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ABSTRACT

The aim of the present study was to determine whether cholinergic increase in the size
of a functional representation (collective evoked response from a large population of neurons)
can be observed shortly (within an hour) after treatment onset and whether nicotinic recep-
tors can participate in this type of modulation. Cholinergic agonist application has been found
previously to increase the response of a single cortical neuron to a stimulus. Also, pairing
cholinergic basal forebrain stimulation with delivery of a tone has been reported to increase
the size of that tone’s functional representation. Whereas the increase in a single cortical
neuron response can occur within seconds after cholinergic agonist application, to date the
increase in the size of a functional representation has only been investigated within one to
several weeks after the onset of pairing basal forebrain stimulation with tone delivery.
Furthermore, primarily muscarinic receptors have been implicated in these types of changes
in cortical activity. By using optical imaging of intrinsic signals in vivo, we found that the size
of a whisker’s functional representation in the primary somatosensory cortex of the rat
increases substantially within 69 or 46 minutes after topical application of either a musca-
rinic or nicotinic agonist to the exposed cortex, respectively, and decreases within 23 minutes
after topical application of a muscarinic antagonist. For each cholinergic agent, we verified
that delivery of a cholinergic agent by means of topical application can lead to the agent’s
successful penetration through the cortical layers in the time allotted to complete an imaging
experiment. Furthermore, the time course of penetration for each agent was characterized.
Based on the combined imaging/penetration results, we speculate on potential sites of cholinergic
action in the cortex. Irrespective of the exact mechanism of action, we demonstrate here that an
increase in the size of a functional sensory representation can occur shortly by means of activation of
either nicotinic or muscarinic receptors. J. Comp. Neurol. 452:38–50, 2002. © 2002 Wiley-Liss, Inc.

Indexing terms: optical imaging; rat; primary somatosensory cortex; carbachol; nicotine;

scopolamine

The cholinergic basal forebrain (ACh-BF) has been im-
plicated in cortical processes such as attention, learning,
and memory (Richardson, 1991; Weinberger, 1993; Sarter
and Bruno, 1997). Currently, the cholinergic modulation
of these processes are only partially understood. Supply-
ing the main source of acetylcholine (ACh) to the cortex,
the cholinergic corticopetal projections originating from
the ACh-BF appear to play a role in modulating functional
sensory representations (cortical space occupied by neu-
rons responsive to a given sensory stimulus) in adult pri-
mary cortex (for review, see Weinberger, 1995; Dykes,
1997; Juliano, 1998; Edeline, 1999). For example, after
pairing a brief tone with a brief ACh-BF stimulation for
20–25 days, the size of the paired tone’s functional repre-
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sentation in primary auditory cortex of treatment rats
increased compared with control rats (Kilgard and Mer-
zenich, 1998). Reciprocally, 1 week after unilateral lesion-
ing of the ACh-BF, the size of a forepaw’s functional rep-
resentation in primary somatosensory cortex of the ACh-
depleted hemisphere decreased compared with the intact
hemisphere of the same rat (Juliano et al., 1990). These
findings suggest that increasing ACh-BF activity in-
creases the size of functional sensory representations in
the cortex.

Although Kilgard and Merzenich (1998) investigated
the progression in the cholinergic modulation of a sensory
representation spanning 1 to 4 weeks after treatment
onset, their findings leave unanswered the question of
how soon cholinergic modulation of a functional sensory
representation can be observed. In vivo and in vitro ion-
tophoretic studies conducted in various primary sensory
cortices describe a fast increase in evoked cortical activity,
usually within seconds after cholinergic agonist delivery
(Stone, 1972; Lamour et al., 1982, 1988; Sillito and Kemp,
1983; Donoghue and Carroll, 1987; Sato et al., 1987; Me-
therate et al., 1988a,b, 1990; Ashe et al., 1989; Metherate
and Weinberger, 1989; Murphy and Sillito, 1991; Mether-
ate and Ashe, 1993) and potentially lasting for minutes up
to more than 1 hour (Lamour et al., 1988; Metherate et al.,
1988b). An extrapolation of these single unit findings
would suggest that an increase in the size of a functional
sensory representation should also be observed within
seconds after cholinergic agonist application and last for
approximately an hour. However, ACh is also found to
suppress neuronal responses to stimulation, likely due to
action on both pyramidal cells and interneurons (McCor-
mick and Prince, 1986). This potential of ACh to decrease
as well as increase neuronal response complicates the
attempt to extrapolate single unit findings for predicting
the response of a functional representation, which is the
integrative response from a large collection of neurons, to
a cholinergic agonist. The extrapolation of single unit find-
ings is further complicated by the known distribution of
cholinergic receptors in the adult cortex, which is nonuni-
form across the different cortical layers and can contain
both metabotropic muscarinic and ionotropic nicotinic re-
ceptors (Bonner, 1989; Lindstrom et al., 1996). Depending
on the type and cortical layer of the cholinergic receptor
being activated, ACh can differentially modify the flow of
excitation within neuronal networks (Xiang et al., 1998).

Thus far, findings of only one study implicate the ability
of ACh-BF to modulate a functional sensory representa-
tion within less than a week (Juliano et al., 1990). Specif-
ically, by using 2-deoxyglucose autoradiography, they re-
port that the size of a forepaw’s functional representation
in cat primary somatosensory cortex is decreased when
assessed at 1 hour after topical application of a cholinergic
antagonist to the exposed cortical surface. It remains to be
determined whether an increase in the size of a functional
sensory representation by the ACh-BF can also be ob-
served within a similar time span. Furthermore, Juliano
et al. (1990) specifically blocked only muscarinic receptors,
and the question still remains unanswered whether nico-
tinic receptors can also participate in cholinergic modula-
tion of a functional sensory representation.

Therefore, we were interested in determining whether
the size of a single whisker’s functional representation can
increase shortly (within minutes to approximately 1 hour)
after an increase in ACh-BF activity and whether nico-

tinic receptors can participate in this type of modulation.
Stimulation of the basal forebrain is an appealing method
for mimicking an increase in ACh-BF activity, because
this method achieves its purpose in a more physiological
manner. However, in the rat, the projections of the basal
forebrain are equally composed of cholinergic neurons,
GABAergic neurons, and a third set of neurons that use an
unknown neurotransmitter, and these neurons are inter-
mingled in the basal forebrain (Gritti et al., 1997). Fur-
thermore, they project to the entire cortex in a loose topo-
graphically organized manner (Lehmann et al., 1980;
Lamour et al., 1982; Jimenez-Capdeville et al., 1997).
Thus, basal forebrain stimulation is less than ideal be-
cause of its potential to also stimulate noncholinergic
basal forebrain projections and its potential to induce a
more global modulation of the cortex. Also, the use of basal
forebrain stimulation alone is not sufficient to separate
between muscarinic and nicotinic receptor participation in
the modulation of a functional representation. Although
basal forebrain stimulation can be coupled with applica-
tion of either a muscarinic or nicotinic antagonist, the
results are less readily interpretable if some tonic release
of endogenous ACh is present, which has been reported in
the primary somatosensory cortex of the anesthetized rat
(Jimenez-Capdeville et al., 1997).

Rather than attempt to mimic physiological activity of
ACh-BF, we instead chose to topically apply a cholinergic
agonist, namely carbachol or nicotine, to a restricted re-
gion of the rat cortex as a means to determine what type
of cholinergic receptors can potentially participate in fast
(within an hour) ACh-BF modulation of functional repre-
sentations. In addition, we also investigated the effects of
scopolamine, a muscarinic antagonist. The protocol estab-
lished in the rat primary somatosensory cortex by
Prakash et al. (1996) was ideally suited to our interests
because (1) it uses optical imaging of intrinsic signals
capable of sampling simultaneously a large cortical region
in vivo with high spatial resolution; (2) within the same
animal, it can be used for repeated assessment of a func-
tional sensory representation (as defined by the area of
the cortex exhibiting a change in light reflectance in re-
sponse to a sensory stimulus); and (3) it has been used
successfully to study the effects of topical drug application
on the size of a single whisker’s functional representation.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (280–480 g) were anesthe-
tized initially with an intraperitoneal injection of Nembu-
tal (50 mg/kg) and administered supplemental injections
(5–15 mg/kg) throughout the experiment so as to maintain
mild withdrawal and corneal reflexes. Body temperature
was monitored (Hewlett-Packard Patient Monitor
78354A, Hewlett Packard, Andover, MA) and maintained
at 37°C with an adjustable heating blanket. At the end of
the experiments, rats were killed with an overdose of
Nembutal (50 mg). All procedures used were in compli-
ance with NIH guidelines and approved by the University
of California Animal Care and Use Committee.

Dura perforations

Craniotomy was performed over the left primary so-
matosensory cortex such that the cortical region to be
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imaged (�7 mm � 5 mm; Fig. 1A) contained the postero-
medial barrel subfield (PMBSF; Woolsey and Van der
Loos, 1970; Killackey, 1973) responsible for processing
whisker information (Fig. 1B). Complete dura removal
before topical application of a cholinergic agent would
have ensured that the appropriate barrel and the entire
functional representation of the stimulated whisker is
uniformly exposed to the agent. However, dura removal
leads to a less than optimal preparation for consecutive
imaging over an extended time period (hours), with corti-

cal herniation being a main contributor to compromised
imaging data. As illustrated in Figure 1B, a strong corre-
spondence existed between surface vasculature, particu-
larly dura vessels, and individual barrel locations. Thus,
instead of removing the dura, we used blood vessel land-
marks to strategically place one to three parallel perfora-
tions of the dura each a few millimeters in length (Fig.
1C). By using optical imaging of intrinsic signals, we
found previously that the peak intrinsic signal activity
evoked by stimulating a single whisker is located above
the appropriate whisker barrel and that the cortical area
responsive to the stimulated whisker (its functional rep-
resentation) occupies a substantial portion of the total
cortical region being imaged (Masino et al., 1993; Chen-
Bee and Frostig, 1996; Masino and Frostig, 1996; Prakash
et al., 1996; Polley et al., 1999a,b; Brett-Green et al.,
2001). Thus, we were confident that at least one of the
perforations was above the appropriate whisker barrel
and that large portions of the whisker functional repre-
sentation were exposed.

Topical cholinergic agent application

After perforating the dura, a well of petroleum jelly was
then built around the exposed cortex, filled with either
artificial cerebrospinal fluid (ACSF) only or ACSF contain-
ing 100 �M of a cholinergic agent (n � 8 rats each for
carbachol, nicotine, and scopolamine; Sigma, St. Louis,
MO) and sealed with a coverslip. The concentration of the
three cholinergic agents was chosen to maximize penetra-
tion and effectiveness through the intact brain, based on
pilot in vivo studies with 25, 50, and 100 �M carbachol
(Prakash, 1999). Carbachol is thought to activate predom-
inantly muscarinic receptors, with the potential to also
activate to a smaller extent nicotinic receptors (Akk and
Auerbach, 1999). Nicotine is thought to be primarily a
nicotinic receptor agonist, and scopolamine is thought to
be primarily a muscarinic receptor antagonist. Because
muscarinic and nicotinic receptors each have several re-
ceptor subtypes, the three cholinergic agents used in the
present study were chosen as they do not preferentially
target a specific muscarinic or nicotinic receptor subtype
but rather equally bind to all muscarinic receptor sub-
types, as in the case for carbachol and scopolamine, or all
nicotinic receptor subtypes, as in the case for nicotine
(Caufield and Birdsall, 1998; Lukas et al., 1999).

Imaging data collection

Some of the details have been described elsewhere (Ts’o
et al., 1990; Masino et al., 1993). A brief summary as well
as additional details are provided. Light reflectance values
from a 6.8 � 5.1 mm area of cortex were collected by a
slow-scan CCD camera with a 192 � 144 pixel array
(Photometrics, Tucson, AZ), equipped with an inverted 50
mm AF Nikon lens (1:1.8) attached to an extender (Nikon,
PK-13). Because the region of the exposed cortex to be
imaged exhibits some degree of curvature, the head of the
animal was rotated along the midline axis so that the
optical axis of the camera lens is perpendicular to the
central region of exposed cortex. Although the camera
collects light reflectance that is integrated across a volume
of cortex, the camera was positioned to focus 300 �m below
the cortical surface to enhance the contribution from the
superficial cortical layers. The exposed cortex (Fig. 2A)
was illuminated (630 � 15 nm) with a stabilized light
source (Kepco, ATE 15-15 M). One trial entailed continu-

Fig. 1. Placement of dura perforations. A: The exposed cortex of a
rat to be imaged, with the skull removed but the dura intact. Note
that the surface vasculature is easily discerned. B: The approximate
location of the posteromedial barrel subfield is indicated within the
imaged cortex shown in A, with the barrel corresponding to whisker
C2 shaded in gray. C: Exposed cortex to be imaged from a different rat
(arrows), with the skull removed and the dura perforated with a
single slit. Blood vessel landmarks are used to determine the place-
ment of the dura perforation. Orientation (M, medial; P, posterior)
also applies to all panels. Scale bar � 1 mm in A (applies to A–C).
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ous data acquisition lasting 10 seconds, binned into 20
frames of 500 msec each. Prestimulus activity of 1 second
(two frames) was collected before the onset of whisker
stimulation. By means of a computer-controlled mechan-
ical stimulator (Bakin Systems 2, Irvine, CA), only whis-
ker C2 contralateral to the exposed cortex was deflected
five times at a rate of 5 Hz in the rostrocaudal direction.
The amplitude and duration of one deflection was 1.9
degrees and 100 msec, respectively. Data were collected in
blocks of 23 minutes, where one 23-minute data session

contained 64 stimulation trials interlaced randomly with
16 control trials and the intertrial interval was 15 sec-
onds. Stimulation trials were separated from control trials
and then summed. Only the summed stimulation trials,
which contained 1 second of prestimulus data, were used
for data analysis and quantification. The experimental
design for assessing pharmacologic effects on whisker C2
functional representation was adapted from Prakash et al.
(1996): For each animal, four data sessions were collected
when the petroleum jelly well was filled with ACSF only.
The ACSF was replaced after the first two data sessions to
verify that the procedure of replacing fluids in the well did
not in itself inadvertently exert a systematic effect on
imaging data collection. Afterward, ACSF was replaced
with ACSF containing 100 �M of carbachol, nicotine, or
scopolamine, and the experiment continued to completion
for the uninterrupted collection of another four data ses-
sions. Hence, a single data point was obtained per data
session that represented the average activity of 64 stim-
ulation trials whose collection required 23 minutes to com-
plete.

Imaging data analysis

The areal extent of the imaged cortex exhibiting a de-
crease in light reflectance (referred to hereafter as an
increase in intrinsic signal activity) in response to whisker
C2 stimulation (referred to hereafter as whisker C2 func-
tional representation) was quantified as described in
Chen-Bee et al. (2000). Briefly, a ratio value was assigned
to each pixel within the 192 � 144 pixel array to indicate
the magnitude change in intrinsic signal activity occur-
ring 0.5 up to 1.5 seconds after stimulus onset relative to
the average magnitude change in intrinsic signal activity
occurring 1 second before stimulus onset (prestimulus ac-
tivity). Before quantification, the ratio values were filtered
(Gaussian half-width � 5) to remove high frequency noise.
The areal extent of whisker C2 functional representation
was quantified by thresholding the ratio values at two
arbitrary activity levels (2.5 � 10�4 and 1.5 � 10�4) away
from the average magnitude of prestimulus activity (Fig.
2B). The magnitude of peak intrinsic signal activity within
whisker C2 functional representation (peak height; Fig.
2C) was calculated by subtracting the average magnitude
of prestimulus activity from the ratio value of the pixel
within whisker C2 functional representation with the
maximum intrinsic signal activity. Repeated measures
analysis of variance (ANOVA) followed by specific con-
trasts was used for statistical comparisons (Systat 7,
SPSS). To graphically display the distribution of post-
stimulus, intrinsic signal activity over the entire region of
the imaged cortex and, hence, provide a visualization of
whisker C2 functional representation, the magnitudes of
the unfiltered ratio values were converted to 1 of 256
shades of gray (black � darkest shade; white � lightest
shade) to indicate the degree of difference in the magni-
tude of poststimulus intrinsic signal activity relative to
prestimulus activity such that a middle shade of gray
indicated no difference, darker shades of gray indicated an
increase in activity, and lighter shades of gray indicated a
decrease in activity. The conversion of ratio values to
various shades of gray in the manner described above
allows for the visualization of whisker C2 functional rep-
resentation as a dark, patch-like area within the region of
the imaged cortex (Fig. 2B). Analysis of imaging data
collected before topical application of a cholinergic agent

Fig. 2. Imaging of whisker C2 functional representation. A: The
exposed cortical surface as viewed by the imaging camera. The rela-
tive location of the posteromedial barrel subfield is indicated schemat-
ically on the exposed cortical surface, with the discrete cortical region
receiving afferent thalamocortical input from whisker C2 filled in
black. B: The location of whisker C2 functional representation within
the imaged cortical region is provided. Visualization of whisker C2
functional representation (black patch of activity) was achieved by
converting the magnitude change in poststimulus, intrinsic signal
activity to 1 of 256 shades of gray such that the middle shade of gray
indicated no difference relative to prestimulus activity and darker
shades of gray indicated an increase in activity relative to prestimulus
activity (black and white values represent a decrease or increase of
2.5 � 10�4 from prestimulus activity, respectively). The white borders
enclose the areal extent of whisker C2 functional representation when
quantified at the two activity thresholds of 1.5 � 10�4 (larger area)
and 2.5 � 10�4 above prestimulus activity. The cross indicates the
location of peak intrinsic signal activity within whisker C2 functional
representation. C: The peak intrinsic signal activity and the areal
extent of whisker C2 functional representation when quantified at the
two activity thresholds can be illustrated with a three-dimensional
schematic of the distribution of poststimulus activity over the imaged
cortex, with the x- and y-axes indicating cortical location and the
z-axis indicating magnitude change of poststimulus activity relative
to prestimulus activity. Scale bars � 1 mm in A,B.
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revealed that the placement of dura perforations based on
blood vessel landmarks was successful in exposing whis-
ker C2 barrel and large portions of whisker C2 functional
representation (Fig. 3).

Determination of cholinergic
agent penetration

In a different set of animals, surgery was performed as
described above. Then, to mimic the conditions of cholin-

ergic agent penetration during imaging, trace amounts of
a tritiated cholinergic agonist were added to the appropri-
ate 100 �M drug solution (2.5 �Ci for [3H]carbachol and
[3H]scopolamine, American Radiolabeled Chemicals, Inc.,
St. Louis, MO; or 5 �Ci of [3H]nicotine, NEN Lifescience,
Boston, MA), the petroleum jelly well was filled with a
tritiated cholinergic agent solution, and the tritiated cho-
linergic agent solution was allowed to penetrate for 23, 46,
69, or 92 minutes into primary somatosensory cortex (n �
2 rats per each time point for carbachol, nicotine, and
scopolamine). After decapitation, rat brains were removed
and immediately frozen in powdered dry ice. The brains
were then sliced coronally into sections 20 �m thick with
a cryostat, and the sections were mounted on noncoated
slides. The slides were placed in a film cassette and ex-
posed to 3H-labeled Hyperfilm (Amersham, Arlington
Heights, IL) for 25 (scopolamine and carbachol) or 45 days
(nicotine) along with a 3H standard (American Radiola-
beled Chemicals, Inc.) to verify the optimal exposure time.
Pilot results obtained with 2.5 �Ci of [3H]nicotine sug-
gested that, compared with carbachol and scopolamine, a
larger amount of labeled nicotine (which is still negligible
in comparison to the amount contained in a 100 �M solu-
tion) coupled with a longer exposure time was necessary to
verify nicotine’s penetration into the brain. Images of the
exposed Hyperfilm were digitized on a light box by using
Sony X6-77 CCD camera and NIH IMAGE software (ver-
sion 1.45) at a magnification of 108 pixels/mm. The level of
optical density measured from the exposed Hyperfilm in-
dicated the level of radioactive labeling resulting from the
cortical penetration of a cholinergic agent. Optical density
was measured (IMAGE, version 1.61) in two different
coronal sections per rat in the following manner. We sam-
pled five cortical locations starting at the center of the
cortical surface lying below a dura perforation (0 mm) and
at 0.5, 1.0, 1.5, and 2.0 mm below the cortical surface. As
verified with appropriately scaled, coronal diagrams of the
rat brain atlas of Paxinos and Watson, these five cortical
locations corresponded to cortical layer I (0 mm), lower
region of layers II/III (0.5 mm), upper region of layer V (1.0
mm), upper region of layer VI (1.5 mm), and bottom of
layer VI (2.0 mm). Three discrete, circular areas (diame-
ter � 0.5 mm) were sampled and averaged for each of the
five cortical locations. A last cortical location was sampled
in each coronal section at 2.5 mm below the cortical sur-
face, corresponding to the location of the white matter/
striatum, for measurement of background radioactive la-
beling. This location was chosen instead of the
contralateral cortex to adjust for possible diffusion of la-
beled cholinergic agents due solely to tissue processing
(although no difference in labeling was noted between this
location and the contralateral cortex). The percentage of
optical density labeling above background labeling was
then calculated for each of the five cortical locations and
averaged across animals. We observed that labeling of
�5% above background was visible to the naked eye when
viewing an exposed Hyperfilm.

Preparation of illustrations

The autoradiographic images were scanned and im-
ported into Adobe Photoshop 6.0 (Adobe Systems, Inc.,
San Jose, CA), and the brightness and sharpness were
adjusted for illustrative purposes (Fig. 6). Optical images,
vasculature images, and threshold outlines were also im-
ported into Adobe Photoshop 6.0, with the brightness and

Fig. 3. Representative examples illustrating the location of dura
perforations relative to whisker C2 barrel and functional representa-
tion. Before imaging, blood vessel landmarks are used to strategically
place dural slits (arrows) so that whisker C2 barrel and large portions
of whisker C2 functional representation can be exposed to topical
application of carbachol (A), nicotine (B), or scopolamine (C). Imaging
before topical application of a cholinergic agent verified that at least
one dura perforation overlies the peak activity (�), which is centered
above whisker C2 barrel, and large portions of whisker C2 functional
representation. Orientation (M, medial; P, posterior) also applies to
all panels. Scale bar � 1 mm in A (applies to A–C).
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contrast adjusted for the vasculature images (Figs. 1–4).
All images and threshold outlines were then assembled
and labeled with Adobe Photoshop 6.0 (Figs. 1–4, 6).

RESULTS

The size of whisker C2 functional representation was
quantified at two activity thresholds and the magnitude of
peak intrinsic signal activity within the functional repre-
sentation was determined for 24 rats (8 each for carbachol,
nicotine, and scopolamine; see Figs. 4, 5). As described in
the Materials and Methods section, the magnitude of
evoked intrinsic signal activity was expressed relative to
the average magnitude change in intrinsic signal activity
occurring 1 second before stimulus onset; thus, the quan-
tified imaging data should account for any potential gen-
eral change in baseline activity. We observed heterogene-
ity of variance in the sizes of whisker C2 functional
representation across the different treatment groups and
across the different quantification thresholds, which vio-
lates one of the conditions required by a repeated mea-
sures ANOVA. To achieve homogeneity of variance, the

quantified area of whisker C2 functional representation
was transformed with the square root function and statis-
tical analysis was conducted on the transformed area
data. A similar observation was found for the quantified
magnitude of peak activity; thus, the magnitude values
were also transformed with the square root function, and
statistical analysis was conducted on the transformed
magnitude data. However, to provide the actual magni-
tude and spread of the quantified areas and strength of
peak activity, standard error bar graphs were generated
by using untransformed data (see Fig. 5).

Control

Within each of the three treatment groups, the areal
extent of whisker C2 functional representation (carbachol,
Fig. 5A,B; nicotine, Fig. 5D,E; scopolamine, Fig. 5G,H)
and the magnitude of peak activity within whisker C2
functional representation (carbachol, Fig. 5C; nicotine,
Fig. 5F; scopolamine, Fig. 5I) was observed to vary be-
tween animals for a given data session time point. Fur-
thermore, the same whisker C2 functional representation
was observed to vary between time points but the varia-
tion over time was unsystematic between animals, result-
ing in mean area values that were similar between time
points. Immediately before topical application of a cholin-
ergic agent, the mean areal extent of whisker C2 func-
tional representation as quantified at either threshold was
also similar between treatment groups. Similar findings
were obtained for the magnitude of peak activity within
the whisker C2 functional representation. In contrast, com-
pared with immediately before topical application, all three
cholinergic agents exerted different spatial and temporal
effects on the whisker C2 functional representation as de-
scribed below (representative cases provided in Fig. 4).

Carbachol

In all eight rats, the areal extent of whisker C2 functional
representation was observed to increase by �69 minutes
after topical application of carbachol. At this time point, the
mean areal extent was observed to increase irrespective of
whether it was quantified at the 1.5 � 10�4 (F (1, 7) � 14.57,
P 	 0.01; Fig. 5A) or 2.5 � 10�4 (F (1, 7) � 10.63, P 	 0.05;
Fig. 5B) threshold. The mean areal extent was then observed
to decrease to preapplication levels by �92 minutes postap-
plication. The mean magnitude of peak intrinsic signal ac-
tivity exhibited only a trend toward maximum increase at
�69 minutes postapplication (Fig. 5C).

Nicotine

In all eight rats, the areal extent of whisker C2 functional
representation was observed to increase by �46 minutes
after topical application of nicotine. At this time point, the
mean areal extent was observed to increase irrespective of
whether the areal extent was quantified at the 1.5 � 10�4 (F
(1, 7) � 40.13, P 	 0.001; Fig. 5D) or 2.5 � 10�4 (F (1, 7) �
28.09, P 	 0.01; Fig. 5E) threshold. Correspondingly, the
mean magnitude of peak intrinsic signal activity increased
at �46 minutes postapplication (F (1, 7) � 15.22, P 	 0.01;
Fig. 5F). Afterward, both the mean areal extent and mean
magnitude of peak intrinsic signal activity returned to pre-
application levels by �69 minutes postapplication.

Scopolamine

In six of eight rats, the areal extent of whisker C2
functional representation was observed to decrease by

Fig. 4. Effects of topical cholinergic agent application on the areal
extent of whisker C2 functional representation. The magnitude
change in poststimulus, intrinsic signal activity was converted to one
of 256 shades of gray such that whisker C2 functional representation
is visualized as a black patch of activity. The middle gray shade in the
grayscale calibration bar corresponds to no difference in the magni-
tude change of poststimulus activity relative to prestimulus activity.
Data from representative animals are provided to illustrate the ef-
fects of carbachol (�69 minutes postapplication; A), nicotine (�46
minutes postapplication; B), and scopolamine (�46 minutes postap-
plication; C) on the areal extent of whisker C2 functional representa-
tion compared with control images obtained within the same animals
before topical cholinergic agent application. Orientation applies to all
images. Scale bar � 1 mm in C (applies to A–C).
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�23 minutes through �69 minutes after topical applica-
tion of scopolamine. At these time points, the mean areal
extent was observed to decrease irrespective of whether it

was quantified at the 1.5 � 10�4 (F (1, 7) � 7.33, P 	 0.05;
Fig. 5G) or 2.5 � 10�4 (F (1, 7) � 6.01, P 	 0.05; Fig. 5H)
threshold. The decrease was most pronounced by �46

Fig. 5. The effects of carbachol (n � 8; A–C), nicotine (n � 8;
D–F), and scopolamine (n � 8; G–I) on the areal extent of whisker C2
functional representation when quantified at the 1.5 � 10�4 and 2.5 �
10�4 activity threshold as well as the magnitude of peak intrinsic
signal activity. The x-axis indicates the time point at which a given
23-minute data session was completed relative to the time of topical
application. Before topical application of a cholinergic agent, within
each of the three treatment groups the areal extent of whisker C2
functional representation (unshaded bars, left and middle columns)
and the magnitude of peak activity within whisker C2 functional
representation (unshaded bars, right column) varied between animals
for a given data session time point but the mean area value was
similar between data sessions. Furthermore, immediately before top-
ical application of a cholinergic agent, the mean areal extent of whis-
ker C2 functional representation as quantified at either threshold and
the mean magnitude of peak intrinsic signal activity were also similar

between treatment groups. In contrast, compared with immediately
before topical application (0 minutes), carbachol increased the mean
areal extent of whisker C2 functional representation as quantified at
two activity thresholds by 69 minutes postapplication (A,B), a time
point in which the mean magnitude of peak intrinsic signal activity
exhibits only a trend toward maximum increase (C). By 46 minutes
postapplication, nicotine also increased the mean areal extent of whis-
ker C2 functional representation (D,E), at which point the mean
magnitude of peak intrinsic signal activity also increased (F). Scopol-
amine’s effect was fast and prolonged (G,H), decreasing the mean
areal extent of whisker C2 functional representation by 23 minutes
postapplication and exerting a continued effect through 69 minutes
postapplication for both activity thresholds (G,H), with only a trend
toward maximum decrease observed by 46 minutes postapplication
for the mean magnitude of peak intrinsic signal activity (I). *P 	 0.05,
**P 	 0.01, ***P 	 0.001.
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minutes postapplication for both the lower (F (1, 7) �
12.08, P 	 0.05) and higher (F (1,7) � 9.27, P 	 0.05)
threshold and was still present at �69 minutes postappli-
cation for the lower (F (1, 7) � 10.74, P 	 0.05) and higher
(F (1, 7) � 7.28, P 	 0.05) threshold. The mean magnitude
of peak intrinsic signal activity exhibited only a trend
toward the most pronounced decrease at �46 minutes
postapplication (Fig. 5I).

Cholinergic agent penetration

For verification, we characterized the ability of each
cholinergic agent to penetrate the cortex by the time re-
quired to complete an imaging experiment (total duration
of 92 minutes after topical cholinergic agent application,
Figs. 6, 7). Optical density of approximately 5.0% above
background was chosen arbitrarily as the minimum per-
centage required to indicate successful penetration into
the cortex, which corresponded to penetration labeling
discernible to the naked eye. By �92 minutes postappli-
cation, all three cholinergic agents were observed to pen-
etrate the cortex through layer V in a nonuniform pattern,
depending on the proximity relative to the dura perfora-
tions (Fig. 6). By �23 minutes postapplication, carbachol
penetration was evident through 1.0 mm below the corti-
cal surface corresponding to the supragranular and gran-
ular layers (Fig. 7A). By �69 minutes postapplication,
carbachol penetration was evident through 1.5 mm below
the cortical surface, corresponding to the bottom of layer
V, with concurrent increases in labeling at the more su-
perficial layers. With respect to nicotine, by �23 minutes
postapplication, its penetration was evident through 0.5
mm below the cortical surface, corresponding to the su-
pragranular layer (Fig. 7B). By �46 minutes postapplica-
tion, nicotine penetration was evident through the upper
region of layer IV (�0.8 mm below the cortical surface) but
not visible at 1.0 mm below the cortical surface. By �69
minutes postapplication, nicotine penetration was evident
through 1.5 mm below the cortical surface, corresponding
to the bottom of layer V. With respect to scopolamine, by
�23 minutes postapplication, its penetration was evident
through 1.0 mm below the cortical surface, corresponding
to the supragranular and granular layers (Fig. 7C). By
�46 minutes postapplication, scopolamine appeared to
penetrate through 1.5 mm below the cortical surface, cor-
responding to the bottom of layer V.

The nonuniform labeling pattern of a cholinergic agent
that has been allowed �92 minutes to penetrate the cortex
(Fig. 6) raised a potential concern. Although dura perfo-
rations were placed in such a way as to maximize the total
exposed area of whisker C2 barrel and functional repre-
sentation, the absolute amount of cholinergic agent expo-
sure varied from animal to animal (Fig. 3). Such subject
variability in the absolute amount of cholinergic agent
exposure probably contributed in part to the observed
subject variability in the effects of a cholinergic agent on
whisker C2 functional representation (Fig. 5). Despite this
variability, we were encouraged by our results revealing
systematic differences in the effects of the three cholin-
ergic agents on whisker C2 functional representation: (1)
for carbachol, at �69 minutes postapplication, all eight
rats exhibited an increase in area compared with preap-
plication level; (2) for nicotine, at �46 minutes postappli-
cation, all eight rats exhibited an increase in area com-
pared with preapplication level; (3) for scopolamine, at
�23 through �69 minutes postapplication, six of eight

rats exhibited a decrease in area compared with preappli-
cation level, with the remaining instances consisting of no
change or minimal increase in area. It is unlikely that our
inability to replicate the same cholinergic agent delivery
across all rats is the sole contributor to the variability
observed between rats given that a similar degree of vari-
ability between animals was observed before topical ap-
plication (Fig. 5).

However, this varied amount of cholinergic agent expo-
sure between animals could not easily explain the sub-
stantial difference in nicotine’s labeling pattern compared

Fig. 6. Cholinergic agent penetration through the perforated dura.
Representative examples of the labeling pattern in primary somato-
sensory cortex at 92 minutes after topical application of either carba-
chol (A), nicotine (B), or scopolamine (C). For each example, a 20-�m
coronal section was taken through the posteromedial barrel subfield
of primary somatosensory cortex (�4 mm posterior to bregma, accord-
ing to the rat brain atlas of Paxinos and Watson) and the approximate
location of the dura perforation(s) is indicated relative to the outer
boundary of the coronal section. Note that the penetration of a triti-
ated cholinergic agent through the dura perforations resulted in a
nonuniform pattern of labeling, depending on the proximity of label-
ing relative to the perforations. Scale bar � 2 mm in C (applies to
A–C).
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with carbachol and scopolamine (Figs. 6, 7). Although a
similar degree of labeling was observed for carbachol and
scopolamine, we were puzzled by the much lower degree of
labeling for nicotine, despite doubling the amount of ra-
dioactivity in the solution. At present, we are uncertain
whether certain features of the tissue processing proce-
dure may be less than optimal for nicotine or whether the
lower nicotine labeling is actually indicative of nicotine’s
diminished ability to penetrate the cortical tissue com-
pared with carbachol and scopolamine. Despite this dif-
ference in degree of labeling, we would like to note that
nicotine labeling in the cortical layers was visible to the
naked eye (Fig. 6B).

DISCUSSION

In the absence of an exogenous cholinergic agent, we
found that the area of whisker C2 functional representa-
tion at a given time point can vary between animals. In
contrast, the size of whisker C2 functional representation
was observed to increase in every animal shortly (within
minutes) after in vivo topical cholinergic agonist applica-
tion. Furthermore, it appeared that not only muscarinic
but also nicotinic receptors can participate in this type of
cholinergic modulation. In line with results of Juliano et
al. (1990), we observed a decrease in the size of a func-
tional sensory representation within 23 minutes after top-
ical cholinergic antagonist application, with the decrease
lasting more than 1 hour. Speculations on the cholinergic
role in modulating the functional organization of the cor-
tex are discussed below within the context of our chosen
animal model for studying functional sensory representa-
tions, including potential sites of muscarinic and nicotinic
action.

Cholinergic modulation of a functional
sensory representation by means of action

on evoked cortical activity propagating
along intracortical projections

In the adult rat, a single whisker sends afferent
thalamocortical input to a localized region in primary
somatosensory cortex (Killackey, 1973). This origin of cor-
tical activity is thought to then initiate the propagation of
activity to sites distant from the original locus along in-
tracortical projections in the supragranular and infra-
granular layers (Akers and Killackey, 1978; Chapin et al.,
1987; Koralek et al., 1990; Armstrong-James et al., 1991,
Fabri and Buron, 1991; Fox, 1994; Hoeflinger et al., 1995;

Fig. 7. Optical density measurement of labeling intensity for
[3H]carbachol (A), [3H]nicotine (B), and [3H]scopolamine (C) at differ-
ent cortical depths according to minutes after topical application.
Coronal cortical slices from brains that had been penetrated by a
tritiated cholinergic agent were exposed to Hyperfilm. The level of
optical density measured from the exposed Hyperfilm indicated the
level of radioactive labeling resulting from the cortical penetration of
a cholinergic agent. The percentage of optical density labeling above
background labeling (indicated on the z-axis) was determined for five
cortical locations (indicated on the y-axis): at the center of the cortical
surface lying below a dura perforation (0 mm) and at 0.5, 1.0, 1.5, and
2.0 mm below the cortical surface. The x-axis indicates the amount of
time allowed for a cholinergic agent to penetrate the cortex. Labeling
intensity of �5% above background was visible to the naked eye when
viewing an exposed Hyperfilm.
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Gottlieb and Keller, 1997; Schroder and Luhman, 1997;
Goldreich et al., 1999; Kim and Ebner, 1999). These intra-
cortical projections are likely to provide the anatomic sub-
strate necessary to support massive changes in the size of
a single whisker functional representation. Indeed, intra-
cortical projections are proposed to be the anatomic sub-
strate for the immediate functional reorganization in the
cortex in response to alterations in sensory input (Calford
and Tweedale, 1991; Faggin et al., 1997; Kelly et al.,
1999). The substantial increase in the size of whisker C2
functional representation that we observed within 46–69
minutes after topical application of either carbachol or
nicotine suggest that the propagation of evoked activity
along these intracortical connections can be increased by
cholinergic action. Furthermore, our results showing a
decrease in the size of whisker C2 functional representa-
tion after scopolamine application suggest that, in the
unmanipulated anesthetized animals, the basal release of
cortical ACh (Jimenez-Capdeville et al., 1997) plays a
tonic role in the propagation of cortical activity evoked by
a sensory stimulus.

Potential site of cholinergic action
in the cortex

Given the several considerations described below, com-
bined with the knowledge that optical imaging assesses
changes in intrinsic signals integrated across a volume of
cortex, we can only speculate on potential sites of action
for the cholinergic effects observed in the present study. In
the adult rat cortex, both muscarinic and nicotinic recep-
tors are present on cells throughout layers II–VI. These
two types of cholinergic receptors are distributed differ-
ently across the cortical layers and are primarily ex-
pressed by different cell types (Clarke et al., 1985; Levey
et al., 1991; Lavine et al., 1997; van der Zee and Luiten,
1999). Furthermore, cholinergic receptor properties such
as ligand affinity, saturation, desensitization, and habit-
uation can also vary by cortical layer. Lastly, as with any
penetration study, the cortical concentration of a cholin-
ergic agent continues to increase in more superficial layers
as the agent penetrates deeper into the cortex (Fig. 7),
thus preventing the differentiation between cholinergic
effects originating from the superficial layers in response
to higher cholinergic agent concentration vs. cholinergic
effects originating from the deeper layers in response to a
lower cholinergic agent concentration. Despite the above
considerations, we find the following observations note-
worthy.

Topical carbachol application was effective �69 minutes
postapplication, coincident with its penetration through
layer V. The pyramidal neurons in this layer express
muscarinic receptors (Levey et al., 1991; van der Zee and
Luiten, 1999) and have been implicated as the predomi-
nant mediators of ACh-induced excitation in rat primary
somatosensory cortex (Lamour et al., 1982; Metherate et
al., 1992). Topical nicotine application was effective at
�46 minutes postapplication, which is coincident with its
penetration into layer IV and, thus, may be mediated by
nicotinic receptors expressed on thalamocortical afferents
(Lavine et al., 1997; Gil et al., 1997). In line with this
hypothesis is our result of an increased magnitude in peak
intrinsic signal activity (Fig. 5), whose location previously
has been shown to reside above the cortical region receiv-
ing direct thalamocortical input from whisker C2 (Masino
et al., 1993). Because cholinergic-induced increase of adult

cortical responses observed in the order of minutes has
thus far been primarily ascribed to muscarinic receptors
(Lamour et al., 1982; Metherate et al., 1988b), nicotine’s
role in the observed effects described in the present study
may not be straightforward. One possibility is that nico-
tine acts on receptors residing on thalamocortical affer-
ents, which in turn initiates a cascading sequence of
events leading to a large spread of intracortical activity
that potentially enlists both muscarinic and glutamater-
gic receptors (Cox et al., 1994). The differential time
course of carbachol vs. nicotine observed in the present
study agrees with the general view that, in the adult
cortex, carbachol exerts its effects on predominantly mus-
carinic receptors. Whether carbachol can also act on nic-
otinic receptors in the cortex or whether carbachol acts on
muscarinic receptors only is a question requiring further
research.

Topical scopolamine application was effective at �23
minutes postapplication (first time point sampled) and
remained effective through �69 minutes of monitoring, a
finding consistent with the abundance of muscarinic re-
ceptors found in all cortical layers (Levey et al., 1991; van
der Zee and Luiten, 1999). At first glance, the time course
of action for scopolamine (ACh antagonist) vs. carbachol
(ACh agonist) appears contradictory. However, the time
course difference probably reflects the difference in their
action: scopolamine blocks the effect of endogenous Ach,
whereas carbachol competes with endogenous ACh for
available binding sites to exert an additional cholinergic
effect. In combination with reports of tonic ACh release in
the primary somatosensory cortex of the anesthetized rat
(Jimenez-Capdeville et al., 1997), our scopolamine results
suggest that muscarinic receptors in the cortex exhibit
some basal level of activity. Moreover, our findings further
support the view that tonic cholinergic activity contributes
to cortical processing of sensory information even when
the animal is anesthetized (for review, see Descarries et
al., 1997; Vizi and Lendvai, 1999).

The size of whisker C2 functional representation was
observed to return to preapplication levels by �69 min-
utes postapplication for nicotine and �92 minutes postap-
plication for carbachol and scopolamine. Presumably, ces-
sation of a cholinergic agent effect is due to physiological
factors such as ligand desensitization, habituation, and/or
degradation.

Source of the imaged intrinsic signals

Various sources can contribute to the imaged intrinsic
signals including not only changes in deoxyhemoglobin
concentration but also changes in blood volume and flow
(Grinvald et al., 1986; Frostig et al., 1990; Narayan et al.,
1994a,b; Malonek and Grinvald, 1996; Malonek et al.,
1997; Nemoto et al., 1997, 1999; Mayhew et al., 1998,
1999). It can be argued that the cholinergic effects shown
in this study reflect more general changes in blood flow
and/or volume associated with the cerebral microvascula-
ture rather than more specific changes in deoxyhemoglo-
bin concentration that colocalize with changing neuronal
activity (Frostig et al., 1990; Peterson et al., 1998; Polley
et al., 1999a). Indeed, basal forebrain stimulation has
been shown to increase cerebral blood flow (for review, see
Dauphin and MacKenzie, 1995), and both muscarinic (Lu-
iten et al., 1996; Elhusseiny et al., 1999) and nicotinic
(Kalaria et al., 1994) receptors are found on cerebral blood
vessels. It may be that the small arterioles and capillaries
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located in deeper cortical layers express cholinergic recep-
tors and play a larger role in cholinergic-mediated cere-
bral blood flow, a possibility that would require some time
for a cholinergic agent to penetrate the cortex before ex-
erting its effect on the deeper vessels and, therefore,
would be consistent with our time course results. Further
research is needed to elucidate the role played by single
units vs. cortical microvasculature in our observed cholin-
ergic modulation of a single whisker functional represen-
tation. However, we would like to note that we have found
previously that a correspondence exists between imaging
of intrinsic signal activity and single unit recordings in
untreated animals (Polley et al., 1999a; Brett-Green et al.,
2001) and that the correspondence is upheld in sensory-
deprived animals that exhibit plasticity in their single
whisker functional representation (Polley et al., 1999a).
Also, our scopolamine results confirm a previous report on
the effects of scopolamine on a functional sensory repre-
sentation as observed by 2-DG (Juliano et al., 1990), a
technique not known to be influenced by blood flow or
volume changes. Furthermore, Nakao et al. (1999) re-
ported that an intravenous injection of scopolamine did
not affect the response of local cerebral blood flow to whis-
ker stimulation. Lastly, our carbachol results are consis-
tent with a large body of single unit studies reporting an
increase in neuronal activity after cholinergic agonist ap-
plication.

Another possibility is that our observed changes in light
reflectance may arise simply from absorption by the cho-
linergic agents in the solution overlying the imaged corti-
cal region. However, we would expect such light absorp-
tion to be temporally independent of stimulus delivery,
and our analysis is designed to compensate for general
changes in the collected intrinsic signals by normalizing
poststimulus activity with respect to activity collected im-
mediately before stimulus onset (Chen-Bee et al., 2000).
Moreover, a change in light reflectance due merely to the
physical properties of the cholinergic agent solution would
not be expected to follow a distinct time course as observed
in our study.

It remains to be seen whether cholinergic modulation of
functional sensory representations can be observed in
other sensory cortices and/or other species within the
same time scale, and whether cholinergic modulation of
functional sensory representations can be observed within
a few minutes or seconds when using a method that allows
simultaneous and uniform delivery of a cholinergic agent
to a large cortical volume. Although the concentrations of
the cholinergic agents used in the present study and their
delivery to the cortex are not directly comparable to phys-
iological ACh-BF activity, our results suggest the poten-
tial for ACh-BF to induce large-scale changes in the area
of sensory-evoked cortical activity within a short time
period and that both muscarinic and nicotinic receptors
have the capacity to participate in this type of modulation.
When our findings are considered together with results
implicating ACh-BF involvement in long-lasting (weeks)
cortical plasticity, it appears that the ACh-BF system may
provide a means for the cortex to quickly reorganize itself
as well as a means to preserve modulatory effects that
lead to long-lasting changes in the functional organization
of the cortex.
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