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Brainstem modulation of visual response properties of single
cells in the dorsal lateral geniculate nucleus of cat

L. T. Fjeld, O. Ruksenas * and P. Heggelund
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The dorsal lateral geniculate nucleus (dLGN) transmits visual signals from the retina to the cortex.
In the dLGN the antagonism between the centre and the surround of the receptive fields is increased
through intrageniculate inhibitory mechanisms. Furthermore, the transmission of signals through
the dLGN is modulated in a state-dependent manner by input from various brainstem nuclei
including an area in the parabrachial region (PBR) containing cholinergic cells involved in the
regulation of arousal and sleep. Here, we studied the effects of increased PBR input on the spatial
receptive field properties of cells in the dLGN. We made simultaneous single-unit recordings of the
input to the cells from the retina (S-potentials) and the output of the cells to the cortex (action
potentials) to determine spatial receptive field modifications generated in the dLGN. State-
dependent modulation of the spatial receptive field properties was studied by electrical stimulation
of the PBR. The results showed that PBR stimulation had only a minor effect on the modifications of
the spatial receptive field properties generated in the dLGN. The PBR-evoked effects could be
described mainly as increased response gain. This suggested that the spatial modifications of the
receptive field occurred at an earlier stage of processing in the dLGN than the PBR-controlled gain
regulation, such that the PBR input modulates the gain of the spatially modified signals. We
propose that the spatial receptive field modifications occur at the input to relay cells through the
synaptic triades between retinal afferents, inhibitory interneurone dendrites, and relay cell
dendrites and that the gain regulation is related to postsynaptic cholinergic effects on the relay cells.
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The dorsal lateral geniculate nucleus (dLGN) relays signals
from the retina to the visual cortex. The receptive field of
the thalamocortical relay cells has the same antagonistic
centre—surround organization as retinal ganglion cells, but
the antagonism between centre and surround is stronger
than in the retinal cells (Hubel & Wiesel, 1961) due to
inhibitory input to the relay cells (Sillito & Kemp, 1983;
Eysel et al. 1986; Norton et al. 1989; Ruksenas et al. 2000).
The inhibitory input consists of feedforward inhibition
from intrinsic, intralaminar GABAergic cells and feedback
inhibition from GABAergic cells in the perigeniculate
nucleus (PGN). The feedforward inhibition is mediated
through dendritic as well as axonal output from the
interneurones (reviewed in McCormick et al. 1997). The
reinforced surround inhibition is presumably mediated by
the intrinsic interneurones (Ahlsén et al. 1985; Eysel et al.
1986; Funke & Eysel, 2000; Ruksenas et al. 2000).

The transmission of signals to the cerebral cortex is
modulated by state-related ascending input from various
regions in the brainstem and the hypothalamus (reviewed
in Steriade et al. 1997). The most prominent modulatory
input comes from cholinergic cells in the parabrachial
region (PBR) of the mesencephalic brainstem (De Lima &

Singer, 1987; Fitzpatrick et al. 1989) that show increased
firing rates during arousal. Terminals from these cells
contact all elements in the dLGN circuit (Montero, 1991).
On relay cells PBR stimulation or local application of
acetylcholine (ACh) have an excitatory effect (Sillito et al.
1983; Eysel et al. 1986; Francesconi et al. 1988; Hartveit &
Heggelund, 1993a, b; 1995; Hartveit et al. 1993; Uhlrich et
al. 1995). In vitro studies (reviewed by McCormick et al.
1997) have shown that this excitation is due to a slow, long-
lasting depolarization mediated by muscarinic receptors that
reduce a potassium current (Ix...), often preceded by a fast
and short-lasting excitation through nicotinic receptors.
The depolarization can shift the firing mode of relay cells
from rhythmic burst firing, occurring at hyperpolarized
membrane potentials during drowsiness and slow-wave
sleep, to tonic firing of single action potentials occurring
during arousal and REM sleep (reviewed in Steriade et al.
1997). PGN cells are inhibited by ACh through a muscarinic
receptor-mediated hyperpolarization (McCormick & Prince,
1987) which may be preceded by a fast, short-lasting
nicotinic receptor-mediated excitation (Lee & McCormick,
1995). In vivo studies have shown that the inhibitory effect
is related to spontaneous and tonic firing, while visually
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driven activity may be enhanced (Funke & Eysel, 1993,
2000; Murphy et al. 1994). Effects of ACh on intralaminar
interneurones are more complex. ACh and PBR stimulation
seem to have an inhibitory effect on the firing rate of
interneurones (Ahlsén et al. 1984; Francesconi et al. 1988;
McCormick & Pape, 1988; Pape & McCormick, 1995),
suggesting an inhibitory effect on the spontaneous axonal
output of these cells. There may be an inhibitory effect on
evoked firing, too (Francesconi et al. 1988). Little is known
about cholinergic effects on the dendritic output of the
interneurones. Zhu & Heggelund (2001) demonstrated
that a muscarinic receptor agonist changed the inhibitory
effects of interneurones on a relay cell from wide-range
inhibition to a spatially more restricted inhibition. The
change was related to activation of one hyperpolarizing
and two depolarizing currents that lowered the input
resistance in the interneurones. Lowered input resistance
reduces the impact an excitatory dendritic input has on the
axonal output of the cell, as well as the range of summation
across the dendritic tree for the output from a given
dendritic synapse.

The effects of cholinergic modulation on the spatial receptive
field organization of relay cells are not well understood.
The results referred to above, which demonstrated
cholinergic attenuation of output from interneurones,
suggest reduced surround inhibition and centre—surround
antagonism in relay cells by increased cholinergic input to
the dLGN. Although the effect of increased cholinergic
input on the degree of surround inhibition has not
previously been measured directly, results from several in
vivo experiments have been interpreted as evidence for
increased, rather than, decreased surround inhibition during
PBR stimulation (Uhlrich et al. 1995), local application of
ACh (Sillito et al. 1983; Eysel et al. 1986), or arousal from
sleep (Livingstone & Hubel, 1981). Furthermore, increased
rather than decreased centre—surround antagonism has
been suggested (Eysel et al. 1986).

The purpose of the present study was to study directly the
effects of PBR stimulation on the spatial receptive field
organization and centre—surround antagonism in dLGN
cells. We recently showed that centre—surround antagonism
is increased on average by ~50 % at the retino-geniculate
relay (Ruksenas et al. 2000). Here we demonstrate that this
increased antagonism is almost unchanged during PBR
stimulation and that the effect of PBR stimulation is mainly
an increase of response gain. The results suggested that the
mechanism responsible for the increased centre—surround
antagonism and the regulation of gain occur at successive
stages of processing in the dLGN such that PBR input
modulates the gain of the spatially modified signals.

METHODS

Adult cats (2.0-3.5kg) were prepared (arterial and venous
cannulation, tracheotomy and craniotomies) under anaesthesia
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in accordance with governmental guidelines regarding the care
and welfare of experimental animals and as described in detail
previously (Hartveit & Heggelund, 1993b). Anaesthesia was
induced by xylazine (1 mg kg™' 1.M.) and ketamine hydrochloride
(10 mg kg™ 1.M.), and maintained during surgery by halothane
(0.5-1.5%) in N,O/O, (75/25%-70/30 %). After surgery the
animals were immobilized (gallamine triethiodide, initial dose
40 mg, maintenance dose 10 mg kg™' h™'), and anaesthesia was
maintained throughout the experiment by halothane (0.2-1.2 %)
in N,O/O, (75/25%-70/30%). Epidural EEG was recorded
through differential amplification of signals from a pair of silver
wires implanted in the left cortical Area 17 at Horsley-Clarke
(H-C) stereotaxic co-ordinates: posterior 3.5 mm, lateral 2.0 and
10.0 mm. We continuously monitored arterial blood pressure,
heart rate, electroencephalogram (EEG) and end tidal CO, (4 %)
to ensure adequate and stable anaesthesia. The rectal temperature
was kept at 38°C by a temperature-controlled heating blanket.
Bilateral cervical sympathectomy was performed to increase the
stability of the eyes (Rodieck et al. 1967). Atropine and
phenylephrine were applied to both eyes in order to dilate the
pupils and retract the nictitating membranes. Contact lenses
focused the eyes on a video monitor 1.14 m in front of the eyes of
the cat.

A bipolar stimulation electrode (0.2 mm stainless steel or tungsten),
varnish insulated except for the tips (exposure 0.3-0.75 mm), was
implanted stereotaxically into the optic chiasm (OX) at H-C co-
ordinates anterior 14.0 mm with each wire located 1.75 mm from
the midline. The electrode was advanced until the threshold for a
cortical-evoked potential was minimal (Francesconi et al. 1988;
Hartveit & Heggelund, 1993). The stimuli were 50 us square-wave
pulses. For PBR stimulation another bipolar electrode was used,
similar to the first except that the separation between the wires was
2 mm. This electrode was implanted at the midbrain—pontine
junction (H-C anterior—posterior 0, 2.0-4.0 mm from the
midline, horizontal about +8 mm; Ahlsén et al. 1984; Francesconi
etal. 1988; Hu et al. 1989; Hartveit & Heggelund, 1993a) ipsilateral to
a recording electrode in the dLGN (cf. Fig. 1 in Hartveit &
Heggelund, 1993a). For optimal positioning of the PBR electrode,
OX stimuli were given together with a pulse-train stimulus (five
50 pus square-wave pulses at 70 Hz, intensity 300-750 #A) through
the PBR electrode that started 100 ms before the OX stimulus. The
PBR electrode was then advanced until maximal facilitation of the
cortical potential was evoked by the OX stimulus (Francesconi et
al. 1988). No consistent changes in the EEG pattern were observed
following PBR stimulation.

Recordings of action potentials, or combined recordings of action
potentials and S-potentials, from single units in the A-laminae of
the dLGN were made extracellularly with glass-insulated tungsten
electrodes (Levick, 1972; exposed tip 6-8 mm), or with glass
pipettes filled with 0.9 % NaCl (15-25 MQ in vivo). The recording
electrode was inserted through a craniotomy over the left
hemisphere at H-C co-ordinates anterior 6.0 mm, lateral 15.0 mm,
and with an angle of 32 deg from the vertical in a coronal plane.
With this electrode angle the location of the receptive field was
about the same for all cells recorded in an electrode penetration.

After isolation of action potentials from a single cell, its receptive
field centre was plotted with hand-held stationary or moving light
and dark spots, as well as grating stimuli. The cells were classified
as X orY, and lagged or non-lagged as described previously (Hartveit
& Heggelund, 1993a). We attempted to obtain S-potentials from
the same cell in addition to the action potentials by slowly moving
the electrode forward such that the amplitude of the action
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potentials increased. In successful cases the amplitude of the
S-potentials gradually increased, too. The electrode was advanced
until the S-potentials could be clearly separated from the back-
ground noise. S-potentials were easily distinguishable from action
potentials by their characteristic slower waveform, and smaller
amplitude (Bishop et al. 1958; Freygang, 1958; Hubel & Wiesel,
1961; Cleland et al. 1971; Coenen & Vendrik, 1972; Kaplan &
Shapley, 1984; Hartveit & Heggelund, 1990; Norton & Godwin,
1992; Hamamoto et al. 1994; Cheng et al. 1995) as illustrated by
Fig. 1A. The time of occurrence of an action potential was detected
by a Schmidt-trigger with the level set well above background
noise and S-potentials. To record retinal input we used a second
Schmidt-trigger with the level adjusted above the background
noise such that all S-potentials as well as action potentials were
detected, thus assuming, as in previous studies, that each action
potential was elicited by an S-potential (notice initial shoulder in
the action potentials in Fig. 1A, cf. also Coenen & Vendrik, 1972;
Fukuda & Stone, 1976; So & Shapley, 1979, 1981; Fourment et al.
1984; Norton & Godwin, 1992; Hartveit & Heggelund, 1995).
During recordings the electrode signals and output from Schmidt
triggers were continuously monitored on an oscilloscope, and over
separate audio-monitors for the various response components.

For each cell we made quantitative studies of the spatial receptive
field properties. Visual stimuli were presented on a computer-
controlled video monitor in front of the cat’s eyes. The stimuli
were series of stationary light or dark circular spots (light spots for
on-centre cells, dark spots for off-centre cells) concentric to the
receptive field. The spot diameter was stepwise varied from a spot
that covered only a small part of the receptive field centre to spots
that covered the whole receptive field. The contrast and back-
ground luminance were fixed for each series of spot sizes. Contrast
and background luminance were selected such that there was a
clear response to the spots, and such that the maximum response
was well below response saturation for the cell, also during PBR
stimulation. Contrast was defined as:

(Lspot - Lbkg)/(LspOt + Lbkg))

where Ly, is the luminance of the spot and Ly, is the luminance of
the background. The contrast range for on-centre cells was from
0.04 to 0.43. For off-centre cells the range was from —0.11 to —0.5
except for 3 cells (—0.67, —0.8 and —0.9). The range of background
luminance was 10-65 cd m™* except for recordings from one of
the cells (95 cd m™).

For each spot diameter the response to a sequence of fourteen
stimulus conditions was recorded as illustrated by the peri-
stimulus—time histogram (PSTH) in Fig. 1B. In the first condition
(duration 250 ms) spontaneous activity was recorded. Then the
spot was switched on (500 ms) and off (500 ms) six times, the first
two times as a control before PBR stimulation, then twice during
PBR stimulation, and finally twice after PBR stimulation to verify
the decay of the PBR effect. At the end there was an extension
(250 ms) of the period without stimulation to check recovery of
the control level of spontaneous activity. The response to each
spot size was recorded in this way once. Then the whole series of
recordings was repeated, and PSTHs for each spot size were
compiled from 10-30 repetitive presentations of the series of
spots. The bin width of the histograms was 5 ms. Response was
measured as average firing rate during the time window of the
appropriate stimulus condition.

The position of the receptive field was plotted before and after the
recordings to check for possible drift in eye position. In a few cases
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a drift was detected. The data were then discarded and recordings
repeated after proper adjustment of spot position. To reduce the
risk of error of measurement due to undetected eye movements,
we preferentially sampled cells with receptive fields outside the
area centralis. During recordings the non-dominant eye was
always covered.

The PSTHs were used to plot response versus spot diameter curves
(Fig. 2). In such curves the width of the receptive field centre is
indicated by the diameter of the spot that gives maximum
response and the width of the receptive field surround by the
smallest spot stimulating both centre and surround that gives
minimum response (Ruksenas et al. 2000). The latter spot
diameter was in several cases difficult to read directly from a
response versus spot diameter curve. We therefore fitted two linear
regression lines to each curve (illustrated in Fig. 1 of Ruksenas et
al. 2000). The first line was fitted to data points in the falling part
of the curve starting from the point of maximum response. The
second line was fitted to the data points for the large spots where
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Figure 1. Recordings and PSTH illustrating visual
response

A, original recording trace showing differences between
S-potentials (SP) and action potentials (AP). The lower trace shows
the action potential and the preceding S-potential on a larger time
scale. Notice the initial shoulder on the action potential indicating
that the action potential takes off from an S-potential. Scale bar in
upper trace, 25 ms, in lower trace 5 ms. B, a PSTH showing the
response to the sequence of the 14 stimulus conditions for one spot
size. This histogram was compiled from 20 repetitions; bin width

5 ms. The six horizontal lines under the histogram mark the
periods (500 ms) when the visual stimulus was on (light spot for
on-centre cells, dark spot for off-centre cells). The lowermost
horizontal line marks the period during which the train-
stimulation of PBR was applied.
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the curve was flat or had a rising slope. The width of the surround
was defined by the intersection point between the two lines.

At the end of the experiment the animal was deeply anaesthetised
with pentobarbitone sodium (50 mg kg™ 1.v.) and perfused
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Figure 2. Effect of PBR stimulation on spatial summation
and receptive field organization

Response versus spot width curves before (O) and during (@) PBR
stimulation. The response was measured as mean firing rate during
the first spot presentation in the control condition (2nd condition
in the PSTH, cf. Fig. 1B) and the first spot presentation during
PBR stimulation (6th condition in the PSTH). A, on-centre X cell.
B, off-centre X cell. C, off-centre Y cell. Each data point was based
on 10 stimulus repetitionsin A, 10 in B, and 23 in C. The contrast
was 0.33in A, —0.671in B,and —-0.21in C.

J. Physiol. 543.2

transcardially with saline followed by 4 % formaldehyde in saline.
In some of the experiments (~509%) brain blocks were cut at
25 pm sections on a freezing microtome and Nissl stained with
cresyl violet, and the positions of the recording and stimulation
electrodes were verified histologically.

RESULTS

The effect of PBR stimulation on spatial summation and
centre—surround antagonism in the receptive field was
studied for 60 cells in the A-laminae. The cells had their
receptive field centred within 30 deg from the area centralis.
Forty-one cells were classified as X cells (24 on-centre, 17
off-centre cells), and 19 as Y cells (9 on-centre, 10 off-
centre cells). For 14 of the cells (13X, 1Y), S-potentials
were recorded in addition to action potentials such that
the spatial summation characteristics of the cell response
(with and without PBR stimulation) could be compared
with the characteristics of the retinal input to the cell.
Three of the X cells were lagged. The spatial receptive field
properties of lagged and non-lagged cells seem to be quite
similar (Mastronarde, 1987; Humphrey & Weller, 1988;
Heggelund & Hartveit, 1990; Hartveit & Heggelund, 1992;
Hartveit et al. 1993). The lagged and non-lagged X cells
were therefore treated together in a single sample of X cells
as described below.

Effects of PBR stimulation on spatial summation
and centre-surround antagonism

For each cell we determined the response to a series of
stationary spots (light spots for on-centre cells and dark
spots for off-centre cells) where the spot width varied while
contrast was constant (Fig. 2). For each spot width we
recorded the response to a sequence of different stimulus
conditions (cf. histogram in Fig. 1B). The sequence included
two spot presentations before PBR stimulation as controls,
two during continuous pulse-train stimulation of PBR,
and two control presentations after PBR stimulation to
verify the decay of the PBR effect. The response to the first
of the two spot presentations during PBR stimulation was
stronger than the response to the second (Fig. 1B), in most
cases. However, the general conclusions from our study
concerning the effects of PBR stimulation were the same
whether calculations were based on the first or the second
spot presentation. We used data from the first spot
presentation in the findings presented below because this
gave the most salient expression of the PBR-evoked changes.

The PBR stimulation had a clear enhancement effect on
the response of almost all cells, but the degree of effect
varied from cell to cell as shown by the bar plots in Fig. 3.
The mean (m) increase of response, measured at the spot
width that gave the strongest response in the condition
without PBR stimulation (control condition), was 28.5 %
(s.D. = 22.5). This is about the same degree of enhancement
as Uhlrich et al. (1995) found with similar conditions of
PBR stimulation. There was no significant difference in the
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Figure 4. Scatter plots showing the centre-surround
Figure 3. Degree of PBR-evoked enhancement of the antagonism during PBR stimulation versus antagonism
dLGN cell response in the control condition

A, Xcells. B, Y cells. C, all cells. A, Xcells. B, Y cells. C, all cells.
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diameter of the receptive field centre), and r is the
response to the spot width that gave minimum response
(putatively corresponding to the diameter of the antagonistic
surround). Thus, the difference r, — ., expresses how much
the surround reduced the centre response.

Parabrachial region stimulation had little effect on the
centre—surround antagonism in most cells (Fig. 4), but
there was, however, a slight tendency toward reduced
centre—surround antagonism. The average antagonism was
reduced from 78.8 % in the control condition to 74.4 %
during PBR stimulation, a reduction that was statistically
significant (P < 0.001, paired ¢ test). A reduction was found
for both X cells (control: m = 81.0 %, s.pD. = 16; PBR:
m = 78.0%, s.D.=19) and Y cells (control: m = 77.0 %,
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s.D. = 14; PBR: m = 68.0%, s.D. = 15). Y cells tended to
have weaker centre—surround antagonism than X cells
(Fukuda & Stone, 1976; Bullier & Norton, 1979; Ruksenas
et al. 2000). This was also the case with the present
material, but the difference in the control condition was
not statistically significant, whereas the difference in the
PBR condition was (P < 0.05).

Receptive field centre and surround diameter during
PBR stimulation

The width of the receptive field centre was defined by the
spot diameter that gave maximal response (the peak in
the response versus spot diameter curve). The diameter of
the antagonistic surround was defined by the minimum
response in the receptive field periphery, beyond which

359 RF centre diameter, Y cells

slope =0.91,r=0.94

3.04 °
2.5 °

2.0 . °
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Figure 5. Effects of PBR stimulation on receptive field dimensions

Scatter plots of the diameter of the RF-centre for A, X cells and B, Y cells, RF-surround for C, X cellsand D, Y
cells during PBR stimulation versus the control condition.
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there was often an increased response with increasing spot
diameter. For some cells, however, there was no clearly
defined minimum point and the response versus spot
diameter curve was more or less flat over the range of the
largest spot sizes (cf. Fig. 2). For this reason, the width of
the receptive field surround was defined for all cells by the
intersection point between two linear regression lines
fitted to each curve (cf. Methods).
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The average diameter of the receptive field centre and
surround for the whole sample of cells in the control
condition was 1.30 deg (s.D. = 0.72) and 5.43 deg (s.D. =
2.61), respectively. During PBR stimulation the average
values were 1.34 deg (s.D. = 0.70) and 5.69 deg (s.D. = 2.58),
respectively. Thus, there was a tendency toward a slight
widening of the receptive field centre during PBR
stimulation (Fig. 5), consistent with previous findings
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(Hartveit et al. 1993). The widening was statistically
significant for the X cells (m = 0.06 deg, s.p. =0.19,
P < 0.05, paired ¢ test) but not for the Y cells. There was
also a slight widening of the receptive field surround during
PBR stimulation. This widening was statistically significant
(P < 0.05, paired ttest) for both X (m = 0.11 deg, s.D. = 0.34)
and Y cells (m = 0.11 deg, s.n. = 0.32).

The very small changes of centre and surround diameter
gave further support to the conclusion that increased PBR
input has little effect on the spatial characteristics of the
receptive field.

Linear relationship between control response and
response during PBR stimulation

A simple explanation of the results presented above is
that the PBR effect consists of a linear gain increase of the
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Figure 7. Response to the various spot sizes during PBR
stimulation showed high correlation with the response
in the control condition

Frequency distribution of the coefficient of correlation for
A, Xcells; B,Y cells and C, all cells . Bin width 0.01.
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dLGN cell response. Thus, there should be a linear
relationship between the response in the control condition
and the response in the condition with PBR stimulation.
To test this hypothesis, the response to each spot during
PBR stimulation was plotted against the response to the
same spot in the control condition, as illustrated for six
X cells and three Y cells in Fig. 6. The open symbols in the
scatter plots indicate the response to spots that were
smaller than the receptive field centre, the filled symbols
indicate spots that were wider than the receptive field
centre.

For the large majority of cells there was a close to linear
relationship between these pairs of values. The coefficient
of correlation varied between cells from 0.8 to 1.0 (Fig. 7).
The average value was 0.94 (s.D. = 0.05) and there was no
significant difference between X and Y cells (P > 0.05).

In the plots for several of the cells (n = 21) the responses to
spots wider than the receptive field centre during PBR
stimulation tended to lie above a linear regression line
(cf. Fig 6D-F). This tendency further supported the
conclusion that PBR stimulation, in addition to the major
effect on gain, elicited a weak reduction in centre—surround
antagonism.

Effects of PBR stimulation on intrageniculate
inhibition

Intrageniculate inhibition reinforces centre—surround
antagonism from an average of 55 % for the retinal input
to 77 % for the dLGN X cells (Ruksenas et al. 2000). This
change is manifested in response versus spot width curves
by a much sharper drop across the proximal surround in
the curves for dLGN cells than in the curves for the retinal
input to the cells. In the present study we found average
values of antagonism in the dLGN cells that corresponded
to the values from the previous study and the antagonism
was about the same during PBR stimulation as in the
control condition. This suggested that PBR stimulation
had little effect on the intrageniculate inhibition that
generates the modifications of the spatial receptive field
properties.

To check directly for potential PBR-evoked changes of the
spatial receptive field structure at the retinogeniculate
relay, we compared the response versus spot width curves
during PBR stimulation and in the control condition with
the curves for the retinal input to the cell. This was done for
14 cells (13X and 1 Y). The general results were the same
for all cells. An example is illustrated in Fig. 8A. Notice the
pronounced reduction of the response in the dLGN cell in
the proximal part of the antagonistic surround compared
with the retinal input (cf. also the difference curve in
Fig. 8B). During PBR stimulation there was no marked
shift in the curve for the dLGN cell response (filled circles)
towards the curve for the retinal input (open squares). The
changes that did occur could be mainly accounted for by
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a gain increase. This is illustrated in Fig. 8A by the
continuous curve, which shows the values for the control
condition multiplied by a constant to match the maximum
response during PBR stimulation, and the dashed curve
which shows the control responses scaled up to 1:1
transmission in the receptive-field centre of the dLGN
cell. Notice again the pronounced difference across the
proximal-receptive field surround between these curves
and the curve for retinal input. Nevertheless, there was a
slight broadening of the response curve in the proximal
surround for most cells (cf. Fig. 8A) indicating a minor
PBR-evoked reduction of intrageniculate inhibition.

Figure 8. Changes in spatial receptive field
properties at the retinogeniculate relay are only
weakly influenced by PBR stimulation

A, response versus spot width curves for an on-centre X cell.
Os, retinal input measured by average rate of S-potentials
during the 500 ms time window with spot on. Data points
were based on 12 repetitions. The contrast was 0.33. Os,
response of the dLGN cell in the control condition measured
by average firing rate of action potentials. @s, response of the
dLGN cell during PBR stimulation. The effect of a pure gain
increase is illustrated by the continuous and dotted curves
which are the control response to the various spot diameters
scaled by a constant to the response during PBR stimulation
(continuous line, ¢ = 1.4)or to the retinal input (dashed line,
¢ = 1.8). B, difference between retinal input and dLGN cell
response for each spot diameter. As, retinal input minus
response in control condition. As, retinal input minus
response during PBR stimulation. C, transfer ratio calculated
for each spot diameter. s, transfer ratio versus spot width in
the control condition. 4ps, transfer ratio versus spot width
during PBR stimulation.

Brainstem modulation of visual responsivity in dLGN 549

The average degree of antagonism in the retinal input to
the 13 X cells was 56 % (s.D. = 15), which is consistent with
the previous findings (53 %; Ruksenas et al. 2000). The
antagonism for the dLGN cell response was 78 % (s.D. =
17) in the control condition and 75% (s.D. = 21) during
PBR stimulation confirming that this subsample of cells was
representative in terms of antagonism for the whole
sample of cells in the present study. The similar antagonism
values for both PBR stimulation and control conditions
demonstrate that the intrageniculate inhibition that caused
the spatial receptive field changes was almost unaffected by
the PBR stimulation. A very important implication of this
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result is that the inhibition that transforms the spatial
receptive field properties in the dLGN must act at an
earlier stage of geniculate processing than the stage where
the PBR-controlled gain regulation operates.

Parabrachial region effects on the output versus
input response rate

To study directly the effect of PBR stimulation on the
relationship between output and input firing rate at the
retinogeniculate relay, the data from the response versus
spot width curve for the dLGN cell during PBR stimulation
were combined with the data from the corresponding
curve for the retinal input to the cell. This is illustrated in
Fig. 9 with results from the same cell as illustrated in Fig. 8.
Here the response of the dLGN cell to a given spot width is
plotted against the response to the same spot in the retinal
input. The open symbols refer to spots that were smaller
than the receptive field centre and the filled symbols refer
to spots that were wider than the receptive field centre. The
series of open symbols show how the response of the cell
increased with the increasing retinal input evoked by the
stepwise wider spots. As the spots were stepwise widened
beyond the receptive field centre, the series of the filled
symbols show how the response of the cell decreased with
the decreasing retinal input as more of the antagonistic
surround was covered by the spot. Contrary to the
relationship between response in the PBR condition versus
response in the control condition, which was approximately
linear (Fig. 6), the relationship to the retinal input (Fig. 9)
was clearly non-linear (or only linear in parts; Ruksenas et
al. 2000). The plots show that the response of the dLGN
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Figure 9. Effect of PBR stimulation on the output versus
input relationship at the retinogeniculate relay

Replot of data in Fig. 8A. Circles and dashed line, response in the
control condition of the dLGN cell to each spot diameter plotted
against the retinal input for the same spot diameter. Triangles and
continuous line, the response of the dLGN cell during PBR
stimulation. Open symbols, response to stimuli smaller than or
equal to the receptive field centre for the dLGN cell. Filled
symbols, response to stimuli larger than the receptive field centre.
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cell to a given input firing rate was considerably lower when
this input was evoked by a spot wider than the receptive
field centre than by a spot smaller than the receptive
field centre. This demonstrates the presence of strong
intrageniculate inhibition during the PBR stimulation
(Ruksenas et al. 2000).

Comparison of the output—input relationship in the control
condition (Fig. 9, dashed line) and the PBR condition
(Fig. 9, continuous line) shows that the PBR stimulation
increased the gain of the output—input relationship, both
for spots smaller and larger than the receptive field centre.
However, the difference between the response of the cell to
pairs of spots, one narrower and one wider than the
receptive field centre, which evoked the same firing rate in
the retinal input, was about the same in the control condition
as in the PBR condition. This again demonstrates that the
PBR stimulation has little effect on the intrageniculate
inhibition that generates the modification of the spatial
receptive field properties and the centre—surround antag-
onism, and that these modifications must occur earlier in
the processing than the stage where the PBR controlled
gain regulation is acting.

Effects of PBR stimulation on retinogeniculate
transfer ratio

The transfer ratio, defined by the dLGN cell response
divided by the response in the retinal input, showed a
pronounced increase during PBR stimulation, confirming
previous findings (Hartveit et al. 1993: Cheng et al. 1995;
Hartveit & Heggelund, 1995). Figure 8C shows how the
transfer ratio increased during PBR stimulation for the
various spot stimuli. The increase was most pronounced

0.8

0.6

Transfer ratio

0.4+

0.2

0.0 T

Retinal input (S-pot/s)

Figure 10. Effect of PBR stimulation on the transfer ratio
at the retinogeniculate relay

Replot of data in Fig. 8. Circles and dashed line, transfer ratio in the
control condition for each spot diameter plotted against the retinal
input for the same spot diameter. Triangles and continuous line,
transfer ratio during PBR stimulation. Open symbols, transfer
ratios for stimuli smaller than or equal to the receptive field centre
for the dLGN cell. Filled symbols, transfer ratios for stimuli larger
than the receptive field centre.
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for the spots that gave a strong response in the control
condition suggesting that the transfer ratio increased with
increasing response level in the dLGN cell (Cheng et al.
1995; Hartveit & Heggelund, 1995; Ruksenas et al. 2000).

To get further insights into the location of the site where
PBR stimulation generates the increased transfer ratio we
replotted the transfer ratio against input firing rate. If the
transfer ratio had simply been determined by the firing rate
of the retinal input, a small spot in the receptive field centre
should have the same transfer ratio as a large spot covering
both centre and surround of the receptive field, provided
that the response in the retinal input were the same in both
cases. This was not the case. The small centre spot had a
higher transfer ratio than the large spot, demonstrating the
involvement of intrageniculate inhibition. This is illustrated
in Fig. 10 (cf. also Ruksenas et al. 2000) where the data for
both the control condition (circles and dashed line) and the
condition with PBR stimulation (triangles and continuous
line) are shown. The open symbols show the transfer ratios
for the series of spots that were smaller than the width of
the receptive field centre of the dLGN cell. The filled spots
show data for the series of spots that were wider than the
receptive field centre of the dLGN cell. The transfer ratio
increased with the increasing retinal input generated by the
stepwise widening of the spots, and the curve approached a
maximum close to the input generated by a spot that filled
the receptive field centre (half-filled symbol). The transfer
ratio decreased again for even wider spots when the response
was reduced due to the surround inhibition. Notice that
the transfer ratios caused by these larger spots were
consistently below the transfer ratios caused by the small
spots in the receptive field centre at the same input firing
rates. As illustrated by Fig. 10, the difference between the
transfer ratio for the small and the larger spot at a given
input firing rate was maximal when the larger spot was
about the same size as the spot that gave the strongest
response reduction at the retinogeniculate relay (maximum
point in Fig. 8B). This spot width presumably generated
the maximal intrageniculate inhibition (centre width of
the centre—surround organized intrageniculate inhibitory
field; Ruksenas et al. 2000). For even wider spot sizes, the
difference of transfer ratio was reduced. This is consistent
with our previous suggestion (Ruksenas et al. 2000) that
the intrageniculate inhibitory field has a centre—surround
organization, and a centre size that is wider than the
receptive field centre of the relay dLGN cell.

During PBR stimulation a similar pattern was seen as in
the control condition, except that there was a general
increase in transfer ratio for all input firing rates (Fig. 10,
triangular symbols and continuous line). However, the
difference between transfer ratios generated by the small
and the large spots, at a given input firing rate, was about the
same during PBR stimulation as in the control condition.
This is demonstrated by the fact that the vertical separation
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between the curves was about the same in the two
conditions (Fig. 10). This suggests that the PBR-evoked
increase in transfer ratio occurred at a stage following the
modification of the spatial structure of the receptive field.

DISCUSSION

PBR stimulation evoked increased responses in the dLGN
cells to all spot sizes, but without giving any marked changes
in the spatial receptive field properties of the cells. The
effect of PBR stimulation was therefore mainly increased
response gain. At the retinogeniculate relay there is a
spatial reorganization of the receptive field with increased
inhibition, particularly in the proximal part of the receptive
field surround, which reinforces the centre—surround
antagonism. The fact that PBR stimulation evoked no
pronounced changes in the spatial receptive field properties
suggests that the spatial reorganization of the receptive
field and the gain regulation occur at different stages of
neural processing in the dLGN. The spatial reorganization
must occur at an earlier stage and the PBR-controlled
regulation of gain at a later stage. Therefore, the PBR input
regulates the amplification of the spatially filtered response.

Several lines of evidence suggested that the PBR stimulation
mainly changed the gain of the dLGN cell response. Firstly,
the response to almost all spot stimuli increased without
any pronounced change in shape of the response versus
spot width curves during PBR stimulation. Secondly,
there was no marked change of antagonism during PBR
stimulation. Thirdly, there was no marked change in the
dimensions of the receptive field centre and surround.
Fourthly, there was a near linear relationship between the
response during PBR stimulation and the response in the
control condition. The conclusion that the PBR effect on
the response gain must be induced at a later stage of
processing than the stage where the modification of the
spatial receptive field properties occurs was also suggested
by several findings. Firstly, the centre—surround antagonism
was increased by about 50 % at the retinogeniculate relay,
and the antagonism during PBR stimulation remained at
the same elevated level. Secondly, the shape of the response
versus spot width curves for the dLGN cell in both control
and PBR conditions was distinctly different from the curve
for the retinal input to the cell. This difference was mainly
due to the strong reduction of response in the proximal
surround, which is an effect that must be caused by
intrageniculate inhibition. Apart from a minor reduction
of this inhibition in some of the cells, this spatial
intrageniculate inhibition remained almost unchanged
during PBR stimulation. Thirdly, the slope of the output
versus input curves increased during PBR stimulation,
reflecting the increase of gain, but the distance between the
curves for spots smaller than the receptive field centre and
curves for spots larger than the receptive field centre,
reflecting the spatial intrageniculate inhibition, was almost
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unchanged. Fourthly, the transfer ratio increased during
PBR stimulation. When the transfer ratio was plotted
against input firing rate, the transfer ratio increased during
PBR stimulation to all spots, reflecting the increased gain.
However, the difference between the transfer ratio for small
and large spots with the same input firing rate remained
about the same during PBR stimulation.

Increased gain of retinogeniculate transmission during PBR
stimulation could be caused by the muscarinic receptor-
mediated depolarization of the relay cells that brings the
membrane potential closer to firing threshold (McCormick
etal. 1997). As a consequence more of the incoming action
potentials in the retinal afferents would generate action
potentials in the relay cell (Uhlrich et al. 1995). This would
have been a simple and plausible explanation if the
centre—surround antagonism of the relay cell had been the
same as for the retinal input, instead of the markedly
increased antagonism observed in the relay cell. A stronger
weight of the retinal input due to depolarization of relay cells
without any marked adjustments of the intrageniculate
inhibition would imply that the spatial structure of the
relay cell during PBR stimulation should become more
similar to the field of the retinal input, and that the
centre—surround antagonism should decrease. This was
not the case. The centre—surround antagonism showed no
marked change during the PBR-evoked increase of gain.

The increased centre—surround antagonism at the retino-
geniculate relay is probably due to inhibitory input to the
relay cells from intralaminar interneurones (Eysel et al.
1986; Ruksenas et al. 2000). These interneurones have
receptive fields of the antagonistic centre—surround type,
similar to the retinal input to the dLGN cells (Dubin &
Cleland, 1977; Mastronarde, 1992). Their fields are of the
on- or off-centre type, and the receptive field centre is wider
than the fields of retinal ganglion cells at a given eccentricity,
presumably due to input from several retinal afferents with
slightly displaced receptive fields (Mastronarde, 1992). If
the field of the interneurone is about concentric to the field
of the retinal input to a relay cell, the interneurone could
provide inhibition over an area extending beyond the
receptive field centre of the direct retinal input and give
particularly strong inhibition in the proximal surround of
the relay cell (Ruksenas et al. 2000). Mathematical modelling
of this arrangement has demonstrated that it can accurately
account for the spatial receptive field of the relay cell and
for the increased centre—surround antagonism at the
retinogeniculate relay (Einevoll & Heggelund, 2000).

The interneurones can inhibit relay cells through both
the dendritic and the axonal route. The fact that PBR
stimulation had little effect on the degree of intra-
geniculate inhibition suggests that the spatial receptive
field changes in the dLGN are mainly caused by the
dendritic output from the interneurones. The axonal route
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is probably of less importance because the axonal output
seems to be attenuated by cholinergic input (Francesconi
etal. 1988; McCormick & Pape, 1988; Pape & McCormick,
1995; Zhu & Heggelund, 2001). The dendritic output
passes through dendro—dendritic synapses that are part of
a triadic synaptic arrangement. In the triads, a retinal
afferent terminal has an excitatory synapse with a relay cell
dendrite and an interneurone dendrite and the inter-
neurone dendrite in turn has an inhibitory synapse with
the relay cell dendrite (Sherman & Guillery, 1996).
Consequently, the triads are strategically well positioned
to perform a spatial filtering of the excitatory retinal input
to the relay cell. If the dendritic branches of the inter-
neurone, which have synapses with a given relay cell, have
input from a few retinal afferents in addition to those that
excite the relay cell, the summation of these inputs across
the dendritic branches would have the necessary spatial
properties to perform the spatial filtering of the retinal
input to the relay cell. It should, however, be noted that
cholinergic inputs may also contact dendritic terminals of
interneurones (F2 terminals; Erigsir et al. 1997). The function
of this input is unknown, so at present it is unclear whether
or not this input could influence the spatial filtering by the
feedforward inhibition.

Results from several previous in vivo studies have been
interpreted as evidence for increased intrageniculate
inhibition by local ACh application in the dLGN (Sillito
et al. 1983; Eysel et al. 1986) or arousal from sleep
(Livingstone & Hubel, 1981). The interpretation has been
based on two main findings. Firstly, the suppression of
response by light off in the receptive field centre of an on-
centre cell, or light on in the centre of an off-centre cell
seemed to be stronger in the experimental condition (Ach
application or arousal from sleep) than in the control
condition. However, in both conditions almost all response
was abolished such that it is difficult to estimate the degree
of suppression in the two conditions. Furthermore, these
findings are probably related to reciprocal inhibition
(opposite sign input) rather than to the lateral inhibition
(same sign input) that is considered in the present paper.
Secondly, there was sometimes a weak spontaneous
activity in the control condition that was abolished in the
experimental condition. This activity seems to have been
due to burst activity generated by calcium spikes, which
were unknown at the time of the initial study (Livinstone
& Hubel, 1981). Thus, this activity was probably abolished
in the experimental condition due to a state shift from
burst mode to tonic mode, rather than due to increased
intrageniculate inhibition. Using a linear system approach
Uhlrich et al. (1995) found that PBR stimulation had an
enhancement effect on the first harmonic response
component to a drifting sinusoidal grating. Theoretical
estimations suggested that the strength of both the centre
and surround mechanisms in the receptive field was



5
S
S

(7%
i
A
s
=

=

~

3
~

J. Physiol. 543.2

enhanced by the PBR stimulation. The reason for the
apparent enhanced intrageniculate inhibition evoked by
ACh, PBR stimulation or arousal in these studies could
be the increased gain of the dLGN cell response. The
increased gain would enhance the response modulation
and thereby deepen the troughs in addition to raising the
peaks in the reponse pattern.

We found a weak reduction of centre—surround antagonism
and a slight widening of receptive field centre and surround
in several cells. This could be a reflection of reduced long-
range inhibition beyond the classical receptive field because
such inhibition has been shown to diminish during ACh
application (Eysel et al. 1986). Another possibility is that
these changes reflect reduced axonal output from inter-
neurones to relay cells (McCormick & Pape, 1988; Pape &
McCormick, 1995; Zhu & Heggelund, 2001).

There are two postulated mechanisms for the PBR-
controlled gain regulation, the muscarinic receptor-
mediated depolarization of the relay cells (McCormick &
Prince, 1987), and the cholinergic regulation of the feedback
inhibition via the PGN (Ahlsén et al. 1984, 1985). Through
the first mechanism, increased cholinergic input to the
relay cells would shift the membrane potential of the cell
closer to threshold for action potential generation. Thereby
also weaker spatially filtered signals from the triads could
reach threshold for action potential generation in the relay
cell and contribute to a stronger output to the cortex.
Through the second mechanism, cholinergic inhibition of
the PGN cells could reduce the feedback inhibition of
the relay cell and thereby increase the gain of the
transmission to the cortex as suggested by Ahlsén et al.
(1985). Most probably both mechanisms contribute to the
gain regulation.

The stepwise signal processing in the dLGN with an early
spatial filtering that enhances edge contrasts and a
subsequent gain regulation, is probably a functionally
important arrangement. In this way the PBR input can
regulate the strength of the spatially enhanced signals to
the cortex in a state-dependent manner.
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