate nucleus. Brain Res. 120, 354-361 (1977) 

Singer, W., Creutzfeldt, O.: Reciprocal lateral inhibition of on- and off-center neurons in the lateral 
geniculate nucleus in the cat. Exp. Brain Res. 10, 311-330 (1970) 

Singer, W., Tretter, F., Cynader, M.: Organization of cat striate cortex: A correlation of 
receptive-field properties with afferent and efferent connections. J. Neurophysiol. 38, 
1080-1098 (1975) 

Stone, J., Dreher, B.: Projection of X- and Y-cells of the cat's lateral geniculate nucleus to areas 17 
and 18 of visual cortex. J. Neurophysiol. 36, 551-567 (1973) 

Sumkomo, I., Nakamura, M., Iwama, K.: Location and function of the so-called interneurons of rat 
lateral geniculate body. Exp. Neurol. 51, 110-123 (1976) 



364 T. Tsumoto et al. 

Suzuki, H., Kato, E.: Cortically induced presynaptic inhibition in cat's lateral geniculate body. 
Tohoku J. exp. Med. 86, 277-289 (1965) 

Thomas, R.C., Wilson, V.J.: Precise localization of Renshaw cells with a new marking technique. 
Nature (Lond.) 206, 211-213 (1965) 

Toyama, K., Matsunami, T., Ohno, T., Tokashiki, S.: An intracellular study of neuronal 
organization in the visual cortex. Exp. Brain Res. 21, 45-66 (1974) 

Tsumoto, T., Nakamura, S.: Inhibitory organization of the thalamic ventrobasal neurons with 
different peripheral representations. Exp. Brain Res. 21, 195-210 (1974) 

Tsumoto, T., Suzuki, D.A.: Effects of frontal eye field stimulation upon activities of the lateral 
geniculate body of the cat. Exp. Brain Res. 25, 291-306 (1976) 

Updyke, B.V.: The patterns of projections of cortical areas 17, 18 and 19 onto the laminae of the 
dorsal lateral geniculate nucleus in the cat. J. comp. Neurol. 163, 377-396 (1975) 

Vastola, E.F.: Steady-state effects of visual cortex on geniculate cells. Vision Res. 7, 599-609 
(1967) 

Walker, A.E.: The primate thalamus. Chicago, London: University of Chicago Press, 1938 (reprint 
1966) 

Wid6n, L., Ajmone-Marson, C.: Effects of corticopetal and corticofugal impulses upon single 
elements of the dorsolateral geniculate nucleus. Exp. Neurol. 2, 468-502 (1960) 

Accepted January 16, 1978 


