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Selectivity of Neuromodulatory Projections from the Basal
Forebrain and Locus Ceruleus to Primary Sensory Cortices

Jae-Hyun Kim,' A-Hyun Jung,' Daun Jeong,' Ilsong Choi,' Kwansoo Kim,' Soowon Shin,?> Sung June Kim,?

and “Seung-Hee Lee!

Department of Biological Sciences, Korea Advanced Institute of Science and Technology, Daejeon 34141, Korea, and 2Department of Electrical and
Computer Engineering, Seoul National University, Seoul 08826, Korea

Acetylcholine and noradrenaline are major neuromodulators that affect sensory processing in the cortex. Modality-specific sensory
information is processed in defined areas of the cortex, but it is unclear whether cholinergic neurons in the basal forebrain (BF) and
noradrenergic neurons in the locus ceruleus (LC) project to and modulate these areas in a sensory modality-selective manner. Here, we
mapped BF and LC projections to different sensory cortices of the mouse using dual retrograde tracing. We found that while the
innervation of cholinergic neurons into sensory cortices is predominantly modality specific, the projections of noradrenergic neurons
diverge onto multiple sensory cortices. Consistent with this anatomy, optogenetic activation of cholinergic neurons in BF subnuclei
induces modality-selective desynchronization in specific sensory cortices, whereas activation of noradrenergic LC neurons induces
broad desynchronization throughout multiple sensory cortices. Thus, we demonstrate a clear distinction in the organization and function
of cholinergic BF and noradrenergic LC projections into primary sensory cortices: cholinergic BF neurons are highly selective in their
projections and modulation of specific sensory cortices, whereas noradrenergic LC neurons broadly innervate and modulate multiple
sensory cortices.
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(s )

Neuromodulatory inputs from the basal forebrain (BF) and locus ceruleus (LC) are widespread in the mammalian cerebral cortex
and are known to play important roles in attention and arousal, butlittle is known about the selectivity of their cortical projections.
Using a dual retrobead tracing technique along with optogenetic stimulation, we have identified anatomic and functional differ-
ences in the way cholinergic BF neurons and noradrenergic LC neurons project into primary sensory cortices. While BF projec-
tions are highly selective to individual sensory cortices, LC projections diverge into multiple sensory cortices. To our knowledge,
this is the first definitive proof that BF and LC projections to primary sensory cortices show both anatomic and functional
differences in selectivity for modulating cortical activity. j

ignificance Statement

(Felleman and Van Essen, 1991). The physiological properties of
these sensory cortices are dynamically modulated by subcortical
neuromodulatory centers (Harris and Thiele, 2011; Lee and Dan,
2012). The cholinergic neurons of the basal forebrain (BF) and
noradrenergic neurons of the locus ceruleus (LC), for example,

Introduction
Sensory modality-specific information is processed in specialized
sensory cortices in defined regions of the mammalian neocortex
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send long-range axonal projections into sensory cortices and
modulate their properties by releasing acetylcholine and nor-
adrenaline, respectively (Sarter and Parikh, 2005; Sara, 2009; Pic-
ciotto et al., 2012; Sara and Bouret, 2012). Both of these
neuromodulators are important for cortical state switching, es-
pecially for entry into the aroused and attentive states. Direct
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Table 1. Summary of all samples analyzed for the dual retrograde tracing
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Iniecti BF LC
njection
sites CGase V1 Al S1 Dual CGase V1 A S1 Dual
V1-A1 #1* 65 (4) 30 (4) — 4(2) #1* 175 (8) 85(7) — 62 (7)
#2 86 (11) 102 (15) — 13(3) #2 99 (5) 16 (6) — 45(3)
#7 64 (3) 91(3) — 4(1) #3* 132 (13) 43 (16) — 93 (5)
#8* 107 (4) 128 (1) — 10 (0) #4* 91(36) 184 (23) — 47 (6)
#9* 74 (1) 65 (2) — 3(1) #5 186 (9) 190 (2) — 109 (0)
#10* 74(15) 16 (11) — 1(1) #6 167 (3) 180 (2) — 135(1)
#11* 5103) 83(17) — 2(0) — — — —
Mean = SEM 744 £ 68 879+ 124 — 53+ 17 141.7 = 16.5 1403 = 25.1 — 81.8 =149
(59 +19) (7.6 = 2.5) (1.1 04) (123 +49) (9.3 +34) (37*=11)
V1-$1 #12 49 (8) — 78 (10) 6(2) #12 117 (6) — 130 (2) 98 (0)
#13* 62 (7) — 119 (6) 0(5) #13*  281(63) — 79 (21) 110 (10)
#14* 61(7) — 573) 4(0) #14* 128 (9) — 146 (10) 773)
#15*% 86 (6) — 86 (5) 6 (0) #16*  124(10) — 142 (12) 83(5)
#17* 30 (11) — 63 (2) 2(1) #17* 92 (6) — 121(9) 70 (5)
Mean = SEM 57.6 = 9.1 — 80.6 = 10.9 3.6 1.2 1484 + 337 — 123.6 = 12.0 87.6 =172
(7.8 +0.9) (5.2 14) (1.6 = 0.9) (18.8 = 11.1) (10.8 = 3.1) (4.6 = 1.6)
A1-S1 #18*  — 72 (14) 41(2) 8(0) #18*  — 274(19) 116 (8) 101 (1)
#no* — 52(1) 61(2) 17 (0) #19*  — 282 (26) 187 (15) 143 (7)
#0*  — 39(0) 102 (3) 4(1) #0*  — 23(1) 225 (8) 73(1)
#21 — 82 (6) 119 (8) 3(0) #21 — 127 (6) 73(7) 47 (1)
#22 — 121(17) 64 (4) 21(1) #22 — 121(2) 120 (0) 85(0)
#23*  — 65 (6) 65 (4) 4(1) #23*  — 192 (25) 85 (16) 98 (5)
Mean = SEM — 718 =116 753+ 119 9.5 31 — 169.8 = 40.7 1343 + 243 91.2 +13.1
(73 +28) (3.8+109) (05102 (132 +47) (9.0 = 24) 25+11)
Total 67.4 =58 80.5 = 9.1 715+ 87 6.2+13 1447 £ 16.8 155.1 £ 23.2 129.5 £ 13.8 86.8 = 4.8
(6.7 =12) (75 +19) 8.0+ 11) (11 £03) (153 = 5.5) (1.3 =28) (9.8 = 1.8) (3.5*10.5)

ForV1-ATand V1-51 cases, asterisks (*) indicate the cases in which we injected red retrobeads into V1. For A1-S1 cases, asterisks indicate the cases in which we injected red retrobeads into A1. The numbers of ChAT + and TH + cells are

indicated outside the parentheses, while the numbers of ChAT— and TH— cells are indicated inside the parentheses.

activation of noradrenergic LC neurons switches the brains of
behaving animals from sleep to wakefulness (Carter et al., 2010).
Activation of cholinergic BF neurons induces the cortical desyn-
chronization (Goard and Dan, 2009; Pinto et al., 2013; Egger-
mann et al.,, 2014) that characterizes attention and arousal
(Metherate et al., 1992; Fries et al., 2001; Poulet and Petersen,
2008; Harris and Thiele, 2011). The attention state enhances the
ability of the cortex to process information by guiding its percep-
tual focus onto specific sensory contents (Corbetta and Shulman,
2002). Selective attention to a given sensory stimulus alters the
activity of the specific region of the sensory cortex specialized for
responding to that stimulus (Steinmetz et al., 2000; Fries et al.,
2001). Both cholinergic and noradrenergic modulations are crit-
ical for the attentional modulation of cortical activity (Aston-
Jones et al., 1994; Herrero et al., 2008). Previous studies have
shown that these modulators produce different states in the same
sensory cortex (Constantinople and Bruno, 2011; Castro-
Alamancos and Gulati, 2014). It is still unclear, however, whether
cholinergic and noradrenergic projections are discrete enough to
mediate the distinct modulation of specific areas in the sensory
cortex.

The BF is a large structure that encompasses multiple cholin-
ergic nuclei (Schwaber et al., 1987). BF neurons innervating the
cortex are mostly found in the horizontal diagonal band of Broca
(HDB) and the nucleus basalis of Meynert (NB; Luiten et al.,
1987; Bloem et al., 2014), although the functional distinction
between these two nuclei remains unclear. Glutamatergic and
GABAergic neurons intermingling with the cholinergic BF neu-
rons (Brashear et al., 1986; Gritti et al., 2006) also project to the
cortex (Gritti et al., 1997; Henny and Jones, 2008). The LC, in
contrast, is a small brainstem nucleus comprising <1500 neurons
in mice (Sturrock and Rao, 1985). Although most LC neurons are

noradrenergic, some are GABAergic or serotonergic neurons (Ii-
jima, 1989, 1993). Topographic distinction of the BF and LC
neurons has been proposed (Bigl et al., 1982; Loughlin et al.,
1982; Saper, 1984; Bloem et al., 2014), but the selectivity and
topography of the BF and LC neurons projecting to distinct sen-
sory cortices have not yet been fully defined.

To better understand these neuromodulatory projections, we
attempt here to clarify the anatomy of the cholinergic and nor-
adrenergic projections to different primary sensory cortices and
the selectivity with which they modulate discrete sensory cortical
areas in the mouse brain. We performed retrograde tracing from
the primary visual (V1), auditory (A1), and somatosensory (S1)
cortices. We found that while cholinergic BF projections are
highly selective and modality specific, noradrenergic LC neurons
broadly innervate multiple sensory cortices. Furthermore, opto-
genetic activation of cholinergic neurons in the HDB or NB
desynchronizes specific sensory cortices, but activation of norad-
renergic LC neurons broadly desynchronizes multiple sensory
cortices. Our results thus demonstrate that cholinergic BF and
noradrenergic LC neurons employ two distinct modulatory par-
adigms in the sensory cortex: modality-selective versus multisen-
sory modulation.

Materials and Methods

Animal subjects. The Korea Advanced Institute of Science and Technology
Institutional Animal Care and Use Committee (IACUC-13-145) approved
all experimental procedures. We used wild-type mice of both sexes [postna-
tal day (P) 60—P150; 43 males and 25 females] for the dual-tracing experi-
ments. To selectively express channelrhodopsin-2 (ChR2) in the cholinergic
or noradrenergic neurons, we crossed ChAT-Cre mice (B6;129S6-
Chat<tm]l(cre)Lowl>/], Jackson Laboratories) or TH-Cre mice (B6;Cg-
Tg(Th-cre)1Tmd/J; Jackson Laboratories) with loxP-flanked ChR2-EYFP
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Dual retrograde tracing of sensory cortices. 4, Schematic of the retrobead injections. V1—-A1,V1-S1,and A1-S1 indicate the primary sensory cortices into which each of the three groups

of samples received green and red retrobead injections. B, Traced and imaged regions of the BF and LC. Bottom, Representative coronal sections within the regions serially sectioned. The vertical lines
indicate the boundaries of the imaged areas and the black squares indicate the area analyzed within each section. €, Traced thalamic regions from each sensory cortex. Left, Fluorescence images of
the ventral posteromedial nucleus (VPM), medial geniculate nucleus (MGN), and lateral geniculate nucleus (LGN) showing labeled neurons traced from S1, A1, and V1, respectively. Scale bars, 200
um. Center, Schematic illustrating the relevant thalamocortical connections. Arrows indicate axonal projections. Dotted lines indicate coronal sections at the injection sites. Right, Fluorescence
images of the S1, A1, and V1 injection sites. Scale bars, 500 .em. White lines indicate the boundaries of thalamic nuclei and the injection sites. The numbers indicate the position of sections relative

to the bregma (in millimeters).

reporter mice (Ai32, B6;129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/
EYFP)Hze/J; Jackson Laboratories), respectively. Then, we used mice ex-
pressing both Cre and ChR2-EYFP (ChAT-ChR2-EYFP or TH-ChR2-EYFP)
for electrophysiological recordings.

Dual retrograde tracing. After anesthetizing mice with 1.5% isoflurane
in oxygen, we restrained them in a stereotaxic apparatus (David Kopf
Instruments). We used a temperature control system with a heating pad
(CWE) to maintain their body temperature at 37°C throughout surgery.
After achieving full anesthesia, we cut the skin on the head and cleaned
the connective tissue on top of the craniotomy. We made a small crani-
otomy 0.5 mm in diameter above injection sites targeting V1-A1, V1-SI,
and A1-S1 (See Table 1 for details regarding animal groups and a sum-
mary of each group’s tracing results). The targeted injection sites were all
made on the right hemisphere as follows: V1 (bregma, —3.50 mm; lateral,

1.80 mm; depth, 0.50 mm), Al (bregma. —2.40 mm; lateral, 4.20 mm;
depth, 0.80 mm), and S1 (bregma, —0.90 mm; lateral, 3.00 mm; depth,
0.60 mm). We performed the dual-tracing experiments by microinject-
ing green and red retrobeads (LumaFluor) into each pair of targeted
cortical areas. To do so, we loaded the retrobeads into a sharp glass
micropipette with the Nanoliter 2010 injector (WPI) attached to the
stereotaxic arms. Five minutes after inserting the pipette, we injected 13.8
nl pulses of retrobeads at intervals of 30 s until reaching a total injection
volume of 200—300 nl per injection site. After loading the beads and
withdrawing the glass pipette, we resealed the cut skin with Vetbond
(3M).

Histology. Between 3 and 5 d after retrobead injection, we deeply anes-
thetized the mice with isoflurane and perfused them with PBS, pH 7.4,
and 4% paraformaldehyde (w/v in PBS). We isolated and postfixed the
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Figure2. Cholinergic BF neurons show selective projections to the sensory cortex. A, Schematic of brain sections including the
HDB, aNB, and pNB BF areas (anterior to posterior). Black squares indicate the imaged BF areas. B, Fluorescence images of ChAT+
BF neurons labeled with green and red retrobeads in the three injection groups (V1-A1,V1-51, A1-51). Top, Labeled cells in the
HDB; middle, aNB; bottom, pNB; red, red retrobeads; green, green retrobeads; blue, ChAT; scale bars, 50 pem. €, Top, Topographic
localization of retrobead-labeled ChAT+ cells along the anterior-to-posterior BF in the three groups (V1-A1,n = 7;,V1-S1,n =
5, A1-S1, n = 6; n represents the number of animals). Bars indicate the number of retrobead-labeled cholinergic (ChAT+)
neurons (mean == SEM). Red, green, and blue bars indicate neurons projecting to V1, A1, and S1, respectively. Black bars indicate
neurons labeled with both green and red retrobeads, meaning they project to two different sensory cortices. The horizontal lines
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brain samples for 4—12 h before incubating
them in filtered 30% sucrose in PBS for 1-2 d at
4°C. After the brain samples sank completely in
the 30% sucrose solution, we embedded them
in optimal cutting temperature compound and
froze them using dry ice and ethanol. We then
cut the frozen brains into 15 wm (BF and LC
areas for immunohistochemistry, collecting
one of every four slices) or 30 wm (injection
sites and thalamic areas, collecting one of every
three slices) coronal sections using a cryostat
(Leica) and attached them serially on the slide
glass. To confirm the success of each injection,
we washed the brain slices three times with 0.1
M PB, mounted them in fluorescent mounting
medium (DAKO), and checked them from the
injection sites and from the thalamus under a
fluorescence microscope (BX41, Olympus). All
subsequent immunostaining was performed
after confirming retrograde labeling of the tha-
lamic areas that specifically project into each
targeted sensory cortex. For immunostaining,
we washed the brain slices of the BF and LC
three times and permeabilized them with 0.1%
Triton X-100 in 0.1 m PB. After incubating
them in blocking solution (2% normal donkey
serum in 0.1 M PB) for 2 h at room temperature
(RT), we incubated them with primary anti-
bodies [goat anti-ChAT (1:500; Millipore) and
rabbit anti-TH (1:1000; Abcam)] for 2 d at 4°C.
Last, we washed the sections three times and
incubated them with secondary antibodies for
2 h at RT [Alexa Fluor 647 donkey anti-goat
IgG (for ChAT staining; Invitrogen); Alexa
Fluor 647 donkey anti-rabbit IgG (for TH
staining; Jackson Immunoresearch); 1:500 di-
lution in 0.1 M PB] before mounting them in
fluorescence mounting medium with (i.e., in
Vectashield) or without 4',6-diamidino-2-
phenylindole (DAPI; i.e., in Dako fluorescence
mounting medium).

Imaging, cell counting, and topographic anal-
ysis. We obtained fluorescent images of immu-
nostained brain slices using the fluorescence
microscope and scanned brain section series
under a scanning microscope (Zeiss
AxioSCAN). We imaged slices from +0.98 mm
to —1.66 mm (covering the BF) and from
—5.14 mm to —5.98 mm (covering the LC) to
the bregma and counted the retrobead-labeled
neurons appearing there. We confirmed the
anterior-to-posterior location of these coronal
brain slices by matching the scanned images to
the brain atlas (Franklin and Paxinos, 2008).
We obtained the detailed representative images
using a confocal microscope (Zeiss LSM 780).
We manually counted the retrobead-labeled

<«

below the graphs indicate the anterior-to-posterior extent of
the HDB, aNB, pNB, in the BF. Bottom, Same as the top, but for
noncholinergic (ChAT—) neurons. D, E, Combined distribution
of retrobead-labeled ChAT+ (D) and ChAT— (E) neurons in
the BF. Data from the three different groups in A-Care com-
bined based on the target sensory cortices. Bars indicate the
number of cells labeled with a single type of retrobead
(mean = SEM). Dotted lines indicate the total number of
retrobead-labeled neurons.
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Noradrenergic LC neurons show diverging projection to multiple sensory cortices. A, Schematic of the LCin the brainstem. The black square indicates the imaged area, which includes

the LC. B, Representative images of the LC from each of the three injection groups (V1—A1, V1-51, A1-51). Dotted lines indicate the LC boundary as defined by TH immunostaining. Red, Red
retrobeads; green, green retrobeads. Scale bars, 50 wm. C, Left, Representative image of TH and DAPI staining in the LC from the V1—-A1 injection group (green, (Figure legend continues.)
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and immunostained cells. For dorsal-ventral (DV) and medial-lateral
(ML) topography, we chose representative sections containing the most
labeled neurons and analyzed the position and number of BF neurons
within 3 X 3 mm? regions-of-interest in seven representative coronal
sections and the position and number of LC neurons within 1 X 1 mm?
regions-of-interest in two representative coronal sections. For bar graphs
in Figure 4, we binned the length of DV and ML axes into 15 units (0.2
mm for BF, 0.067 mm for LC) and quantified the average number of
traced neurons in each bin along the axes. We calculated the selectivity
index of the BF and LC projecting neurons by normalizing the differences
in cell number of unimodal and bimodal projections by the total number
of projecting cells.

Local field potential recordings and optogenetic stimulation. We inserted
200 wm optic fibers (Thorlabs) connected to ferrules into the HDB
(bregma, +0.03 mm; lateral, 1.30 mm; depth, 5.00 mm), posterior NB
(pNB; bregma, —1.40 mm; lateral, 2.50 mm; depth, 3.30 mm), or LC
(bregma, —5.40 mm; lateral, 0.90 mm; depth, 2.30 mm) of mice anes-
thetized with 1.5% isoflurane. Then, we attached custom-designed head
plates to the skull with small screws (Small Parts) and dental cement
(Lang Dental). After 1-2 d of recovery, we anesthetized the mice with
urethane (2 g per kg body weight, i.p.) and restrained them in a custom-
designed head-fix apparatus. We maintained the body temperature of the
mice at 37°C throughout the recordings. After inserting a custom-made
liquid crystal polymer (LCP) probe (Lee et al., 2012) into the brain using
a microdrive manipulator (Siskiyou), we recorded local field potentials
(LFPs) using the RHD 2000-Series Amplifier Evaluation System (Intan
Technologies), filtering at 0.5-350 Hz with a 20 kHz sampling rate. We
used a blue laser (473 nm; Shanghai Laser & Optics Century) for the
optogenetic stimulation during LFP recordings in the sensory cortices.
Weused 2,4, 6,and 8 mW laser outputs as measured at the tip of the optic
fiber. We controlled the laser using a stimulus generator (A-M Systems),
giving 5 s light stimuli with 20 s intertrial intervals for a total recording
time of 10 min per session. This meant we were able to perform 23-24
trials per session. We recorded the laser output events simultaneously
with neural activity using the RHD-2000 Series Amplifier Evaluation
System (Intan Technologies). We used a single-shank LCP probe to per-
form each series of recordings in a single mouse brain moving from V1 to
A1l to S1 while delivering identical light stimuli through the implanted
optic fiber. We used a double-shank LCP probe inserted into both V1 and
Al to simultaneously monitor LFP changes in both sensory cortices dur-
ing optical stimulation. After completing the recordings, we killed the
mice and confirmed proper optic fiber targeting by imaging the HDB,
pNB, or LC. To confirm specific expression of ChR2 in the cholinergic
and noradrenergic neurons from ChAT-ChR2-EYFP and TH-ChR2-
EYFP mice, respectively, we also imaged the HDB, pNB, and LC with
immunohistochemistry (ChAT staining for ChAT-ChR2-EYFP mice, TH
staining for TH-ChR2-EYFP mice). In total, we used 12 ChAT-ChR2-
EYFP mice for HDB activation, 10 ChAT-ChR2-EYFP mice for pNB
activation, and 8 TH-ChR2-EYFP mice for LC activation.

Recording data analysis. We analyzed our recording data as previously
described (Goard and Dan, 2009; Pinto et al., 2013). We used short-term
Fourier transform spectrogram analysis to quantify LFP power and cus-

<«

(Figure legend continued.) ~ A1; red, V1). Scale bar, 50 pum. Right, Enlarged view of the area
inside the white square in the left image. Blue, DAPI; magenta, TH; scale bar, 10 wm. D, Rep-
resentative images of the six types of retrobead-labeled LC neurons. Theimages in the third row
indicate the cell in the right white box from C. The color of DAPI was changed from blue to cyan
tominimize confusion. Scale bars, 10 um. E, Top, Topographiclocalization of retrobead-labeled
TH+ cellsalong the anterior-to-posterior LCin the three groups (V1-A1,n = 6;V1-S1,n = 5;
A1-S1,n = 6; nrepresents the number of animals). Bars indicate the number of noradrenergic
(TH+) retrobead-labeled neurons (mean = SEM). Red, green, and blue bars indicate neurons
projecting to V1, A1, and S1, respectively. Black bars indicate neurons labeled with both green
and red retrobeads. Bottom, Same as the top, but for TH— cells. F, G, Combined distribution of
retrobead-labeled TH+ (F) and TH— (G) neurons in the LC. Data from the three different
groups in A—Care combined based on their target sensory cortices. Bars indicate the number of
cells labeled with a single type of retrobead (mean = SEM). Dotted lines indicate the total
number of retrobead-labeled neurons.
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tom Matlab code to compute the normalized, averaged spectral power
and the desynchronization ratio. For the spectral analysis, we analyzed
frequencies of 0.5-100 Hz within a 1 s sliding window with 50 ms steps
and normalized each frequency power by the baseline before laser onset.
To measure the desynchronization ratio time course, we divided the
average power of the high frequencies (30—80 Hz) by that of the low
frequencies (1-10 Hz; 1 s sliding window with 50 ms steps). For the mean
desynchronization ratio analysis, we excluded 2 s worth of data sur-
rounding the laser onset to remove the artifact generated by laser stimu-
lation. We calculated statistical significance for this ratio using the
Student’s ¢ test.

Results

Dual retrograde tracing from primary sensory cortices

To map projections from the BF and LC to primary sensory cor-
tices, we injected green and red retrobeads into two of three ma-
jor primary sensory cortices (i.e., V1, Al, and S1) on the right
hemisphere of the mouse brain (Fig. 1A). We set two criteria for
successful retrograde tracing with retrobeads: injection accuracy
and positive retrograde labeling. First, we required brain samples
to show restricted retrobead injection within the targeted pri-
mary sensory cortices without excessive leakage on the pia of
other cortical areas or deep into the white matter below the cortex
(Fig. 1C, right). Second, we required retrobeads in each sensory
cortex to label presynaptic neurons in the corresponding sensory
thalamic nucleus (i.e., the lateral geniculate nucleus for V1, the
medial geniculate nucleus for A1, and the ventral posteromedial
nucleus for S1; Fig. 1C, left; Lopez-Bendito and Molnér, 2003).
We applied these restrictions sequentially, such that we looked
for retrobeads in thalamic neurons only after an injection was
deemed accurate. For brain samples that satisfied these criteria,
we mapped the neurons projecting to sensory cortices along the
anterior—posterior (AP) axis of the BF and LC that were cut into
serial coronal sections (Fig. 1B). We identified cholinergic and
noradrenergic neurons in these slices by immunostaining with
antibodies against ChAT (Woolfetal., 1983; Rye et al., 1984) and
TH (Steindler and Trosko, 1989; Iijima, 1993), respectively.

Topography of BF neurons projecting to the sensory cortex
We found retrobead-labeled neurons from three different sen-
sory cortices within the HDB and NB, which are cholinergic nu-
clei in the BF (Fig. 2A,B). Interestingly, we observed a clear
distinction between the neurons that project into different sen-
sory cortices. Neurons in the HDB preferentially project to V1,
neurons in the pNB preferentially project to Al, and neurons in
the anterior NB (aNB) preferentially project to S1 (Fig. 2C). We
counted retrobead-labeled ChAT+ and ChAT— neurons sepa-
rately throughout the brain sections and found that >90% of
retrobead-labeled neurons were ChAT + (see Fig. 5). In addition,
these labeled ChAT+ neurons showed clear topographic local-
ization in the BF (Fig. 2C, top). Although we counted few
retrobead-labeled ChAT— neurons, they also showed projec-
tion-specific localization within the BF (Fig. 2C, bottom). We
found very few BF neurons labeled with both green and red ret-
robeads and the ones we did observe had little to no topographic
bias in their localization (Fig. 2C, black bars). This suggests that
BF neurons do not generally project to multiple sensory cortices
simultaneously. Combined, our results show that BF neurons are
topographically organized into distinct populations that project
to sensory cortical areas processing sensory modality-specific in-
formation (Fig. 2D, E).

Topography of LC neurons projecting to the sensory cortex
The LC is a small brainstem nucleus measuring <1 mm in diam-
eter, anterior to posterior. Noradrenergic neurons packed within
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as A, but for aNB. ¢, Same as 4, but for pNB. D, Same as A, but for noradrenergic LC neurons. Bin size for bar graphs, 0.067 mm.

this small area project widely throughout the brain including
many areas of the cortex (Swanson and Hartman, 1975; Loughlin
et al., 1982; Waterhouse et al., 1983; Berridge and Waterhouse,
2003). When we performed the immunostaining, most LC neu-
rons were TH positive (TH+). When we counted LC neurons
labeled with green and red retrobeads (Fig. 3B), we found that
many retrobead-labeled neurons were TH+ as well (Fig. 3C,
right). We also found retrobead-labeled TH-negative (TH—) LC
neurons (Fig. 3D), and to more clearly identify them, we
costained the brain samples with the nuclear marker DAPI (Fig.
3C,D). We observed both single-retrobead-labeled and double-
retrobead-labeled TH— neurons throughout the LC (Fig. 3E,
bottom), with a slight concentration in the caudal LC.

Unlike the ChAT+ neurons in the BF, the TH+ neurons in
the LC that innervate V1, A1, and S1 were intermingled, showing
little to no bias in their topographic distribution along the AP axis
(Fig. 3E, top). Interestingly, we found more neurons labeled with
both colors of retrobeads among the TH+ LC neurons than

among the ChAT+ BF neurons, but these double-labeled neu-
rons were distributed evenly throughout the LC (Fig. 3E, black
bars). Thus, our results show an intermingling of the cell bodies
of TH+ noradrenergic neurons in the LC that project to V1, A1,
and S1 and a broad distribution of the axon collaterals of these
neurons into multiple sensory cortices.

ML and DV topography of cholinergic and noradrenergic
neurons projecting to the sensory cortex

We next mapped the ML and DV distribution of ChAT+ BF
neurons and TH+ LC neurons by matching images of brain
slices where we found the most labeled neurons to the coronal
brain atlas (Fig. 4; see Materials and Methods). By quantifying
the labeled neurons in the BF, we found a medioventral con-
centration of VI-projecting neurons (Fig. 4A), and a more
laterodorsal concentration of Sl-projecting and Al-
projecting neurons (Fig. 4 B, C). This ML-DV distribution for
the ChAT+ neurons follows the three-dimensional structure
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of the BF, which comprises the HDB at the anterior and me-
dioventral location and the NB at the posterior and laterodor-
sal location. In contrast, TH+ neurons projecting to V1, Al,
and S1 were located broadly throughout the LC. The V1-
projecting, Al-projecting, and Sl-projecting retrobead-
labeled TH+ neurons had indistinguishable ML and DV
distributions in the LC, and the double-labeled neurons thor-
oughly intermingled with the single-labeled neurons (Fig.
4D). Again, our results show that the neurons in the LC that
innervate sensory cortices are evenly distributed throughout
its three-dimensional structure.

Cholinergic versus noradrenergic inputs to the sensory
cortices

We next asked how many of the retrobead-labeled neurons in
the BF and LC were also immunostained. We found similar
numbers of labeled neurons among the V1, A1, and S1 injec-
tions (Fig. 5A,B). We also found that in both the BF and LC,
>90% of the retrobead-labeled neurons were immunostained
(Fig. 5C). This confirms that most neurons in the BF project-
ing to sensory cortices are cholinergic and most neurons in the
LC projecting to sensory cortices are noradrenergic despite the
existence of noncholinergic BF and non-noradrenergic LC
neurons (Iijima, 1993; Gritti et al., 1997).

We next quantified neurons labeled with both red and
green retrobeads—neurons that project simultaneously to two
sensory cortices (bimodal projecting neurons; Fig. 5D-F,
black bars). We found much more frequent colabeling among
TH+ neurons in the LC (up to 40%) than among ChAT+
neurons in the BF (<10%; Fig. 5D-F, top, black bars). In
contrast, ~20% of labeled noncholinergic neurons in the BF
and nonnoradrenergic neurons in the LC were labeled with
both colors of retrobeads (Fig. 5D—F, bottom). This suggests
that these populations do not follow the projection-selectivity
rules we observed among the cholinergic and noradrenergic
populations. We further calculated a selectivity index for the
BF and LC neurons by normalizing the number of labeled cells
with unimodal projections (Fig. 5G). We observed a signifi-
cantly higher level of selectivity among the ChAT+ BF neu-
rons than among the TH+ LC neurons and no difference
between the intermediate level of projection selectivity ob-
served among the ChAT— and TH— neurons. Thus, cholin-
ergic BF neurons show the highest selectivity, while divergence
is more the rule among noradrenergic LC neurons. Interest-
ingly, we observed that, within the same brain, each injection
of retrobeads into a specific sensory cortex tended to label
more noradrenergic neurons than cholinergic neurons (Fig.
5H). This suggests that the divergence of the TH+ neuron
axon collaterals into the injection site allows the retrobeads to
label more LC neurons than BF neurons. Together, our results
demonstrate that individual noradrenergic LC neurons send
divergent projections into multiple sensory cortices, whereas
cholinergic BF neurons selectively project to distinct sensory
cortices.

Validation of the projection selectivity

To further validate the selectivity of BF and LC projections, we
injected mixed green and red retrobeads into V1 (Fig. 6A-C,
top row). When we did this, most of the labeled BF and LC
neurons were colabeled with both green and red retrobeads
(Fig. 6, Mixture). This proves that the selective labeling we
observed among the cholinergic BF neurons in earlier experi-
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ments was not due to some limitation in the retrobead cola-
beling of BF neurons.

Since it is possible that the differential selectivity we ob-
served in BF and LC projections to sensory cortices is due to
some difference in the ability of the retrobeads to spread in
each location, we compared the results of single 200—-300 nl
retrobead injections into V1 and A1 (Fig. 6, Single) with three
closely spaced injections of similar volumes totaling 600-900
nl of retrobeads into the same locations (Fig. 6, Triple). We
observed retrobead spreading along the AP axis that ranged
from 120 to 780 wm in the single injection condition and from
900 to 1080 wm in the triple injection condition (Fig. 6 F, H;
**p < 0.001). Despite this significant difference in retrobead
spreading, we still observed higher projection selectivity in the
BF neurons than in the LC neurons in both the single and
triple injection conditions (Fig. 6D—H). In other words, the
selectivity of BF and LC projections as measured by dual ret-
rograde tracing does not originate in physical limitations of
retrobead spreading at the injection sites. This means our dual
retrograde tracing technique is reliable enough to demon-
strate true divergence among the axonal projections of sub-
cortical neuromodulatory centers to specific cortical areas.

Modality-selective cholinergic versus broad noradrenergic
modulation of sensory cortices

We have identified three populations of cholinergic BF neu-
rons along the AP axis that project with distinct topography to
sensory cortices in a modality-specific manner. Neurons in the
HDB preferentially project to V1, neurons in the aNB to S1,
and neurons in the pNB to Al. We next asked whether the
anatomic topography we observed in cholinergic BF projec-
tions indeed mediates selective modulation of distinct sensory
cortices. To answer this question, we optogenetically activated
cholinergic neurons in the HDB (Fig. 7A-F) or pNB (Fig.
7G-L) of ChAT-Channelrhodopsin-2 (ChAT-ChR2) mice,
which express ChR2-EYFP in =90% of their cholinergic neu-
rons (Fig. 7B,H). During optogenetic activation, we mea-
sured LFPs in V1 and A1, quantifying desynchronization (Fig.
7C,I) by computing the ratio of the high-frequency LFP power
spectrum (30—80 Hz) to the low-frequency LFP power spec-
trum (1-10 Hz; Goard and Dan, 2009; Pinto et al., 2013). As
expected because of the anatomic selectivity of HDB cholin-
ergic projections to V1, optogenetic activation of HDB cho-
linergic neurons induced significant desynchronization in V1,
but not Al (Fig. 7C-F). Conversely, optogenetic activation of
pNB cholinergic neurons induced significant desynchroniza-
tion in A1, but not V1 (Fig. 7I-L).

Next, we further confirmed the selective modulation of V1
and A1 by cholinergic BF projections by performing simulta-
neous LFP recordings using a double-shank LCP probe in-
serted into both V1 and Al simultaneously (Fig. 7D-F,]-L,
red lines). As expected, we observed significant and selective
desynchronization in V1 with blue light stimulation of the
HDB and in A1 with stimulation of the pNB (Fig. 7F, L). Thus,
we have demonstrated that the anatomic selectivity of cholin-
ergic BF projections to the sensory cortices is also physiologi-
cally relevant.

Last, we used TH-ChR2 mice to measure LFPs in specific
sensory cortices during optogenetic stimulation of TH+ nor-
adrenergic LC neurons (Fig. 8). In contrast to our results with
cholinergic BF neuron activation, noradrenergic LC neuron
activation with the same blue-light intensity through the
same-thickness optic fiber induced significant desynchroniza-
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Bars, mean = SEM. £, Unimodal and himodal projecting neurons as a percentage of the total ChAT + BF and TH+ LCneurons (top) and the ChAT— BF and TH— LCneurons (bottom). ***p << 0.001;
n.s., not significant (unpaired t test). G, Selectivity index for BF and LC neurons innervating the sensory cortices (mean == SEM). Note that ChAT+ BF neurons show the highest selectivity. ChAT+
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**p < 0.01; ***p << 0.001 (paired ¢ test). n represents the number of injection sites.
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tionin V1, Al, and S1 (Fig. 8C,D). Although we were unable to
record from S1 during BF stimulation because the areas tar-
geted with the optic fiber and the recording probe were too
close together, we were able to record from S1 during LC
stimulation. Consistent with the divergent anatomic projec-
tions we observed among noradrenergic LC neurons, we ob-
served similar levels of desynchronization across all three
sensory cortices (Fig. 8E). We further confirmed simultaneous
noradrenergic modulation of V1 and Al by recording from
both sensory cortices at the same time using a double-shank
LCP probe (Fig. 8 D, E, red lines). Together, our data demon-
strate discrete cholinergic innervation of specific sensory cor-
tices that selectively induces sensory modality-specific
modulation while noradrenergic projections diverge to mod-
ulate multiple sensory cortices simultaneously (Fig. 9).

Discussion

In this study, we examined the BF and LC projections to de-
termine the extent to which they show anatomic and func-
tional selectivity for specific sensory cortices. We found that
while cholinergic BF projections are discrete and mediate
highly selective modulation of the sensory cortex, noradren-
ergic LC projections diverge onto multiple sensory cortices

(for schematic illustrations, see Fig. 9). Our results provide
insight into the anatomic and physiological basis of cholin-
ergic and noradrenergic neuromodulation of the sensory
cortex and provide examples of two distinct patterns of
subcortical-to-cortical connectivity in the mammalian brain.

We observed distinct modality-specific topography among
cholinergic BF neurons projecting to the V1, Al, and S1 sensory
cortices. In the rat brain, corticopetal cholinergic BF neurons
seem to also show topographic organization (Bigl et al., 1982; Rye
et al., 1984). Noradrenergic LC neurons, however, despite also
innervating the primary sensory cortices, do not show any topo-
graphic specificity. How do these contrasting projection patterns
in the cholinergic BF and noradrenergic LC projections arise in
the mammalian cortex? Although the noradrenergic LC neurons
project widely throughout the forebrain (Samuels and Szabadi,
2008), the LC is a relatively small nucleus packed with noradren-
ergic neurons (Fig. 3, immunostaining data). It is possible limited
space in the LC hinders the development of internal subnuclei
projecting to distinct sensory cortices, resulting in individual
noradrenergic neurons with highly divergent projections. The BF
is much larger and contains more neurons than the LC (Sturrock
and Rao, 1985; Perez et al., 2007). The BF also includes several
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Figure 7.

Optogenetic activation of cholinergic BF neurons selectively modulates V1 and A1. A, Experimental schematic for the optogenetic stimulation of HDB cholinergic neurons and LFP

recordings in ChAT-ChR2-EYFP mice. B, ChAT-immunostained fluorescence images of the HDB in a ChAT-ChR2-EYFP mouse. Red, ChAT; green, ChR2-EYFP; scale bars, 50 um. C—F, LFP changesin V1
and A1induced by optogenetic activation of cholinergic BF neurons (n = 12; 8 mice with a single-shank probe and 4 mice with a double-shank probe). €, Representative LFP traces recorded in V1
(top) and A1 (bottom). D, E, Time course (left; black line, mean; gray shading, == SEM) and the average (right; black circle, mean; error bars, = SEM; black lines, individual recording pairs)
desynchronization ratio (power at 30 — 80 Hz divided by power at 1-10 Hz) in V1 (D; ***p << 0.001) and A1 (E; n.s., not significant). Blue bars in Cand blue shading in D and E indicate the laser
stimulation period. F, Comparison of the desynchronization ratio between V1and A1 during laser stimulation of the HDB (***p < 0.001). Black circle, Mean; error bars, == SEM; black lines, individual
recording pairs. Red lines in D and Findicate simultaneous V1 and A1 recordings via a double-shank LCP probe (n = 4 animals). G-L, Same as A—F, but for optogenetic stimulation of the cholinergic
neurons in pNB (n = 10; 6 mice with a single-shank probe and 4 mice with a double-shank probe). J, **p < 0.01; K, **p < 0.001; L, **p << 0.01. Paired ¢ test for all statistics.

subnuclei in which the cholinergic neurons are not even the ma-
jor population (Gritti et al., 2006; Henny and Jones, 2008). Thus,
cholinergic BF neurons are distributed sparsely over a larger area.
Furthermore, with more potential axonal trajectories from the
BF to the cortex, there is a greater chance for cholinergic axons to
be guided into distinct cortical areas (Mesulam et al., 1983;
Woolf, 1991). The topographic distinction of the cholinergic BF
projections into the primary sensory cortices may therefore nat-
urally arise from the structure of the BF. Then, the selectivity of
individual cholinergic neurons may simply emerge from this an-

atomic property of the BE. Future studies on the molecular and
physiological mechanisms of axon guidance among BF and LC
projections will clarify the development of these subcortical-to-
cortical neuromodulatory circuits with different levels of
selectivity.

Our retrograde tracing experiments also showed that most of
the neurons innervating sensory cortices from the BF are cholin-
ergic and most from the LC are noradrenergic. We observed that
~10% of the retrobead-labeled neurons were ChAT— or TH—.
Both the BF and LC contain other types of neurons. The BF
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Figure 8.

Noradrenergic LC neurons broadly modulate the sensory cortices. A, Experimental schematic for optogenetic stimulation of the noradrenergic LC neurons and LFP recordings in

TH-ChR2-EYFP mice. B, TH-immunostained fluorescence images of the LCin a TH-ChR2-EYFP mouse. Red, TH; green, ChR2-EYFP; scale bars, 50 m. (—E, LFP changes in V1, A1, and S1induced by
optogenetic activation of noradrenergic LC neurons (n = 8; 5 mice with a single-shank probe and 3 mice with a double-shank probe). C, Representative LFP traces recorded in V1 (left), A1 (middle),
and S1 (right). D, Time course (left; black line, mean; gray shading, = SEM) and the average (right; black circle, mean; error bars, == SEM; black lines, individual recording pairs) desynchronization
ratioin V1 (left; ***p << 0.001), A1 (middle; **p << 0.01),and 1 (right; *p << 0.05). Blue bars in Cand blue shading in Dindicate the laser stimulation period. E, Comparison of the desynchronization
ratio among V1, A1, and S1 during laser stimulation of the LC (n.s., not significant). Black circle, mean; error bars, = SEM; black lines, individual recording pairs. Red lines in D and E indicate

simultaneous V1 and A1 recordings via a double-shank LCP probe (n = 3 animals).

contains glutamatergic and GABAergic neurons (Brashear et al.,
1986; Gritti et al., 2006) that also project into the cortex (Gritti et
al., 1997; Henny and Jones, 2008). The projections of these neu-
rons into different sensory cortices, however, remain poorly un-
derstood. Similarly, GABAergic and indolaminergic neurons
intermingle with noradrenergic neurons in the LC (Iijima and
Ohtomo, 1988; lijima, 1989, 1993; Iijima and Sato, 1991; Jones,
1991), but whether these nonnoradrenergic neurons innervate
sensory cortices is unknown. We have shown that small numbers
(<10%) of noncholinergic and nonnoradrenergic neurons in the
BF and LC do indeed innervate sensory cortices with intermedi-
ate levels of selectivity (Fig. 5G). Even though there are fewer
ChAT+ neurons than ChAT— neurons in the BF (Gritti et al.,
2006; Henny and Jones, 2008), neurons projecting to the sensory
cortex are mostly cholinergic neurons. Thus, although noncho-
linergic neurons intermingle with cholinergic neurons in the BF
and non-noradrenergic neurons intermingle with noradrenergic
neurons in the LC, each population seems to use a different strat-
egy for wiring itself into the sensory cortex. Future studies will
clarify the functional roles these noncholinergic and non-
noradrenergic projections play in the cortex.

The distinct anatomic projection patterns of cholinergic BF
and noradrenergic LC neurons suggest differences in the func-
tional selectivity with which they modulate the cortex. We found
optogenetic stimulation of the local nuclei in the basal forebrain
induced desynchronization only in specific sensory cortices,

while stimulation of noradrenergic LC neurons induced broad
desynchronization in multiple sensory cortices. This is strong
evidence that, as implied by their anatomy, cholinergic modula-
tion is selective and discrete whereas noradrenergic modulation
broadly covers multiple sensory cortices. Recently, Schwartz et al.
showed that the noradrenergic LC neurons project broadly to
different cortical and subcortical areas (Schwarzetal., 2015). This
is consistent with our findings and suggests high levels of diver-
gence may be a general feature of noradrenergic LC projections,
allowing them to modulate broad areas throughout the brain.
Activation of noradrenergic LC neurons facilitates wakefulness in
freely moving animals (Carter et al., 2010). Since animal brains
must make sweeping state changes when transitioning from sleep
to wakefulness, the anatomic and functional divergence of nor-
adrenergic LC projections make these neurons likely mediators of
this transition.

Why should then the cholinergic BF projections to the sensory
cortices be so selective? The cerebral cortex is divided into defined
functional units, with each area of primary sensory cortex spe-
cialized for the encoding and processing of a single sensory mo-
dality. Sensory cortex activity can be dynamically modulated in
behaving animals to enhance or suppress its ability to process
sensory information (Lee and Dan, 2012; Harris and Mrsic-
Flogel, 2013). This modulation of sensory cortical activity is likely
a key feature of attention (Harris and Thiele, 2011). Although
subcortical-to-cortical neuronodulatory projections are known
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to be important for attentional modulation of the sensory cortex,
a gap in our understanding remains. Since most neuromodula-
tors are thought to be released broadly by highly divergent axonal
projections, it is unclear how subcortical-to-cortical projections
can modulate attention to specific types of sensory information.
Our findings on the anatomic selectivity by which cholinergic BF
projections modulate the sensory cortices help clarify this mys-
tery. Future experiments aimed at dissecting the direct and indi-
rect interactions between BF subnuclei projecting to distinct
sensory cortices in awake, behaving animals will help clarify in
vivo mechanisms of selective operation of individual BF projec-
tions. It might be possible that learning and memory of specific
sensory features of the environment facilitate independent regu-
lation of each cholinergic projection and vice versa (Woolf,
1996). In any case, selective cholinergic projections provide a
platform for modality-selective neuromodulation in vivo. Our
results suggest individual cholinergic BF neurons can exert selec-
tive modulation of a specific primary sensory cortex, and this
might be important for attention to information of its corre-
sponding sensory modality.

The cortex needs at least two distinct modulatory switches: a
“hub” switch for inducing changes throughout the entire cortex,
and a “local” switch for enhancing efficiency in specific areas as
needed. In other words, while broad changes occur for sleep—
wakefulness transitions, local changes are necessary to dynami-
cally adjust cortical function for rapid processing of specific types
of information. The hub switch may also be necessary for multi-
sensory coordination, whereas the local switch may allow for
selective attention to a specific sensory modality. Our data sup-
port the idea that the noradrenergic LC projections may contrib-
ute to the hub switch, while cholinergic BF projections may
contribute to the local switch. Future studies will clarify the be-
havioral impact that broad noradrenergic and selective cholin-

ergic modulation of the sensory cortex has on the maintenance of
selective attention on specific types of sensory information.
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