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Impact of Altered Cholinergic Tones on the Neurovascular
Coupling Response to Whisker Stimulation
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Brain imaging techniques that use vascular signals to map changes in neuronal activity rely on the coupling between electrophysiology
and hemodynamics, a phenomenon referred to as “neurovascular coupling” (NVC). It is unknown whether this relationship remains
reliable under altered brain states associated with acetylcholine (ACh) levels, such as attention and arousal and in pathological conditions
such as Alzheimer’s disease. We therefore assessed the effects of varying ACh tone on whisker-evoked NVC responses in rat barrel cortex,
measured by cerebral blood flow (CBF) and neurophysiological recordings (local field potentials, LFPs). We found that acutely enhanced
ACh tone significantly potentiated whisker-evoked CBF responses through muscarinic ACh receptors and concurrently facilitated neu-
ronal responses, as illustrated by increases in the amplitude and power in high frequencies of the evoked LFPs. However, the cellular
identity of the activated neuronal network within the responsive barrel was unchanged, as characterized by c-Fos upregulation in
pyramidal cells and GABA interneurons coexpressing vasoactive intestinal polypeptide. In contrast, chronic ACh deprivation hindered
whisker-evoked CBF responses and the amplitude and power in most frequency bands of the evoked LFPs and reduced the rostrocaudal
extent and area of the activated barrel without altering its identity. Correlations between LFP power and CBF, used to estimate NVC, were
enhanced under high ACh tone and disturbed significantly by ACh depletion. We conclude that ACh is not only a facilitator but also a
prerequisite for the full expression of sensory-evoked NVC responses, indicating that ACh may alter the fidelity of hemodynamic signals
in assessing changes in evoked neuronal activity.

Key words: acetylcholine; hemodynamics; interneurons; neurovascular coupling; pyramidal cells

Introduction
Neurovascular coupling (NVC) is a fundamental brain function
defined as the tight coupling between neurophysiological and

hemodynamic signals. Accordingly, NVC underlies brain imag-
ing techniques such as fMRI, SPECT, and PET, which assess neu-
ronal activity indirectly through vascular signals. NVC has been
characterized extensively under physiological conditions (Logo-
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Significance Statement

Neurovascular coupling, defined as the tight relationship between activated neurons and hemodynamic responses, is a funda-
mental brain function that underlies hemodynamic-based functional brain imaging techniques. However, the impact of altered
brain states on this relationship is largely unknown. We therefore investigated how acetylcholine (ACh), known to drive brain
states of attention and arousal and to be deficient in pathologies such as Alzheimer’s disease, would alter neurovascular coupling
responses to sensory stimulation. Whereas acutely increased ACh enhanced neuronal responses and the resulting hemodynamic
signals, chronic loss of cholinergic input resulted in dramatic impairments in both types of sensory-evoked signals. We conclude
that ACh is not only a potent modulator but also a requirement for the full expression of sensory-evoked neurovascular coupling
responses.
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thetis et al., 2001; Lauritzen and Gold, 2003; Niessing et al., 2005;
Shmuel et al., 2006). However, brain imaging techniques are used
over a wide range of brain states, so it is of the utmost importance
to ascertain whether NVC is maintained when brain states are
altered in both normal physiological conditions and in neurolog-
ical diseases.

NVC and its mediators have been largely investigated in the
glutamate-mediated whisker-to-barrel pathway. The barrel
cortex contains a topographical representation of each whisker
(Lübke and Feldmeyer, 2007), allowing a precise assessment of
the relationship between evoked neuronal activity and changes in
cerebral blood flow (CBF) (Staiger et al., 2000; Lecrux et al.,
2011). In the barrel cortex, whisker stimulation activates pyrami-
dal cells and specific GABA interneurons that colocalize vaso-
active intestinal polypeptide (VIP), whereas those containing
somatostatin (SOM) are largely inhibited (Gentet et al., 2012,
Lecrux et al., 2011), as was also reported recently in other sensory
modalities (Pi et al., 2013; Fu et al., 2014; Mesik et al., 2015). The
activation of this neuronal network translates into hemodynamic
responses through the release of multiple mediators (Hillman,
2014; Lecrux and Hamel, 2016), such as COX-2 metabolites re-
leased from activated pyramidal cells (Lacroix et al., 2015).

Brain “on” states such as arousal, attention, and memory in-
volve the activation of acetylcholine (ACh)-releasing basal fore-
brain (BF) neurons projecting throughout the cerebral cortex.
Conversely, phasic reductions in ACh levels are found in slow-
wave sleep, whereas chronic ACh decreases are associated with
pathological conditions such as Alzheimer’s disease (AD) (Has-
selmo and Sarter, 2011). Experimental increases in ACh levels
through acetylcholinesterase (AChE) inhibition or cortical ACh
iontophoresis heighten sensory evoked potentials and local field
potentials (LFPs), uncover previously silent receptive fields, and
facilitate neuronal coding (Metherate et al., 1988; Tremblay et al.,
1990; Goard and Dan, 2009). ACh also modulates sensory pro-
cessing by enhancing the signal strength of incoming thalamo-
cortical afferents relative to intracortical pathways (Oldford and
Castro-Alamancos, 2003). When combined with an auditory
stimulus, BF activation lowers the response threshold and broad-
ens the receptor field in the auditory cortex (Kilgard and Mer-
zenich, 1998; Chen and Yan, 2007). Increased ACh also enhances
odor discrimination and sharpens mitral cell receptive fields in
the olfactory bulb, whereas cholinergic lesion decreases odor dis-
crimination (Chaudhury et al., 2009). Similarly, loss of ACh BF
neurons is associated with reduced firing rate in all layers of
the rat barrel cortex during whisker stimulation (Herron and
Schweitzer, 2000).

Surprisingly, despite these recognized interactions between
ACh and sensory processing, it is virtually unknown how sensory
evoked NVC is affected by altered ACh neurotransmission.
Therefore, we sought to determine in vivo the outcomes of chang-
ing ACh levels on whisker-evoked NVC, assessing both CBF and
neuronal responses through measurements of LFPs (i.e., the am-
plitude of the evoked response and power in frequency bands).
ACh levels were increased to reproduce brain states of attention
or arousal or were chronically decreased to mimic the patholog-
ical loss of ACh innervation, which is a key feature of AD. The
fidelity of NVC was determined by computing LFP/CBF correla-
tions across ACh tones. Further, we interrogated whether
changes in ACh levels would alter the neuronal network of
pyramidal cells and GABA interneurons typically recruited in
the barrel cortex after whisker stimulation using double immu-
nohistochemistry with c-Fos, a marker of neuronal activation
(Staiger, 2006). Overall, we demonstrate that whisker-evoked

CBF and LFP responses are altered as a function of ACh tone.
ACh appears to be, not only a facilitator, but also a requirement,
for the full expression of the NVC responses to whisker stimula-
tion. Our data suggest that brain levels of ACh alter the fidelity
of CBF in reflecting the underlying sensory-evoked neuronal
responses.

Materials and Methods
Experiments
All experiments were performed on Sprague Dawley male rats (250 – 400
g, 8 –13 weeks-old, n � 145), were approved by the animal ethics com-
mittee of the Montreal Neurological Institute at McGill University, and
abided by the Canadian Council on Animal Care. Experimental proce-
dures are summarized in Figure 1.

Animal preparation
Animals were prepared as described previously (Lecrux et al., 2011)
for CBF experiments. Briefly, rats were anesthetized with urethane
(1.2 g/kg, i.p.), placed in a stereotaxic frame (Kopf Instruments), and
body temperature was maintained at 37°C. Physiological parameters,
measured through a femoral artery catheter (AD Instruments and Rapid
Lab 348; Siemens) were within the normal range and remained un-
changed within each group during all procedures [pH: 7.40 –7.46; pO2:
82–113 mmHg; pCO2: 33– 42 mmHg; mean blood pressure: 68 –100
mmHg, heart rate (HR): 246 –394 bpm]. For combined electrophysio-
logical experiments, rats were ventilated (50 bpm, medical air), placed in
a stereotaxic frame, monitored continuously for physiological parame-
ters (O2 saturation: 93–97%; HR: 256 –286 bpm), and recordings were
performed under medetomidine anesthesia (0.1 mg/kg/h) starting �1 h
after isoflurane was discontinued, as shown previously to be highly
suitable for electrophysiological recordings and for NVC studies (Pawela
et al., 2009; Williams et al., 2010; Masamoto and Kanno, 2012; Nasrallah
et al., 2014; Sotero et al., 2015). For anatomical studies, c-Fos induction
was performed in trained (5 d) awake restrained rats, as described previ-
ously (Lecrux et al., 2011).

Cortical blood flow measurement
CBF was recorded continuously with a laser-Doppler flowmeter (LDF)
microprobe (wavelength: 785 nm, 0.58 mm diameter, 0.5 mm transmit/
receive spacing; Transonic Systems) positioned above the thinned bone
over the left barrel cortex (�6 mm 2 centered on bregma coordinates
AP: �3 mm, L: �6 mm; Fig. 1A). For combined electrophysiological and
CBF experiments, the LDF probe was placed close to the recording elec-
trode insertion point after the dura was removed (Fig. 1A).

Electrophysiology
Extracellular LFPs were recorded through a 50-�m-wide 32-channel
electrode (100 �m intersite spacing, electrode site area: 177 �m 2; Neu-
ronexus Technologies; Fig. 1B) inserted in the barrel cortex (AP: �3 mm,
L: �6.5 mm from the bregma). Neurophysiological data were acquired
at 24 kHz using a RZ2 multichannel recording system (Tucker-Davis
Technologies).

Whisker stimulation
For CBF experiments alone, all whiskers on the right side were deflected
by mechanical stimulation (electrical tooth brush, �8 –10 Hz, 20 s, 7
trials; Lecrux et al., 2011). For combined electrophysiological and CBF
experiments requiring precise synchronization of the stimulus with the
electrophysiological responses, whiskers were deflected with an auto-
mated air-puff stimulator (4 Hz, 20 s, 10 trials; Sanganahalli et al., 2008;
Lecrux et al., 2011). For c-Fos induction, rats underwent mechanical
whisker stimulation (�4 Hz, 10 min) of the right C1–3 whiskers, as
described previously (Lecrux et al., 2011).

Identification of the neuronal network recruited by
whisker stimulation
Rats prepared for ACh enhancement or depletion (detail below) under-
went whisker stimulation and after 1 h were deeply anesthetized (sodium
pentobarbital, 100 mg/kg, i.p.) for perfusion with 4% paraformaldehyde
(PFA) through the ascending aorta. Brains were removed, postfixed in
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PFA (2 h, 4°C), and cryoprotected. After snap
freezing, 25-�m-thick sections were cut on a
freezing microtome and immunohistochemi-
cally stained for c-Fos (rabbit anti-c-Fos,
1:1500; Santa Cruz Biotechnology) either alone
or combined with COX-2 (rabbit anti-COX-2,
1:3000; Santa Cruz Biotechnology), VIP
(guinea pig anti-VIP, 1:5000; Peninsula Labo-
ratories), or SOM (rabbit anti-SOM, 1:2000;
Peninsula Laboratories) for identification of
activated pyramidal cells and GABA interneu-
rons, as described previously (Kocharyan et al.,
2008; Lecrux et al., 2011). Immunoreactivity to
c-Fos was first detected with the slate gray re-
agent (SG kit; Vector Laboratories, blue-gray
precipitate) and all other antibodies were de-
tected in the second position using 3,3�-
diaminobenzidine (DAB; Vector Laboratories,
brown precipitate). For detection of cortical
ACh innervation, freezing microtome 35-�m
thick sections were immunostained for choline
acetyltransferase (ChAT; goat anti-Chat, 1:250;
Millipore Bioscience Research Reagents) and
the reaction visualized with DAB. Digital pho-
tographs from the barrel cortex region were
acquired with a Nikon Eclipse E800 camera
and edited using Photoshop 7 (Adobe
Systems).

Enhanced ACh tone
To enhance ACh tone pharmacologically, rats
received an injection of either 10 mg/kg intraperi-
toneal Linopirdine (Tocris Bioscience), an ACh-
release enhancing agent (Zaczek et al., 1997), or
0.1 mg/kg subcutaneous physostigmine hemisul-
fate (Tocris Bioscience), a specific AChE inhibi-
tor (Bhat et al., 1990; Fig. 1B). Their effects on
whisker stimulation were tested 20–30 min after
injection and found to be stable after 20–40 min
(see Results). In addition, increase in endogenous
ACh levels was achieved using subthreshold (no
significant effects on resting CBF) BF electrical
stimulation (30 s, starting 10 s before whisker
stimulation, 100 Hz, 0.5 ms, 1 s on/1 s off, 150 �
30 �A, isolated pulse stimulator A-M Systems)
performed via a monopolar tungsten electrode
(FHC) chronically implanted in the BF, as de-
tailed previously (Kocharyan et al., 2008; Lecrux
et al., 2012). The specificity of BF electrical stim-
ulation was confirmed by suprathreshold BF
stimulation, which increases cortical CBF (Lecrux et al., 2012).

Pharmacological blockade of ACh receptors
Nicotinic ACh receptors (nAChRs) were acutely blocked by intracister-
nal (i.c.) injection of a mixture of the nAChR antagonists mecamylamine
(MEC) and methylycaconitine (MLA) (1 and 0.1 mM, respectively, 3 �l;
Fu et al., 2014) and their effects on the whisker-evoked CBF response
were measured 20 min after injection (Fig. 1C). Chlorisondamine dichlo-
ride (CHL, 12 �g/5 �l; gift from Dr. Paul Clarke, Department of Phar-
macology, McGill University) was used to block central nAChRs
chronically without affecting peripheral nAChRs (Marenco et al., 2000).
CHL or saline (controls) was given (5 �l) in a unilateral (left) intracere-
broventricular injection (coordinates AP: 0.8 mm, L: 1.4 mm from
bregma, 4.3 mm below skull surface) in rats under isoflurane anesthesia
(2% in medical air). Rats were returned to their cages and used 2– 4 weeks
later (Fig. 1D). Muscarinic ACh receptors (mAChRs) (Fig. 1C) were
blocked with scopolamine (3 �l, i.c., or a 10 �4

M solution; Tocris Biosci-
ence; Lecrux et al., 2011) and their effects on whisker-evoked CBF re-
sponses were monitored 30 min after injection.

Decreased ACh tone
For ACh depletion, rats were anesthetized with isoflurane (5% for induc-
tion, 2% for maintenance) and received a unilateral intracerebroventric-
ular injection (2 �l; coordinates as above) of the selective cholinotoxin
192-IgG-saporin (4 �g/2 �l; Advanced Targeting Systems) or saline
(control rats), as described previously (Kocharyan et al., 2008). Rats were
returned to their cages and used 1– 4 weeks later (Fig. 1E).

Data analysis
Hemodynamic signals. CBF values were acquired as LDF arbitrary units,
averaged every second, and expressed as percentage change relative to the
20 s prestimulation. Resting CBF values were obtained from averaged 1
min segments before each whisker stimulation block (Table 1).

Electrophysiological data alignment. Cortical layers matching the depth
of penetration of LDF (�1 mm; Fredriksson et al., 2009) were defined
from the pial surface as follows: superficial layer (SL; 200 – 600 �m) and
granular layer (GL; 700 –900 �m), based on previous studies (Ren et al.,
1992; Herron and Schweitzer, 2000) and our own histology findings. In
some rats (n � 5), we imaged the microelectrode during insertion to
localize the microelectrode contacts relative to the pial surface (Sotero et

Figure 1. Schematic representation of the experimental procedures. A, In the first set of experiments (Fig. 2), cortical CBF was
measured by a LDF probe placed over the thinned bone above the barrel cortex, as illustrated on a representative raw trace of a
single 20 s whisker stimulation. In a parallel set of experiments (Figs. 3–5), a multicontact linear electrode was added (�) close to
the LDF probe. To match the CBF and LFPs data, we analyzed the recordings channels of the electrode in the cortical layers matching
the penetration of LDF, defined as SL and GL. Layer delineation was confirmed by large sink in the CSD profiles of the first evoked
responses. B, Acute pharmacological ACh enhancement consisted in injections of respective vehicle (light gray arrow), followed by
injection of ACh enhancers (red arrow): the AChE inhibitor physostigmine (Physo) or the ACh release enhancer Linopirdine (Lino).
C, Timeline for acute ACh enhancement followed by acute blockade of AChRs (dark gray arrow) by either a mAChR antagonist
(scopolamine) or a mixture of nAChR antagonists (MEC/MLA). D, Timeline for chronic blockade of nAChRs by CHL injected 2– 4
weeks before CBF testing under enhanced ACh tone, as described above in B. E, For ACh depletion, rats were tested 1– 4 weeks after
intracerebroventricular injection of the specific cholinotoxin 192-IgG-Saporin (green arrow) or its vehicle (control group). Each rat
was tested for only one drug or combination. The electrical BF stimulation protocol is not shown; see Materials and Methods for
further details. Black bars indicate 20 s of whisker stimulation (six to 10 trials per condition). a.u., Arbitrary unit.
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al., 2015). The evoked LFP spectra as a function of depth relative to the
pial surface in these animals were then used to guide alignment of the
entire dataset. Layer delineation was further confirmed based on individ-
ual current source density (CSD) profiles for each rat by identifying
major current sources and sinks within the cortical layers (Fig. 1A), with
the major current sinks corresponding to SL and GL, as described previ-
ously (Martindale et al., 2003; Jones et al., 2004). CSD was calculated on
the first evoked response using the standard 5-point ([1, 0, �2, 0, 1]/4)
CSD estimation kernel (Freeman and Nicholson, 1975) and the estima-
tion at the edge electrodes was computed using the method of Vaknin
(Vaknin et al., 1988).

Electrophysiological signals. Analysis of neurophysiological data was
performed using scripts in MATLAB (The MathWorks). Data were fil-
tered (1–500 Hz) and downsampled to 2 kHz to extract LFPs. Then, 250
ms segments time locked to the stimulus (4 Hz) were averaged over the
20 s stimulation period to calculate the amplitude of the evoked response,
defined as the difference between the maximum (P1) and minimum
(N1) amplitude values averaged over recorded channels in SL and GL.
LFP spectra, obtained using the multitaper method (http://chronux.
org/), were normalized by dividing the stimulation epoch’s spectrum by
the prestimulus baseline spectrum. Band-pass-filtered LFP signal was
squared in each band and normalized (divided by the average power of
the final 5 s of the prestimulus period) to obtain band-limited power.

The following frequency bands were analyzed: theta (5– 8 Hz), alpha
(8 –12 Hz), beta (15–30 Hz), low-gamma (30 –57 Hz), and high-gamma
(63–150 Hz). For baseline (prestimulus) neuronal activity, LFP spectra
were computed over prestimulation epochs (20 s) for each condition.
LFP power was calculated for low (L: 1– 4 Hz) and high (H: 20 – 60 Hz)
frequencies in SL and GL using areas under the curve (AUCs) from the
LFP spectra. In addition, the corresponding L/H ratio was computed and
used as an index of cortical state, as described previously (Li et al., 2009;
Pinto et al., 2013; Fazlali et al., 2016). For saporin and vehicle (control)
group comparisons, only the L/H ratio was used because these conditions
were from different animals.

LFP/CBF correlations. The percentage changes in LFP power in se-
lected frequency bands evoked by whisker stimulation were correlated
with the concurrent percentage changes in CBF over individual trials, as
analyzed previously by us and others (Logothetis et al., 2001; Lauritzen
and Gold, 2003; Niessing et al., 2005; Shmuel et al., 2006; Magri et al.,
2012; Harris et al., 2014).

Cholinergic denervation. ChAT-immunostained nerve fibers in the so-
matosensory cortex were ranked on a scale of 0 –5 (0 being no visible
fibers and 5 being the highest fiber density) on digital photographs from
the barrel cortex region (3 sections/rat, n � 4 rats/group) by 2 indepen-
dent observers blinded to the identity of the photographs. Density rank-
ings were then averaged by animal and by group.

c-Fos immunostaining in the barrel cortex. Quantitative analysis of the
c-Fos-immunostained barrel area was performed on digital photographs
using NeuroLucida software (MBF Bioscience) to trace the area occupied
by c-Fos-positive nuclei in layer IV of the barrel and NeuroExplorer (Nex
Technologies) to quantify the corresponding cortical area. For analysis of
the rostrocaudal extent of c-Fos-immunostained nuclei, every third section
was stained for c-Fos throughout the entire barrel cortex. Sections were
observed under light microscopy (Leitz Aristoplan; Leica) and matched to
their corresponding bregma levels (Paxinos and Watson, 1998).

Identification of c-Fos-immunopositive neurons in the activated barrel
cortex. Two to three double-immunostained sections/rat were observed
by light microscopy and cells counted in layers II/III and IV of the labeled
barrel. For each cell type, cells that costained for c-Fos were counted and
expressed as a percentage of the total number of COX-2, VIP, or SOM
cells. For each rat, an average of 634 � 44 cells were counted for COX-2,
243 � 14 for VIP, and 246 � 21 for SOM. Data from the ipsilateral barrel
cortex were subtracted from those of the contralateral barrel to obtain the
population of cells specifically activated by whisker stimulation.

Statistical analysis. Repeated-measures ANOVA followed by post hoc
Newman–Keuls comparison tests or Student’s paired t tests were used to
compare physostigmine or linopirdine data with their respective con-
trols. Control and saporin-lesioned rats were compared by Student’s
unpaired t test. Student’s t tests of LFP power across frequency bands and
cortical layers were corrected for multiple comparisons using the false
discovery rate-controlling procedure by Benjamini–Hochberg. LFP/CBF
correlations were computed using Pearson’s coefficient (r). Between-
group differences in correlation coefficients were studied using the Fish-
er’s r-to-z transformation. The slopes of the linear regression models
were compared between controls and each treatment group by including
an interaction term (�3 � LFP � Group) in a single regression model of
combined datasets as follows: (CBF � �0 � �1 � LFP � �2 � Group � �3

� LFP � Group). Statistical analyses were performed with GraphPad Prism
4 software and with R (Foundation for Statistical Computing, Vienna,
Austria; version 3.2.3).

Results
ACh alters whisker-evoked CBF responses
To investigate the modulatory effects of ACh on NVC responses,
we selected doses of ACh-promoting drugs and parameters for
electrical BF stimulation that exerted no significant effect on
resting CBF (Table 1). The CBF response evoked by whisker
stimulation was significantly larger after increasing ACh tone
pharmacologically with the AChE inhibitor physostigmine
(�40.8 � 8.1%, p � 0.01; Fig. 2A). This effect of physostigmine
appeared as early as 20 min after injection and remained stable for

Table 1. Baseline CBF values

Resting CBF
(a.u.)

Repeated-measures
ANOVA Newman–Keuls
post test n

CBF studies
Baseline 16.0 � 2.4 n.s. 7

� Vehicle 14.8 � 2.2
� Linopirdine, i.p. 13.8 � 2.4

Baseline 15.1 � 2.2 n.s. 5
� Vehicle 20.0 � 4.3
� Physostigmine, s.c. 20.2 � 2.9

Baseline 15.3 � 1.2 9
BF stimulation alone 15.8 � 1.5 n.s.
� BF stimulation 16.0 � 1.6

Chlorisondamine vehicle, i.c.v.
Baseline 20.2 � 2.3 n.s. 5

� Vehicle 19.5 � 2.2
� Physostigmine, s.c. 22.7 � 2.1

Chlorisondamine, i.c.v.
Baseline 22.9 � 2.9 n.s. 7

� Vehicle 23.0 � 3.9
� Physostigmine, s.c. 26.3 � 5.2

Baseline 13.6 � 1.1 6
� Physostigmine, s.c. 17.3 � 2.5 ] *

� MEC/MLA, i.c. 14.4 � 1.7
Baseline 22.6 � 4.0 n.s. 7

� Physostigmine, s.c. 27.8 � 5.4
� Scopolamine, i.c. 25.9 � 5.4

Baseline 19.7 � 3.4 n.s. 5
� Vehicle 16.7 � 2.1
� Scopolamine, i.c. 17.5 � 2.5
Saporin vehicle, i.c.v. 17.8 � 2.4 n.s. 8
Saporin, i.c.v. 16.4 � 2.6 Unpaired t test 9

Combined CBF and electrophysiological
studies

Vehicle 23.3 � 8.3 n.s. 8
� Physostigmine, s.c. 35.7 � 12.6 Paired t test
Saporin vehicle, i.c.v. 31.6 � 5.0 n.s. 10
Saporin, i.c.v. 34.1 � 5.5 Unpaired t test 9

Prestimulation CBF values were averaged for each condition during either CBF measurements or combined CBF and
electrophysiological recordings. Data were analyzed by repeated measurements ANOVA followed by Newman–
Keuls post test or Student’s t test as indicated. *p � 0.05 versus baseline. Values are expressed as mean � SEM.

a.u., Arbitrary units; i.c., intracisternal; i.c.v., intracerebroventricular; i.p., intraperitoneal; n.s., not significant.; s.c.,
subcutaneous.
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up to 40 min (n � 4; Fig. 2B). Similar potentiation of the whisker-
evoked CBF response was found with the ACh release enhancer
linopirdine (�30.7 � 3.6%, p � 0.001; Fig. 2C) and after sub-
threshold electrical BF stimulation (�51.9 � 18.3%, p � 0.05;
Fig. 2D). We further evaluated the role of ACh in the potentiated
CBF responses by blocking ACh receptors. The potentiating ef-
fect of physostigmine on whisker-evoked CBF responses was not
altered by acute blockade of nAChRs with a combination of the
selective antagonists MEC/MLA (�26.8 � 6.2%, p � 0.05, after
physostigmine alone vs �31.1 � 11.3% after MEC/MLA, p �
0.05; Fig. 2E,G) despite a small but significant effect on resting
CBF (Table 1). Similarly, chronic blockade of nAChRs with CHL
pretreatment did not alter the capacity of physostigmine to en-
hance the NVC response to whisker stimulation (�28.7 � 7.9%
in physostigmine/vehicle-treated rats, p � 0.01, vs �31.7 �
11.6% increase in physostigmine/CHL-treated rats, p � 0.05; Fig.
2G). In contrast, mAChR blockade with scopolamine potently
reduced (	75%, p � 0.01) the facilitating effect of physostigmine
on the hyperemic response to whisker stimulation (�28.9 �
3.1% before vs �7.0 � 5.0% after scopolamine; Fig. 2F). How-

ever, scopolamine did not affect the whisker-evoked CBF re-
sponse under control condition (�3.3 � 9.4%; Fig. 2G), as was
reported previously (Nakao et al., 1999). Conversely, chronic
ACh denervation with the selective cholinotoxin saporin, which
induced a dramatic loss of ChAT-immunostained ACh fibers in
the barrel cortex (�70%, p � 0.001; Fig. 2H), resulted in a sig-
nificant decrease in the CBF response evoked by whisker stimu-
lation (�40.7%, p � 0.001; Fig. 2I). These findings demonstrate
that ACh, through mAChRs, enhances the CBF responses evoked
by whisker stimulation. Further, they unveil the prerequisite of
the ACh input for an optimal whisker-evoked CBF response.

High ACh tone increases whisker-evoked neuronal activity in
the barrel cortex
To determine whether the increased whisker-evoked CBF re-
sponse under high ACh tone resulted from increased cortical
activity, we recorded whisker-evoked CBF and LFPs simultane-
ously using an intracortical linear multichannel electrode (Fig.
1A). We first confirmed the enhancing effect of physostigmine
injection on the hyperemic response to whisker stimulation

Figure 2. Altered ACh tone affects sensory-evoked CBF responses. Significant potentiation of the evoked CBF response to whisker stimulation (20 s, horizontal black bar) was observed
consistently in conditions of increased ACh tone either pharmacologically with physostigmine (n � 5) (A), tested up to 40 min (n � 4) (B), linopirdine (n � 6) (C), or after subthreshold electrical
BF stimulation (30 s, horizontal gray bar; n � 9) (D). The physostigmine-enhanced CBF-evoked response was not altered by nAChR antagonists administered either acutely (MEC/MLA, n � 6) (E)
or chronically (CHL, n � 7 compared with vehicle, n � 5) (G). F, In contrast, the mAChR antagonist scopolamine reduced the facilitating effect of physostigmine on the whisker-evoked CBF response
significantly (n � 7) (G) without affecting the CBF response to whisker stimulation alone (n � 5). G, Antagonist effects expressed as a percentage of potentiation induced by physostigmine after
each drug administration. In contrast, reduced cortical ACh innervation with saporin was associated with a significant loss of ChAT-immunostained fibers in the barrel cortex (H ) and a significantly
smaller whisker-evoked CBF response (I ) compared with control rats (n � 8 and 10, respectively). Scale bar, 20 �m. Shaded areas represent SEM. *p � 0.05; **p � 0.01 by repeated-measures
ANOVA or unpaired t test.
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(�27.8%, p � 0.001; Fig. 3A) under medetomidine anesthesia,
demonstrating the robustness of the physostigmine effect on the
evoked-CBF response. Concomitant to the larger evoked-CBF re-
sponses, physostigmine potentiated the amplitude of the evoked
LFPs significantly in both SL (�13.1%, p�0.001) and GL (�12.6%,
p � 0.001) of the contralateral barrel cortex (Figs. 3B,C).

A nonselective significant broadband increase of the pre-
stimulation neuronal activity was seen after physostigmine injec-
tion, as shown on the LFP spectra (Fig. 3D, left) and quantified
AUC in high (H: 20 – 60 Hz) and low (L: 1– 4 Hz) frequencies in
both SL and GL (Fig. 3D, right). This was also reflected in the L/H

ratio, which significantly increased in GL (vehicle: 34.9 � 2, phys-
ostigmine: 52.7 � 3, p � 0.001), but not in SL (vehicle: 33.6 � 2,
physostigmine: 31.5 � 2). These effects mimic previously docu-
mented increases in low and high EEG frequencies upon phar-
macological (NMDA-induced) activation of the BF (Cape et al.,
2000), but contrast with the desynchronization observed upon
fast optogenetic activation of ACh neurons (Pinto et al., 2013;
Kalmbach and Waters, 2014).

After physostigmine injection, whisker-evoked raw LFPs (Fig.
3E, top) and LFPs normalized to baseline (prestimulation) levels
(Fig. 3E) increased markedly. The averaged normalized LFP spectra

Figure 3. Increased sensory-evoked CBF responses mirror increases in neuronal activity. A, Increased whisker-evoked-CBF responses by enhanced ACh tone (physostigmine) matched (B)
increased of LFP evoked responses across cortical layers, delineated as the SL and GL layers and quantified by LFP (P1–N1) amplitude (C). Insets show averaged SL and GL evoked responses. D,
Physostigmine altered the averaged baseline LFP power in SL (top) and GL (bottom), as quantified by the AUCs of the LFP spectra for high frequencies (20 – 60 Hz) and low frequencies (1– 4 Hz), as
indicated by gray boxes. E, Raw LFPs during stimulation (top) were increased by physostigmine in SL and GL. The normalized LFP spectra (bottom) further show shift of frequencies under enhanced
ACh tone by physostigmine during sensory stimulation in both SL and GL. F, Power change during stimulation (as a percentage from baseline) in high-gamma (63–150 Hz) and low-gamma (30 –57
Hz) bands showed a clear increase in all layers compared with control (vehicle). In contrast, the beta (15–30 Hz) band displayed no alteration of its power and power in lower-frequency bands [alpha
(8 –12 Hz) and theta (5– 8 Hz)] decreased. G, Averaged band-limited power in selected frequency bands as a function of cortical depth for repeated trials (20 s baseline/prestimulation, 20 s 4 Hz
whisker stimulation, 20 s poststimulation) in both control and physostigmine conditions. All data are shown as group averages. n � 78 and 67 trials for control and physostigmine conditions,
respectively, from 8 rats. **p � 0.01; ***p � 0.001, Student’s paired t test: physostigmine versus control (vehicle). a.u., Arbitrary unit; Stim, whisker stimulation.
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in SL and GL showed a clear shift of stimulus-evoked LFP power
toward higher frequencies (Fig. 3E). When decomposing the LFP
signals in frequency bands (Figs. 3E–G), physostigmine-treated rats
exhibited increases in both the high-gamma (SL: �17.4%, p � 0.01
and GL: 26.4, p � 0.01) and low-gamma (SL: �43.3% p � 0.001 and
GL: �23.6%, p � 0.01) bands. These increases were highly selective
because lower-frequency bands remained unaltered (beta) or de-
creased (alpha: SL: �54.8%, p � 0.001 and GL: �55.5%, p � 0.001,
and theta: SL: �78.3%, p � 0.001 and GL: �74.1%, p � 0.001).
Moreover, these effects were found consistently over repeated stim-
ulations (Fig. 3G), highlighting the robust modulatory effect of ACh
on the evoked responses. Overall, a high ACh tone induced changes
in whisker-evoked LFPs across cortical layers that involved a shift of
the evoked LFP spectrum toward higher power in high-frequency
oscillations and lower power in the lowest frequencies, suggesting
that gamma oscillations drive the ACh-mediated potentiation of the
whisker-evoked CBF responses.

Chronic low ACh tone reduces whisker-evoked neuronal
activity in the barrel cortex
To better understand the underlying mechanisms of ACh deple-
tion on the impaired evoked-CBF response, we combined re-
cordings of CBF and LFPs (Fig. 1A) in control saline-injected rats
and in saporin-treated rats. Under medetomidine anesthesia, the
reducing effect of ACh depletion on the CBF response to whisker
stimulation remained robust (�40.7%, p � 0.01; Fig. 4A) and the
amplitude of the stimulus-evoked LFPs decreased significantly
across cortical layers (SL: �29.7%, p � 0.001, GL: �12.9%, p �
0.05; Figs. 4B,C). Baseline LFP power was altered selectively by
saporin, as shown by a significantly increased L/H power ratio
only in GL (Fig. 4D, right). This result is consistent with the
increased low-frequency activity reported in resting AD patients
(Montez et al., 2009). During whisker stimulation, ACh deple-
tion resulted in an overall reduction in raw evoked-LFPs (Fig. 4E,
top) and in the normalized power of the evoked LFPs across
frequencies and cortical layers, except for the theta range (Fig. 4E,
bottom). In particular, ACh depletion resulted in a potent reduc-
tion of band-limited power (Fig. 4F), consistent across trials (Fig.
4G), in the high-gamma (SL: �53.1%, p � 0.001 and GL:
�47.2%, p � 0.001), low-gamma (SL: �51.2%, p � 0.001 and
GL: �36%, p � 0.001), alpha (SL: �40.7%, p � 0.001 and GL:
�33.2%, p � 0.05) and beta (SL: �52.0%, p � 0.001 and GL:
�34.4%, p � 0.001) frequency bands. In contrast, power in the
theta range increased in all layers studied (SL: �134.2%, p �
0.001 and GL: �270.8%, p � 0.001; Figs. 4F,G).

Impact of ACh on NVC measured by LFP/CBF correlations
We investigated the integrity of NVC as a function of ACh tone by
computing the correlations between whisker-evoked neuronal
activity, defined by LFP power in different frequency bands, and
concomitant CBF responses. In the GL of the control group, NVC
was better defined by higher frequencies of the LFPs, as illustrated
by positive correlations between evoked CBF responses and LFP
power in the high-gamma (Fig. 5A) and low-gamma (Fig. 5B)
bands compared with lower frequencies (theta band; Fig. 5C). In
the SL, NVC was defined by a similar pattern, although correla-
tions did not reach significance (Fig. 5D). Under high ACh tone,
NVC was improved, as shown by consistent correlations between
power in LFP frequency bands and CBF and significantly higher
correlation in the high-gamma range (Fig. 5A,D). In contrast,
NVC was significantly disturbed in low ACh tone, as shown by
the significant changes in the slopes of the correlations between
CBF and high-gamma (p � 0.05), low-gamma (p � 0.05), beta

and theta bands (p � 0.001) in SL and with the high-gamma (p �
0.001) and theta (p � 0.05) bands in GL (Fig. 5D) compared with
control conditions. ACh-depletion-induced alterations of NVC
were further depicted by negative correlation (theta band; Fig.
5C) or lack of correlation in most frequency bands in both the SL
and GL (Fig. 5D). Such changes in the LFP/CBF correlations
imply that, for an equivalent evoked CBF response, a smaller
change in LFP power in the beta and low-gamma bands is re-
quired under high ACh tone compared with baseline ACh tone,
whereas a significantly larger change in LFP power is needed in
ACh-deficient brains. Interestingly, in the high-gamma range,
both acute increase and chronic decrease of ACh tone resulted in
increased measures of NVC, as illustrated by steeper slopes of the
correlations compared with controls (Fig. 5A). However, out-
comes were strikingly different: in the enhanced ACh condition,
it potentiated the evoked-CBF responses (Fig. 3A), whereas in the
chronically deprived ACh condition, it failed to drive optimal
evoked-CBF responses (Fig. 4A).

Enhanced ACh tone does not alter the neuronal network
recruited by whisker stimulation
To assess whether the enhanced CBF and LFPs responses ob-
served under increased ACh tone reflected changes in the size or
in the identity of the neuronal populations recruited by whisker
stimulation, we used the cellular resolution of c-Fos immunohis-
tochemistry as a marker of neuronal activation (Staiger et al.,
2000; Kocharyan et al., 2008; Lecrux et al., 2011). A characteristic
map of c-Fos-positive neurons, predominantly localized in layer
IV of the contralateral activated barrel cortex, was observed in
saline-injected rats upon whisker stimulation (Fig. 6A). Neither
this map nor the extent of the activated barrel was altered by
enhanced ACh tone induced by physostigmine or linopirdine
(Fig. 6A). In addition, to test whether increased ACh transmis-
sion resulted from the recruitment of cholinoceptive neurons
that are not activated by whisker stimulation alone, we per-
formed double immunohistochemistry of c-Fos and specific
markers of neuronal populations. Whisker stimulation typically in-
duced activation of COX-2 pyramidal cells and of GABA interneu-
rons containing VIP, with activation of a smaller population of
SOM-containing GABA interneurons (Fig. 6B). This pattern of neu-
ronal activation was not altered after increasing ACh tone with lin-
opirdine (Fig. 6B). Together with the electrophysiological results,
these findings indicate that the facilitating effects of ACh on the
whisker-evoked CBF responses resulted from increased activity in
the typical network of pyramidal cells and GABA interneurons pro-
cessing sensory information.

Decreased ACh tone reduces the neuronal network recruited
by whisker stimulation
ACh denervation induced a significant reduction in the ros-
trocaudal extent of the activated barrel cortex occupied by
c-Fos immunostained neurons (�25%, p � 0.01; Fig. 7 A, B)
and reduced the average barrel area of c-Fos-positive neurons
in layer IV (�39%, p � 0.05; Fig. 7C). However, the propor-
tions of specifically activated (c-Fos positive) COX-2 pyrami-
dal cells and GABA interneurons did not change compared
with control rats, with a significant proportion of VIP-
containing GABA interneurons being recruited with few acti-
vated SOM-containing GABA interneurons (Fig. 7D). These
findings indicate that the hampered whisker-evoked CBF and
LFPs responses observed after ACh depletion result from a
lower number of activated neurons in the network typically
recruited by whisker stimulation.
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Discussion
The present study demonstrates that ACh is not only a facilitator of
the whisker-evoked NVC response, but also a prerequisite for its full
expression (Fig. 8). Enhanced ACh tone potentiated whisker-evoked
CBF responses through mAChRs and increased activity within the
neuronal network processing sensory information without altering
its size or cellular identity. In contrast, chronic decrease in ACh tone
reduced whisker-evoked CBF responses and activity dramatically
within the recruited neuronal network, reflecting a smaller sensory
map representation within the activated barrel. These potent effects
were beyond those on baseline activity or hemodynamics because vary-
ing ACh tone affected prestimulus neuronal activity differentially with-

out altering concomitant CBF responses and all stimulus-induced
changes were based on normalized evoked-LFP and evoked-CBF val-
ues. Finally, sensory-evoked NVC, defined by LFP/CBF correlations,
was improved under enhanced ACh tone, but impaired in the deficient
ACh condition. We conclude that a basal tone of ACh is required for
cortical neuronal networks processing sensory information to be acti-
vated optimally and transduce hemodynamic responses.

ACh as a facilitator of NVC responses to whisker stimulation
The robust potentiation by ACh of the whisker-evoked CBF re-
sponses was replicated under various ACh-enhancing manipula-
tions and anesthetic agents and was severely compromised by the

Figure 4. Decreased sensory-evoked CBF responses are associated with decreases in neuronal activity. After saporin treatment, whisker-evoked CBF (A) and LFP (B, C) responses were
altered significantly compared with saline-injected (control) animals, as seen by the averaged 250 ms evoked responses (B) and the corresponding LFP amplitude (C) in cortical SL and
GL layers. D, Saporin altered baseline (prestimulus) neuronal activity in GL, as shown by the LFP L/H ratio computed over low (1– 4 Hz) and high (20 – 60 Hz) frequencies (gray boxes).
E, Raw LFPs during stimulation (top) were decreased in SL and GL after saporin treatment. Similarly, the LFP spectrum (normalized by baseline) shows overall reduced power of
evoked-LFP in ACh-depleted rats. F, Decreases in stimulus-evoked band-limited power responses (as a percentage change upon whisker stimulation) in ACh-depleted rats were
significant in all cortical layers for high-gamma (63–150 Hz) and low-gamma (30 –57 Hz), beta (15–30 Hz), and alpha (8 –12 Hz) frequency bands. In contrast, lower-frequency power
increased, as seen in the theta band (5– 8 Hz). G, Averaged changes of normalized band-limited power as a function of cortical depth across trials (20 s baseline/prestimulation, 20 s 4
Hz whisker stimulation, 20 s poststimulation) in both control and saporin-treated rats. All data are shown as group averages. n � 84 trials from 10 rats (controls) and n � 74 for n �
9 rats (saporin). *p � 0.05; **p � 0.01; **p � 0.001: saporin versus control. a.u., Arbitrary unit; Stim, whisker stimulation.
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mAChR antagonist scopolamine. A role for mAChRs agrees with
previously reported increases in the sensory-evoked hemody-
namic maps upon mAChR activation (Penschuck et al., 2002)
and decreases in mAChR knock-out mice (Groleau et al., 2014).
Although ACh can dilate microvessels through M5 mAChR (El-
husseiny and Hamel, 2000; Yamada et al., 2001), these receptors
have a very low level of expression in the cortex and do not
modulate cortical activity (Gulledge et al., 2009). We thus con-
clude that the potentiated hemodynamic responses result from
interactions between ACh and the neuronal network recruited by
thalamocortical sensory afferents, rather than direct vascular ef-
fects, also consistent with resting CBF remaining largely unal-
tered across ACh tones (Table 1). Therefore, our findings may
provide an underlying mechanism for the documented increased
sensory-evoked hemodynamic responses in states of wakefulness
and focused attention (Meyer et al., 1991; Peeters et al., 2001; Liu
et al., 2013), which involve activation of ACh-releasing neurons
(Harris and Thiele, 2011) and mAChR, but not nAChR (Herrero
et al., 2008). Accordingly, ACh, mainly through M1 mAChRs
(Gulledge et al., 2009; Thiele, 2013), has been shown to enhance
the sensitivity of cortical circuits to sensory input by facilitating
pyramidal cell spiking (Hasselmo and Sarter, 2011; Nuñez et al.,
2012) and interneuron networks (Chen et al., 2015), and ACh-
driven attentional modulation is largely independent of nAChRs
(Hasselmo and Sarter, 2011). We found that enhanced ACh

tone resulted in facilitation of whisker-evoked high-frequency
oscillations with a concurrent decrease in low frequencies, which
is consistent with previous reports after BF stimulation alone
(Metherate et al., 1992), ACh modulation of sensory or motor
responses, and during alertness or attention (Jones, 2004; Rodri-
guez et al., 2004; Fan et al., 2007; Goard and Dan, 2009; Pinto et
al., 2013). The decrease of alpha activity may involve inhibition of
SOM interneurons (Jensen and Mazaheri, 2010), as supported by
their lack of c-Fos expression (our study) and selective hyperpo-
larization and reduced firing rate during active states such as
whisking (Gentet et al., 2012; Lee et al., 2013).

ACh as a requirement for optimal NVC responses to
whisker stimulation
The decreased whisker-evoked neuronal and CBF responses un-
der chronic low ACh tone point to a role for ACh as an obligatory
component of the evoked NVC responses to sensory stimulation.
Previous studies on the loss of ACh input on cortical CBF are
sparse and reported hypoperfusion after long-term ACh dener-
vation (Waite et al., 1999). Our data further suggest that ACh
denervation or loss of integrity of the ACh system, as seen in AD
patients (Tong and Hamel, 1999; Mesulam, 2013) and AD mouse
models (Aucoin et al., 2005), may contribute to the impaired
sensory-evoked oscillations (Başar et al., 2016) and whisker-
evoked CBF responses (Niwa et al., 2002; Nicolakakis et al.,

Figure 5. Correlations between electrophysiological (LFP) and hemodynamic (CBF) signals as a function of frequency band and ACh tone. In GL, CBF changes during whisker stimulation were
significantly and positively correlated (r: Pearson’s coefficient) with the concomitant changes in high- and low-gamma power (A, B) under control (black, saline-injected rats), enhanced (red,
physostigmine), and low (green, saporin) ACh tone. In the theta band (C), the saporin group displayed a significant negative correlation and a slope significantly different from controls, whereas
correlations were not significant for the other ACh conditions. D, CBF/LFP correlations as a function of the power of LFP in given frequency band and of ACh tone. Individual symbols represent
individual trials (A–C) or Pearson’s coefficients between CBF and the power of the given frequency band for each group (D). *p � 0.05; ***p � 0.001 for Pearson’s r and *p � 0.05; ***p � 0.001
for either slope comparison test (A–C) or for Fisher’s r-to-z transformation for between-group differences in correlation coefficients (D) compared with controls. Saporin (n�74 from 9 rats), controls
(n � 161 from 18 rats), and physostigmine (n � 67 from 8 rats).
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2008). We found that chronic ACh depletion led to decreased
power in most LFP frequency bands evoked by whisker stimula-
tion with concurrent increases in theta band, which is similar to
the distinctive shift of EEG toward slow oscillations after BF
lesion or ACh antagonism (Buzsaki et al., 1988; Ebert and Kirch,
1998). Increases in low-frequency power were also observed after

acute optogenetic inhibition of BF ACh neurons during sponta-
neous and running activity (Pinto et al., 2013). In addition, AD
patients, whose extent of ACh denervation has been associated
with increased theta and decreased gamma power (Moretti et al.,
2008), display a similar pattern of decreased responses in beta and
gamma frequency bands while performing a task (Kurimoto et

Figure 6. Size and extent of the activated (c-Fos) barrel cortex are not altered by enhanced ACh tone. The characteristic activation pattern (c-Fos-positive black nuclei) in layer IV of the
contralateral barrel cortex after whisker stimulation was not altered by ACh enhancement (A; linopirdine, n � 8 or physostigmine, n � 8) compared with controls (saline, n � 9 and 7, respectively).
Scale bar, 100 �m. Immunohistochemical identification of the activated neurons (c-Fos, blue nuclei) in the barrel cortex after whisker stimulation (B) revealed activation (black arrows) of COX-2
pyramidal cells and VIP interneurons compared with SOM interneurons, which were mainly unresponsive to the stimulus (white arrows point to nonactivated, c-Fos-negative cells). Scale bar, 5 �m.
Quantitative analysis showed no change in the proportions of activated neurons after saline or linopirdine treatment (Student’s t test). Insets are higher magnification of double-labeled cells (COX-2
or VIP) or single-labeled SOM interneurons.

Figure 7. Decreased ACh tone reduces the size and extent of the activated (c-Fos) barrel. Reduced cortical cholinergic innervation with saporin was associated with a significantly reduced whisker
stimulation-induced c-Fos upregulation (A; black nuclei) in the contralateral barrel cortex compared with controls (n � 4/group). Scale bar, 100 �m. B, C, Cholinergic lesion decreased the
rostrocaudal extent of the c-Fos-positive cells (B) and the area they occupied in layer IV of the activated barrel (C). In control rats, the barrel started, on average, at bregma level �1.8 mm, whereas
in lesioned animals, it started at ��2.2 mm. In both conditions, the c-Fos barrel disappeared at approximately bregma �3.7 mm. D, Double immunohistochemistry of c-Fos and specific neuronal
markers in the responsive barrel indicated that the typical pattern of activated COX-2 pyramidal cells and VIP interneurons, with virtually no SOM interneurons, was unaltered in ACh-depleted rats
compared with controls (*p � 0.05; **p � 0.01; ***p � 0.001, Student’s t test).
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al., 2012). Therefore, our findings infer a crucial role of ACh
denervation in the EEG alterations seen in AD. Most importantly,
alteration in ACh tone may underlie the deficits in visual, audi-
tory, and olfactory event-related potentials reported in AD pa-
tients (Saito et al., 2001; Morgan and Murphy, 2002; Golob et al.,
2009; Bender et al., 2014).

ACh tone is reflected in NVC responses to whisker responses
Under control ACh tone, high-frequency LFP bands were more
informative about evoked CBF than low-frequency LFP bands, in
agreement with previous studies (Mukamel et al., 2005; Goense
and Logothetis, 2008; Sumiyoshi et al., 2012) and with the known
correlation of gamma oscillations with hemodynamic signals
(Logothetis et al., 2001; Niessing et al., 2005; Shmuel and
Leopold, 2008). Few studies investigated the impact of cortical
desynchronization on evoked hemodynamics and electrophysi-
ology (Niessing et al., 2005; Jones, 2008; Slack et al., 2016) and the
mechanisms linking hemodynamic signals to specific neuronal
events remain poorly understood. Here, we report alterations of
NVC across ACh tones suggesting that sensory evoked-CBF does
not merely reflect the sensory-evoked neuronal responses, but
also its concurrent modulation by ACh. Our finding of steeper
slopes of correlations between high-gamma oscillations and CBF
was found recently in normal aging (Jessen et al., 2015), where
progressive ACh denervation occurs (Tong and Hamel, 1999;
Schliebs and Arendt, 2011). Furthermore, high-gamma oscilla-
tions are tightly correlated with spiking activity (Ray and Maun-
sell, 2011), which also correlates with CBF (Lima et al., 2014).
These high-gamma/CBF correlations may involve distinct mech-
anisms with improved sensory network processing (Goard and
Dan, 2009) in the enhanced ACh condition, whereas compensa-
tory mechanisms may be involved under low ACh tone. These
may include higher activity in the saporin-resistant BF GABAer-
gic neurons that can also drive cortical gamma oscillations (Lin et

al., 2006; Kim et al., 2015) or increased density of dendritic spines
on cortical pyramidal cells (Works et al., 2004). However, such
corrective mechanisms failed to drive a normal whisker-evoked
CBF response.

ACh alters the activity, but not the identity, of the network
processing sensory information
The neuronal networks anatomically identified by c-Fos upregu-
lation in the somatosensory cortex after whisker and suprath-
reshold BF ACh neuron stimulation are very characteristic and
highly discriminative, with respective predominant activation
of VIP-containing (Lecrux et al., 2011) and SOM-containing
(Kocharyan et al., 2008) GABA interneurons. These c-Fos pat-
terns match very well with the cortical microcircuit identified
through electrophysiology and optogenetic manipulations upon
whisker stimulation (Gentet et al., 2012; Lee et al., 2013; Pi et al.,
2013) and ACh activation (Chen et al., 2015). Interestingly, the
identity of the cortical network processing sensory information
under enhanced ACh was unchanged, suggesting that SOM cells
were only weakly activated by our subthreshold ACh-promoting
manipulations. It thus appears that ACh may play a key role in
modulating the strength of inhibition through VIP interneurons
in states of increased awareness, attention, or in the awake cortex
(Haider et al., 2013), as supported by the increased visual re-
sponses in V1 after ACh-mediated activation of VIP neurons
(Fu et al., 2014).

Under conditions of chronically reduced ACh input to the cor-
tex, impaired NVC responses to whisker stimulation were associated
with a constricted barrel area occupied by c-Fos-immunopositive
cells. Such reduction most likely reflects impaired whisker-evoked
neuronal activity rather than a decrease in the number of neurons
within the barrel because cortical neurons are preserved in saporin-
treated rats (Rossner et al., 1995). Our anatomical findings agree
with the reported diminished whisker-evoked firing across the barrel

Figure 8. Summary of whisker-evoked CBF and neuronal responses as a function of ACh tone. In the responsive control barrel cortex (dark gray circle), VIP interneurons (yellow cells) and
COX-2-expressing pyramidal cells (white triangle) are typically activated (black nucleus, c-Fos positive), (middle panel) by the glutamate released upon whisker stimulation (black bar), whereas SOM
interneurons (gray cells) remain largely inhibited (white nucleus, c-Fos negative). In conditions of increased ACh tone (as seen during arousal and attention conditions, right panel), the cortical
neuronal circuitry is identical, but the resulting CBF and high-frequency oscillations are potentiated. In contrast, decreased ACh neurotransmission (mimicking AD, left panel) contracted the activated
barrel cortex and altered the evoked CBF and neuronal responses. These changes involved lower amplitude of gamma bands and higher amplitude of low-frequency theta band, which results in
altered fidelity of the correlations between LFP frequency bands and hemodynamics. Specifically, different levels of neuronal activity (orange arrows, bottom of panels) are needed for an equivalent
whisker-evoked CBF response depending on ACh tone.
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cortex (Herron and Schweitzer, 2000) and decreased mean response
probability of layer II/III interneurons (Kerr et al., 2007) after ACh
depletion. Because ACh may lower tonically the threshold of input
required to promote action potential firing in neurons in the barrel,
ACh depletion might hinder the firing of thalamocortical recipient
neurons in response to whisker stimulation. This could explain the
narrowing of the activated barrel and impaired NVC response com-
pared with control and enhanced ACh tone.

Study limitations and future perspectives
The present investigation used various pharmacological manip-
ulations and electrical stimulations of the BF to increase cholin-
ergic tone, together with different stimulation paradigms for
whisker stimulation depending on the specific experiments. Al-
though these yielded consistent findings, optogenetically driven
activation or inhibition of ACh-releasing neurons (Witten et al.,
2011) and targeting of ACh receptors either broadly (Wess et al.,
2007; Zhang et al., 2016) or in specific cell types (Jeon et al., 2010)
would be required to extend upon the current findings. In addi-
tion, whether the reported effects would be maintained under a
range of stimulation durations or different anesthetic regimens
and how the changes in cortical hemodynamic responses are al-
tered spatially remain challenging questions to be addressed in
order to fully decipher the modulatory role of ACh on sensory-
evoked NVC responses.

Conclusions
Our findings unveil an essential role for ACh in enabling optimal
activity within the neuronal network transducing sensory-
evoked neural activity in vascular signals. Our data indicate that
ACh levels alter the fidelity of evoked CBF in assessing underlying
neuronal activity. Therefore, altered ACh tone, as found in neu-
rodegenerative diseases and across brain states such as attention
and arousal, should be taken into account when relying on NVC
to estimate brain activity.
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