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Abstract In most mammals the superior colliculus (SC)
and the pretectal nucleus of the optic tract (NOT) receive
direct input from the ipsilateral visual cortex via projec-
tion neurons from infragranular layer V. We examined
whether these projection neurons belong to different pop-
ulations and, if so, whether it is possible to correlate the
electrophysiological features with the suggested function
of these neurons. Projection cells were retrogradely la-
beled in vivo by rhodamine-coupled latex beads or fast
blue injections into the SC or the NOT 2±5 days prior
to the electrophysiological experiment. Intracellular re-
cordings of prelabeled neurons were made from standard
slice preparations and cells were filled with biocytin in or-
der to reveal their morphology. Both cell populations con-
sist of layer V pyramids with long apical dendrites that
form terminal tufts in layer I. In electrophysiological
terms, 12 of the corticotectal cells could be classified as
intrinsically bursting (IB), while two neurons showed a
doublet firing characteristic and one neuron was classified
as regular-spiking (RS). Intracortical microstimulation of
cortical layer II/III revealed that SC-projecting neurons
responded optimally to stimulation sites up to a distance
of 1000 mm from the recorded cell. The morphological
features of the SC-projecting cells reveal an apical den-
dritic tuft in layer I with a lateral extension of 300 mm,
a mean spine density of 65 spines per 40 mm on the apical
dendrites located in layer II/III, and a bouton density of 13
boutons per 100 mm on the intracortical axons. Sixteen
NOT-projecting neurons exhibited an IB and five cells
an RS characteristic. Intracortical microstimulation of

cortical layer II/III showed that NOT-projecting neurons
responded optimally to stimulation sites up to a distance
of 1500 mm. Their morphological features consist of an
apical dendritic tuft with a lateral extension of 500 mm,
a mean spine density of 25 spines per 40 mm on the apical
dendrites located in layer II/III, and a bouton density of 6
boutons per 100 mm on the intracortical axons. When the
passive membrane parameters, responses to intracortical
microstimulation in layer V, the extension of the basal
dendritic field, and spine densities in layers I or V were
compared between SC- and NOT-projecting cells, no dif-
ferences were revealed. Differences were only consistent-
ly found in the supragranular layers, either for morpho-
logical parameters or for intracortical microstimulation.
The results suggest that NOT-projecting and SC-project-
ing neurons, although biophysically similar, could inte-
grate and transmit different spatial aspects of cortical vi-
sual information to their target structures.
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Introduction

Neurons in the superficial layers of the rat�s superior col-
liculus (SC) possess restricted visual receptive fields and
are optimally activated by small moving objects. In con-
trast, cells in the pretectal nucleus of the optic tract (NOT)
have large, almost global receptive fields, and many of
them show a clear directional preference for temporal to
nasal movements when stimulated through the contralat-
eral eye by large area patterns. Functionally, these differ-
ences in response properties may be related to the differ-
ent tasks in visuomotor behavior mediated by these struc-
tures. The deep layers of the SC are assumed to coordi-
nate movements of the eyes, head, and body during the
execution of orienting reflexes to specific targets in space
(Huerta and Harting 1984). In contrast, the nuclei of the
pretectal complex mediate nontopographic reflexes such
as pupil constriction or gaze stabilization and optokinetic
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nystagmus (Schoppmann and Hoffmann 1979; Hoffmann
and Distler 1986; Hoffmann 1989). Both the SC and the
NOT receive, in addition to direct retinal input (Hoffmann
and Schoppmann 1975; Linden and Perry 1983; Hoff-
mann and Stone 1985; Zhang and Hoffmann 1993), input
from the ipsilateral visual cortex (Sefton et al. 1981; Har-
ting et al. 1992; Schmidt et al. 1993). In order to fulfill
their different tasks correctly, the subcortical structures
need specific and probably different information from
their input structures. Indeed the retinotectal and retino-
pretectal retinal ganglion cells most probably form non-
identical subpopulations (Hoffmann 1973; Hoffmann
and Stone 1985). The corticofugal neurons projecting to
the SC and NOT in cat may belong to different popula-
tions of layer V pyramidal cells, as suggested by Mader
(1987). Concerning this question, so far only corticotectal
neurons have been studied with regard to their morpho-
logical and electrophysiological parameters (Schofield et
al. 1987; Hallman et al. 1988; Hübener and Bolz 1988;
Wang and McCormick 1993; Tseng and Prince 1993;
Kasper et al. 1994). These authors of these studies were
able to demonstrate that all the corticotectal neurons pos-
sess an apical dendrite that reaches layer I and arborizes
there in a tuft. Furthermore, they were able to demonstrate
that corticotectal neurons can be classified as intrinsic
bursting (IB) or as doublet-firing neurons.

In a more general approach, Chagnac-Amitai et al.
(1990) and Larkman and Mason (1990) suggested an elec-
trophysiological-morphological correlation in that all
large layer V neurons could be characterized as IB, while
the small layer V neurons should be classified as regular-
spiking (RS) in their response pattern. No finer structure-
function correlations have been noted, possibly because
the populations of projection neurons studied were them-
selves very heterogeneous. Even a general correlation was
questioned by Lohmann (1994), who found that neurons
with an apical dendrite that reaches and arborizes in layer
I in a tuft can also project to other cortical targets via the
corpus callosum. Morphological parameters most fre-
quently used to establish a structure-function correlation,
such as the soma area (Hübener et al. 1990) or numbers of
dendrites (Hallman et al. 1988) did not lead to a proper
differentiation. No such investigation has yet been carried
out for corticopretectal neurons.

We chose a slightly different strategy in our study.
Neurons in the SC probably need information with a high-
er spatial resolution that corresponds to input from small
parts of the visual field in order to achieve saccade gener-
ation and other orienting behavior, whereas pretectal neu-
rons should receive movement information from large
parts of the visual field in order to subserve the optokinet-
ic reflex. The fact that neurons in the pretectal nucleus of
the optic tract (NOT) of the rat do indeed receive direct
information from the ipsilateral visual cortex was demon-
strated in a study by Schmidt et al. (1993). If there are
separate populations of projection cells to the SC and
NOT, one would probably expect to find morphological
differences between the two populations in the extension
of their basal and apical dendritic trees and possibly in the

number of spines. These parameters represent the ability
of the neurons to collect and weigh information from
the surrounding neuronal cortical network. Moreover,
the intracortical axonal arborization representing the abil-
ity of the neurons to transmit information to the surround-
ing cortical network could be different.

Some of this work has been published in abstract form
(Rumberger et al. 1994, 1995).

Materials and methods

Tracer injection

Rhodamine-labeled latex microspheres (RLMs; Lumafluor, USA)
and fast blue (FB; Dr. Illing, Germany) were chosen as retrograde
tracers (Katz et al. 1984; Tseng and Prince 1993). Long-Evans hood-
ed rats were each anesthetized with 30 mg ketamine (Parke-Davis)
plus 0.05 ml xylazine (Rompun; Bayer) on postnatal days 60±70.
Penetrations were performed at 45� angles through the contralateral
cortex to avoid damage or contamination to the neocortex, from
which slices were to be taken later. The SC was first localized by
means of stereotaxic coordinates (bregma ±6.8 mm, lateral 2 mm).
The exact localization was determined by extracellular single-unit
recordings of the visual response properties. FB (2% FB, diluted
in 2% DMSO) was pressure-injected unilaterally into one SC
through a glass micropipette (tip diameter 30 mm) attached to a
Hamilton syringe. Two injections (each of 0.15 ml volume) were
given. The NOT was localized in the same way (bregma ±5.3 mm,
lateral 2.5 mm), except that the extracellular recordings were per-
formed through the injection pipette. RLMs 0.2 ml (diluted 1:1 in
0.9% NaCl) were injected into the NOT through a glass micropipette
(tip diameter 30 mm) attached to a Hamilton syringe for labeling pur-
poses.

Slice preparation

Slice experiments were performed 2±5 days after dye injections us-
ing standard techniques (Conners et al. 1982; Lohmann and Rörig
1994). Animals were anesthetized with halothane, decapitated, and
the brains were placed in ice-cold oxygenated artificial cerebrospi-
nal fluid (ACSF). Coronal slices (recording slices 450 mm, control
slices 200 mm) were prepared on a vibratome from a block contain-
ing the cytoarchitectonically defined areas 17, 18, and 18a. The slic-
es were maintained at room temperature in oxygenated ACSF for at
least 1 h. The slices were then transferred to a submerging chamber
(Fine Science Tools) and continuously superfused (1.5 ml/min) with
oxygenated ACSF at 34�C. The ACSF was equilibrated at pH 7.4
with 95% O2 and 5% CO2 and composed of: 124 mM NaCl, 5 mM
KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 2 mM MgSO4, 2 mM
CaCl2, 10 mM glucose (compare Amitai 1994; Lohmann and Rörig
1994).

In control slices the exact localization of the retrograde labeling
was confirmed by means of appropriate epifluorescence illumina-
tions. In adjacent recording slices the position of stimulation elec-
trodes and the actual recording sites were chosen by determining
the location of fluorescing projection neurons in the control slices.

Stimulation and recording

Intracellular recording and labeling was accomplished using micro-
pipettes filled with 2% biocytin in 2 M potassium acetate solution
(60±100 MW), as described elsewhere (Lohmann and Rörig 1994).
All the recorded signals were fed into the high-impedance probe
of an intracellular recording amplifier (Dagan 8100). They were fil-
tered at 5 kHz, digitized at a rate of 10 kHz with a lab interface
(CED 1401), and stored for later off-line analysis. The electrophys-
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iological properties were characterized by standard techniques
(Connors et al. 1982). Input resistance was determined by measuring
averaged responses to small hyperpolarizing current pulses that
evoked voltage deflections within the linear range of the current-
voltage (I-V) curve. Regression was accepted for r>0.75 (cf. Loh-
mann and Rörig 1994). Small hyperpolarizing current pulses
(150 ms duration, evoked response less than 10 mV) were used to
evaluate the time constant. Spiking behavior was tested in all the re-
corded neurons by implementing 150-ms depolarizing current pulses
(with current amplitudes of up to 2 nA). Spike amplitudes were mea-
sured from threshold to peak, and spike widths were measured at
half the amplitude of the spikes. The recorded neurons were classi-
fied as RS, IB, or doublet-spiking (DS), according to the criteria of
Connors et al. (1982), McCormick et al. (1985), and Wang and
McCormick (1993) with respect to their responses after depolarizing
current pulses. Furthermore, the current threshold for eliciting an ac-
tion potential (rheobase) was determined by 600-ms-long depolariz-
ing current pulses. The minimal length of a current pulse to elicite a
spike (chronaxy) was determined at a current amplitude of twice the
rheobase current (Katz 1966). Spike afterpotentials were evaluated
using current pulses (pulse duration 150 ms) just above firing thresh-
old (eliciting only one action potential) and with amplitudes set at
1 nA above this threshold (eliciting groups of action potentials).
Resting membrane potential was calculated as difference between
the intracellularly recorded membrane potential and the extracellular
potential upon electrode withdrawal from the cell. Neurons were re-
corded in the cytoarchitectonically defined areas 17 and 18a. The
position of the actual recording site was dependent on the localiza-
tion of the retrograde labeling.

Intracortical stimulation was performed using an eight-channel
stimulation electrode (interelectrode distance 100 mm; Lohmann
and Rörig 1994; Lohmann and Algür 1995) consisting of quartz
glass-coated platinum-rhodium fibers (Reitboeck 1983), oriented
parallel to the cortical laminae either in layer II/III or in layer V.
The eight-channel stimulation electrode was inserted only once into
every slice in order to avoid damage to the tissue as much as possi-
ble. After inserting the stimulation electrode, we tried to impale one
neuron close to the first channel of the electrode (ca. 50 mm away)
and a second neuron approximately 500 mm away. Stimulation start-
ed with the electrode closest to the recorded neuron, where a stim-
ulation current eliciting an excitatory postsynaptic potential (EPSP)
of 2±3 mV allowed the EPSP slope to be investigated. This process
was repeated sequentially for all the electrodes. The afferent fibers
were stimulated by a conventional bipolar electrode (Rhodes Medi-
cal; SN 100) placed into layer VI at the border between the gray
matter and white matter. Current pulses (50 ms duration) were deliv-
ered through these electrodes with a frequency of 0.1±0.3 Hz. The
current strength was chosen so that it elicited EPSPs of 2±3 mV am-
plitude in the recorded neuron. Five responses were recorded; no av-
eraging was performed. The onset and peak latencies, shape, half-
width, and slope of each postsynaptic potential were analyzed for
every distance between the stimulation and the recording sites.
The conduction velocity of the stimulated fibers was determined
as the inverse slope of the linear regression line in a latency-distance
plot. The EPSP with the highest slope in the five recordings was
chosen for the slope versus distance plot and for the onset-latency
versus distance plot, because in this case the synapses were assumed
to have had an optimal transmitting rate.

Histological procedure

At the end of an intracellular recording session, each neuron was in-
jected with biocytin (Horikawa and Armstrong 1988; Tseng et al.
1991) by means of 100-ms depolarizing current pulses of 1 Hz
and 0.5 nA amplitude for 10 min to allow later morphological clas-
sification. Each slice was maintained within the recording chamber
for 1±2 h to enhance the staining by fast axonal transport. Slices
were fixed in 4% formaldehyde in 0.1 M phosphate-buffered saline
(PBS) and stored in 30% saccharose in PBS overnight. Slices were
resectioned at 50 mm on a freezing microtome, incubated in avidin-
conjugated horseradish peroxidase, and reacted with diaminobenzi-

dine (ABC Kit; Vector) according to the method described by
Horikawa and Armstrong (1988), except for the fact that the slices
were not cleared in ethanol because this would have led to the
RLM being destroyed. Sections were examined with a Zeiss Neo-
fluar 100 objective under epifluorescent illumination, either with a
rhodamine or a FB filter set. A cell was accepted as prelabeled if
at least five fluorescent beads could be counted in its soma. Data
from unlabeled neurons presented in this study were only gathered
in experiments where back-labeled cells had been successfully re-
corded. This was done to obtain as little contamination as possible
from subcortical projection neurons in this population, and to allow
the data from slices to be compared under identical physiological
conditions.

Morphological analysis

The following morphological parameters were examined: For all the
neurons that were sufficiently filled with biocytin, the number of
first- and second-order basal dendrites, the spine density, bouton
density, and the extension of the apical dendrite in layer I and the
basal dendritic field in layer V were determined. The soma area
was determined using the Neuron Tracing System (NTS) 5.14 from
Eutectics. Spine density was determined as follows: On selected seg-
ments of fairly straight dendrites that were at least 40 mm long,
spines were counted under a high-power (Zeiss �100/1.3) oil-im-
mersion objective. This length was chosen because it allows a direct
comparison with the values given by Hübener et al. (1990). This
procedure was performed on first-order apical segments at a distance
of 300 mm from the soma (in other words, in layer III), on second-
order dendrites in layer II that were more than 200 mm below the
cortical surface, and on third-order apical dendrites in layer I. A sim-
ilar procedure was carried out for second-order basal dendrites in
layer V, but not for first-order basal dendrites, because their lengths
were too variable from cell to cell. Third-order basal dendrites were
not analyzed in this way, because the lengths of the segments of
these dendrites located in layer VIlayer VI were too variable, de-
pending on whether location of the soma was either more in the up-
per or more in the lower part of cortical layer V. It is possible, and
the results for the apical dendrites confirm this, that spine density
depends on the cortical layer through which the dendrites run. Spine
numbers counted were corrected following the method used by Feld-
man and Peters (1979). The counting was performed several times
for every type of segment. A three-dimensional (3-D) reconstruction
was performed for selected neurons using the following scheme.
Neurons were chosen if at first sight they appeared to be completely
filled and if their axonal and dendritic trees did not reveal too many
cut (or split) ends during reconstruction. With the aid of NTS, this
allowed the total axon length, the total number of boutons on the ax-
ons counted while tracing the axons, and the total length of basal and
apical dendrites to be determined. It was also possible to estimate
the total number of spines on these cells.

Intercell distances and nearest-neighbor analysis

Intercell distances from each neuron in one population to any other
neuron in the same population were calculated using the appropriate
module of the NTS 5.14 from Eutectics. In the same way the dis-
tance to the nearest neighbor was calculated.

Data analysis and statistics

Data presented in this paper are given as means�standard deviation
(SD) if not otherwise stated. ANOVA and pairwise ANOVA were
used to compare data from the different populations. If nothing
could be said about the shape of the distribution of the data sample,
the nonparametric analog for the one-way ANOVA, the Kruskal-
Wallis test, was performed. Differences in either test were regarded
as significant at P<0.05. The principal component analysis (PCA)
was based on a correlation matrix in order to avoid problems due
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to the different scaling of the parameters used. All the tests were per-
formed with the statistical software package SYSTAT for Windows
5.03; its modules were tested with standard statistical data sets for
computing correctness.

Results

Labeling

In four experiments we succeeded in labeling the NOT
and SC in such a way that no diffusion of the dyes into
neighboring structures occurred. In one of these animals,
both midbrain structures were almost completely filled.
Of all the back-labeled neurons, 60.3% project to the
SC, 34.6% to the NOT, and 5.1% to both structures.
Retrogradely labeled somata were completely restricted
to layer V, indicating that probably no callosal fibers
had taken up the dyes when the contralateral cortex was
penetrated with the injection pipette.

The retrograde labeling after double-labeling SC and
NOT thus showed that the corticotectal and corticopretec-
tal neurons form two separate populations with little over-
lap. The two populations exhibited a distinct pattern with-

in layer V. While SC-projecting neurons show an approx-
imately uniform distribution across areas 17, 18, and 18a,
NOT-projecting cells were mainly located at the borders
between visual areas 17/18 and 17/18a in the binocular
zone of the visual cortex. This fact is demonstrated more
clearly in Fig. 2, where a frequency distribution of the in-
tercell distances is plotted. A Poisson distribution could
be fitted (r2=0.97, n=20301) to the pattern of corticotectal
cells, indicating a random distribution of this population
in layer V. A peak formed at an intercell distance of
50 mm. Corticopretectal neurons showed a bimodal distri-
bution (in this case we were able to use a Gabor-function
with r2=0.92, n=13309). In addition to the peak at 50 mm,
a second peak appeared at a distance of 2.5 mm in this
distribution. This length equals the distance of areal bor-
ders 17/18±17/18a in the rat visual cortex. In the nearest-
neighbor analysis of cell distances, both populations ex-
hibited a Poisson distribution with a peak at 50 mm, thus
indicating a random arrangement of the neurons within
their patches of occurrence.

Electrophysiological results

Intracellular stimulation

One hundred and sixty neurons retrogradely labeled from
either the SC or the NOT were intracellularly recorded
and stained in 120 slices from 27 experiments. Of these
recorded cells, 21 neurons showed retrograde labeling

Fig. 1 A Reconstruction of the distribution of cortical neurons back-
labeled from of the superior colliculus. Note the uniform distribution
of the somata. B Reconstruction of the distribution of cortical neu-
rons, back-labeled from the nucleus of the optic tract. Note the non-
uniform distribution of the somata, with patches at the areal borders
17/18 and 17/18a. Arrowheads mark cortical area borders adapted
from Zilles (1985). Scale bar 1 mm



379

from the NOT and 15 from the SC. The remaining neu-
rons were not back-labeled from either of the two struc-
tures and were therefore not included in this study.
Neurons prelabeled from both structures were not record-
ed. In all recorded cells there were sufficient responses to
current pulses to warrant classification of their spiking
behavior. All the prelabeled neurons could be classified
as large layer V neurons with an apical dendrite that
reached layer I and arborized there in a tuft (for a detailed
morphological analysis, see Morphological results). Phys-

iological data from 19 NOT-projecting and 14 SC-
projecting neurons were sufficiently complete to be suit-
able for detailed quantitative analysis. Membrane poten-
tial for corticopretectal neurons was ±70.4�5.8 mV
(n=21), ±68.5�4.7 mV (n=15) for corticotectal cells, and
±69.9�4.7 mV (n=56) for unlabeled pyramids. Fourteen
NOT-projecting and nine SC-projecting neurons were re-
corded in area 17, the remaining 13 neurons in area 18a.

Based on their spike-firing pattern after depolarizing
current pulses, two groups of identified corticopretectal
neurons could be distinguished: (1) 16 cells could be clas-
sified as IB, because they exhibited a burst with at least
three spikes at higher current pulses, followed by some
regularly spaced single spikes; (2) five neurons could be
classified as RS with prominent frequency adaptation of
the spikes to the intracellularly applied current pulse
(see Fig. 3). In the same way, three groups could be
placed in the corticotectal group: (1) 12 cells could be
classified as IB, (2) two cells as DS, (3) one neuron as

Fig. 2 A Frequency distribution
of intercell distances for corti-
cotectal neurons. A Poisson
distribution could be fitted with
r2=0.97, indicating that this
population is randomly distrib-
uted in layer V. B Frequency
distribution of intercell distanc-
es for corticopretectal neurons.
A Gabor function could be fitted
with r2=0.92, suggesting that
this population is not purely
randomly distributed. The x-axis
repesents the distance between
two cells in millimeters

Fig. 3 A nucleus of the optic tract (NOT)-projecting neuron with in-
trinsically bursting (IB) characteristic. The response to a small, de-
polarizing current pulse shows a fast afterhypolarizing potential
(ahp) after the first spike (cf. inset). The neuron responds to a higher
depolarizing current with a burst of four spikes, followed by a repet-
itive firing until the end of the current pulse. B NOT-projecting neu-
ron with regular-spiking characteristic, which shows strong and fast
ahp (arrow). It was not possible to switch this neuron to an IB mode
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RS. It was not possible to switch the RS neuron to an IB
firing characteristic (neither by hyperpolarizing, nor by
depolarizing the membrane). To our knowledge this is
the first report of a corticotectal cell with RS behavior.
The firing characteristics of all the IB-type cells could
be switched between the IB and RS modes, by depolariz-
ing the membrane potential (data not shown).

In an attempt to come up with electrophysiological pa-
rameters in which corticotectal and corticopretectal neu-
rons showed statistically significant differences, we ex-
amined subthreshold properties such as membrane poten-
tial, membrane resistance, and time constant, and thresh-
old parameters such as spike amplitude, spike width,
chronaxie, and rheobase (see Table 1). In none of these
parameters could significant differences between the
two populations be found in the ANOVA.

The primary apical dendrite of a subpopulation of five
NOT-projecting cells exhibited a distinct morphology.
Their dendrites were very thin (diameter less than 2 mm),
with a tuft diameter of about 250 mm. These cells also
showed a higher membrane resistance, a slightly higher
firing threshold, and a slightly smaller time constant than
the large corticopretectal neurons (see Table 1). In their

firing pattern, three of them could be classified as RS,
the other two as IB.

In addition we looked at particular sequences of
spike afterpotentials (inset in Fig. 3). An NOT-project-
ing neuron with an IB characteristic is shown in
Fig. 3A. At low current pulses, the neuron displayed a
group of three spikes riding on an underlying depolar-
ization, which is probably mediated by Ca2+ (Amitai
et al. 1994). Each action potential was followed by a
fast afterhyperpolarization (fahp), 2 ms long, and a slow
afterdepolarization (sadp), 15 ms long. The whole se-
quence was followed by a long-lasting, slow afterhyper-
polarization (sahp). When the current pulse amplitude
was increased, fahp could no longer be detected after
single spikes, although it persisted after the action po-
tentials of the burst. The response of a corticopretectal
neuron with RS characteristic is shown in Fig. 3B. This
cell generated individual spikes that lasted less than
0.5 ms and a high-amplitude fahp after each spike,
which is normally thought to be a feature of GABAergic
interneurons. In contrast to those GABAergic interneu-
rons, however, this corticopretectal cell showed a clear
adaptation in spike frequency (McCormick et al. 1985;

Table 1 Physiological proper-
ties of layer V projection neu-
rons. Note that no major differ-
ences occur in the specific af-
terpotentials in the two popula-
tions (percentage values do not
add up to 100 per population,
because mostly there was more
than one afterpotential present
for an individual neuron) (SC
superior colliculus, NOT nucle-
us of the optic tract, fahp fast
afterhyperpolarizing potential,
fadp fast afterdepolarizing po-
tential, sahp slow afterhyperpo-
larizing potential, sadp slow af-
terdepolarizing potential)

Unlabeled
neurons

SC-neurons
(n=14)

NOT

(n=56) Large
(n=14)

Slender
(n=5)

Membrane potential (mV)
Mean �69.7 �68.5 �67.7 �71.8
�SD 4.5 4.7 5.5 7.9

Input resistance (MW)
Mean 40.7 42.5 38.8 56.5
�SD 17.7 18.1 17.7 17.9

Spike height above threshold (mV)
Mean 59.2 56.5 57.2 62.2
�SD 6.2 7.2 6.5 7.3

Spike duration at half amplitude (ms)
Mean 0.87 0.81 0.81 0.62
�SD 0.32 0.23 0.35 0.13

Chronaxie (ms)
Mean 12.2 13.9 14.9
�SD 7.9 8.4 5.5

Rheobase (nA)
Mean 0.34 0.3 0.28 0.35
�SD 0.21 0.12 0.09 0.04

Time constant (ms)
Mean 8.0 7.3 10.0 8.1
�SD 2.3 2.6 3.1 1.8

fahp
n 13/21 8/14 9/14 2/5
% 60 50 60 40

fadp
n 10/21 6/14 6/14 3/5
% 50 40 40 60

sahp
n 15/21 14/14 10/14 3/5
% 70 100 70 60

sadp
n 10/21 6/14 7/14 3/5
% 50 40 50 60

None of the above parameter data showed significant differences in the ANOVA at the 5% level of sig-
nificance
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Connors and Gutnick 1990; Agmon and Connors 1992).
Such behavior could be seen in two corticopretectal
neurons. The same afterpotential sequences as described
above for corticopretectal neurons could be detected in
corticotectal neurons (see Table 1).

Extracellular stimulation

In the electrophysiological parameters examined so far,
no significant differences between the two populations
of projection neurons could be found. Therefore, we de-
cided to study the connectivity of the neurons within
the surrounding cortical network and tested this by means
of intracortical microstimulation. For these tests we used
the eight-channel multielectrode introduced by Lohmann
and Rörig (1994) to stimulate inputs to the recorded neu-
rons from several lateral distances. The current ampli-
tudes applied ranged from 100 to 800 mA. The current
strength necessary to elicit responses of the same ampli-
tude increased with the stimulation distance in a linear
way, r2=0.75 (n=44). A frequency histogram is shown
in Fig. 4 for all the measured conduction velocities fol-
lowing stimulation in layer II/III. The median of the con-
duction velocities was found to be 0.29�0.17 m/s (n=35),
which is very close to values reported by Lohmann and
Rörig (1994). The median for corticotectal neurons was
found to be 0.29�0.16 m/s (n=10) and for corticopretectal
cells, 0.28�0.17 m/s (n=9).

To study the effectiveness of the extracellular stimula-
tion from different cortical locations, we also compared
the slopes of the primary EPSPs as a function of the intra-
cortical stimulation distance (EPSPs with steeper slopes
elicite spikes more effectively; see Nicoll et al. 1993 for
a discussion of this problem). When cortical layer II/III
was stimulated, we found that SC-projecting neurons
were more effectively stimulated from distances in close

and middle ranges. At stimulation sites up to 1000 mm,
corticotectal cells show median values for EPSP slopes
between 2 and 1.7 V/s, compared with values between
0.4 and 0.7 V/s for corticopretectal neurons. For stimula-
tion distances between 1000 and 1500 mm, SC-projecting
neurons showed slopes of less than 1.5 V/s, but median
EPSP slopes of NOT-projecting neurons were found to
be 2 V/s (see Fig. 5). These differences could not be ob-
served when electrical stimulation was applied to cortical
layer V (data not shown).

Principal component analysis

As demonstrated so far, no parameter alone could serve as
a classification parameter on a single neuron level. For
this reason a principal component analysis was performed
to achieve a simultaneous comparison of multiple param-
eters. EPSP slopes could not be used in this analysis, be-
cause the number of tested neurons was too small (n=6 for
both populations) to be included.

With time constant (36%), membrane resistance (26%),
rheobase (24%), and membrane potential explaining 14%
of the observed variability in the data, no further reduction
in the dimensionality was possible (all four parameters
were necessary to explain more than 90% of the variability
of the data). We therefore conclude that there is no addi-
tional hidden information that could help to classify the
members of these neuronal populations. Except for the pa-
rameter time-constant that explained more than one-third
of the variability of the data, none of the parameters ex-
plained more than the statistical mean of 25% variability
(100% variability divided by four parameters).

Fig. 4 Frequency histogramm of 35 measured conduction velocites
after stimulating layer II/III. Median value was found to be 0.29 m/s
(SD 0.17 m/s)

Fig. 5 EPSP slope versus stimulation distance in layer II/III for su-
perior colliculus (SC)- and NOT-projection neurons. For SC-projec-
tion neurons, note the high EPSP slope at short and middle stimulat-
ing distances and the decrease in EPSP slope at stimulation sites fur-
ther than 1000 mm away. NOT-projection neurons exhibited the
steepest EPSP slope at stimulation distances of 1500 mm. Data pre-
sented for six SC and six NOT neurons. Error bars, SEM
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Morphological results

Soma area

Hübener et al. (1990) have shown that corticotectal neu-
rons in cat do have significantly larger somata than cor-
ticocortical cells. In our sample we were not able to con-
firm these results for the rat. SC-projecting neurons pos-
sessed a mean soma area of 163�51 mm2 (n=15), NOT-
projecting neurons attained a value of 152�45 mm2

(n=21), and unlabeled neurons (which should constitute
a high percentage of corticocortical neurons; see Materi-
als and methods) had soma areas of 159�44 mm2

(n=25). These differences were not significant in the
ANOVA at the 5% level of significance.

Basal dendrites

Counting of first- and second-order basal dendrites is
an easy way of determinig classification parameters
(Hübener et al. 1990). No differences between the two
populations could be observed in our study (cf. Table 2).
Also the horizontal extensions of the basal dendritic fields
(366�52 mm, n=12, for corticotectal neurons; and

345�82 mm, n=16, for corticopretectal cells) were found
to be similar. The total length of basal dendrites was de-
termined for eight 3-D reconstructed neurons. For corti-
cotectal neurons it amounted to 5288�1331 mm (n=3)
and for corticopretectal cells, 6447�1441 mm (n=5).
These differences were not significant at the 5% level
of significance in the Kruskal-Wallis test.

Apical dendrites

The diameter of the proximal part of the apical dendrites
(50 mm away from the soma) of corticotectal neurons was,
on average, 3.2�0.5 mm (n=15). While most of corticopre-
tectal neurons reached similar values (3.1�0.5 mm, n=16;
see Fig. 6A, B), five neurons recorded in area 17 only
reached values of 1.8�0.4 mm (see Fig. 6C). This charac-
teristic only correlated with one morphological parameter.
In layer I, corticotectal neurons showed a prominent tuft
with a mean lateral extension of 277�115 mm (n=12).
The horizontal lateral extension of the apical dendrite
never exceeded the extension of the basal dendrites. In
contrast, corticopretectal neurons exhibited a much larger
tuft in layer I. These neurons reached a horizontal exten-
sion of up to 800 mm, on average, 502�128 mm (n=14).

Table 2 Counts of primary and
secondary basal dendrites. Note
that no differences could be ob-
served between the two popula-
tions

Projection target Neurons (n) Primary basal dendrites (n) Secondary basal dendrites (n)

Mean �SEM Mean �SEM

SC 13 5.1 0.3 9.5 0.6
NOT 18 4.9 0.3 9.2 �0.5

Fig. 6 A Two-dimensional (2-
D) camera-lucida reconstruction
of a NOT-projecting cortical
neuron, with an apical dendrite
bifurcating in layer III (3). The
soma is located in layer V (5),
while the apical dendrite reaches
layer I (1) and arborizes there in
a tuft. B 2-D camera-lucida re-
construction of a NOT-project-
ing cortical neuron. The soma is
located in layer V, while the
apical dendrite reaches layer I
and arborizes there in a tuft. C
2-D camera-lucida reconstruc-
tion of a NOT-projecting corti-
cal neuron. Note the thin apical
dendrite and the sparse ab-
orizations in layers I and V.
Scale bar 100 mm
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The five corticopretectal neurons with thin apical den-
drites on average showed smaller tufts in the lateral exten-
sion, comparable with those found in corticotectal cells
(mean 248�82 mm). The difference in lateral extension
of the apical dendrite between the corticotectal and cor-
ticopretectal neurons was significant at P>0.001 in the
ANOVA.

Spines

When the spine density of the two projection neuron
groups was compared, differences emerged, depending
on in which segment or in which layer the spine densities
were compared. No differences could be detected in the
basal dendrites in layer V, in the oblique dendrites (apical
dendrites arborizing in layer V), or in the third-order api-
cal dendrites located in layer I (see Fig. 7). Differences
could be observed when dendrites located in the cortical
layer II/III were compared. Here corticotectal neurons re-
vealed a much higher spine density than corticopretectal
cells. On their first-order apical dendrites in layer III, cor-
ticotectal neurons possessed, on average, 65�28 spines
per 40 mm (n=13), compared with corticopretectal neu-
rons with 24�18 spines per 40 mm (n=18). On second-or-
der apical dendrites, corticotectal neurons had, on aver-
age, 33�11 spines per 40 mm (n=12), compared with cor-
ticopretectal neurons with 24�17 spines per 40 mm
(n=17). In both cases the 5% level of significance was
reached (see Fig. 7) in the ANOVA.

The total number of spines was estimated for three cor-
ticotectal and two corticopretectal 3-D reconstructed neu-
rons. Despite their lower spine density on some segments,
corticopretectal neurons did not necessarily possess fewer
spines than corticotectal cells, as is demonstrated in Ta-
ble 3.

Fig. 7 Comparison of spine density of corticotectal and corticopre-
tectal neurons for different dendritic segments. Note that no signif-
icant statistical differences between the two populations in cortical
layers I and V can be observed. In contrast, differences emerged
when spine densities in cortical layers II and III were compared. Er-
ror bars, SEM

Table 3 Spine counts for five three-dimensionally reconstructed
projection neurons. Despite their lower spine density on dendrites
located in layer II/III, corticopretectal neurons (NOT-1, NOT-2)
did not necessarily possess fewer spines than corticotectal neurons
(CS-1, CS-2, CS-3). Both populations show the total bandwidth of
spine counts reported by other authors. Both populations also exhibit
the same number of spines on the basal dendrites

Spine counts CS-1 CS-2 CS-3 NOT-1 NOT-2

Apical dendrite 2.040 5.500 1.300 5.000 700
Basal dendrite 1.400 1.500 1.300 1.500 1.300
Total 3.440 7.000 2.600 6.500 2.000

Fig. 8 Three-dimensional re-
construction of the intracortical
axon collaterals of a corticotec-
tal neuron. Apical dendrite is
represented by a dotted line.
Note that near each neuron�s
apical dendrite no ascending
collaterals are found (the col-
lateral marked by a small arrow
lies in front of the plane of
drawing). Note also the wide
extension of these ascending
collaterals (marked by arrows)
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Axons

In contrast to dendrites and spines, no differences be-
tween the two populations of projection neurons could
be observed when the number and length of the axon col-
laterals in cortical layers V and VI were compared. Both
populations had long horizontal collaterals reaching ex-
tensions of up to 1 mm. When the arborization of the axon
collaterals in layer II/III was compared, a different picture
emerged. Corticotectal neurons exhibited long ascending
collaterals that entered cortical layer II/III at a distance
of 200 mm from their own first-order apical dendrite.
They often did so at an angle of 45�. Similar to the collat-
erals in layer V, these collaterals reached lateral exten-
sions of 1 mm. In contrast, such wide arborizations could
not be observed for corticopretectal neurons. Their as-
cending collaterals stayed very close to their own first-or-
der apical dendrite at a lateral distance of 10±150 mm.
Mostly, they branched from other collaterals at an angle
of 90� in layer V projecting to the supragranular layers.
Ascending collaterals from both populations reached cor-
tical layer I. The differences in the arborization pattern
were accompanied by differences in the total axonal

length. For three 3-D reconstructed corticotectal neurons
the mean length was 8571�2927 mm. An example of the
axonal arborization of a corticotectal neuron is shown in
Fig. 8. Five 3-D reconstructed corticopretectal neurons
were measure in the same way. The branching patterns
of these five neurons revealed no differences in frequen-
cies of branch orders or maximal lengths of collaterals.
The total axonal length in this group was, on average,
4970�2088 mm. While the largest axonal tree of a corti-
cotectal neuron was 11810 mm, the corticopretectal neu-
ron with the largest tree only reached 7350 mm. A typical
example of the axonal arborization pattern of corticopre-
tectal neurons is shown in Fig. 9.

Boutons

On average, corticotectal neurons showed a bouton densi-
ty of 13 boutons per 100 mm in all the axonal segments,
while for corticopretectal cells a mean bouton density of
six boutons per 100 mm was observed. Consequently, cor-
ticotectal neurons possessed up to 4 times more intracor-
tical boutons than corticopretectal cells (1700 boutons for
corticotectal cells and 450 boutons for corticopretectal
cells) owing to their larger axonal trees and their higher
bouton density.

The power of these morphological parameters as a
classification tool is demonstrated in Fig. 10. It was pos-
sible to separate both populations completely if the exten-
sions of the apical dendrite in layer I, the bouton densities,
and the spine densities in layer III in first-order apical
dendrites were plotted against each other. While the
NOT-projecting neurons clustered in the lower right of

Fig. 9 Three-dimensional reconstruction of the intracortical axon
collaterals of a corticopretectal neuron. The bifurcating apical den-
drite is represented by a dotted line. Note that the ascending collat-
erals stay very close to their own apical dendrites. One collateral that
nearly reaches layer I is marked by an arrow. When the descending
axon reaches the white matter, it makes a 90� turn and runs parallel
with the other fibers, continuing to form boutons

Fig. 10 Spine density of corticotectal (SC) and corticopretectal
(NOT) neurons, and bouton density as a function of the extension
of their apical dendrite in layer I. NOT-projecting neurons are clus-
tered in the lower right quarter, while SC-projecting cells are con-
centrated in the upper right. Note that no overlap between the two
populations occurred
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the graph as a result of their huge apical dendrites and low
spine density, SC-projecting cells were grouped in the up-
per left of the graph, owing to their high spine density in
layer III, high bouton density, and the small lateral exten-
sion of their apical dendrite in cortical layer I.

Discussion

We characterized corticopretectal and corticotectal cell
populations in the visual neocortex of the rat. The main
finding of this study is that NOT-projecting and SC-pro-
jecting neurons, while being biophysically similar, never-
theless can integrate and transmit different aspects of cor-
tical visual information to their target structures. This is
suggested by the differences in their morphology (spine
density and extension of tuft) and by the differences in
their responses to microstimulation in layer II/III. The re-
sults of the intracellular stimulation experiments suggest
that both populations exhibit a significant functional di-
versity with respect to the intrinsic membrane properties
that control their spiking behavior. Furthermore, varia-
tions between these two populations, either in electro-
physiological or morphological parameters, are mainly
observed in supragranular layers. Responses to intracorti-
cal microstimulation and spine counts differ in cortical
layer II/III, the apical denrite tuft extension varies in layer
I.

For corticotectal neurons and callosal projecting cells
(CC-cells), Kasper et al. (1994) have demonstrated that
both cell populations can be separated by biophysical
and morphological parameters (SC-projecting neurons:
large neurons, soma always located in layer V, tuft in lay-
er I, IBs, low input resistance, low time constant; CC-
cells: slender morphology, soma located in layers II/III
and V ± if in layer V, the apical dendrite does not reach
layer I ± RSs, higher input resistance, high time con-
stant).

Before looking at the results of our experiments in
greater detail and comparing them with previous studies,
we will first critically evaluate the methods used. Every-
one implementing dyes for retrograde labeling encounters
the problem of dye uptake by fibers en passant. The dyes
used in this study allegedly minimize this problem as far
as possible (for FB, see Kuypers et al. 1980; for RLM, see
Katz et al. 1984). Therefore it is unlikely that the retro-
grade labeling will be contaminated, owing to the proxim-
ity of the NOT to the brachium of the SC. Furthermore,
RLMs are known to have a small diffusion area. In every
experiment performed, we verified that no dye diffused in
the diffusion zone of the other dye. In cases where this oc-
curred, the results were not included in this study. This is
the main reason why only a small number of experiments
labeling both SC and NOT were considered successful.
The qualitative results confirmed the well-known fact that
projection neurons to the mesencephalon are located ex-
clusively in layer V of the visual cortex (Klein et al.
1986; Schofield et al. 1987; Hübener and Bolz 1988, Hall-
man et al. 1988; Koester and O�Leary 1992; Wang and

McCormick 1993; Kasper et al. 1994). Our counts of
the proportion of neurons (only determined in animals
in which both structures were almost completely filled)
that were back-labeled from both the SC and NOT agree
with the findings made by Mader (1987), who reported
values of between 15% and 20% of cortical NOT-project-
ing cells that also project to the SC for the cat.

Resting membrane potentials and membrane time
constants are similar to those reported by Kasper et al.
(1994). The input resistances in our sample are higher,
probably due to the fact that neurons with very thin api-
cal dendrites projecting to the NOT are included in our
sample. Such types of neurons, which are known to have
a higher input resistance (Mason and Larkman 1990), are
missing from Kasper�s sample. The conduction veloci-
ties observed after extracellular microstimulation are
nearly identical to the values reported by Lohmann and
Rörig (1994). From all this we conclude that our slices
were in a good physiological condition. Care was taken
to stimulate the projection neurons from the same cyto-
architectonically defined area as the one in which they
were located, hence the stimulation should be considered
to be intracortical (except for stimulation sites more than
1500 mm apart). The mean values of conduction veloci-
ties of 0.29 m/s (see Fig. 4) support this notion (Loh-
mann and Rörig 1994). If the stimulated axons passed
through the white matter they would have been partly
myelinated and conduction velocities would have been
higher.

When preparing slices of a certain thickness, 450 mm
in our case, long dendritic and axonal processes conse-
quently are lost. In particular, the long horizontal axon
collaterals and the long dendritic tufts in layer I are likely
to be severed. But this only has an effect on the total ax-
onal and dendritic length and the maximum lateral exten-
sions of the axonal and the dendritic trees. Therefore, the
results of the present paper should be regarded as a qual-
itative description of the differences in the arborization
patterns of the neurons (dendritic and axonal) and not
as quantitative (absolute) measures. A study implement-
ing intracellular recordings in vivo would, of course, be
optimal (as performed by Mader 1987). Furthermore it
is not likely that the differences between the two popula-
tions are due to the dendritic/axonal trees not being com-
pletely filled. If this was the case one would have to ac-
cept the hypothesis that the filling of the dendritic tree
was incomplete in all corticotectal neurons, while it was
complete for the corticopretectal neurons. This hypothesis
would also imply that filling axonal collaterals in cortical
layer V of a corticopretectal neuron had been complete, or
that it had not been severed by the slicing procedure, and
the filling was incomplete for axonal collaterals in layer
II/III. However, if we keep these results in mind, the pre-
sented data are nevertheless clear enough to draw the fol-
lowing conclusions. The values given for the total axonal
length might be underestimated and therefore have to be
corrected, but for both populations. After all, these limita-
tions did not affect parameters such as the soma area,
spine, and bouton density.



386

Membrane parameters

Our results clearly demonstrate that the subcortically pro-
jecting cells in layer V of a rat visual cortex constitute a
heterogeneous population with regard to their electro-
physiological properties. This confirms data presented
by Tseng and Prince (1993) and Lohmann and Rörig
(1994) showing that there are large layer V pyramids that
could be classified as RS. Thus, our observation contra-
dicts the results reported by Chagnac-Amitai et al.
(1990), Larkman and Mason (1990), and Kasper et al.
(1994) that all large layer V neurons or all corticotectal
cells can be classified as IB. It was not possible to identify
the projection neurons only according to their electro-
physiological response mode, even though we reached a
much higher resolution in prelabeling midbrain structures
compared with other investigators. Wang and McCormick
(1993) and Kasper et al. (1994), for example, injected ei-
ther many small or a few large amounts of tracer into the
SC to obtain strong back-labeling in the visual cortex.
With this procedure they most likely also prelabeled the
various pretectal nuclei close to the SC, which alone pro-
duced a heterogeneous population of prelabeled neurons.
According to Hallman et al. (1988), about 60% of corti-
cotectal neurons in rats also project to the pons, and Klein
et al. (1986) reported that about half of all corticotectal
neurons in hamsters also project to the lateral posterior
nucleus. Owing to the existence of multiple targets and
the wide variety of possible information needed by the
target structures, a clear-cut anatomical-physiological
correlation is difficult to prove based on such a population
as a whole. Even when a principal component analysis
was performed as a clustering method, no correlation
was possible. Moreover, no typical spike afterpotential se-
quence could be found for the two populations of projec-
tion neurons.

We therefore conclude that the response properties of
the neurons to intracellularly applied current pulses do
not allow these two populations to be separated. Our data
agree with results of Tseng and Prince (1993), who also
found that corticospinal neurons constitute a very hetero-
geneous group, and Lohmann and Rörig (1994), who
found no strong correlation between the morphology
and electrophysiology of neurons in rat visual cortex.
We were also able to confirm the results of Chen et al.
(1996a, b), who succeeded in demonstrating that large
layer V pyramids of cat motor cortex do show narrow
spikes with a fahp, something which we found for two
corticopretectal neurons (see Fig. 3B). In addition, the
classification of neurons as IB, DS, or RS is not as easy
as one might wish. Our impression is that the spike dis-
charge behavior of both populations is better described
as ª... a continuum of variations...,º as stated by Connors
and Gutnick (1990). The fact that Silva et al. (1991a, b)
and Tseng and Prince (1993) introduced another classifi-
cation based on the response pattern and the different se-
quences of afterpotentials makes this problem even more
complicated. But if the populations are compared per se,
the corticopretectal population contains a much higher

proportion of RS neurons (25%) than the corticotectal
population (7%). In addition, none of the corticopretectal
neurons could be classified as DS, in contrast to 13% of
the corticotectal neurons.

The finding that concludes there are no different after-
potential sequences for the two cell populations, (cf. Ta-
ble 1) suggests that these projection neurons do not pos-
sess special ion channels determined by their projection
target. It is still possible that differences in channel equip-
ment could be detected using pharmacological methods
and patch-clamp techniques. Such a suggestion is support-
ed by the results of Solomon et al. (1993), who reported a
projection target-specific expression of an inward current
with a fast and slow component in acutely dissociated cell
cultures.

Intracortical microstimulation

The linear correlation between applied current amplitude
and stimulation distance implies that in the visual cortex
of the rat there is not only a homogenous distribution of
fiber types but also a decline in intercellular connectivity
with increasing intercell distance (Lohmann and Rörig
1994).

The data of the intracortical microstimulation also sug-
gest that, despite the similar electrophysiological proper-
ties of single cells, the connectivity within the surround-
ing cortical network of the two populations certainly dif-
fers. Similar onset latencies for both populations show
that these disparities are not a result of different fiber
types connecting the two populations. Even the shorter
onset latencies in NOT-projection neurons when the later-
al stimulation distance exceeds 1500 mm is probably due
to a partial myelination of the stimulated fibers traveling
through the white matter. In this case it would be more ap-
propriate to speak of an interareal stimulation.

Nicoll et al. (1993) demonstrated that EPSPs with
steep slopes are generated nearer to the soma than EPSPs
with low slopes. If these results are applied to our find-
ings for different EPSP slopes dependent on the stimula-
tion distance for the two projection populations, they re-
veal differences in the physiological as well as the ana-
tomical embedding of corticotectal and corticopretectal
neurons in cortical layer II/III. Fibers originating nearby
and at midrange distances from recorded corticotectal
neurons terminate closer to the soma and are therefore
more effective in eliciting an action potential in the post-
synaptic neuron than fibers originating from locations
further away. For corticopretectal neurons the situation
is reversed; here fibers emanating from locations far
away terminate closer to the soma than fibers originating
from sites nearby.

Morphology

Our morphological data differ slightly from previous re-
ports. The findings of Hübener et al. (1990) for the cat,
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namely that corticotectal neurons mainly possess large
somata, could not be confirmed by our results for the
rat. These authors reported a range of soma areas of
110±300 mm2. This is consistent with our data, but their
sample exhibits a clear shift to higher values, resulting in
a mean value of 203 mm2, compared with the mean value
of 163 mm2 in our findings. Our data are very close to the
ones of 164 mm2 for the hamster reported by Klein et al.
(1986). No differences in soma area between the projec-
tion neurons and the unlabeled neurons could be found,
the latter mostly consisted of corticocortical neurons. In
the cat, it is perhaps necessary to transmit the informa-
tion along thicker axons, owing to the larger distance be-
tween the cortex and the SC. This would correlate with
the larger somata reported by Tseng and Prince (1993).
Nevertheless, Hübener et al. (1990) themselves stated
ª...that at least in the cat and rat visual cortex, cell body
size is not a very useful parameter for the classifications
of the neurons.º

Our measurements of spine density also differ from
several previous reports. Larkman (1991c) reported val-
ues of 15 000 spines for large layer V neurons. This is
nearly twice the number we estimated. There might be
several reasons for this discrepancy. First, our method
of estimating spines definitely underestimates the total
number, because we integrated large parts of the dendrit-
ic tree. Second, there are probably differences between
the strains of rats used in the two studies that might ac-
count for the results observed. We used Long-Evans
hooded rats (60 days old), while Larkman (1991, a,b,c)
used young (30 days old) Wistar rats. Third, corticotectal
neurons might not be the neurons with the highest density
of spines. The latter view is supported by results present-
ed by Hübener et al. (1990). Their estimations for SC-
projecting neurons of the cat range from 29 to 10 000
spines. This result is much closer to our data, especially
if one recalls their method of labeling the SC, which re-
sults in the pretectum being labeled, too. Possibly for the
same reason, Hübener et al. (1990) were unable to estab-
lish the clear relationship between the projection target
and morphology of the axon collaterals that we were able
to observe. Despite this, the estimations of total spine
counts shown in Table 3 indicate that corticopretectal
neurons do not necessarily possess fewer spines than cor-
ticotectal neurons, but that they are distributed differently
along the dendrites.

The question now arises as to why corticotectal and
corticopretectal neurons exhibit such a distinct spine dis-
tribution? Müller and Connor (1991) and Guthrie et al.
(1991) were able to demonstrate that the internal Ca2+

concentration of each individual spine could be regulated
independently of the Ca2+ concentration of the mother
dendrite. This implies that the cell is able to regulate
the efficiency of each synapse. With their numerous
spines in layer II/III, corticotectal cells should therefore
be able to weigh the incoming information from these lay-
ers according to the actual state of the surrounding corti-
cal network by regulating the internal Ca2+ concentration
in the spines. Together with their small tufts, this should

enable the neurons to collect information with high spatial
resolution in the cortical map of the visual world. This is
in line with the results of the intracortical microstimula-
tion, where corticotectal neurons were most effectively
driven by stimulation sites nearby. In contrast, corticopre-
tectal neurons with their small number of spines in layer
II/III either receive much less information from the supra-
granular layers than corticotectal neurons or their inputs
go directly on to the dendrites so that they are unable to
weigh the incoming information separately. To solve
these questions, an electron microscopic study would
have to be performed (which was not within the scope
of this study).

Other differences have been observed in the dendritic
morphology of the two populations. With their huge den-
dritic arborization in cortical layer I, corticopretectal neu-
rons should be able to collect information from a large
part of the visual field; particularly if one recalls that
Burkhalter (1989) and Olavarria and Montero (1989),
working with the rat, and Felleman and van Essen
(1991), with cat and monkey, all demonstrated that most
feedback connections from higher visual areas tend to ter-
minate in cortical layer I, because they generally have
larger receptive fields. Therefore, corticopretectal neurons
should mostly process global (visual) information.

When we take a look at the axonal trees, no differences
between the two populations are observed in their arbori-
zation in cortical layers V and VI (as for the basal dendrit-
ic tree, too). Differences do occur in cortical layer II/III.
This is also consistent with the results of the intracortical
microstimulation, where no differences between the two
populations can be observed during stimulation of layer
V. Therefore, it is likely that the different forms of inte-
grations that the two populations might have to perform
are done in cortical layer II/III.

There is a problem in interpreting the possible function
of the five corticopretectal neurons with a thin apical den-
drite. It is unlikely that the characteristics of these neurons
are artifacts. Only corticopretectal neurons in area 17 ex-
hibited such a morphology. In fact, neither NOT-project-
ing neurons in area 18a nor any SC-projecting cells (either
in 17 or in 18a) had such a morphology. Furthermore,
these neurons with thinner apical denrites possessed a
higher membrane resistance (56 MW compared with
38 MW in the other NOT-projecting neurons). These
neurons resemble, in the appearence of their dendritic
trees, the ªslenderº corticocortical neurons presented by
Hübener and Bolz (1988) and Kasper et al. (1994).

A schematic presentation of corticotectal and -pretectal
neurons is given in Fig. 11 (camera lucida drawings of
corticotectal neurons can be found in: for the rat, Scho-
field et al. 1987; Kasper et al. 1994; for the cat, Hübener
and Bolz 1988).

When spines and boutons are regarded as the light-mi-
croscopic analogs of synaptic contacts (see Braitenberg
and Schütz 1991 for a comprehensive review of this sub-
ject), the following conclusions can be drawn. Corticotec-
tal neurons, which have long extending collaterals in cor-
tical layer II/III and many more boutons, possibly activate



388

excitatory and inhibitory neuronal loops, thus providing a
high spatial resolution for the information that will be
transmitted to the SC. This information is needed by the
SC for mediating accurate visual orienting responses. Be-
cause the visual cortex is retinotopically organized, the
small lateral stimulation distance in slice preparation
equals small distances in retinotopic coordinates and
hence in visual space. EPSPs were most efficient if elic-
ited at a position close to the recorded cell, namely at lat-
eral distances up to 1000 mm. This value equals the dis-
tance of two neighboring corticotectal neurons with no
overlap in their dendritic field. In contrast, corticopretec-
tal neurons with ascending collaterals relatively close to
their own apical dendrite therefore only activate other
cortical neurons representing a similar spatial location
and possibly the same preferred directions. Also, as indi-
cated by the relatively low number of boutons on their ax-
onal collaterals, they only activate few other neurons. Be-
cause of their far-reaching inputs in layer II/III, cortico-
pretectal neurons should be capable of transmitting direc-
tional information of large parts of the visual field. There-
fore, EPSPs have the steepest slope and highest efficiency
if they are elicited from stimulation sites up to 1500 mm
away from the recorded neuron, corresponding to a large
part in the visual field. The directional information from
large parts of the visual field is needed to support the

globally organized optokinetic reflex mediated by the
NOT.

In summary, both populations seem to be well suited,
both in terms of their morphology and their intracortical
connections, to transmit appropriate information to their
subcortical targets. While corticotectal cells should be
able to transmit information with good spatial resolution,
subserving visual orienting, corticopretectal neurons
should be capable of transmitting directional information
from large parts of the visual field.
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