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Acetylcholine contributes through muscarinic
receptors to attentional modulation in V1

J. L. Herrero'*, M. J. Roberts'*¥, L. S. DeIicatol*T, M. A. Gieselmann', P. Dayan® & A. Thiele'

Attention exerts a strong influence over neuronal processing in
cortical areas". It selectively increases firing rates®™ and affects
tuning properties"’, including changing receptive field locations
and sizes™*. Although these effects are well studied, their cellular
mechanisms are poorly understood. To study the cellular mechan-
isms, we combined iontophoretic pharmacological analysis of cho-
linergic receptors with single cell recordings in V1 while rhesus
macaque monkeys (Macaca mulatta) performed a task that
demanded top-down spatial attention. Attending to the receptive
field of the V1 neuron under study caused an increase in firing
rates. Here we show that this attentional modulation was
enhanced by low doses of acetylcholine. Furthermore, applying
the muscarinic antagonist scopolamine reduced attentional
modulation, whereas the nicotinic antagonist mecamylamine
had no systematic effect. These results demonstrate that muscari-
nic cholinergic mechanisms play a central part in mediating the
effects of attention in V1.

Attention is a rich and complex psychological and neurobiological
construct. In both non-human'™ and human primates’, researchers
have investigated a wealth of paradigms tapping visual attention,
showing the selection of behaviourally relevant over behaviourally
irrelevant stimuli, and the enhancement of the former’s processing.
Further modulation of sensory areas is assumed to be driven by the
frontal and parietal cortex”® through direct cortico—cortical feedback
connections. However, frontal regions also influence sensory areas
indirectly, through connections to cholinergic neurons in the basal
forebrain that have ascending projections to sensory areas™'’, and
there is ample evidence for the involvement of acetylcholine (ACh)
in attentional modulation'®"*. For instance, depletion of ACh in
cortical areas by disrupting cholinergic fibres originating in the basal
forebrain results in persistent attentional impairments'®'?, and atten-
tional deficits seen in Alzheimer’s disease partly arise from choliner-
gic dysfunction'®. The precise nature of the contribution of ACh to
attentional modulation in the cortex is at present unclear. Thus, we
recorded the strength of attentional modulation in neurons from V1
of three macaque monkeys, while simultaneously performing phar-
macological analysis of cholinergic receptor contributions. Subjects
performed a task demanding voluntary allocation of attention>'’
under control conditions and when ACh, or muscarinic or nicotinic
receptor antagonists, were iontophoretically applied in the vicinity of
the neurons under study>".

We used identical task, training, and surgical and neurophysiolo-
gical procedures as previously described>' (see Methods Summary
and Supplementary Methods). Neurons were activated by bar stimuli
of optimal orientations centred on their receptive fields. Attention
was manipulated by a visual cue, which guided attention to be in or
away from the neurons’ receptive fields (the attend-receptive-field

and attend-away conditions, respectively). The effect of attention on
the firing rates of neurons was tested in 15-25 trials in each condition:
control, drug-applied and recovery (see Supplementary Methods).

We recorded 156 neurons from 3 monkeys (26 neurons in monkey
B, 87 in monkey HU and 43 in monkey HO) in the absence and
presence of ACh application (Supplementary Methods provides
more details). We tested whether attention, bar length or drug
application significantly affected neuronal activity, and whether
there was a significant interaction between these factors (three-factor
analysis of variance (ANOVA), P<0.05). We used the response
period from 200 ms to 500 ms after stimulus onset for our analysis,
as attentional modulation is most prominent during the sustained
response in the striate® and extrastriate cortex'®.

Neurons were analysed further if attention and drug application
significantly affected firing rates, or if a significant interaction
between attention and drug application occurred. Strengths of atten-
tional modulation were quantified by calculating the area under the
receiver operating characteristic (ROC?) curve on the basis of single-
trial responses (given knowledge of the bar length). ROC values of 0.5
indicate that an ideal observer can only perform at chance level in
deciding the locus of attention. Higher ROC values indicate greater
attentional response enhancement, thus if ACh increased attentional
modulation, ROC values should be increased in ACh-applied condi-
tions relative to control conditions.

A total of 86 out of 156 neurons (16 in monkey B, 38 from monkey
HU and 32 from monkey HO) passed the basic statistical test (three-
factor ANOVA) on application of ACh. As seen in Fig. la, ACh
generally increased attentional modulation. The neuron showed a
significant main effect of attention (F 554 =24.92, P<0.001) and
a significant effect of drug (F),g4 =6.7, P=0.01). ROC values
showed that attentional modulation was increased on ACh applica-
tion (ROC (—ACh): 0.6774 (0.8° bar length); ROC (+ACh): 0.8262;
for further example cells, see Supplementary Methods). The popu-
lation ROC values for the drug and control condition are shown in
Fig. 2a. In the presence of ACh, ROC values were increased. A two-
factor ANOVA showed that the effect was significant for the popu-
lation of cells and did not depend on bar length (data were converted
to z-scores before testing; samples passed normality and equal vari-
ance tests (P>0.05); factor 1, drug application: F;g;, = 16.58,
P<0.001 (two-factor ANOVA); factor 2, bar length: Fyg,4 = 7.61,
P <0.001, drug X bar lengths interaction: Fs g74 = 1.058, P = 0.386).
The effect of ACh application on attentional modulation was signifi-
cant in monkey HO and monkey HU individually (P < 0.05), but not
in monkey B. However, the trend in monkey B was the same as that in
the other two monkeys, and the lack of significance was possibly due
to the smaller neuronal sample. Figure 2b shows the time course of
the effect of ACh on attentional modulation. The upper and lower
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green curves show normalized population activities when ACh was
applied for attention into and away from the receptive fields, respect-
ively. The upper and lower red curves show the same, but without
ACh. Thus, the widths of the colour-shaded regions show the evolu-
tion of attentional modulation. The fact that the green areas are
generally wider than the red ones is an indication of the boosting
effect of ACh on attentional modulation.

ACh slightly increased the overall firing rates (Fig. 2b), making it
possible that increased ROCs were simply caused by multiplicative
scaling of firing rates. However, it can be shown that ROC values are
invariant to proportional rescaling of distributions (see
Supplementary Methods). Furthermore, we calculated a modulation
index for each cell, drug condition and bar length: modulation
index = (aCtiVitYattend receptive field aCtiVitYattend away)/(aCtiVitYattend
receptive field T aCtiVityaiend away) Which normalizes explicitly for firing
rate. In line with the ROC analysis, we found that ACh significantly
increased the population modulation index (F; 374 = 9.49, P = 0.002,
two-factor ANOVA), and that this was independent of bar length
(Fs.574 = 0.42, P=0.869).

Having established that ACh application increases attentional
modulation, we were interested in the receptors that mediate this
effect. Thus we recorded 118 cells (46 from monkey B and 72 from
monkey HU) while monkeys performed the same task, but we
applied the muscarinic antagonist scopolamine iontophoretically
(see Supplementary Methods). Out of the 118 cells, 41 showed a
significant attention and a significant drug effect, or a significant
interaction between these two (20 cells from monkey B and 21 cells
from monkey HU).

Scopolamine generally reduced attentional modulation. An example
cell is shown in Fig. 1b. Attention (Fj 464 = 33.34, P<<0.001), drug
application (F; 464 = 18.13, P<<0.001) and bar length (F; 464 = 3.13,

[

Bar length (degrees)
0.2 0.8 2.4

RF
Drug
(o] [

away

Firing rate No drug No drug  Drug
(spikes s7) “ HH

Attend Attend Attend Attend
RF

away

gﬂ%&

LETTERS

P=0.025) all had a significant effect on firing rates (three-factor
ANOVA). Attentional modulation was significantly reduced in the
presence of scopolamine (drug X attention interaction: F; 454 = 13.5,
P<0.001). We quantified the effect of scopolamine application on
attentional modulation by calculating the ROC for each cell and bar
length. Population ROCs are shown in Fig. 3a. Scopolamine signifi-
cantly reduced attentional modulation (F, 466 = 27.744, P<<0.001,
two-factor ANOVA). The effect of scopolamine on ROCs was inde-
pendent of bar length (drug X bar length interaction: Fy 466 = 0.217,
P =0.971). The reduction in attentional modulation with scopolamine
application was significant for each monkey individually (P < 0.001).

Figure 3b shows that the effect of scopolamine on the evolution of
the population response in the same form as in Fig. 2b. The green
shaded regions (scopolamine application) are now thinner than the
red regions during the sustained response, indicating that attentional
modulation was stronger in the absence of scopolamine application.
Scopolamine also reduced firing rates, so, as for ACh, we also calcu-
lated the firing-rate-normalized modulation index. Confirming the
results from the ROC analysis, modulation indexes were significantly
reduced on scopolamine application (F) 466 = 11.15, P = 0.0009; see
Supplementary Methods).

ACh also acts on nicotinic receptors, which might equally contrib-
ute to attentional modulation in V1. We therefore tested attentional
modulation in the presence and absence of the nicotinic antagonist
mecamylamine, whilst recording 151 V1 cells (113 cells from monkey
HU and 39 cells from monkey HO). Significant effects of attention
and of mecamylamine application, or an interaction, were found in
65 cells (47 cells from monkey HU and 18 cells from monkey HO).
Figure 4 shows the mean ROC values for these cells as a function of
bar length for the control and the mecamylamine-applied condition.
A two-factor ANOVA did not show significant effects of drug
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Figure 1| Drug effects on attentional modulation. a, Attentional
enhancement by application of ACh. We recorded the effect of attention on
firing rates when no ACh was applied (16 trials) for three bar lengths in the
attend-inside receptive field (RF) versus attend-outside (away) condition
(box 1). Thereafter we recorded the effect of attention when ACh was applied
(16 trials; box 2) followed by recovery (16 trials; box 3). The bottom plot

Bar length (degrees)

shows the average activity (from 200 ms to 500 ms after stimulus onset) for
the different stimulus, attention and drug conditions. ACh increased
attentional modulation. b, Effect of scopolamine application on neuronal
attentional modulation. All conventions are as in a. Drug application and
recovery were repeated three times (boxes 1-6). Scopolamine reduced
attentional modulation. Error bars represent s.e.m.
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application (F; 744 = 0.54, P = 0.465), whereas there was a significant
effect of bar length (Fs 744 = 2.98, P = 0.0069) on the size of the ROC
values. There was no interaction between mecamylamine applied/
not-applied and bar length (Fs 744 = 0.40, P = 0.881). These findings
were consistent for the two animals. The same outcome was true
when the modulation index was used to quantify the effects of meca-
mylamine application on attentional modulation (Fj 744 = 141,
P =0.236, two-factor ANOVA).

None of the effects of ACh, scopolamine or mecamylamine were
due to differences in eye position induced by drug application (see
Supplementary Methods).

For the neuromodulator dopamine it has been reported that only
an optimal dose benefits neuronal and behavioural performance',
whereby too much and too little dopamine is detrimental for cog-
nitive performance. We found evidence for a similar pattern of
results for ACh in V1: that is, only small doses of extra ACh increased
attentional modulation (for details, see Supplementary Methods).

Systemic applications of cholinergic drugs or large injections into
higher cortical areas have been shown to affect performance in
humans® and macaque monkeys*. The highly local character of
iontophoretic drug application used in our study made it unlikely
that performance would be affected, as even systemic infusions result
in relatively small changes to reaction times®. In line with this
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Figure 2 | Acetylcholine effects on attentional modulation.

a, Quantification of attentional modulation by mean population ROC for
different bar length with (black line) or without (red line) ACh application
(86 cells; error bars denote s.e.m.). b, Normalized population response
depending on ACh application, stimulus (bar length; indicated at the top of
each subplot) and attention condition. Activity levels were normalized
relative to the peak activity of each neuron and averaged across the
population. The red lines indicate activity without ACh application; green
lines represent activity with ACh application. The upper line of each colour
plot shows the normalized activity when attention was directed to the
neuron’s receptive field, the lower line when it was directed away from the
receptive field. Widths of the coloured areas show strength of attentional
modulation. ACh increased attentional modulation.
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expectation, neither scopolamine nor mecamylamine application
affected reaction times significantly. However, when ACh was
applied we found a significant interaction between drug application
and the locus of attention on reaction times (F; 3157 = 4.56,
P =10.038, three-factor ANOVA). ACh increased reaction times in
the attend-away condition and decreased reaction times in the
attend-receptive-field condition. This effect was significant across
the three monkeys, but only individually in monkey HO
(Fy 5588 = 4.77, P=0.029, three-factor ANOVA). Similar trends were
found in monkey HU and monkey B, but they did not reach signifi-
cance (interaction between ACh application and locus of attention
onreaction times: monkey HU, F; 54334 = 3.03, P = 0.081; monkey B,
F} 5905 = 3.06, P=0.080). These results indicate that ACh boosts
aspects of attention when the animals attend to the stimulus in the
receptive field, thus decreasing reaction times. The increase in reac-
tion times in the attend-away condition could be due to improved
neuronal processing at the application site making it more difficult to
disengage attention from the irrelevant location, thus slightly
increasing reaction times (for more information, see
Supplementary Methods).

We found that ACh contributes to attentional modulation in V1,
of the macaque monkey through muscarinic, but not nicotinic,
receptor mechanisms. Fewer excitatory cells compared to inhibitory
cells are subject to muscarinic modulation in V1 (ref. 22), raising the
possibility that our recordings were mostly from inhibitory neurons.
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Figure 3 | Effect of the muscarinic antagonist scopolamine on attentional
modulation. a, Quantification of attentional modulation by mean population
ROC when scopolamine was (black line) and was not (red line) applied

(n = 41 cells, error bars represent s.e.m.). ROC values were significantly
reduced on scopolamine application, demonstrating that muscarinic
receptors are involved in mediating the effects of attention in V1.

b, Normalized population response depending on scopolamine application,
bar length (indicated at the top of each subplot) and attention. The widths of
the red and green shaded areas show the strengths of attentional modulation
as a function of scopolamine application (green lines represent activity with
scopolamine application; red lines denote activity without scopolamine
application). Attentional modulation was reduced when scopolamine was
applied.
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Figure 4 | Effect of the nicotinic antagonist mecamylamine on attentional
modulation. Attentional modulation was quantified by calculating the
population ROC for the different bar lengths when mecamylamine was (black
line) and was not (grey line) applied (n = 65 cells). ROC values were not
significantly affected by mecamylamine application. Error bars show the s.e.m.

Analysis of the ‘spike’ waveform, however, suggests that recordings
were mostly from excitatory neurons. Thus, the effects may have been
mediated through local cortical circuitry, perhaps through an effect
on the sort of oscillatory activity that has been linked to attentional
effects®. Alternatively, the fact that attentional effects are stronger in
V2 and V4 (ref. 24), where there are also more muscarinic receptors™
on excitatory cells, suggests that the effects may have been more direct
and not necessarily mediated by changes in the overall network state.

Nicotinic receptors in macaque V1 are mostly located presynapti-
cally on thalamocortical terminals in layer 4C, where they affect the
neuronal gain®. Although attention affects firing rates in simple cells
of V1 (ref. 26), where nicotinic receptors would be expected to have
the most direct effect™, our result indicates that this is not mediated
at the thalamocortical synaptic input stage. Although we found no
evidence of nicotinic receptor contribution to attentional modu-
lation in V1 it is probable that they contribute to attentional modu-
lation in higher areas”, perhaps through the feed-forward cortico—
cortical pathway.

An important question for neuromodulatory accounts of atten-
tion®® is reconciling the highly localized and fast effects of spatial
attention with the apparent (though perhaps arguable®) coarseness
of the ACh innervation. One possibility is that an interaction between
ACh and glutamatergic feedback mediates attentional processing in
sensory areas. Increased amounts of ACh alter the strengths of the
connections in V1 and the biophysical state of sensory neurons which
may then allow spatially specific glutamatergic feedback to enhance
specific incoming information. Other possible sources of highly loca-
lized cholinergic contribution to attentional modulation are the
recently described cholinergic cortical interneurons™.

Future studies will be necessary to clarify these issues. Nevertheless,
the first step in understanding attentional modulation is to unpick its
cortical determinants; our findings directly address this.

METHODS SUMMARY

We recorded extracellular neuronal activity from three hemispheres in three
male macaque monkeys (Macaca mulatta), whilst applying ACh, scopolamine
or mecamylamine iontophoretically on selected trials. Animals were implanted
with a custom made head-holding device and recording chambers made of
Tecapeek GF for compatibility in functional magnetic resonance imaging set-
tings. Surgical procedures were performed under aseptic conditions and general

LETTERS

anaesthesia. Experiments and surgeries were performed in accordance with the
European Communities Council Directive 1986 (86/609/EEC), the National
Institutes of Health (Guidelines for Care and Use of Animals for Experimental
Procedures), the Society for Neurosciences Policies on the Use of Animals and
Humans in Neuroscience Research, and the UK Animals Scientific Procedures
Act.

The monkey’s task was to detect a small change in luminance at a cued
(attended) location, while ignoring a change that occurred at a non-cued loca-
tion and fixating a central fixation spot throughout the trial. After a fixation-only
period, two identical stimuli were presented (test stimuli): one centred on the
receptive field and the other at the same eccentricity in the opposite hemi-field.
After 500-800 ms (randomized in 1 ms steps) a patch appeared at the centre of
one of the bars. If presented in the cued location the monkey had to release the
touch bar within 500 ms to receive a juice reward. If presented in the un-cued
location the monkey had to continue to hold the touch bar and maintain fixation
until target appearance. This occurred 1,000-1,300 ms (randomized in 1ms
steps) after the distracter appeared. Thus, we recorded activity when animals
attended to the receptive field of the neuron under study and when they attended
away from it. We then compared activity levels for these attentional conditions
with and without drug application.

For all further information about the paradigm, the neuronal recordings,
iontophoresis and data analysis, see Supplementary Methods.
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