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Berg, Rune W., Beth Friedman, Lee F. Schroeder, and David
Kleinfeld. Activation of nucleus basalis facilitates cortical control of
a brain stem motor program. J Neurophysiol 94: 699—-711, 2005. First
published February 23, 2005; doi:10.1152/jn.01125.2004. We tested
the hypothesis that activation of nucleus basalis magnocellularis
(NBM), which provides cholinergic input to cortex, facilitates motor
control. Our measures of facilitation were changes in the direction and
time-course of vibrissa movements that are elicited by microstimula-
tion of vibrissa motor (M1) cortex. In particular, microstimulation led
solely to a transient retraction of the vibrissae in the sessile animal but
to a full motion sequence of protraction followed by retraction in the
aroused animal. We observed that activation of NBM, as assayed by
cortical desynchronization, induced a transition from microstimula-
tion-evoked retraction to full sweep sequences. This dramatic change
in the vibrissa response to microstimulation was blocked by systemic
delivery of atropine and, in anesthetized animals, an analogous change
was blocked by the topical administration of atropine to M1 cortex.
We conclude that NBM significantly facilitates the ability of M1
cortex to control movements. Our results bear on the importance of
cholinergic activation in schemes for neuroprosthetic control of
movement.

INTRODUCTION

Nucleus basalis magnocellularis (NBM) of the basal fore-
brain forms extensive cholinergic projections throughout cor-
tex (Casamenti et al. 1986; Johnston et al. 1979; Kurosawa et
al. 1989; Rye et al. 1984; Saper 1984; Wenk et al. 1980; Woolf
et al. 1983). Activation of NBM plays an essential role in the
depolarization of cortical neurons (Metherate and Ashe 1993)
and in abolishing the overall synchronous activity in cortex that
is associated with drowsiness (Buzsaki et al. 1988; Detari et al.
1999; Sarter and Bruno 2000; Wenk 1997). The desynchro-
nized state is associated with mental arousal (Green and Ar-
duini 1954; Vanderwolf 1969, 1990) and attention (Muir et al.
1992) and is correlated with heightened sensory processing
(Bringmann and Klingberg 1990; Donoghue and Carroll 1987;
Hars et al. 1993; Mercado et al. 2001; Metherate and Ashe
1991; Murphy and Sillito 1991; Sato et al. 1987; Tremblay et
al. 1990; Webster et al. 1991), improved working memory
(Wrenn et al. 1999), and improved cognition (Baxter and Chiba
1999; Everitt and Robbins 1997). Furthermore, animals in the
desynchronized state exhibit sharpened sensory receptive fields
during the alert state (Donoghue and Carroll 1987; McCormick
and Prince 1986; Sato et al. 1987) and attain a heightened
capability for stimulus-induced plasticity (Baskerville et al.

1997; Kilgard and Merzenich 1998; Maalouf et al. 1998;
Sachdev et al. 1998). These elastic and plastic effects are
mediated at least in large part by the neurotransmitter acetyl-
choline (Celesia and Jasper 1966; Kanai and Szerb 1965; Perry
et al. 1999; Shute and Lewis 1967; Szerb 1967), prevalent in
fibers from the NBM. In particular, the impact of pathological
conditions like Alzheimer’s disease, where the cholinergic
cells throughout the basal forebrain degenerate (Geula and
Mesulam 1999), emphasizes the central role of NBM in normal
brain function.

Despite the presence of extensive cholinergic afferents to
motor areas of cortex (Donoghue and Parham 1983; Eckenstein
et al. 1988; Jimenez-Capdeville et al. 1997; McKinney et al.
1983; Saper 1984) and the release of acetylcholine during
motor activity (Giovannini et al. 2001), a role for NBM in the
normal function of motor cortex has received relatively little
attention. A recent and notable study showed that animals can
complete a forelimb-based retrieval task after pharmacological
lesion of their NBM. However, the movements involved in the
task were abnormal (Gharbawie and Whishaw 2003). It is
possible that both afferent and proprioceptive sensory input, in
addition to motor output, are affected. Our approach to dissect
the modulation of motor cortex independent from that of
sensory cortex is to drive electrical activity in primary motor
(M1) cortex and observe a behavioral output. We hypothesize
that projections from NBM to M1 cortex could serve to
heighten the participation of neurons in sequential motor plan-
ning.

The vibrissa system of rat serves as a model preparation to
test the above hypothesis. In particular, we ask if the ability of
motor cortex to perform cycle-by-cycle control of rhythmic
whisking is modulated by the activation of nucleus basalis
magnocellularis. Three assays play an essential role in our
experiment. /) A standard measure of arousal may be ascer-
tained from the spectral content of the differential hippocampal
field activity (Green and Arduini 1954; Vanderwolf 1969,
1990), denoted the V?LFP (Fig. 14). Arousal is signified by
rhythmic activity in the 5- to 10-Hz band, or 6-band, while the
lack of arousal or attention is signified by irregular activity that
manifests itself in the <5-Hz range, or 8-band. We quantify the
level of arousal in terms of the integrated power in the 5- to
10-Hz band relative to that in the 0- to 5-Hz band (Fig. 1, B and
C). This ratio is at or below 1 for animals in the awake but
sessile state but much >1 for animals in the awake and aroused
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state (Berg and Kleinfeld 2003b) (Fig. 1C). 2) A measure of
cortical control of motor output is the magnitude and time-
course of vibrissa motion in response to rhythmic intracor-
tical microstimulation (ICMS) to vibrissa M1 cortex (Berg
and Kleinfeld 2003b). Vibrissa position was measured di-
rectly by videography (Fig. 1, D and E) or indirectly in
terms of the differential mystacial electromyogram, denoted
VEMG (Fig. 1F); the latter measure is amenable to free
ranging animals. Each ICMS pulse leads solely to a retrac-
tion of the vibrissae in sessile animals, which is mediated by
a relatively small and prompt VEMG signal (Fig. 1, E and
F). In contrast, ICMS leads to full whisks in aroused

animals, which is mediated by a relatively larger prompt
VEMBG signal and a new, delayed component in the VEMG
(Fig. 1, E and F). 3) Last, a standard measure of cortical
arousal, which correlates with both the onset of cholinergic
activation of neocortex and behavioral activity, is the extent
of desynchronization of the electrocorticogram (ECoG)
(Buzsaki and Gage 1989; Metherate et al. 1992; Steriade et
al. 1990b; Szerb 1967). This is a qualitative measure that
correlates with changes in hippocampal rhythmic activity
(Green and Arduini 1954; Steriade et al. 1990a). It provides
a means to assess the specific activation of vibrissa M1
cortex by stimulation of NBM.

J Neurophysiol « VOL 94 « JULY 2005 « WWW.jN.0r'g



AROUSAL AND MOTOR CONTROL

METHODS

Our subjects were 17 female Long Evans rats, 200-300 g in mass.
Fourteen of these animals had EMG electrodes implanted in the
intrinsic muscles in the mystacial pad, microwire stimulating elec-
trodes implanted in vibrissa M1 cortex and nucleus basalis magno-
cellularis, and recording electrodes implanted in hippocampus and M1
cortex (Fig. 2A). The overall sequence of experimentation was elec-
trode placement — recovery — training — data collection — histol-
ogy.

The care and all aspects of experimental manipulation of our
animals were in strict accord with guidelines from the National
Institute of Health (1985) and have been approved by members of the
local Institutional Animal Care and Use Committee.

Electrodes

The stimulation electrodes for both M1 cortex and NBM consisted
of two teflon coated etched Pt-Ir wires, each with an impedance of 2
MQ at f = 1 kHz (PI0030.5A 10, MicroProbe, Clarksburg, MD). The
pair formed a bipolar stimulation electrode, with tips separated by 500
wm, that was held by adhesive in a 20-gauge stainless steel tube
(Small Parts, Miami Lakes, FL) with adhesive (420, Loctite Corp.,
Rocky Hill, CT). The tip separation is small compared with the lateral
extent of the vibrissa area of M1 cortex (Kleinfeld et al. 2002; Neafsey
1990; Sanderson et al. 1984) and NBM. Platinum-iridium was chosen
to minimize neural damage from electrochemistry at the site of
stimulation (Tehovnik 1996).

The EMG electrodes were 50-um-diam teflon-coated tungsten
wires (A-M Systems). They were positioned in the mystacial pad to be
sensitive primarily to the intrinsic muscles, as described previously
(Berg and Kleinfeld 2003a). We report the numerically computed
absolute values of the differential measurement between voltages
across the two wires in each area, denoted as the VEMG.

The hippocampal recording electrode consisted of a triplet of
50-um-diam teflon-coated tungsten wires (A-M Systems, Carlsborg,
WA) that was held by adhesive in a 3-mm-long, 25-gauge stainless
steel tube (Small Parts). The three tips were separated so they spanned
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FIG. 2. Experimental paradigm. A: schematic of location of electrodes
overlaid on a midsagittal section of the rat brain (Swanson 1992). The nucleus
basalis magnocellularis (NBM), located subcortically, was stimulated, as well
as vibrissa primary motor (M1) cortex. Field potentials were recorded from M1
cortex and the ipsi-lateral hippocampus. B: an intracortical microstimulation
trial to M1 cortex consisted of 40 regularly timed bursts of electrical stimuli,
with an interburst period of 150 ms (bottom), that was interrupted halfway
through by a 100-ms stimulation to NBM (top).
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a total axial separation distance of 1 mm, with the deepest electrode
positioned in dentate gyrus and the most shallow in CAl. The
common electrical reference electrode was a single 50-um-diam
teflon-coated tungsten wire, with 1 mm of insulation removed near the
tip, which was placed in the contralateral occipital lobe. We measured
the local field potential (LFP) at each wire and report the numerically
computed differential measurement, or current source density (Free-
man and Nicholson 1975), across the three wires, denoted as the
VALFP. 1t is estimated as V2LFP = —[V(z + Az, 1) — 2V(z, 1) +
V(z — Az, D]/Az?, where V(z) is the measured field potential in each
of the three wires and Az = 500 pwm.

The cortical recording electrode consisted of a pair of 50-um-diam
teflon-coated tungsten wires (A-M Systems) that were held by adhe-
sive in the same tube as the M1 cortical stimulation electrodes. The
tips were separated so they spanned a lateral distance of 1 mm. The
recording electrode was adjusted to lie about 1 mm above and to the
side of the stimulation electrode, so that it measured from the top of
M1 cortex while the stimulating electrode was in layer 5. The
reference for the cortical recording leads was the same as for the
hippocampal leads. We measured the LFP at each wire and report the
numerically computed differential measurement across the pair, sim-
ilar to the case for the VEMG. This cortical signal is referred to as the
electrocorticogram (ECoG).

Surgery

Aseptic surgery was performed with the rat anesthetized with
ketamine (0.05 mg/g body weight) and xylazine (0.015 mg/g body
weight), injected intraperitoneally. The head was held in a stereotaxic
frame. The EMG electrodes were implanted first. Then, ~1-mm-diam
holes were drilled through the skull, and the dura mater was carefully
removed. The combined M1 cortical stimulation and recording array
was implanted at the coordinates (A-P, M-L, and D-V = 2.0, 1.5-2.0,
and 1.0-1.2 mm, respectively), which is part of the retraction area
(Brecht et al. 2004; Haiss and Schwarz 2005), with the two tips offset
along the anterior-posterior axis. The medial-lateral coordinates cor-
respond to the nominal depth of layer V in vibrissa M1 cortex. The
gross placement was tested and confirmed by ICMS (Asanuma 1989)
and, on successful placement, this electrode was permanently ce-
mented (1330 Ortho-Jet, Lang Dental, Wheeling, IL) to screws (00-
90-1/8', Small Parts) placed nearby in the skull. The hippocampal
recording electrodes were implanted at the coordinates (—3.8, 2.0, 3.0
mm) and secured to a neighboring screw and the reference electrode
for recording was implanted at coordinates (—6, 1, 0—1 mm) and
secured. Last, the NBM stimulating electrode was implanted at the
coordinates (2.1, —1.2, —6.9 mm) and secured to a neighboring
screw. The placement was confirmed post hoc by histological analy-
sis. All screws were connected to a common ground with 0.010-in
uncoated silver wire. All electrode leads were soldered (Stay Clean
Flux, Harris Co., Cincinnati, OH) to miniature 10-pin connectors
(2-mm, Samtec, New Albany, IN) in mounts of local design.

Training

The animals were allowed to recover for 5 days after surgery. They
were gentled and trained to walk on a raised platform, as previously
described (Berg and Kleinfeld 2003a). Data from intact animals was
collected on a daily basis for a period of 2 wk beginning ~5 days after
recovery from surgery.

ICMS

The pair of stimulating electrodes in vibrissa M1 cortex were
connected to a bipolar, constant-current stimulation unit (no. 2100,
A-M Systems). Stimuli consisted of a train of 35 bursts; the individual
bursts consisted of five uniphasic pulses that were 100 ws in duration
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and spaced 2 ms apart (Donoghue and Sanes 1988; Donoghue and
Wise 1982; Miyashita et al. 1994; Neafsey et al. 1986; Weiss and
Keller 1994). The period between each burst was 150 ms, and a train
of 40 bursts was used (Fig. 2B). The magnitude of the current adjusted
for a minimal superthreshold value, typically 50-70 pA, the standard
threshold for behavioral responses (Tehovnik 1996). Studies on ICMS
in vitro suggest that the primary mode of neuronal activation is
through axonal as opposed to somatic activation (Nowak and Bullier
1998, 1996). The spatial extent of activation is set by the bipolar
electrode spacing, i.e., 500 wm, and is presumed to include projection
axons in addition to axons to collateral cells.

Visual inspection insured that only the vibrissae, and not the limbs,
neck, or other facial structures, moved in response to stimulation.
However, fibers of passage to and from nonmotor areas could be
activated. The stimulation sequence was repeated 50 times in a
recording session: 40 times with NBM stimulation and 10 times
without NBM stimulation to serve as control.

NBM stimulation

The NBM was stimulated halfway through each ICMS sequence to
assess the impact of stimulation of NBM on vibrissa movement (Fig.
2B). The stimulation consisted of 50 uniphasic pulses that were 200
s in duration and spaced 2 ms apart. The magnitude of the current
was adjusted to a value that would produce cortical activation
(Buzsaki et al. 1988; Detari et al. 1999; Sarter and Bruno 2000), as
assayed by desynchronization of cortical large-amplitude irregular
activity in the sessile animal. This value was typically 100 pwA. In
control experiments, only the NBM and not M1 cortex was stimu-
lated.

Data collection

Mystacial EMG activity and cortical LFP activity were impedance
buffered, amplified, filtered, sampled with electronics of local design
(Fee et al. 1996; Ganguly and Kleinfeld 2004), and then numerically
processed as described (Berg and Kleinfeld 2003a; Ganguly and
Kleinfeld 2004). Videographs of the motion of the caudal row of
vibrissae, acquired at 100 frames/s (MegaPlus ES310, Roper Scien-
tific MASD, San Diego, CA), were obtained when the animal craned
from a perch in search of a food tube, as described previously (Berg
and Kleinfeld 2003a).

Atropine controls

One set of control experiments involved the systemic subcutaneous
administration of atropine sulfate (0.05 mg/kg body weight), which is
known to cross the blood-brain barrier (Maalouf et al. 1998) and to
exert competitive inhibition of the muscarinic cholinergic receptors.
Data were recorded with the ICMS paradigm ~20 min after the bolus
injection of atropine.

A second set of control experiments was performed with animals in
the anesthetized state and involved the topical application of atropine
to cortex. Atropine sulfate was mixed in an artificial cerebral spinal
fluid solution to a concentration of 150 uM (Juliano et al. 1990). The
rat was anesthetized with ketamine (0.05 mg/g) and xylazine (0.015
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mg/g), injected intraperitoneally, and placed in stereotaxic frame. A
craniotomy was prepared over vibrissa M1 cortex (Kleinfeld et al.
2002) with nominal coordinates (A-P and M-L = 0-5 and 1-3 mm,
respectively). Stimulating electrodes were placed, using stereotaxic
coordinates, in M1 cortex and NBM, as in the chronic surgery, except
that we used where tungsten electrodes (WE300325A, Micro Probe).
The mystacial EMG was recorded and the vibrissa deflection was
measured using a magneto-resistive probe and a small rare earth
magnet (mass < 1 mg) glued onto the C2 vibrissa as described
previously (Berg and Kleinfeld 2003a). The atropine solution was
dripped onto the exposed motor cortex and was presumed to reach
layer V by diffusion (Juliano et al. 1990). Prior experiments with
topical application of ionic solutions (Diamond et al., 1992) or dye
solutions (Delaney and Kleinfeld 1996) show that there is negligible
flow across the unexposed cortical surface.

State of arousal

The state of arousal was quantified in terms of the spectral com-
ponents in the hippocampal V2LFP. The awake and aroused state was
equated with 5- to 10-Hz rhythmic activity, i.e., 6-band activity
(Green and Arduini 1954; Vanderwolf 1969). The sessile state was
equated with large-amplitude irregular activity, generally in the 1- to
5-Hz range or 8-band. In all cases, the power spectra were estimated
from 3-s recordings obtained before the onset of intracortical micro-
stimulation. Spectral power was estimated with the multitaper meth-
ods of Thompson (Percival and Walden 1993) using five Slepian
tapers, for a spectral bandwidth of 1.7 Hz.

Histology

At the end of each recording session, animals were deeply anes-
thetized and perfused with phosphate buffered saline (PBS; Sigma, St.
Louis, MO), followed by 4% (wt/vol) paratormaldehyde in PBS. The
brains were removed, postfixed in 4% (wt/vol) paraformaldehyde in
PBS for 1 to 7 days, and cryoprotected by equilibration with 30%
(wt/vol) sucrose in PBS blocked in the vicinity of both the M1 cortex
and NBM electrode tracks, and sectioned at a thickness of 50 wm on
a freezing/sliding microtome. The sections were stored serially in
PBS. Sections for immunostaining were chosen to include levels at
and around the electrode track as determined from microscopic
inspection of wet mounts. To localize the cholinergic neurons in the
NBM, sections were incubated for 2 days in solution of a polyclonal
antibody that was selective for choline acetyl-transferase (Chemicon,
Temecula, CA). A 1:10,000 (vol/vol) dilution of primary antibody
was diluted in a diluent, comprised of 10% (vol/vol) goat serum
(Vector, Burlingame, CA) and 2% (vol/vol) triton X-100 detergent
(Fisher, Pittsburgh, PA) in PBS. Sections were washed in PBS for 1 h
and transferred to biotinylated anti-rabbit secondary antibody (Chemi-
con; 1:2,000 dilution in diluent) for a 2-h incubation. The bound
secondary antibody was visualized with the avidin-biotin kit (Vector)
followed by a diaminobenzidine substrate kit (Vector) according to
the manufacturer’s instructions. Sections were mounted onto gelatin-
coated slides, 1% (wt/vol) in distilled water, and dehydrated through
graded alcohols into xylenes for coverslipping with DPX mountant
(44581, Fluka, Buchs, Switzerland). Selected sections from each

FIG. 3.

Results of NBM stimulation with the initial state of the animal awake and sessile. A: sample trace of typical V2LFP recording from hippocampus,

acquired before ICMS onset. Scale bar is 100 wV. B: power spectrum of the trace from A, calculated as an average over 5 independent estimates of the spectra
(1.3-Hz bandwidth). C: sample trace of the mystacial VEMG (top) evoked by ICMS to M1 cortex (middle) before and after NBM stimulation (bottom). Note
straight line that sets the 0 level. Scale bar is 200 wV. D and E: average (n = 5) ICMS-evoked VEMG before and after NBM stimulation, respectively. Scale
bar applies to both panels and is 100 wV. F: VEMG (low-pass filtered for clarity) before and after NBM stimulation in the absence of ICMS to M1 cortex. The
3 traces are the trial averaged results (n = 30) for 3 different animals. Scale bar is 200 uV. G and H: average integrated prompt response (G, inset) and delayed
response (H, inset) following 500 ms after NBM stimulation, normalized and offset by the average integrated response before NBM response. Black columns
represent response to NBM stimulation, and gray columns represent control data where NBM was not stimulated. *Significant (P < 0.05) increase in response

to NBM stimulation.

J Neurophysiol « VOL 94 « JULY 2005 « WWW.jN.0r'g



AROUSAL AND

MOTOR CONTROL

A Awake/Sessile B
a [
a 9 —
E i (2 E [E—
S0 5 523 !
Qu = of <
.Q-‘E £ | 2 = ol
* 1s 0 5 10 15
Frequency [Hz]
c |
Mystacial |
VEMG |
NBM Stimulus ° — )
M1 ICMS L L L L L L L | | | | | | | | | | | | | | | |
14 16 18 20 21 23 25 27
Time or ICMN Number 500 ms
D Prior to NBM Stimulation E After NBM Stimulation
Prompt Del g
_ Prompt (retraction) elaye
_g o (retraction) / (protraction)
8=
e2
= Mmmwmm,_
I I I
100 150 0 50 100 150
T|me from M1 ICMS Onset [ms] Time from M1 ICMS Onset [ms]
F

Control (no M1 ICMS)

Trial-Averaged
VEMG

NBM Stimulus 0

G Integrated Prompt Response

| dt VEMG

Min + 100 mV prompt

Min

0 50 100 150
Time after Stimulus Onset [ms]

B NBM stimulation
No NBM stimulation

in ICMS-Evoked
VEMG [%]

Average Change

kK2 k8 b4 f7
Animal

f8 g2 g3

500 ms

Integrated Delayed Response

| dt VEMG
delayed

AA.

0 50 100 150
Time after Stimulus Onset [ms]

Min + 100 mV
Min

B NBM stimulation
No NBM stimulation

*

k2 k8 b4 fr f8 g2 g3
Animal

J Neurophysiol  VOL 94 « JULY 2005 « WWW.jN.0r'g

703



704

animal were photographed under bright-field illumination at low
magnification.

RESULTS

Data were obtained from awake animals, prepared with
EMG recoding electrodes in the intrinsic muscles, ICMS stim-
ulation electrodes in M1 cortex, stimulation electrodes in
NBM, and ECoG recording electrodes in M1 cortex (Fig. 2A).
Our experimental paradigm was to apply rhythmic ICMS to
vibrissa M1 cortex at a frequency of 7 Hz, which has been
shown to evoke fictive rhythmic whisking (Berg and Kleinfeld
2003b; Haiss and Schwarz 2005). Halfway through the stim-
ulation of M1 cortex, we transiently activated NBM. This
allowed us to assay the effect of NBM activity on cortical
control of whisking (Fig. 2B). The overall state of arousal of
the animal before the onset of stimulation was assessed by the
relative power in the hippocampal theta band for a 3-s period
before the onset of ICMS to vibrissa M1 cortex. Trials were
sorted according to sessile versus aroused states (Fig. 1C).

We consider first the case of trials for which the animal was
in the awake/sessile state (Fig. 3, A and B). A typical evoked
response consisted solely of a prompt response in the mystacial
VEMG (Fig. 3, C and D). The corresponding vibrissa move-
ment was retraction, in agreement with past studies (Berg and
Kleinfeld 2003b). However, brief activation of NBM was
observed to quantitatively and qualitatively change the ICMS-
evoked VEMG: the prompt response was increased in ampli-
tude and a delayed component appeared (Fig. 3, C and E). This
delayed component represented an active forward sweep of the
vibrissa (cf. Fig. 1, E and F). The stimulus- and trial-averaged
difference in vibrissa response to ICMS before and after
activation of the NBM highlights the impact of NBM activa-
tion on motor output (Fig. 3, D and E). Last, brief activation of
NBM in the absence of ICMS to M1 cortex often led to a slight
shift in the set-point of the vibrissa position, as shown for three
animals in Fig. 3F, and may further lead to head turning or
other orienting behavior. Brief activation of NBM in the
absence of ICMS never led to whisking (n = 3 animals), in
accord with early studies (Vanderwolf 1968).

As a means to quantify the vibrissa response across trials and
animals, we consider metrics that are based on the integrated
VEMG response. The prompt response for a given ICMS is
defined as the integrated value of the VEMG within the interval
from 10-30 ms after the onset of the ICMS (Fig. 3G, inser)

J

prompt

30 ms,
dt VEMG = f d[VEMG(f) — min{VEMG(1)}]
t
10 ms

where min{VEMG(¢)} is a constant that represents the level of
t

background activity, e.g., the set-point of the vibrissae, and is
uncorrelated with ICMS-evoked whisking. The delayed re-
sponse is defined as the integrated value of the VEMG from 30
to 150 ms after the onset of the ICMS (Fig 3H, inset)

J

delayed

150 ms
dt VEMG = J d[VEMG(f) — min{VEMG(1)}]
t
30 ms

The above metric provides a value for the ICMS-evoked
response to an individual stimulus. To compute the average
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change in the integrated VEMG that is induced by NBM
activation, we average this metric over individual stimuli and
trials for each animal

< Change in ICMS-evoked VEMG >
1

| 5
:NZ

N trials

1
> di VEMG — > di VEMG
ICMS 21-25 ¥ prompt ICMS 1-20 * prompt

X 100%
1
- > di VEMG
20
ICMS 1-20 ¥ prompt

for the prompt response, with an equivalent expression for the
delayed response. The number of trials, N, varied between 20
and 40 per animal, and we used trials obtained over the course
of a single day. In terms of this average, we observed that
activation of NBM led to a large increase in the amplitude of
the prompt VEMG response in seven of seven animals (Fig.
3G, black bars) and to the appearance of a significant delayed
response in the VEMG in six of seven animals (Fig. 3H). The
significance of this increase was judged by two criteria. First,
the increase was required to exceed a standard (P < 0.05)
confidence level above zero, i.e., no change. Second, the
increase was required to exceed the standard confidence level
above the value for changes in the ICMS-evoked response that
were related to the brief pause in ICMS pulses that occurs
during the activation of NBM (interval between pulses 20 and
21; Fig. 2B). In terms of these criteria, activation of the NMB
led to a significant change in the prompt component of the
VEMG response in 100% of the animals the sessile state (cf.
black vs. gray bars; Fig. 3G) and a significant change in the
delayed component of the VEMG response in 86% of these
animals (Fig. 3H).

We now turn to the case of trials for which the animal was
initially in an awake/aroused state (Fig. 4, A and B). As
expected, and unlike the case of sessile animals, the vibrissa
response to ICMS now showed a small but significant
delayed component (cf. Figs. 4C and 3D). Interestingly,
stimulation of NBM led to an increase in the amplitude of
both the prompt and delayed components of the VEMG (cf.
Fig. 4, C and D). In terms of the above criteria for signifi-
cance, activation of the NBM led to a significant change in
the prompt component of the VEMG response in 86% of the
animals in the aroused state (cf. black vs. gray bars; Fig. 4E)
and a significant change in the delayed component of the
VEMG response in 100% of these animals (Fig. 4F). We
conclude that, across multiple behavioral states, activation
of NBM leads to enhanced control of both the amplitude
(increased prompt response; Figs. 3F and 4F) and motion
sequence (onset of delayed response; Figs. 3G and 4F) of
whisking by vibrissa M1 cortex.

We now consider a series of control experiments aimed to
delimit the specificity of NBM activation in facilitating ICMS-
evoked vibrissa motor output. We consider first the case of an
awake but sessile animal for which the ECoG shows large,
irregular activity (Fig. 5A). Electrical stimulation of NBM
results in a transient suppression of this activity and the onset
of fast activity with lower amplitude (Fig. 5A). Similar behav-
ior occurs for the hippocampal V2LFP. These data are consis-
tent with the classic, desynchronizing action of NBM (Mether-
ate et al. 1992; Vanderwolf 1990) and the transient nature of
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transient, 1- to 3-s duration for NBM-induced desynchroniza-
tion of the ECoG (Fig. 5A) defines a temporal window that the

enhancement of the prompt and delayed components of the
ICMS-evoked VEMG is expected to follow.

1
N

To compare the evolution of the ICMS-evoked VEMG with
the time-course of cortical desynchronization, we defined a

measure of the average change in the ICMS-evoked vibrissa
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FIG. 4. Results of NBM stimulation with the initial state
of the animal awake and aroused. A: sample trace of typical
2LFP recording from hippocampus, acquired before ICMS
onset. Scale bar is 100 wV. B: power spectrum of the trace
from A, calculated as average over 5 independent estimates
of the spectra (1.3-Hz bandwidth), where the units are
arbitrary but the same as in Fig. 2B. C and D: average (n =
5) ICMS-evoked VEMG before and after NBM stimulation,
respectively. Scale bar applies to both panels and is 100 V.
E and F: average integrated prompt response and delayed
response after NBM stimulation, normalized, and offset by
the average integrated response before NBM response.
Black columns represent response to NBM stimulation, and
gray columns represent control data where NBM was not
stimulated. *Significant (P < 0.05) increase in response to
NBM stimulation.
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We observed that for both the prompt (Fig. 5B) and the delayed

(Fig. 5C) components of the vibrissa VEMG, the increase in
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FIG. 5. Time-limited effect of NBM stimulation. A: hip-
pocampal V2LEP (top) and electrocorticogram (ECoG; bot-
tom) from ipsilateral M1 cortex in a representative animal in
the sessile state. Both the hippocampal activity and ECoG
consist of large amplitude irregular activity that is eliminated
after NBM stimulation (70-uA maximum current), indicated
by a vertical black line. Hippocampus V?LFP shows 6-ac-
tivity after stimulus. Change in activity over 3 s, equal to the
extent of 20 ICMSs delivered to M1 cortex. Vertical scale
bars are 500 uV. B and C: integrated prompt response (B)
and delayed response (C) after NBM stimulation as a func-
tion of ICMS number (Fig. 1C), normalized and offset by the
average integrated response before NBM response. Black
traces represent response to NBM stimulation, and gray
traces represent control data where NBM was not stimulated.
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the average ICMS-evoked motor response decayed to baseline
values with the ~1-s time-course seen for the decay of cortical
desynchronization. Last, the concurrence in recovery from the
effects of NBM stimulation was observed across all animals
(n="17).

A second control exploited a population of animals in which
the electrodes implanted as a means to activate NBM failed to
do so. For these rats, electrical stimulation did not elicit
desynchronized cortical activity or a change in the hippocam-
pal V2LFP (cf. Fig. 6, A and B). Concomitant with the failure
of these electrodes to induce cortical desynchronization was
the failure to change the ICMS-evoked vibrissa response (cf.
Fig. 6, C and D). We treated this population of animals as
surgical controls for the placement of stimulating electrodes
relative to cholinergic neurons. After the end of recording, the
rats were perfused and brain slices were stained with antibodies
to choline acetyl transferase, an enzyme in the acetylcholine
synthetic pathway. Large cholinergic somas were observed in
close vicinity of the vestige of the electrode tips in animals
with effective NBM stimulation (Fig. 6FE, solid symbols). Such
cells were more distal in animals with ineffective NBM stim-
ulation (Fig. 6E, open symbols). A map of successful (n = 8)
and unsuccessful (n = 6) stimulating locations indicates that
successful sites were either close to or directly overlapped with

Sessile/Awake

FIG. 6. Physiological and histological
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controls for NBM stimulation. A and B: sam-
ple traces from 2 different animals, with ef-
fective stimulation (A) and ineffective stimu-
lation (B). Traces show hippocampal VLFP
activity (fop) and the M1 ECoG (bottom) for
2 extreme states: sessile (left columns; NBM
stimulation is indicated by vertical lines) and
aroused (right columns). In the animal used
for the data in A, stimulation through the
NBM electrode induced desynchronization in
the ECoG and 6-rhythm in the hippocampus
(Effective). In the animal used for the data in
B, stimulation through the NBM electrode
I had no effect (Ineffective). Vertical scale bars

for all panels are 200 wV. C and D: average
(n = 5) ICMS-evoked VEMG before and
after stimulation through the NBM electrode,
respectively. Scale bars in both panels are 50
rV. E: localization of ChAT immunoreactive
neuronal cell bodies at the level of the NBM.
Scale bars are 500 wm. The drawings are a
composite of the electrode tracks from 14
animals: 8 with effective (solid symbols) and
6 with ineffective (open symbols) NBM elec-
trodes. T, electrode tract; V, 3rd ventricle,
which is centered at the midline.
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the territory of cholinergic somata in the nucleus basalis
(Paxinos and Watson 1986).

A final group of control experiments used the administration
of atropine sulfate, which is known to exert competitive inhi-
bition on muscarinic cholinergic receptors and to cross the
blood-brain barrier (Maalouf et al. 1998) in an attempt to
reversibly block the effect of cholinergic activation of cortex
by NBM. We considered first the case of a systemic block in
the awake but sessile animal. Before the administration of
atropine, electrical stimulation of NBM results in a suppression
of the ECoG activity and the onset of fast activity with lower
amplitude (Fig. 7A). Similar behavior occurs for the hippocam-
pal V2LFP (Fig. 7A). After systemic administration of atropine,
desynchronization was no longer observed to follow NBM
stimulation, even with multiple stimuli (Fig. 7B). To assess the
block of NBM activation on the ability of M1 cortex to control
vibrissae motion, we applied our ICMS paradigm before and
after the administration of atropine. Before atropine adminis-
tration, the ICMS-evoked VEMG response showed the ex-
pected increase in both prompt and delayed components (cf.
Figs. 7C with 3D and 4C). After systemic administration of
atropine, there was a much weaker or negligible change in the
ICMS-evoked VEMG in response to NBM stimulation (Fig.
7D). The atropine block was reversed when animals were
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FIG. 7. Control experiment with systemic atro-
pine. A: hippocampal V2LFP activity (top) and M1
ECoG activity (bottom) during the sessile state. Ver-
tical lines represents NBM stimulation (70 uA).
Stimulation is able to change activity in M1 cortex

and hippocampus. Vertical scale bars are 400 wV. B:
after systemic administration of atropine, several
pulses of stimulation of NBM at higher current (90
rA) are not enough to cause similar change in
activity. C and D: average (n = 5) ICMS-evoked
VEMG before and after NBM stimulation just before
(C) and 30 min after (D) the systemic administration
of atropine with the animals in the aroused state.
Vertical scale bar for both panels is 50 wV. E and F:
average integrated prompt response (E) and delayed
response (F) after NBM stimulation, normalized and
offset by average integrated response before the
NBM response. Black columns represent response
before administration of atropine, and gray columns
represent data taken 30 min after administration of
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tested on the following day. In toto, atropine administration
was performed for six animals. Of these, 100% showed a
significant decrement of NBM-evoked changes in the prompt
component (Fig. 7E), and 67% showed a significant decrement
for the delayed component (Fig. 7F).

Systemic application of atropine sulfate could have its main
effect outside of vibrissa M1 cortex. As a means to localize the
cholinergic block to M1 cortex, we used an acute preparation
of anesthetized animals for which we could apply atropine
topically through a craniotomy above vibrissa M1 cortex
(Juliano et al. 1990). The NBM stimulating electrode was
implanted, as in the case for chronic animals, but the animals
were held in a stereotaxic and the stimulating electrode for
vibrissa M1 cortex was held by a micromanipulator. With this
set-up, ICMS-evoked movement of vibrissa position was mea-
sured directly with a magnetic probe rather than EMG elec-
trodes (Fig. 84, inset). This probe was fairly linear for deflec-
tions with a magnitude <5° and would underestimate larger
deflections (Fig. 8A). A sample trace of the ICMS-evoked
response before and after NBM stimulation shows a clear
enhancement of the prompt signal by NBM stimulation, either

50
Time from M1 ICMS Onset [ms]

Integrated Delay Response

systemic atropine. *Significant (P < 0.05) decrease
in response after atropine administration. Note that
the control data for the change in the absence of
NBM stimulation, for the case of no atropine, is
shown in Fig. 3, E and F (gray bars).

I I
100 150

® Normal
+ Atropine

b4 g1
Animal

g2 g3

on the stimulus-by-stimulus response (Fig. 8B) or in the stim-
ulus-triggered average of the first five responses (Fig. 8C).
Thus the anesthetized preparation captures one of two features
of the EMG, i.e., the prompt but not the delayed response,
which are augmented by NBM stimulation. This enhancement
was eliminated within 10 min after the topical application of
150 uM atropine (Fig. 8, B and C). As in the case of awake
animals (Fig. 5, B and C), the effect of NBM activation on the
ICMS-evoked response waned after 1 s (Fig. 8D). Last, as a
compilation across three control experiments with anesthetized
animals, the average NBM enhancement exceeded 100% and
was completely blocked by the topical application of atropine
(Fig. 8E).

DISCUSSION

We have shown, in awake rats, that the activation of the
NBM enhances the ability of motor cortex to initiate a sequen-
tial motor task. Our assay made use of ICMS of vibrissa M1
cortex (Fig. 3, D-G), which leads to full whisking motion for
animals in the aroused state, but only weak retraction for

J Neurophysiol  VOL 94 « JULY 2005 « WWW.jN.0r'g



708

Anesthetized

NBM
Stim

Magnetic Probe
Output [mV]

M1

I Probe 0

/9‘ Magnet
o,
Vibrissa

-15-10 -5

Vibrissa
Deflection

5|

1S w—

Angle, 6 [9]

Anesthetized + Atropine

M1 -

Time or ICMN Number

E

Vibrissa
Deflection

ICMS Number

24 28 32 36 40

mm NBM stimulation
mm No NBM stimulation

200

NBM stimulation + Atropine

_
o

[=)

Evoked Deflection [%]

Average Change in ICMS-
Average Change in ICMS-
Evoked Deflection [%]

0 1.0 2.0 3.0
Time after Onset of NBM Stimulus [s]

animals in the sessile state (Berg and Kleinfeld 2003b). The
magnitude of both prompt and delayed electromyogram
(VEMG) components, generators of retraction and protraction,
respectively (Fig. 1, E and F), were increased by activation of
NBM (cf. Fig. 3, D with E and Fig. 4, C with D). The effect is
particularly dramatic for animals that were initially in the
sessile state (cf. Fig. 3, D and E), where the delayed component
rises from the baseline and results in a conversion from an
ICMS-triggered retraction to a full sequential motion of retrac-
tion followed by protraction (Fig. 3C). These data define a
proof-of-principle for the involvement of NBM in the execu-
tion, i.e., the nonlearning phase, of a motor task.

A signature of cortical arousal that is strongly correlated
with NBM activation is the desynchronization of the ECoG
(Green and Arduini 1954; Steriade et al. 1990a). This desyn-
chronization diminished over a 1- to 3-s period of time after the
offset of NBM stimulation (Fig. 5A). Of interest, we observed
that the NBM-induced facilitation of whisking also diminishes
over the same period of time (Fig. 5, B and C). This suggests
that enhanced control of whisking that follows activation of
NBM stems from the same neuronal mechanisms that produce
widespread desynchonization of the ECoG. Furthermore, a
cortical locus for the effect of NBM stimulation (Johnston et al.
1981; Rye et al. 1984) is supported by the lack of innervation
of projections from the NBM to hindbrain regions (Hattox et
al. 2002), which includes the vibrissa motoneurons in the facial
motor nucleus (Klein and Rhoades 1985).

The systemic administration of atropine sulfate is a com-
monly used procedure to block cholinergic activation of sen-
sory areas in cortex (Maalouf et al. 1998), such as occurs after
NBM stimulation in awake and sessile animals. We observed
in the presence of atropine that NBM stimulation fails to
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calibration curve for the magnetic probe
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of the vibrissa. Voltage output from the
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B: ICMS-evoked deflection of vibrissa C2
before and after the NBM was stimulated
under normal conditions (fop) and 10 min
after topical application of 150 uM atropine
sulfate to M1 cortex (bottom). NBM stimu-
lation is indicated by a black mark. C: stim-
ulus triggered average deflection before
(gray line) and after (black line) NBM stim-
ulation from the data in B. D: average
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as a function of ICMS number (Fig. 10),
* normalized and offset by the average deflec-
tion before NBM response. Black curves
represent the response to NBM stimulation;
dark gray curves represent control data
where NBM was stimulated in the presence
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produce cortical desynchronization, completely abolishes the
facilitation of the ICMS-induced prompt VEMG response, i.e.,
retraction of the vibrissa, and largely abolishes the ICMS-
induced delayed VEMG response, i.e., protraction of the
vibrissa (Fig. 7). Nucleus basalis has both cholinergic projec-
tions to cortical pyramidal cells (Gritti et al. 1997) and
GABAergic inputs to stellate cells (Freund and Meskenaite
1992). This systemic atropine control experiment highlights a
predominant role for the cholinergic component of nucleus
basalis in the cortical control of normal whisking. The small
remaining effect of NBM stimulation in the presence of sys-
temic atropine may result from the GABAergic disinhibition of
cortical inhibitory interneurons.

To further circumscribe the subset of cortical projections
from NBM necessary for the facilitation of the ICMS-induced
vibrissa response, an additional control experiment made use
of anesthetized rats as a means to localize the atropine block
directly to vibrissae M1 cortex (Fig. 8). In anesthetized ani-
mals, activation of NBM substantially facilitates the prompt
(retraction) vibrissa response (Fig. 8, B and C). We observed
that topical application of atropine to vibrissa M1 cortex blocks
facilitation of the prompt response by NBM stimulation (Fig. 8,
B, C, and E). This result shows that specific cholinergic
activation of vibrissa motor cortex is necessary for the facili-
tation of whisking output. We suggest that the effect of NBM
stimulation consists mostly of a cholinergic modulation of
putative pyramidal cells in motor cortex (Buzsaki et al. 1988;
Metherate and Ashe 1993). The nature of the cortical signal for
the control of sequential protraction and retraction in whisking,
as well as whether the locus of the control resides in M1 cortex
and/or in downstream subcortical circuits, remains to be deter-
mined.
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It remains an open issue as to whether NBM plays an
obligatory role during normal motor function. Particularly
specific means to lesion cholinergic NBM cells involve local
injections of either immunotoxin saporin-192, which is specific
for basal forebrain cholinergic cells or AMPA-type glutamate
receptor excitotoxins (Everitt and Robbins 1997). The data of
Gharbawie and Whishaw (2003) and Connor et al. (2003) show
that lesioned animals can complete a forelimb-based retrieval
task with normal efficiency. However, the forelimb movements
involved in the task are abnormal in animals with lesions
(Gharbawie and Whishaw 2003). Other studies find deficits in
beam-walking (Galani et al. 2002), walking on an inclined
screen (Waite et al. 1995), and swimming (Berger-Sweeney et
al. 1994; Dornan et al. 1997) after bilateral lesions and the
occurrence of circling after unilateral lesions (Gharbawie and
Whishaw 2003). The studies of Santos-Benitez et al. (1995)
and Richardson and DeLong (1990) show that NBM is active
during motor movement. However, there is an equal increase in
NBM activity during movement or the absence of movement in
the choice phase of a Go/No-Go task (Richardson and DeLong
1990). The increase during the choice phase may be explained
by the presence of reward, which itself correlates with height-
ened activity in NBM (Richardson and DeLong 1991).

The molecular basis of cholinergic activation divides into
rapid effects, which dominate for the first ~1-10 ms after the
onset of acetylcholine release, and prolonged effects, which
have delayed onset but persist from ~100 ms to 10 s after
acetylcholine release (McCormick 1993). On short time scales,
acetylcholine activates ionotropic nicotinic receptors and leads
to an augmentation of glutamine-based excitatory transmis-
sion, a suppression of GABA-mediated inhibitory transmission
(Rovira et al. 1983), and possibly direct excitation of GABAer-
gic interneurons (Alkondon et al. 1997; Jones and Yakel 1997).
The consequence of these actions on network dynamics is
presently unresolved. On long time scales, of particular rele-
vance to this study, acetylcholine binding to metabotropic
muscarinic receptors leads to the activation of currents through
G protein pathways. Multiple K" -currents are suppressed.
These include the M-type currents (Adams et al. 1982), which
are defined by the KCNQ2/3 family of channels (Shapiro et al.
2000; Wang et al. 1998), the functionally similar currents
defined by the ether-a-go-go receptors (Stansfeld et al. 1996),
the small-conductance calcium activated potassium current
(Madison et al. 1987), and the A-type voltage-gated potassium
current (Nakajima et al. 1986). The suppression of K™ -currents
is consistent with a heightened likelihood of neuronal activa-
tion. However, the K* inward rectifier is enhanced (Kofuji et
al. 1995), the noninactivating Na™-current is suppressed (Mitt-
mann and Alzheimer 1998), and the high voltage-gated cal-
cium currents, which are essential to synaptic transmission, are
suppressed (Haley et al. 2000). All of these latter effects are
consistent with a decrease in network activity. One interpreta-
tion of the net reduction in both inhibitory and excitatory
currents is that activation of muscarinic receptors leaves the
average transmembrane potential roughly constant, or even
slightly elevated, but sharply decreases the variance of the
transmembrane potential. This is consistent with observations
on the effect of stimulation of nucleus basalis on the intracel-
lular potential of cortical neurons (Metherate and Ashe 1993).
We conjecture that a decrease in variance, coupled with en-
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hanced neuronal excitability (Hasselmo and McGaughy 2004),
may provide the means for the sequential neuronal processing
to emerge as a network phenomena.

Complementary neuromodulatory systems may subsume the
role of acetylcholine in the face of cholinergic depletion or
blockade. In particular, serotonin has been implicated in this
role. It is established that depletion of cholinergic input leads to
synchrony of cortex (Buzsaki et al. 1988; Dringenberg and
Vanderwolf 1998; Steriade et al. 1990b). However, cortical
desynchrony still occurs during movement even in the presence
of cholinergic block (Dringenberg and Vanderwolf 1998).
Blocking both cholinergic and serotonergic modulation leads
to a lack of synchronization in the ECoG regardless of motor
activity as well as severe deficits in motor execution (Dringen-
berg and Vanderwolf 1998; Gharbawie and Whishaw 2003).

In summary, this study provides evidence that the cholin-
ergic center of the basal forebrain has an essential modulatory
role on the output from motor cortex and that it is able to
significantly facilitate sequential motor output patterns. To the
extent that the representation of an animal’s sensory world in
S1 cortex is enhanced by NBM activation, it is not surprising
that the representation of an animal’s motor world in M1 cortex
is also enhanced by NBM activation. As a practical issue, the
state of NBM activity should be considered in the use of a
neuroprosthetic device whose control is based on the pattern of
electrical activity in motor cortex. We hypothesize that the
precision of these patterns may gain relevance and accuracy for
describing limb motion when enhanced by activation of NBM.

ACKNOWLEDGMENTS

We thank J. Chun for the use of the photomicroscope, J. M. Connor for
assistance with cholinergic blockade, and F. F. Ebner for critical comments
during the course of these experiments. Thanks also to the late J. H. Ashe for
encouragement and D. E. Feldman, K. Ganguly, W. B. Kristan Jr., S. B. Mehta,
and A. B. Schwartz for comments on an early version of this work.

Present address of R. Berg: Department of Medical Physiology, The Panum
Institute, University of Copenhagen, Blegdamsvej 3, DK-2200 KBH N, Den-
mark.

GRANTS

This work was funded by National Institute of Mental Health Grant
MH-59617 and the Human Scientific Frontiers Program (RGP43/2004).

REFERENCES

Adams PR, Brown DA, and Constanti A. Pharmacological inhibition of the
M-current. J. Physiol 332: 223-262, 1982.

Alkondon M, Pereira EFR, Barbosa CTF, and Albuquerque EX. Neuronal
nicotinic acetylcholine receptor activation modulates g-aminobutyric acid
release from CAl neurons of rat hippocampal slices. J Pharmacol Exp
Therap 283: 1396-1411, 1997.

Asanuma H. The Motor Cortex: New York: Raven Press, 1989.

Baskerville KA, Schweitzer JB, and Herron P. Effects of cholinergic
depletion on experience-dependent plasticity in the cortex of the rat. Neu-
roscience 80: 1159-1169, 1997.

Baxter MG and Chiba AA. Cognitive functions of the basal forebrain. Curr
Opin Neurobiol 9: 178-183, 1999.

Berg RW and Kleinfeld D. Rhythmic whisking by rat: retraction as well as
protraction of the vibrissae is under active muscular control. J Neurophysiol
89: 104-117, 2003a.

Berg RW and Kleinfeld D. Vibrissa movement elicited by rhythmic electrical
microstimuation to motor cortex in the aroused rat mimics exploratory
whisking. J Neurophysiol 90: 2950-2963, 2003b.

Berger-Sweeney J, Heckers S, Mesulam MM, Wiley RG, Lappi DA, and
Sharma M. Differential effects on spatial navigation of immunotoxin-

JULY 2005 « WWW.jn.org



710

induced cholinergic lesions of the medial septal area and nucleus basalis
magnocellularis. J Neurosci 14: 4507-4519, 1994.

Brecht M, Krauss A, Muhammad S, Sinai-Esfahani L, Bellanca S, and
Margrie TW. Organization of rat vibrissa motor cortex and adjacent areas
according to cytoarchitectonics, microstimulation, and intracellular stimu-
lation of identified cells. J Comp Neurol 479: 360-373, 2004.

Bringmann A and Klingberg F. Behaviour-dependent changes of the acous-
tically evoked potential in the frontal cortex of freely moving rat and
modulation by electrical basal forebrain stimulation. Biomed Biochim Acta
7: 597-605, 1990.

Buzsaki B and Gage FH. The cholinergic nucleus basalis: a key structure in
neocortical arousal. In: Central Cholinergic Synaptic Transmission (Expe-
rientia Supplementum), edited by Frotscher M and Ulrich Misgeld. Berlin:
Springer Verlag, 1989, p. 159-171.

Buzsaki G, Bickford RG, Ponomareff G, Thal LJ, Mandel R, and Gage
FH. Nucleus basalis and thalamic control of neocortical activity in the freely
moving rat. J Neurosci 8: 4007-4026, 1988.

Casamenti F, Deffenu G, Abbamondi AL, and Pepeu G. Changes in cortical
acetylcholine output induced by modulation of nucleus basalis. Brain Res
Bull 16: 689-695, 1986.

Celesia GG and Jasper HH. Acetylcholine released from cerebral cortex in
relation to state of activation. Neurology 16: 1053-1063, 1966.

Connor JM, Culberson A, Packowski C, Chiba AA, and Tuszynski MH.
Lesions of the basal forebrain cholinergic system impair task acquisition and
abolish cortical plasticity associated with motor skill learning. Neuron 38:
819-829, 2003.

Detari L, Rasmusson DD, and Semba K. The role of basal forebrain neurons
in tonic and phasic activation of the cerebral cortex. Prog Neurobiol 58:
249-2717, 1999.

Diamond ME, Armstrong-James M, Budway MJ, and Ebner FF. Somatic
sensory responses in the rostral sector of the posterior group (POm) and in
the ventral posterior medial nucleus (VPM) of the rat thalamus: Dependence
on the barrel field cortex. J Comp Neurol 319: 66—84, 1992.

Donoghue JP and Carroll KL. Cholinergic modulation of sensory responses
in rat primary somatic sensory cortex. Brain Res 408: 367-371, 1987.

Donoghue JP and Parham C. Afferent connections of the lateral agranular
field of the rat motor cortex. J Comp Neurol 217: 390-404, 1983.

Donoghue JP and Sanes JN. Organization of adult motor cortex representa-
tion patterns following neonatal forelimb nerve injury in rats. J Neurosci 8:
3221-3232, 1988.

Donoghue JP and Wise SP. The motor cortex of the rat: cytoarchitecture and
microstimulation mapping. J Comp Neurol 212: 76-88, 1982.

Dornan WA, McCampbell AR, Tinkler GP, Hickman LJ, Bannon AW,
Decker MW, and Gunther KL. Comparison of site specific injections into
the basal forebrain on water maze and radial arm maze performance in the
male rat after immunolesioning with 192 IgG saporin. Behav Brain Res 86:
181-189, 1997.

Dringenberg HC and Vanderwolf CH. Involvement of direct and indirect
pathways in electrocorticographic activation. Neurosci Biobehav Rev 22:
243-257, 1998.

Eckenstein FP, Baughman RW, and Quinn J. An anatomical study of
cholinergic innervation in rat cerebral cortex. Neuroscience 25: 457-474,
1988.

Everitt BJ and Robbins TW. Central cholinergic systems and cognition.
Annu Rev Psychol 48: 649—-684, 1997.

Fee MS, Mitra PP, and Kleinfeld D. Variability of extracellular spike
waveforms of cortical neurons. J Neurophysiol 76: 3823-3833, 1996.

Freeman JA and Nicholson C. Experimental optimization of current source-
density technique for anuran cerebellum. J Neurophysiol 38: 369-382,
1975.

Freund TF and Meskenaite V. Gamma-aminobutyric acid-containing basal
forebrain neurons innervate inhibitory interneurons in the neocortex. Proc
Natl Acad Sci USA 89: 738742, 1992.

Galani R, Lehmann O, Bolmont T, Aloy E, Bertrand F, Lazarus C, Jeltsch
H, and Cassel JC. Selective immunolesions of CH4 cholinergic neurons do
not disrupt spatial memory in rats. Physiol Behav 76: 75-90, 2002.

Ganguly K and Kleinfeld D. Goal-directed whisking behavior increases
phase-locking between vibrissa movement and electrical activity in primary
sensory cortex in rat. Proc Natl Acad Sci USA 101: 12348-12353, 2004.

Geula C and Mesulam MM. Cholinergic system in Alzheimer disease. In:
Alzheimer Disease, edited by Terry RD, Katzman R, Bick KL, and Sisodia
SS. Philadelphia, PA: Lippincott Williams and Wilkins, 1999, p. 269-292.

R. W. BERG, B. FRIEDMAN, L. F. SCHROEDER, AND D. KLEINFELD

Gharbawie OA and Whishaw IQ. Cholinergic and serotonergic neocortical
projection lesions given singly or in combination cause only mild impair-
ments on tests of skilled movement in rats: evaluation of a model of
dementia. Brain Res 970: 97-109, 2003.

Giovannini MG, Rakovska A, Benton RS, Pazzagli M, Bianchi L, and
Pepeu G. Effects of novelty and habituation on acetylcholine, GABA, and
glutamate release from the frontal cortex and hippocampus of freely moving
rats. Neuroscience 106: 43-53, 2001.

Green JD and Arduini AA. Hippocampal electrical activity in arousal.
J Neurophysiol 17: 533-547, 1954.

Gritti I, Mainville L, Mancia M, and Jones BE. GABAergic and other
noncholinergic basal forebrain neurons, together with cholinergic neurons,
projecting to the mesocortex and isocortex in the rat. J Comp Neurol 383:
163-177, 1997.

Haiss F and Schwarz C. Spatial segregation of different modes of movement
control in the whisker representation of rat primary motor cortex. J Neurosci
25: 1579-1587, 2005.

Haley JE, Delmas P, Offermanns S, Abogadie FC, Simon MI, Buckley NJ,
and Brown DA. Muscarinic inhibition of calcium current and M current in
Ga,-deficient mice. J Neurosci 20: 3973-3979, 2000.

Hars B, Maho C, Edeline J-M, and Hennevin E. Basal forebrain stimulation
facilitates tone-evoked responses in the auditory cortex of awake rat.
Neuroscience 56: 61-74, 1993.

Hasselmo ME and McGaughy J. High acetylcholine levels set circuit
dynamics for attention and encoding and low acetylcholine levels set
dynamics for consolidation. Prog Brain Res 145: 206-231, 2004.

Hattox AM, Priest CA, and Keller A. Functional circuitry involved in the
regulation of whisker movements. J Comp Neurol 442: 266276, 2002.
Jimenez-Capdeville ME, Dykes RW, and Myasnikov AA. Differential
control of cortical activity by basal forebrain in rats: a role for both

cholinergic and inhibitory influences. J Comp Neurol 381: 53-67, 1997.

Johnston MV, McKinney M, and Coyle JT. Evidence for a cholinergic
projection to neocortex from neurons in basal forebrain. Proc Natl Acad Sci
USA 76: 5392-5396, 1979.

Johnston MV, McKinney M, and Coyle JT. Neocortical cholinergic inner-
vation: a description of extrinsic and intrinsic components in the rat. Exp
Brain Res 43: 159-172, 1981.

Jones S and Yakel JL. Functional nicotinic ACh receptors on interneurons in
the rat hippocampus. J Physiol 504: 603-610, 1997.

Juliano SL, Ma W, Bear MF, and Eslin D. Cholinergic manipulation alters
stimulus-evoked metabolic activity in cat somatosensory cortex. J Comp
Neurol 297: 106-120, 1990.

Kanai T and Szerb JC. Mesencephalic reticular activation system and cortical
acetylcholine output. Nature 205: 80—82, 1965.

Kilgard MP and Merzenich MM. Cortical map reorganization enabled by
nucleus basalis activity. Science 279: 1714-1718, 1998.

Klein B and Rhoades R. The representation of whisker follicle intrinsic
musculature in the facial motor nucleus of the rat. J Comp Neurol 232:
55-69, 1985.

Kleinfeld D and Delaney KR. Distributed representation of vibrissa move-
ment in the upper layers of somatosensory cortex revealed with voltage
sensitive dyes. J Comp Neurol 375: 89—-108, 1996.

Kleinfeld D, Sachdev RNS, Merchant LM, Jarvis MR, and Ebner FF.
Adaptive filtering of vibrissa input in motor cortex of rat. Neuron 34:
1021-1034, 2002.

Kofuji P, Davidson N, and Lester HA. Evidence that neuronal G-protein-
gated inwardly rectifying K™ channels are activated by G beta gamma
subunits and function as heteromultimers. Proc Natl Acad Sci USA 92:
6542-6546, 1995.

Kurosawa M, Sato A, and Sato Y. Stimulation of nucleus basalis of Meynert
increases acetylcholine release in the cerebral cortex in rats. Neurosci Lett
98: 45-50, 1989.

Maalouf M, Miasnikov AA, and Dykes RW. Blockade of cholinergic
receptors in rat barrel cortex prevents long-term changes in the evoked
potential during sensory preconditioning. J Neurophysiol 80: 529-545,
1998.

Madison DV, Lancaster B, and Nicoll RA. Voltage clamp analysis of
cholinergic action in the hippocampus. J Neurosci 7: 733-741, 1987.

McCormick DA. Actions of acetylcholine in the cerebral cortex and thalamus
and implications for function. Prog Brain Res 98: 303-308, 1993.

McCormick DA and Prince DA. Mechanisms of action of acetylcholine in
the guinea-pig cerebral-cortex in vitro. J Physiol 375: 169—-194, 1986.

J Neurophysiol « VOL 94 « JULY 2005 « WWW.jN.0r'g



AROUSAL AND MOTOR CONTROL

McKinney M, Coyle JT, and Hedreen JC. Topographical analysis of the
innervation of the rat neocortex and hippocampus by the basal forebrain
cholinergic system. J Comp Neurol 217: 103-121, 1983.

Mercado E III, Bao S, Orduna I, Gluck MA, and Merzenich MM. Basal
forebrain stimulation changes cortical sensitivities to complex sound. Neu-
roreport 12: 2283-2287, 2001.

Metherate R and Ashe JH. Basal forebrain stimulation modifies auditory
cortex responsiveness by an action at muscarinic receptors. Brain Res 559:
163-167, 1991.

Metherate R and Ashe JH. Ionic flux contributions to neocortical slow waves
and nucleus basalis-mediated activation: whole-cell recordings in vivo.
J Neurosci 12: 5312-5323, 1993.

Metherate R, Cox CL, and Ashe JH. Cellular bases of neocortical activation:
modulation of neural oscillations by the nucleus basalis and endogenous
acetylcholine. J Neurosci 12: 4701-4711, 1992.

Mittmann T and Alzheimer C. Muscarinic inhibition of persistent Na™
current in rat neocortical pyramidal neurons. J Neurophysiol 79: 1579—
1582, 1998.

Miyashita E, Keller A, and Asanuma H. Input-output organization of the rat
vibrissal motor cortex. Exp Brain Res 99: 223-232, 1994.

Muir JL, Dunnett SB, Robbins TW, and Everitt BJ. Attentional functions
of the forebrain cholinergic system: effects of intraventricular hemicho-
linium, physostigmine, basal forebrain lesions and intracortical grafts on
multiple-choice serial reaction time task. Exp Brain Res 89: 611-622, 1992.

Murphy PC and Sillito AM. Cholinergic enhancement of direction selectivity
in the visual cortex of the cat. Neuroscience 40: 13-20, 1991.

Nakajima Y, Nakajima S, Leonard RJ, and Yamaguchi K. Acetylcholine
raises excitability by inhibiting the fast transient potassium current in
cultured hippocampal neurons. Proc Natl Acad Sci USA 83: 3022-3026,
1986.

National Institutes of Health. Guide for the Care and Use of Laboratory
Animals, NIH Publication 85-23. Bethesda, MD: National Institutes of
Health, 1985.

Neafsey EJ. The complete ratunculus: output organization of layer V of the
cerebral cortex. In: The Cerebral Cortex of the Rat, edited by Kolb B and
Tees RC. Cambridge: MIT Press, 1990, p. 197-212.

Neafsey EJ, Bold EL, Haas G, Hurley-Gius KM, Quirk G, Sievert CF, and
Terreberry RR. The organization of the rat motor cortex: a microstimula-
tion mapping study. Brain Res Rev 11: 77-96, 1986.

Nowak LG and Bullier J. pread of stimulating current in the cortical grey
matter of rat visual cortex studied on a new in vitro slice preparation.
J Neurosci Methods 67: 237-248, 1996.

Nowak LG and Bullier J. Axons, but not cell bodies, are activated by
electrical stimulation in cortical gray matter. I. Evidence from chronaxie
measurements. Exp Brain Res 118: 477-488, 1998.

Paxinos G and Watson C. The Rat Brain in Stereotaxic Coordinates. San
Diego, CA: Academic Press, 1986.

Percival DB and Walden AT. Spectral Analysis for Physical Applications:
Multitaper and Conventional Univariate Techniques. Cambridge, MA:
Cambridge, 1993.

Perry E, Walker M, and Perry R. Acetylcholine in mind: a neurotransmitter
correlate of consciousness. Trends Neurosci 22: 273-280, 1999.

Richardson RT and DeLong MR. Context-dependent responses of primate
nucleus basalis neurons in a go/no-go task. J Neurosci 10: 25282540,
1990.

Richardson RT and DeLong MR. Electrophysiological studies of the func-
tions of the nucleus basalis in primates. In: The Basal Forebrain, edited by
Napier TC. New York: Plenum Press, 1991, p. 233-252.

Rovira C, Ben-Ari Y, and Cherubini E. Dual cholinergic modulation of
hippocampal somatic and dendritic field potentials by the septo-hippocam-
pal pathway. Exp Brain Res 49: 151-155, 1983.

Rye DB, Wainer BH, Mesulam MM, Mufson EJ, and Saper CB. Cortical
projections arising from the basal forebrain: a study of cholinergic and
non-cholinergic components employing combined retrograde tracing and
immunohistochemical localizationof choline acetyltransferase. Neuro-
science 13: 627-643, 1984.

Sachdev RN, Lu SM, Wiley RG, and Ebner FF. Role of the basal forebrain
cholinergic projection in somatosensory cortical plasticity. J Neurophysiol
79: 3216-3228, 1998.

Sanderson KJ, Welker W, and Shambes GM. Reevaluation of motor cortex
and of sensorimotor overlap in cerebral cortex of albino rats. Brain Res 292:
251-260, 1984.

711

Santos-Benitez H, Magarinos-Ascone CM, and Garcia-Austt E. Nucleus
basalis of Meynert cell responses in awake monkeys. Brain Res Bull 37:
507-511, 1995.

Saper CB. Organization of cerebral cortical afferent systems in the rat. IL.
Magnocellular basal nucleus. J Comp Neurol 222: 313-342, 1984.

Sarter M and Bruno JP. Cortical cholinergic input mediating arousal,
attentional processing and dreaming: differential afferent regulation of the
basal forebrain by telencephalic and brainstem afferents. Neuroscience 4:
933-952, 2000.

Sato H, Hata Y, Masui H, and Tsumoto T. A functional role of cholinergic
innervation to neurons in the cat visual cortex. J Neurophysiol 58: 765-780,
1987.

Shapiro MS, Roche JP, Kaftan EJ, Cruzblanca H, Mackie K, and KHille
B. Reconstitution of muscarinic modulation of the KCNQ2/KCNQ3 K™
channels that underlie the neuronal M current. J Neurosci 20: 1710-1721,
2000.

Shute CCD and Lewis PR. The ascending cholinergic reticular system:
neocortical, olfactory and subcortical projections. Brain 90: 497-520, 1967.

Stansfeld CE, Roper J, Ludwig J, Weselof RM, March SJ, Brown DA, and
Pongs O. Elevation of intracellular calcium by muscarinic receptor activa-
tion induces a block of voltage-activated rat ether-a-go-go channels in a
stably transfected cell line. Proc Natl Acad Sci USA 93: 9910-9914, 1996.

Steriade M, Datta S, Pare D, Oakson G, and Dossi RC. Neuronal activities
in brain-stem cholinergic nuclei related to tonic activation processes in
thalamocortical systems. J Neurosci 10: 2541-2559, 1990a.

Steriade M, Gloor P, Llinas RR, Lopes da Silva FH, and Mesulam M-M.
Basic mechanisms of cerebral rhythmic activities. Electroencephal Clin
Neurophysiol 76: 481-508, 1990b.

Swanson LW. Brain Maps: Structure of the Rat Brain. Amsterdam: Elsevier,
1992.

Szerb JC. Cortical acetylcholine release and electroencephalographic arousal.
J Physiol 192: 329-343, 1967.

Tehovnik EJ. Electrical stimulation of neural tissue to evoke behavioral
responses. J Neurosci Methods 65: 1-17, 1996.

Tremblay N, Warren RA, and Dykes RW. Electrophysiological studies of
acetylcholine and the role of the basal forebrain in the somatosensory cortex
of the cat II. Cortical neurons excited by somatic stimuli. J Neurophysiol 64:
1212-1222, 1990.

Vanderwolf CH. Cereberal activity and behavior: control by central cholin-
ergeic and serotinergic systems. Int Rev Neurobiol 30: 225-340, 1968.
Vanderwolf CH. Hippocampal electrical activity and voluntary movement in

the rat. Electroencephal Clin Neurophysiol 26: 407-418, 1969.

Vanderwolf CH. An introduction to the electrical activity of the cerebral
cortex: relations to behavior and control of subcortical inputs. In: The
Cerebral Cortex of the Rat, edited by Kolb B and Tees RC. Cambridge: MIT
Press, 1990, p. 151-192.

Waite JJ, Chen AD, Wardlow ML, Wiley RG, Lappi DA, and Thal LJ.
192 immunoglobulin G-saporin produces graded behavioral and biochemi-
cal changes accompanying the loss of cholinergic neurons of the basal
forebrain and cerebellar Purkinje cells. Neuroscience 65: 463—476, 1995.

Wang H-S, Pan Z, Shi W, Brown BS, Wymore RS, Cohen IS, Dixon JE,
and McKinnon D. KCNQ2 and KCNQ3 potassium channel subunits:
molecular correlates of the M-channel. Science 282: 1890-1893, 1998.

Webster HH, Rasmusson DD, Dykes RW, Schliebs R, Schober W, Bruck-
ner G, and Biesold D. Long-term enhancement of evoked potentials in
racoon somatosensory cortex following co-activation of the nucleus basalis
of Meynert complex and cutaneous receptors. Brain Res 545: 292-296,
1991.

Weiss DS and Keller A. Specific patterns of intrinsic connections between
representation zones in the rat motor cortex. Cereb Cortex 4: 205-214, 1994.

Wenk GL. The nucleus basalis magnocellularis cholinergic system: one
hundred years of progress. Neurobiol Learn Memory 67: 85-95, 1997.

Wenk H, Bigl V, and Meyer U. Cholinergic projections from magnucellular
nuclei of the basal forebrain to cortical areas in rats. Brain Res Rev 2:
295-316, 1980.

Woolf NJ, Eckenstein FP, and Butcher LL. Cholinergic projections from the
basal forebrain to the frontal cortex: a combined fluorescent tracer and
immunohistochemical analysis in the rat. Neurosci Lett 40: 93-98, 1983.

Wrenn CC, Lappi DA, and Wiley RG. Threshold relationship between lesion
extent of the cholinergic basal forebrain in the rat and working memory
impairment in the radial maze. Brain Res 847: 284-298, 1999.

J Neurophysiol  VOL 94 « JULY 2005 « WWW.jN.0r'g



