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Abstract. We investigated the relationships between cor- 
tical arousal and cholinergic facilitation of evoked re- 
sponses in the auditory cortex. The basal forebrain (BF) 
was stimulated unilaterally, while cluster recordings were 
obtained simultaneously from both auditory cortices in 
urethane-anesthetized rats. The global electroencephalo- 
gram (EEG; large frontoparietal derivation) and the local 
EEG (from the auditory cortex) were recorded. The BF 
was stimulated at two intensities, a lower one which did 
not desynchronize the EEG and a higher one which did. 
Twenty pairing trials were delivered, during which a tone 
was presented 50 ms after the end of the BF stimulation. 
At low intensity, the pairing procedure led to a transient 
increase in the ipsilateral tone-evoked responses. At high 
intensity, the pairing increased the ipsilateral evoked re- 
sponses up to 15 min after pairing. Such effects were not 
observed for the contralateral recordings. Systemic at- 
ropine injection prevented the facilitations observed ipsi- 
laterally. BF stimulations alone did not induce any in- 
creased evoked response either at low or at high intensi- 
ty. These results show (1) that a tone, presented while the 
cortex is activated by cholinergic neurons of the BF, 
evokes enhanced cortical responses, and (2) that the du- 
ration of this facilitation is dependent on the stimulation 
intensity. These results are discussed in the context of 
neural mechanisms involved in general arousal and corti- 
cal plasticity. 
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Introduction 

Cholinergic activation has long been associated with cor- 
tical arousal (Mitchell 1963; Phillis and Chong 1965; Ce- 
lesia and Jasper 1966; Longo 1966; Szerb 1967; Jasper 
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and Tessier 1971). Recent data supporting this relation- 
ship between acetylcholine (ACh) activity and brain-acti- 
vated states are reviewed in Steriade and McCarley 
(1990) and in Steriade and Buzsfiki (1990). 

The major source of cholinergic input to the entire 
cortical mantle comes from several groups of neurons 
within the basal forebrain (BF; Divac 1975; Wenk et al. 
1980; Fibiger 1982; Mesulam et al. 1983b; Woolf 1991). 
More specifically, the projections to the neocortex seem 
to originate mainly from the ventromedial aspect of the 
globus pallidus, the dorsal aspect of the substantia in- 
nominata (SI), and even some neurons embedded among 
the fibers of the internal capsule. This area, described as 
the Ch4 sector of the cholinergic system in both rodent 
and primate (Mesulam et al. 1983a,b), includes the nucle- 
us basalis magnocellularis (NBM). The projections from 
the NBM to the neocortex are ipsilateral and to a certain 
extent topographically organized in such a way that dif- 
ferent areas of the neocortex are innervated by different 
subsets of NBM neurons (Wenk et al. 1980; Bigl et al. 
1982; Price and Stern 1983; Rye et al. 1984; Saper 1984; 
Luiten et al. 1987). 

Several lines of evidence show that the NBM plays an 
important role in the cholinergic control of neocortical 
activation. Damaging the NBM by neurotoxic lesions 
results in decreased cholinergic activity in the neocortex 
and in slower electroencephalogram (EEG) rhythms, 
with apparent reduction of desynchronized patterns 
(Stewart et al. 1984; Buzsfiki et al. 1988; Riekkinen et al. 
1992). Conversely, electrical stimulation of the NBM re- 
sults in increased release of ACh in the neocortex (Casa- 
menti et al. 1986; Kurosawa et al. 1989), and in neocorti- 
cal EEG desynchronization (Belardetti et al. 1977; Casa- 
menti et al. 1986). Lastly, there is a strong correlation 
between the discharge rate of the NBM neurons and 
neocortical activation (Detari and Vanderwolf 1987; 
Buzs/tki et al. 1988). 

On another hand, over the last few years, different 
results have suggested an important role for the choliner- 
gic projections from the BF in the normal physiology and 
plasticity of the sensory cortices. First, cortical ACh de- 
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p le t ion  by  neu ro tox i c  B F  lesion leads  to weaker  evoked  
responses  in the visual  (Sato  et al. 1987a) a n d  soma tose n -  
sory  (Jul iano et al. 1990; Jacobs  et al. 1991) cort ices.  Sim- 
i lar  A C h  dep le t ion  is also able  to  p reven t  the  sensory  
p las t ic i ty  n o r m a l l y  obse rved  after  pe r iphe ra l  m a n i p u l a -  
t ions  (Jul iano et al. 1991). Second,  in anes the t ized  ani-  
mals ,  B F  s t imu la t ion  de l ivered  before  a sensory  s t imulus  
enhances  the  cor t ica l  respons iveness  to  this  s t imulus.  In  
the s o m a t o s e n s o r y  cortex,  r epea t ed  pa i r ing  of B F  s t imu-  
l a t ion  with  a cu t aneous  s t imulus  can  enhance  the s t imu-  
lus -evoked  ac t iv i ty ;  in some cases this  e n h a n c e m e n t  ou t -  
las ts  the  pe r iod  of  pa i r i ng  up  to tens of  minu tes  (Rasmus-  
son  and  D y k e s  1988; T remblay  et al. 1990; Webs te r  et al. 
1991). In  the a u d i t o r y  cortex,  Me the ra t e  a n d  Ashe  (1991) 
showed  tha t  s t imu la t ion  of  the  B F  can  enhance  the 
evoked  po ten t i a l  e l ic i ted by  a u d i t o r y  t h a l a m u s  s t imula-  
t ion.  Al l  these results  fit n icely wi th  the  large  a m o u n t  of  
d a t a  showing  tha t  i o n t o p h o r e t i c  app l i ca t i ons  of  A C h  
m o d u l a t e  cor t ica l  p rocess ing  in the  visual  (Sill i to and  
K e m p  1983; Sa to  et al. 1987b; M u r p h y  a n d  Sil l i to 1991), 
s o m a t o s e n s o r y  ( D o n o g h u e  a n d  Car ro l l  1987; M e t h e r a t e  
et al. 1987; L a m o u r  et al. 1988; M e t h e r a t e  et al. 1988a), 
and  a u d i t o r y  moda l i t i e s  (Ashe et al. 1989; M c K e n n a  et 
al. 1989; M e t h e r a t e  a n d  Weinbe rge r  1989, 1990). 

So far, the na tu r e  of the re la t ionsh ip  be tween  the B F  
chol inerg ic  ac t iva t ion  tha t  induces  cor t ica l  a rousa l ,  on  
the one hand ,  a n d  the B F  chol inerg ic  ac t iva t ion  tha t  p ro -  
mo tes  fac i l i ta t ion  of  sensory  process ing  and  plas t ic i ty ,  on  
the o the r  hand,  has  no t  been e lucidated .  To w h a t  ex tent  
the effectiveness of  B F  s t imu la t ion  in faci l i ta t ing cor t ica l  
p rocess ing  is l inked  wi th  cor t ica l  a rousa l  i nduced  by  B F  
s t imu la t ion  is unknown .  One poss ib i l i ty  is tha t  faci l i ta-  
t ion of  cor t ica l  p rocess ing  occurs  on ly  if the  B F  s t imula-  
t ion  induces  a cor t ica l  arousal .  The  a l t e rna t ive  is t ha t  
fac i l i ta t ion  of  cor t ica l  p rocess ing  can  occur  even if the  B F  
s t imu la t i on  does  no t  desynchron ize  the cor t ica l  act ivi ty.  
In  this  l a t te r  case, we can w o n d e r  whe the r  the  fac i l i ta t ion  
is the  same as tha t  obse rved  unde r  cor t ica l  ac t iva t ion  i.e., 
if it  has  the  same magn i tude ,  affects the same p r o p o r t i o n  
of  neurons ,  and  lasts  the  same dura t ion .  

The  p resen t  s tudy  is an  a t t e m p t  to  answer  these ques-  
t ions.  S t imula t ion  of  the B F  in the  a r ea  of  the  N B M  was 
pe r fo rmed  in u re thane -anes the t i zed  rats,  while tone-  
evoked  responses  were r eco rded  in the  p r i m a r y  a u d i t o r y  
cortex.  The  in tens i ty  of  s t imu la t ion  was ad jus t ed  to ob-  
ta in  (or not)  a d e s y n c h r o n i z a t i o n  of  the E E G .  B F  s t imu-  
l a t ion  was pa i r ed  with  tone  p resen ta t ion .  S imul t aneous  
record ings  were pe r fo rmed  in b o t h  a u d i t o r y  cort ices.  As  
the B F  chol inerg ic  p ro jec t ions  are  uni la te ra l ,  the  con-  
t r a l a t e ra l  d a t a  cons t i tu te  an  in te rna l  con t ro l  of the s ta te  
of  the p r e p a r a t i o n  a n d  can  also assess the specifici ty of 
the effects i nduced  by  B F  s t imula t ion .  F u r t h e r m o r e ,  to  
verify the  chol inerg ic  na tu re  of  the effects observed,  a 
subset  of  r ecord ings  was col lected unde r  a t ropine .  F ina l -  
ly, to  de t e rmine  whe the r  s t imu la t ion  of the  B F  cou ld  by  
itself faci l i tate  the  sensory  responses ,  a d d i t i o n a l  r ecord-  
ings were col lec ted  first in a p r o t o c o l  using B F  s t imula-  
t ion alone,  then  in a p r o t o c o l  using pa i r ed  p re sen ta t i ons  
of  B F  s t imu la t ion  and  tone.  

Materials and methods 

Subjects and preparation 

Adult male Wistar rats (n = 25), weighing 290-390 g, were used as 
subjects. They were anesthetized with urethane (1.5 g/kg i.p., two 
thirds of this dose being followed by one third of it 15 min later; 
supplements of 0.2 g were occasionally given during the experi- 
ment). The animal, placed on a heating pad that maintained the 
body temperature around 37 ~ C, was secured to a stereotaxic frame 
with blunt hollow ear bars. After a sagital incision was made, a local 
anesthetic (Xyloca~ne) was liberally applied on the wound. Cran- 
iotomies were performed unilaterally above the location of the basal 
forebrain (1.8-2.8 posterior and 3.0-3.6 lateral to bregma, according 
to the atlas of Paxinos and Watson (1982). These coordinates were 
selected because anatomical data showed that the BF neurons pro- 
jecting to the temporal cortex are located in the caudal aspect of the 
NBM (Wenk et al. 1980; Bigl et al. 1982; Lamour et al. 1982; Rye 
et al. 1984; Saper 1984; Luiten et al. 1987). Craniotomies were also 
performed bilaterally above the auditory cortices. The dura mater 
was resected and the location of the primary auditory cortex was 
evaluated according to the patterns of cerebral vasculature de- 
scribed in the literature (Kelly and Sally 1988). Two silver spheres 
were inserted between the bone and the dura around the midline, 
rostral to lambda and to bregma, to record a global EEG. 

Recording and stimulation techniques 

Cluster recordings were collected for two reasons. First, we wanted 
to be able to select a tonal frequency eliciting comparable neuronal 
discharges in both auditory cortices. Unit recordings are far better 
than evoked potentials to detect a tonal selectivity, and a lot of 
mapping studies have used indifferently both single unit and cluster 
recordings to reveal the frequency selectivity in the auditory system 
(Imig and Morel 1985; Langner and Schreiner 1988; Redies et al. 
1989; Clarey and Irvine 1990). Second, owing to the length of our 
protocol (see below), we chose to record small clusters instead of 
single units, since the probability of holding two units simulta- 
neously in each cortex for several hours is quite low. 

Two recording electrodes, made of Teflon insulated tungsten 
wire (50 lam, A-M System), were lowered under electrophysiological 
control into each cortex. The neuronal activity was amplified (Grass 
model P511 K), filtered (500-10 000 Hz), displayed on an oscillo- 
scope, then sent to a voltage window discriminator to select the 
largest spikes (signal to noise ratio at least 3:1). The output pulses, 
collected by a microcomputer 200 ms before the BF stimulation up 
to 200 ms after tone offset, were used to generate an on-line display 
of each evoked response (10 ms bin) for two channels of neural 
activity (one from each cortex). Off-line analysis allowed building of 
standard peristimulus time histograms (PSTHs) and quantifying the 
tone-evoked responses on each channel, by selecting temporal win- 
dows after tone onset. The global EEG (bandpass 1-90 Hz), as well 
as the local EEG recorded via the electrodes in the auditory cortex 
ipsilateral to the stimulating electrode, were sent to a polygraph 
(Grass model 7P511J). 

The stimulating electrodes were bipolar concentric electrodes 
(300 gm external diameter). They were connected to a constant-cur- 
rent stimulator via an isolation unit placed close to the stereotaxic 
frame. A homemade electronic circuit grounded the input of the 
preamplifier from 1 ms before until 1 ms after the stimulation, to 
avoid its saturation. 

Experimental protocol 

The frequency of the tone (between 1 and 16 kHz) used during the 
protocol was chosen to evoke neuronal discharges as similar as 
possible in both auditory cortices (the recording electrodes for one 
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Fig. 1. Effects of basal forebrain stimulation on the local and global 
electroencephalogram (EEG) during pairing trials between BF 
stimulation and tone. At low intensity (i00 gA), there were no 
changes in the two EEGs (A), whi!e at high intensity (250 gA) there 

3sec 
was a clear desynchronization of both EEGs at each pairing trial (B) 
The threshold for EEG desynchronization was in this case 150 laA. 
The results obtained on the tone-evoked responses for this record- 
ing are presented in Fig. 6A 

side, or occasionally both, were moved until this was obtained.) The 
tone was 200 ms in duration (including 2 ms rise/fall time) and 
70 dB sound pressure level (SPL) in intensity (as measured at the 
extremity of the hollow ear bar by a B&K sound level meter). 

Once clear auditory responses, with a latency less than 30 ms, 
were obtained from the recording electrodes in both cortices, the 
stimulating electrode was slowly lowered. Starting at - 6 . 0  below 
the dura, BF stimulations (300ms, 100-Hz, 0.1-ms pulses) were 
delivered to adjust the final location of the stimulating electrode. A 
clear desynchronization of the EEG derived from the ipsilateral 
auditory cortex was required at the final placement (between -6 .5  
and -7 .5  below the dura). Special care was taken to determine the 
threshold intensity allowing desynchronization of the local EEG. 
Two intensities of stimulation were then selected: the lower one (low 
BF stimulation) was at least 20 gA below the threshold for desyn- 
chronizing the local EEG; the higher one (high BF stimulation) was 
at least 100 laA above the threshold for desynchronizing the local 
EEG. At this high intensity, the global EEG was also desynchro- 
nized. Thus, no changes could be visually detected on the local or 
on the global EEG when using the low BF stimulation, while the 
high BF stimulation induced clear and reliable EEG desynchro- 
nization at each trial (see Fig. 1). 

The standard protocol was started by ten tone alone presenta- 
tions. The tone, delivered bilaterally, was presented with an intertri- 
al interval (ITI) of 20 s. The low BF stimulation was then paired 
with the tone for 20 trials, during which the onset of the tone 
occurred 50 ms after the end of the BF stimulation. The responsive- 
ness to the acoustic stimulus was measured immediately and 15 min 
postpairing by ten tone-alone presentations. During both the pair- 
ing trials and the postpairing tests, the ITI was the same as before 
pairing. Fifteen minutes later, the same protocol was repeated, ex- 
cept that the high BF stimulation was used during the pairing trials. 
The total time of this standard protocol was 75 rain. All stimulus 

presentations (tone, BF stimulation) were controlled by an Apple 
IIe computer. 

For eight animals, this whole standard protocol was repeated 
after systemic atropine sulfate injection (2 20 mg/kg i.p.). The injec- 
tion took place at least 60 min (up to 90 min) after completion of the 
standard protocol; the recording session started 15 rain after the 
atropine injection. The tone, the intensities used for the BF stimula- 
tions, and the ITI were in all aspects identical to those used in the 
normal condition. 

In a separate group of animals (n = 5), the whole protocol was 
first carried out using 20 BF stimulations alone, delivered in the 
absence of the tone, instead of the 20 BF stimulation-tone pairings. 
Sixty to ninety minutes later, the standard protocol was repeated, 
this time involving 20 BF stimulation-tone pairings. The same BF 
intensities of stimulation were used in each case. 

Data analysis 

During the off-line analysis, we focused on the "on" excitatory re- 
sponses that occurred within 30 ms after tone onset, since sustained 
responses are rather unusual in the primary auditory cortex. How- 
ever, the global amount of activity evoked during the whole tone 
duration was also analyzed and is reported. To take into account 
possible changes in spontaneous activity occurring during the pro- 
tocol, the evoked responses were computed by subtracting the num- 
ber of spikes per bin occurring during the 200 ms preceding the 
onset of the BF stimulation from the number of spikes per bin 
occurring during the first 30 ms of tone. All the statistical analyses 
were performed by comparing the tone-evoked responses obtained 
during and after the pairing procedure with those obtained immedi- 
ately before the pairing procedure. 
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Table 1. Number of animals used, and number of ipsilateral and contralateral recordings obtained in normal conditions and after atropine 
administration. No contralateral recordings were performed during stimulations of the basal forebrain alone; and this paradigm was not 
tested under atropine 

Normal conditions Atropine 

Number of Number of Number of Number of 
animals recordings animals recordings 

Pairing tone with BF stimulation 

BF stimulation alone 

Ipsilateral recordings 20 a 23 8 8 
Contralateral recordings 20 a 21 8 8 

Ipsilateral recordings 5 b 10 - - 
Contralateral recordings - - - 

a In these 20 animals one ipsi- and one contralateral recording were obtained simultaneously, except in 2 cases where two ipsi- and one 
contralateral electrodes were recorded simultaneously and 1 case where two ipsilateral and two contralateral electrodes were recorded at the 
same time 
b In these five animals two ipsilateral electrodes were recorded simultaneously 

Histology 

At the end of each experiment, the animal received an overdose of 
pentobarbital (100 mg/kg), then was perfused (intracardiac perfu- 
sion) with 0.9% saline followed by 10% formalin. The brain was 
removed and kept in 10% formalin for several weeks. Subsequently, 
the brains were sectioned on a freezing microtome (60 gm-thick 
serial coronal sections). The sections were stained with cresyl violet 
for Nissl preparation and for one animal half of the sections were 
processed for acetylcholinesterase reactivity. 

Results 

The data presented here are from 23 ipsilateral and 21 
contralateral simultaneous recordings; 8 ipsilateral 
recordings were subsequently collected after atropine in- 
jection (see Table 1). Ten additional ipsilateral recordings 
were collected in a protocol  where BF stimulations alone 
were used instead of paired presentations of BF stimula- 
tion and tone. All recordings exhibited clear, short-laten- 
cy, tone-evoked responses before any BF stimulation. 
Only clusters consisting of few waveforms (less than five) 
were included in the data, and recordings that did not 
show a stable signal-to-noise ratio across the protocol  
were discarded from the analysis. 

The mean intensity was 62_+ 8 gA (range 25-140 gA) 
for the low BF stimulation, and 245 +__ 17 gA (range 140- 
420 ~tA) for the high BF stimulation. 

Pairing at low-intensity stimulation 

For 22 of 23 ipsilateral recordings, pairing the nondesyn- 
chronizing BF stimulation with the tone led to an in- 
crease in the short-latency " o n "  tone-evoked response (A 
response was considered to be increased or decreased 
when the percentage of change compared  with the pre- 
pairing period was greater than 30%). Figure 2 (upper 
row) shows an example of such an enhancement.  Com- 
pared with the response before pairing (Fig. 2A), the "on" 
evoked response was increased during the first (Fig. 2B) 
and the second (Fig. 2C) block of pairing. It  returned to 
the prepairing level after pairing (Fig. 2D). This is also 

illustrated in the example presented in Fig. 4A. On the 
other hand, the majori ty of the contralateral recordings 
did not exhibit increased responses during pairing. There 
were slight increased responses for only 5 of 21 record- 
ings (decreases, n = 5; no changes, n -- 11). Figure 2 (lower 
row) shows an example of such an absence of increase on 
the contralateral recording, while an increased response 
occurred ipsilaterally. This is also illustrated in Fig. 4B. 

The statistical analyses performed on the group data 
confirmed that  during pairing the ipsilateral responses 
were increased (paired t-test, t(22~ = 2.694, P = 0.01, and t 
(22)=2.217, P=0.03 ,  respectively, for the first and the 
second block of ten trials). After pairing, the tone-evoked 
responses no longer differed from the prepairing ones. No 
significant changes were observed for the contralateral 
recordings, whether during or after pairing (lowest P val- 
ue, P =0.293). 

When the whole tone duration was analyzed, only 10 
of 23 ipsilateral recordings exhibited increased evoked 
activity during pairing (decreases, n = 3 ;  no changes, 
n =  10). On average, there was no significant enhance- 
ment  of the global amount  of activity elicited by the tone 
either during pairing (t(=)=1.54, P=0 .13 ;  t(22)=1.06, 
P=0.30),  or after pairing (immediately and 15 min after, 
t(22)< 1, n.s.). The contralateral responses were not in- 
creased, whether during or after pairing (lowest P val- 
ue, 0.18). 

Pairing at high-intensity stimulation 

Surprisingly, less ipsilateral recordings exhibited in- 
creased "on" responses during pairing with the high stim- 
ulation than during pairing with the low stimulation: 
only 11 of 23 recordings showed consistent increases (de- 
creases, n = 8 ;  no changes, n=4) .  Despite this, 17 of 23 
showed strong increased responses immediately post- 
pairing (decreases, n = 4 ;  no changes, n=2) ,  and for 14 of 
23 the responses were still increased 15 min postpairing 
(decreases, n = 4; no changes, n = 5). Figure 3 shows the 
effect of pairing at high intensity for the same recording 
as in Fig. 2. Compared  with the response obtained before 
pairing (Fig. 3A), the "on" response was strongly en- 
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Fig. 2. Histograms (bin width 10 ms) of ipsilateral (upper row) and 
contralateral (lower row) neuronal discharges obtained simulta- 
neously before (A), during (B, and C), and post (D) pairing with 
low-intensity BF stimulation (50 gA; arrows) The stimulation lasted 
300 ms and the input of the preamplifier was grounded from 1 ms 
before until 1 ms after the stimulation, to avoid its saturation. The 

horizontal bars under the x axes denote the tone (4 kHz) duration 
(200 ms) Note that compared with the prepairing response (A), the 
ipsilateral tone-evoked response was increased during pairing (B, C) 
but not after pairing (D). In contrast, the contralateral response was 
never affected 
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Fig. 3. Histograms (bin width 10 ms) of ipsilateral (upper row) and 
contralateral (lower row) neuronal discharges obtained simulta- 
neously before (A), during (B, C), and post (D) pairing with high-in- 
tensity BF stimulation (300 ~tA) for the same recording as in Fig. 2. 

Note that the ipsilateral, "on" evoked response was largely en- 
hanced during pairing (B, C), and remained increased after pairing. 
In contrast, the contralateral response was never affected. Conven- 
tions the same as in Fig. 2 
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Fig. 4. Effects of pairing on ipsilateral (A) and contralateral (B) 
tone-evoked discharges (simultaneous recordings). A Using low-in- 
tensity BF stimulation (45 gA), the evoked response increased dur- 
ing pairing and returned to the control level immediately after pair- 
ing. Using high-intensity BF stimulation (150 gA), the evoked re- 
sponse showed no changes during pairing but was largely increased 
immediately and 15 rain post-pairing. B The evoked response was 
decreased during pairing with low BF stimulation. Using high BF 
stimulation, it was increased during pairing, but returned to the 
prepairing level immediately after pairing 

was not larger after pairing: increased responses were 
present in only 9 of 21 recordings immediately postpair- 
ing (decreases, n = 5, no changes, n = 7), and in only 7 of 
21 recordings 15min postpairing (decreases, n=8 ,  no 
changes, n = 6). 

The statistical analyses performed on the group data 
revealed that the increase in the "on" ipsilateral evoked 
responses detected during the pairing trials did not reach 
the statistical level of significance when compared with 
the prepairing responses (t(22)=1.725, P=0.098;  and 
t(22) = 1.768, P = 0.092, respectively for each block of pair- 
ing). This is not surprising since only 11 of 23 recordings 
exhibited consistent increased responses during pairing. 
Nonetheless, a comparison of the increases obtained at 
the two intensities for this subset of 11 recordings showed 
that they were significantly larger at high than at low 
intensity (2.66 vs 11.06 spikes/bin; to0)=2.06, P=0.03). 
On the other hand, the responses of the whole population 
of 23 recordings were significantly increased both imme- 
diately (t(221 = 3.553, P = 0.0018) and 15 rain (t(22) = 2.116, 
P =0.0459) postpairing. The analyses performed on the 
contralateral recordings did not reveal any significant 
change either during pairing (t(2o)= 1.36, P =  0.188; and 
t(2m=l.13, P=0.271) or after pairing (t(20)=1.123; 
P = 0.274; and t(20) = 0.26, P = 0.79; respectively for imme- 
diately and 15 min after). 

When the whole tone duration was considered, 16 o f  
23 ipsilateral recordings exhibited enhanced evoked ac- 
tivity during pairing. This increase in the total amount  of 
excitation over the whole tone was significant for the two 
blocks of pairing trials (t(22)=2.29, P=0.03;  and 
t(22)=2.67, P=0.01). It was still present immediately 
( t@_2.54,  P=0.01) but not 15 min (t(22)< 1, n.s.) after 
pairing. These effects were not observed on the contralat- 
eral side, either during pairing or after pairing (lowest P 
value, 0.17). 

Figure 5 summarizes the group data for the "on" 
evoked responses at low and high intensity for the ipsi- 
lateral and contralateral recordings. The changes ob- 
served for the evoked responses were not a consequence 
of changes in spontaneous activity: overall analyses of 
variance (ANOVA) revealed that there were no signifi- 
cant modifications of the spontaneous pretone activity 
across the protocol either at low or at high intensity, 
whether for the ipsilateral (respectively, P=0.93 and 
P=0.50) or for the contralateral (respectively, P=0.54 
and P = 0.19) recordings. 

hanced during the pairing trials (Fig. 3B,C), and this en- 
hancement was maintained both immediately (Fig. 3D.) 
and 15 min (not shown) postpairing. In another example, 
provided in Fig. 4, although the pairing at low intensity 
induced a clear increase in the tone-evoked response, the 
pairing at high intensity had apparently no effect. How- 
ever, immediately and 15 min after pairing the responses 
were clearly facilitated. 

Contralaterally, 10 of 21 recordings showed increased 
responses during pairing (decreases, n =  5; no changes, 
n = 6). In contrast to what was observed ipsilaterally, the 
proportion of recordings exhibiting increased responses 

Pairing under atropine treatment 

In eight cases for which a stable signal-to-noise ratio was 
still observed 1 h after the end of the regular protocol, the 
experiment was repeated after atropine injection (i.p., 
mean dose 9.5 +_ 3 mg/kg). Figure 6 shows an example of 
ipsilateral recording obtained under normal conditions 
and subsequently under atropine treatment. Under nor- 
mal conditions (Fig. 6A), the "on" response was en- 
hanced during pairing with both the low and the high BF 
stimulation. This facilitation lasted after pairing at high 
intensity. In contrast, with atropine (Fig. 6B), no consis- 
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Fig. 5. Group data for 23 ipsilateral (A) and 21 contralateral (B) 
recordings. For each recording, the mean "on" evoked response 
(~30 ms after tone onset) observed before pairing was subtracted 
from the mean response observed during and after pairing, to 
provide a difference (in spikes per second) from the control period. 
These differences were averaged across recordings and are repre- 
sented 4- SEM. Note that the ipsilateral tone-evoked responses 
were enhanced during pairing with the low- and the high-intensity 
BF stimulation, and that they remained increased after pairing with 
the high BF stimulation 

tent  changes in the responses  were induced by  pairing, 
whether  at  low or at  high intensity. 

These eight ipsilateral  recordings showed, in no rma l  
condi t ions  the same pa t t e rn  of  changes as those de- 
scribed for the whole  popu la t ion  (Fig. 7A). The  "on"  re- 
sponses were enhanced  dur ing pair ing at  low intensity 
(t(7) = 5.69, P = 0.0007; and  t(7 ) = 2.58, P = 0.03; respective- 
ly for the first and  the second b lock  of pairing), and  after 
pai r ing at high intensi ty (t(7)=3.016, P = 0 . 0 1 9 ;  and 
t(7)=2.428, P = 0 . 0 4 5 ;  respectively for immedia te ly  and 
15 min  postpairing).  

Normal 
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Fig. 6. Ipsilateral facilitation blocked by atropine injection (14 mg/ 
kg). Under normal conditions (A), this recording exhibited the usual 
pattern of effects: a transient increase in the evoked response during 
pairing with low-intensity BF stimulation, and a long-lasting in- 
crease after pairing with high-intensity BF stimulation. These effects 
were not observed after injection of atropine (B) 90 rain later 

Unde r  a t rop ine  t rea tment ,  the "on"  responses  ob- 
ta ined before pair ing did not  differ significantly f rom 
those observed  in n o r m a l  condi t ions  (paired t-test, 
t(7 ) = 0.075, P = 0.94; and  (t(7) = 0.588, P = 0.57; respective- 
ly for each pre-pai r ing  period). However ,  the effects in- 
duced by pair ing were great ly reduced with a t rop ine  
(Fig. 7B). Dur ing  the pair ing at  low intensity, only 4 of  8 
recordings showed increased responses,  the others  
showed decreased responses.  Dur ing  the pair ing at high 
intensity, 3 of  8 recordings exhibited increased responses  
(decreases, n =  3; no changes,  n = 2 ) ;  after pai r ing there 
were only three cases of  increased responses  immedia te ly  
after (decreases, n = 3; no changes,  n = 2) and  none  15 min  
pos tpa i r ing  (decreases, n = 4 ;  no changes,  n=4 ) .  The  
statistical analyses pe r fo rmed  on the g roup  da ta  failed to 
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Fig. 8. Differential effects of BF-stimulation alone (A) and pairing 
(B) procedures. For this recording, the BF stimulation alone in- 
creased the firing rate above the spontaneous level both at low and 
at high intensity. Note that, using high-intensity stimulation, no 
prolonged facilitation of the response was present after the BF-stim- 
ulation alone procedure whereas it was after the pairing procedure. 
Note also that although the response increased during pairing with 
the low-intensity stimulation, it decreased during pairing with the 
high-intensity stimulation 

reveal any significant increase in the responses, whether 
during pairing at low intensity (t(7)= 1.7, P=0.1328;  and 
t(7)=0.32 , P=0.75) ,  or during pairing at high intensity 
(t(7)= 1.57, P = 0 . 1 5 ;  and t(7)= 1.23, P=0.25) .  In the two 
cases, after pairing the responses were at the control level. 
We found no relationship between the dose of atropine 
used and the amount  of change of the evoked response 
during and after pairing, both  at low and at high intensi- 
ty. 

Over the whole tone, there was a clear increase in the 
total amount  of excitation evoked by the tone during 
pairing when performed with high BF stimulation under 
normal  conditions (t(8)=2.87, P = 0 .02 ;  and t(8)=2.31, 
P = 0.03; for each block of pairing). No such increase was 
detected with atropine (t(8)< 1, n.s., in each case). 

BF stimulation alone 

For ten additional ipsilateral recordings, the protocol  
was first run using repeated BF stimulations alone in- 
stead of pairing trials between BF stimulation and tone. 
Figures 8 and 9 show recordings obtained in such a pro- 
tocol. It  appears  that the "on" responses did not increase 
after the high BF stimulation alone, whereas they strong- 
ly increased after the tone had been paired with the high 
BF stimulation. 

The group data of these ten recordings are presented 
in Fig. 10. No enhancement of the "on" responses was 
observed after the low BF stimulation alone (P--0.22 
and P=0 . 99 ;  for, respectively, immediately and 15 min 
post-stimulation), nor  after the high BF stimulation 
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case the evoked response was increased during pairing at low inten- 
sity and even more so during pairing at high intensity 

alone (respectively, P = 0.49 and P = 0.75). In opposition, 
after pairing with the high stimulation there was a signif- 
icant enhancement of the "on" responses both immedi- 
ately (t(9)=3.41, P=0.007)  and 15min (t(9)=2.32, 
P = 0.045) postpairing. Note that these recordings exhib- 
ited also a clear facilitation of the "on" evoked responses 
during pairing with the low BF stimulation (t(9)= 3.655, 
P=0.005;  and (t{9)=5.09, P=0.0007;  for each block of 
pairing). 

Finally, we analyzed the neural activity collected dur- 
ing the first 30 ms of recording following the end of the 
stimulation during the BF alone trials. On average, the 
BF stimulations increased, although not significantly, the 
cortical discharges above the level of spontaneous activi- 
ty (over the 20 trials, t(9)= 1.88, P=0 .09 ;  and t(9)= 1.83, 
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Fig. 10. Group data for the ten ipsilateral recordings collected im- 
mediately and 15 rain after the BF-stimulation alone (grey bars) and 
the pairing (dark bars) procedures. Note that with high-intensity 
stimulation the "on" responses were increased after the pairing pro- 
cedure but not after the BF-stimulation alone procedure 

P = 0.10; respectively for the low and the high intensity). 
We did not find any significant correlation between the 
changes of spontaneous activity due to the BF stimula- 
tion alone and the changes of tone-evoked response ob- 
served during and after the pairing procedure (lowest P 
value, 0.43). Thus, the fact that the BF stimulation alone 
enhanced, or not, the spontaneous rate of the cortical 
discharges, did not allow the prediction of the effects ob- 
tained subsequently during pairing. This is exemplified in 
Figs. 8 and 9. In the case presented in Fig. 8, the activity 
was increased by the high BF stimulation alone (Fig. 8A), 
but the tone-evoked response was decreased during pair- 
ing (Fig. 8B). In contrast, in the case presented on Fig. 9, 
the activity was not increased by the high BF stimulation 
alone (Fig. 9A) but the tone-evoked response was strong- 
ly enhanced during pairing (Fig. 9B). 

Electrode placements 

Figure 11 shows the placements of the stimulating elec- 
trodes for 24 of 25 of the animals. They were located in 
the caudal aspects of the NBM, more precisely in the 
dorsal part of the SI, at the boundary between the SI and 
the globus pallidus, or at the boundaries between the SI 
and the ventromedial part of the internal capsule. For 17 
of 23 ipsilateral recordings, we were able to find the elec- 
trode tract in the auditory cortex. Based upon the depth 
in the cortex, we estimated that 14 recordings were from 
deep cortical layers (below layer IV) and 3 were from 
superficial layers (above layer IV). 

Discuss ion 

Overview of the results 

The main findings of the present results can be summa- 
rized as follows: both nondesynchronizing (subthreshold) 
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and desynchronizing (suprathreshold) stimulations of the 
BF were able to facilitate ipsilaterally the cortical "on" 
evoked responses when these stimulations repeatedly 
preceded the occurrence of the tone. The responses re- 
turned to the pre-pairing level immediately after pairing 
when a subthreshold stimulation had been used, while 
they remained increased up to 15 min after pairing when 
a suprathreshold stimulation had been used. No system- 
atic increases in the evoked responses were observed con- 
tralaterally whether during pairing with the low BF stim- 
ulation or after pairing with the high BF stimulation. 
Such results allow us to rule out the possibility that the 
effects observed ipsilaterally were a consequence of a 
change of state of the preparation. To a large extent, the 
ipsilateral facilitations induced by the pairing procedure 
were blocked by atropine. Furthermore, when the same 
BF stimulations were delivered alone, no effects were de- 
tected whether with the low or with the high BF stimula- 
tion. 

Validity of  the present findings 

Several methodological comments need to be made be- 
fore interpreting the results further. First, the results 
show that even a nondesynchronizing stimulation of the 

BF can enhance the "on" responses in the auditory cor- 
tex. This result was observed in the whole population of 
23 ipsilateral recordings, on the subset of 8 recordings 
subsequently recorded under atropine, and on the 10 
recordings previously submitted to BF stimulations 
alone. Such a consistent finding must likely reflect a real 
effect. Because we did not quantify the power spectrum of 
the EEG, it could be argued that subtle changes in EEG 
frequency, not detectable by visual inspection, could have 
occurred. Even if this possibility cannot be totally ruled 
out, the main claim here is that BF stimulation which did 
not induce a local or a global "arousal" (as it is generally 
defined based upon visual inspection of the EEG) was 
able to facilitate transiently the ipsilateral tone-evoked 
responses. 

Second, in the present study as well as in all the previ- 
ous ones, the possibility exists that the activation of fibers 
of passage by the electrical stimulations could contribute 
to the observed results. However, chemical stimulations 
were hardly compatible with the fact that the pairing 
procedure required control of the exact timing of the BF 
stimulation with regard to tone presentation. Moreover, 
the findings (1) that chemical stimulation performed in 
the same area of the BF also led to EEG desynchroniza- 
tion (Metherate et al. 1992), and (2) that atropine was able 
to block the facilitations induced by the stimulations (as 



in Tremblay et al. 1990; Metherate and Ashe 1991), to- 
gether suggest that the stimulation was indeed activating 
cholinergic neurons of the BF, and was increasing corti- 
cal responsiveness by an action mediated by muscarinic 
receptors. 

Finally, due to the systemic administration of at- 
ropine, the exact location of the involved muscarinic re- 
ceptors cannot be guaranteed. However, the finding that 
intracortical application of atropine blocked the BF-in- 
duced facilitation of thalamocortical transmission sup- 
ports the involvement of cortical muscarinic receptors 
(Metherate and Ashe 1993). 

Relations with previous studies and possible mechanisms 

Short-term effects. Different types of effects were reported 
during pairing between a sensory stimulus and BF stimu- 
lation. The evoked potentials (EP) recorded by Rasmus- 
son and Dykes (1988) or by Metherate and Ashe (1991) 
almost systematically increased. On the other hand, the 
evoked potentials collected by Webster et al. (1991) most- 
ly decreased, while the unit responses recorded by Trem- 
blay et al. (1990) were generally unaffected during the 
pairing procedure. In the present study, the pairing with 
a subthreshold BF stimulation induced almost exclusive- 
ly (22/23 cases) facilitations of the evoked responses. In 
contrast, a suprathreshold stimulation induced either 
larger facilitations or decreased responses, which sug- 
gests a heterogeneity either at the loci of stimulation or at 
the cortical recording sites (or at both). Two explanations 
can be proposed to account for the different effects pro- 
duced by the BF stimulation. 

The first one is based on the existence of noncholiner- 
gic neurons in the BF. The limited current spread pro- 
duced by the low BF stimulations might have activated 
mostly cholinergic soma, while the larger current spread 
produced by the high BF stimulations might have acti- 
vated heterogenous populations of cells. In agreement 
with that, atropine was totally efficient in blocking the 
effects observed at low intensity, while it did not block 
entirely the effects observed at high intensity. It is possi- 
ble that the high intensity stimulations might have re- 
cruited GABAergic neurons of the BF that are known to 
project also onto the cortex (Fisher et al. 1988; Beaulieu 
and Somogyi 1991; Freund and Meskenaite 1992). De- 
pending on the precise location of the stimulating elec- 
trode, increasing the intensity could have resulted in acti- 
vation either of a larger proportion of cholinergic neu- 
rons or of GABAergic neurons. In the first case one can 
expect a larger increase in the evoked response, while in 
the second case a smaller facilitation or even a decrease in 
the evoked response can be expected. 

The second explanation relies on the assumption that 
increasing the intensity of the BF stimulation increases 
the amount  of ACh released in the cortex. It has been 
shown that iontophoretic ACh application alters the in- 
tensity function of auditory cortex neurons (Metherate et 
al. 1990). Non-monotonic intensity functions are quite 
common in the auditory cortex (Brugge and Merzenich 
1973; Phillips et al. 1985), and they lead to decreased 
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responses when a high intensity tone is used. To explain 
why a given amount of ACh applied iontophoretically 
can facilitate, suppress, or have no detectable effect on the 
"on" tone-evoked response, Ashe and Weinberger (1991) 
have proposed the so-called "muscarinic intensity mod- 
el", in which ACh application mimics an increase in stim- 
ulus intensity (see also for details, Ashe et al. 1989). Thus, 
the high-intensity BF stimulations paired with the tone 
could have produced the equivalent of presenting a high 
intensity tone, the consequence being, for neurons having 
nonmonotonic intensity function, a smaller tone-evoked 
response. 

Long-term effects. As in previous BF stimulation studies 
(Rasmusson and Dykes 1988; Tremblay et al. 1990; Web- 
ster et al. 1991), prolonged facilitations of sensory re- 
sponses were observed. These prolonged facilitations are 
consistent with the known physiological effects of ACh 
on muscarinic receptors. Owing to its slow and long-last- 
ing depolarizing effects on the cortical neurons, associat- 
ed with an increase in membrane resistance due to de- 
creased K + conductances, ACh provides adequate sub- 
strate for persistent changes in cells' excitability (Krnjevic 
and Phillis 1963; Woody et al. 1978; McCormick and 
Prince 1986; Metherate et al. 1989; Metherate et al. 1992). 
In agreement with that, long-lasting facilitations of sen- 
sory responses were described when pairing iontophoret- 
ic applications of ACh with a sensory stimulus 1 (Sillito 
and Kemp 1983; Metherate et al. 1987; 1988a, b; Lamour 
et al. 1988). 

As in previous studies (Rasmusson and Dykes 1988; 
Tremblay et al. 1990), long-term facilitations occurred 
only if the BF was stimulated in conjunction with the 
afferent volley from the periphery. BF stimulation in- 
duced no effects when it had been delivered alone, in the 
absence of sensory stimulus. Similar observations were 
reported using iontophoretic ACh applications (Mether- 
ate et al. 1987). Thus, an approximate temporal coinci- 
dence between neuronal depolarization produced by 
ACh and neuronal excitation produced by the sensory 
stimulus seems to be required for enhancement of cortical 
responsiveness. 2 This is in line with the idea that ACh 
acts as a permissive agent that facilitates changes in oth- 
er, non-cholinergic synapses (Singer 1979). Since in some 
experiments (Metherate et al. 1988b; Tremblay et al. 
1990), comparable long-lasting facilitations were ob- 
served after combining a sensory stimulus with ACh ad- 
ministration and after combining glutamate with ACh, 
the mechanism generally proposed for these prolonged 
effects is that ACh facilitates the glutamatergic (Popowitz 

lIontophoretic applications of ACh can induce local EEG changes 
as well as changes in subthreshold membrane potential fluctuations 
that seem equivalent to what is observed during arousal, i.e., a shift 
from low frequency (1-5 Hz) to high frequency (2040 Hz; Mether- 
ate et a1.1992). 
2The requirement for simultaneity is not strict, since the interval 
between the BF stimulation and the sensory stimulus was 50 ms 
here but up to 200 ms in Rasmusson and Dykes (1988) which is long 
compared with the intervals usually used for heterosynaptie facilita- 
tion as well as for the so-called long-term potentiation (LTP) phe- 
nomenon. 
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et al. 1988; Hicks et al. 1991; Cox et al. 1992) thalamocor- 
tical transmission. 

However, this does not explain why the long-lasting 
facilitation developed after high but not after low BF 
stimulation. An explanation can be proposed based on 
the fact that the high-intensity stimulation enhanced the 
global amount  of activity elicited during the whole tone 
duration while the low-intensity stimulation did not. 
Thus it is possible that the high-intensity stimulation fa- 
cilitated a late excitatory postsynaptic potential (EPSP) 
mediated by glutamate receptors of the N-methyl D-as- 
paratate (NMDA) type while the low-intensity stimula- 
tion only facilitated a fast EPSP, mediated by glutamate 
receptors of non - NMDA type (Cox et al. 1992). Unequiv- 
ocal identification of the mechanisms involved in the fa- 
cilitation produced by the two stimulations is beyond the 
scope of this study and would probably require the use of 
selective antagonists of the different types of muscarinic 
and glutamatergic receptors. 

Possible functional significance 

Compared with all the previous studies concerning the 
effect of BF activation on the responsiveness of the senso- 
ry neocortex, our goal was to determine the relationships 
between cortical arousal and facilitation of cortical 
evoked responses. The use of two intensities of BF stimu- 
lation, which differed in their ability to arouse the cortex, 
leads to the following conclusions: 

1. A cholinergic activation of the cortical target cells in 
the absence of cortical arousal only produces a transient 
facilitation of the evoked responses (ipsilateral results us- 
ing low BF stimulation). 

2. A state of cortical arousal without a cholinergic 
activation of the cortical target cells can eventually pro- 
duce transient facilitation of the cortical processing, but 
in no case a long-lasting facilitation (contralateral results 
using high BF stimulation, and ipsilateral results using 
high BF stimulation under atropine). 

3. A state of cortical arousal together with a choliner- 
gic activation of the cortical target cells seems to be the 
only adequate condition to produce a long-lasting facili- 
tation of cortical processing3(ipsilateral recordings with 
high BF stimulation). 

This suggests that a nonspecific, diffuse arousal is not 
sufficient to promote long-lasting cortical plasticity and 
therefore that the conditions required for cortical plastic- 
ity to take place are not strictly identical to those existing 
during cortical arousal. 

If we refer to what is happening in a learning situation, 
the level of arousal of an animal is probably similar dur- 
ing a conditioning procedure, where the CS predicts the 
US, and during a pseudo-conditioning procedure where 
the CS and the US occur randomly. The behavioral re- 
sponses to the CS are different in these two circum- 
stances, and receptive field determination in the auditory 

3However, these conditions seem necessary but not always suffi- 
cient, since 6 of 23 recordings did not exhibit long-lasting facilita- 
tion after pairing with the high-intensity stimulation. 

cortex and thalamus before and after training demon- 
strated that highly selective changes in cortical process- 
ing are induced by associative conditioning, while only 
nonspecific changes of cells' excitability are produced by 
pseudoconditioning (see Diamond and Weinberger 1986; 
Bakin and Weinberger 1990; Edeline and Weinberger 
1991a,b, 1992). The diffuse activation induced contralat- 
erally by high-intensity BF stimulations, even if paired 
with tone presentations, could be the equivalent of a gen- 
eral arousal similar to what is happening during a pseu- 
doconditioning procedure. The coactivation of cortical 
neurons by the tone and the cholinergic input could 
provide adequate conditions for the selective changes oc- 
curring during a conditioning procedure. This idea is de- 
veloped in a preliminary model of cortical plasticity, 
which also involves the concomitant action of the 
tonotopic (MGv) and nontonotopic (MGm) parts of the 
auditory thalamus (Weinberger et al. 1990). In this model 
the role of the NBM, which is supposed to be activated 
by the M G m  via the amygdala, is to amplify the input 
coming from the M G m  on the apical dendrites of the 
pyramidal cortical cells, and thus to produce a wide- 
spread enhancement of postsynaptic activation during 
learning trials. The present data, as well as recent results 
obtained in awake animals (Hars et al. 1993), show direct 
support  for this model, since they demonstrate that NBM 
activation is efficient in facilitating evoked responses in 
the auditory cortex. 
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