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Abstract

Basal forebrain (BF) cholinergic system is important for attention and modulates sensory processing. We focused on the hind-
paw representation in rat primary somatosensory cortex (S1), which receives inputs related to mechanoreceptors identical to
those in human glabrous skin. Spike data were recorded from S1 tactile neurons (n =87) with (ON condition: 0.5-ms bipolar
current pulses at 100 Hz; amplitude 50 pA, duration 0.5 s at each trial) and without (OFF condition) electrical stimulation
of BF in anesthetized rats. We expected that prior activation of BF would induce changes in the vibrotactile responses of
neurons during sinusoidal (5, 40, and 250 Hz) mechanical stimulation of the glabrous skin. The experiment consisted of
sequential OFF—ON conditions in two-time blocks separated by 30 min to test possible remaining effects. Average firing
rates (AFRs) and vector strengths of spike phases (VS) were analyzed for different neuron types [regular spiking (RS) and
fast spiking (FS)] in different cortical layers (III-VI). Immediate effect of BF activation was only significant by increasing
synchronization to 5-Hz vibrotactile stimulus within the second block. Regardless of frequency, ON—OFF paired VS dif-
ferences were significantly higher in the second block compared to the first, more prominent for RS neurons, and in general
for neurons in layers III and VI. No such effects could be found on AFRs. The results suggest that cholinergic activation
induces some changes in the hindpaw area, enabling relatively higher increases in synchronization to vibrotactile inputs
with subsequent BF modulation. In addition, this modulation depends on neuron type and layer, which may be related to
detailed projection pattern from BF.

Keywords Attention - Touch - Somatosensory cortex - Cholinergic system - Deep brain stimulation - Synchronization -
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Introduction (Hyviirinen et al. 1980; Poranen and Hyvarinen 1982; Hsiao

et al. 1993; Burton et al. 1997; Steinmetz et al. 2000). Many

Sensory processing in the cortex is known to be modulated
by intrinsic dynamics of cortical networks (Tsodyks et al.
1999; Fiser et al. 2004; Poulet and Petersen 2008) and spe-
cialized neuromodulatory circuits (e.g., the cholinergic sys-
tem), which are essential for regulating the behavioral state
of the animal. The cholinergic system contributes to sensory
and cognitive functions as shown in numerous behavioral
studies with rats (Himmelheber et al. 2000, 2001; Oldford
and Castro-Alamancos 2003; Levin et al. 2006) and primates
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sensory modalities are involved (auditory: McKenna et al.
1988, visual: Sillito and Kemp 1983; Sato et al. 1987,
somatic: Donoghue and Carroll 1987; Dykes and Lamour
1988; Lamour et al. 1988; Metherate et al. 1988; Tremblay
etal. 1990a, b), as well as functions such as learning, mem-
ory (Himmelheber et al. 2001), attention (Perry et al. 1999;
Klinkenberg et al. 2011), and cortical plasticity in general
(Verdier and Dykes 2001).

Abilities requiring attentional demands (e.g., responding
to cues, signals, or targets) are affected when cholinergic
input to the associated cortex is blocked (Torres et al. 1994;
Herremans et al. 1996; Herrero et al. 2008). In particular,
the basal forebrain (BF) cholinergic system originating
from the nucleus basalis magnocellularis of Meynert (NB)
projects diffusely throughout the neocortex (Zaborszky
et al. 2012, 2015), and it has been implicated in arousal,
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attention (Hasselmo et al. 1995; Everitt and Robbins 1997,
Sarter et al. 2005), sensory-coding (Goard and Dan 2009),
motivation, memory, and experience-dependent cortical
plasticity (Kilgard and Merzenich 1998; Froemke et al.
2007; Picciotto et al. 2012; Ballinger et al. 2016). There
is still an ongoing effort in the literature to specify which
cortical regions are essential for attention, and the current
understanding of attentional mechanisms lacks consider-
able knowledge regarding the tactile modality. The effects
of tactile attention on behavior are generally assumed to
be mediated by increased neuronal firing rates and/or syn-
chronized spikes during a tactile task (Hsiao et al. 1993;
Steinmetz et al. 2000). However, the neural mechanisms
based on cholinergic inputs, which maintain the control of
attention in the related cortical areas for a given task, are
not well known. According to the proposed model by Sarter
et al. (2005), attention may be influenced by the choliner-
gic system through two distinct, but overlapping/interacting
neural mechanisms. One mechanism is the ‘signal-driven
modulation of detection’ which might be only mediated by
the external signals via the sensory systems (bottom-up),
whereas the other mechanism (top-down) may be mediated
by practice or experience via the prefrontal modulation of
the cholinergic system. Since both suggested mechanisms
require the activation of BF circuits, NB seems to be impor-
tant for the dynamic modulation of sensory processing.
Although considerable anatomical and pharmacological
evidence exist suggesting that acetylcholine (ACh) is a neu-
romodulatory neurotransmitter in primary sensory cortices,
its exact role in sensory processing remains unknown. For
example, studies on the somatosensory cortex of both rats
(Donoghue and Carroll 1987; Lamour et al. 1988) and cats
(Metherate et al. 1987, 1988) have shown that ACh can mod-
ify the response to sensory inputs. It was consistently found
in these studies that pairing ACh with a somatosensory input
results in an increased response to the somatosensory input;
this usually occurred without an increase in the baseline
activity of the neuron. A variety of changes in the response
to sensory input were noted in different cells, for example an
increase in the receptive field (RF) size, a decrease in thresh-
old and/or a stronger response to constant stimuli. However,
none of these studies analyzed the response properties of the
cortical neurons in the same detail as for visual cortex (Pinto
et al. 2013; Minces et al. 2017), such a concept of improved
signal-to-noise ratio has not been fully established in the tac-
tile modality (Oldford and Castro-Alamancos 2003). On the
other hand, apart from the studies investigating the immedi-
ate effects, ACh has also long-lasting facilitatory effect on
the responses of cortical neurons. This behavior has been
described in a variety of studies with different species (cat,
rat, and racoon) and cortical areas (somatosensory, auditory,
and visual) in both in vivo and in vitro experiments (Mether-
ate et al. 1987, 1988; Lamour et al. 1988; Tremblay et al.
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1990a, b; Lin and Phillis 1991; Metherate and Ashe 1991).
These experiments have differed in the type of cholinergic
input to produce this enhancement in the way that ACh have
been applied (iontophoretically or indirectly by electrical
stimulation of BF), and in the type of response being meas-
ured (single unit activity or population responses).

There are numerous studies about peripheral sensory
mechanisms involved in transducing the tactile stimuli (Tal-
bot et al. 1968; Johansson et al. 1982; McKenna et al. 1988;
Leem et al. 1993; Goodwin et al. 1995; Harris et al. 1999;
Vega-Bermudez and Johnson 1999; Giiclii and Bolanow-
ski 2003a, b, 2004; Devecioglu and Giiglii 2013). However,
the neural mechanisms involved in processing of tactile
information in the skin-related areas of rat primary soma-
tosensory cortex (S1) are not well understood in contrast to
the barrel field which has a distinct cytoarchitecture (Wel-
ker and Woolsey 1974; Simons 1978; Kyriazi and Simons
1993; Dykes and Lamour 1988; Pinto et al. 2000; Foffani
et al. 2004; Tutunculer et al. 2006). In each cortical column,
thalamocortical inputs make synapse first in layer IV where
the signal projects to upper layers of the cortex (layer II/III).
Lastly, these signals pass to layer V and VI where the signal
is transmitted to other areas of the brain or back to thalamus
(Chapin 1986; Chapin et al. 1987; Castro-Alamancos et al.
2002; Castro-Alamancos 2004). We previously reported
that cortical responses in the hindpaw representation of S1
are dependent on the frequency of tactile stimuli and corti-
cal layer (Vardar and Gii¢lii 2017). Responses to 40 and
250 Hz stimuli were quickly suppressed in single neurons
as opposed to those to 5 Hz stimuli, which also generated
appreciable entrainment. This particular S1 area is impor-
tant, because it receives inputs related to mechanoreceptors
identical to those in primates including the human glabrous
skin (Giiclii et al. 2003, 2008).

S1 cortex, and presumably the hindpaw area, receives
cholinergic innervation mainly from neurons located at
NB in BF (Mesulam et al. 1983; Semba 2000). Microion-
tophoresis of ACh and stimulation of NB induced long-
lasting modifications of neuronal responses that were also
present during wakefulness (Metherate et al. 1988; Trem-
blay et al. 1990a, b; Verdier and Dykes 2001; Oldford and
Castro-Alamancos 2003; Constantinople and Bruno 2011).
To have better understanding of the modulation caused by
cholinergic activation in the rat S1 cortex, we electrically
stimulated the BF, and investigated both immediate and
remaining effects by single-unit recordings in the hindpaw
area. Specifically, we calculated the changes in vibrotactile
responses of distinct cell types (RS: regular-spiking, FS:
fast-spiking) from different layers. Immediate and remaining
effects of BF stimulation were analyzed on the average fir-
ing rate (AFR) calculated for three periods; before mechani-
cal stimulus, onset period (initial 100-ms of stimulus), and
remaining portion (400 ms) of vibrotactile stimulus applied
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at different frequencies (5, 40, and 250 Hz). Furthermore,
vector strength (VS) was calculated to quantify synchroniza-
tion with respect to the periodic stimulus.

VS measure allows one to track information transmission
along neural pathways. For example, higher VS in a given
cortical layer and at a particular frequency may imply better
spatiotemporal tuning. It was hypothesized that BF stimu-
lation, i.e., cholinergic activation, may induce such effects,
somewhat mimicking the top-down attentional influence. In
other words, higher synchronization may be the substrate
for higher attentional focus on the periodic stimulus. The
current study is novel that spike activity in the hindpaw area
of S1 cortex was analyzed with respect to well-controlled
vibrotactile stimuli. Therefore, immediate and remaining
effects of BF stimulation could be evaluated based on sub-
tle changes in the response properties of RS and FS neu-
rons in different cortical layers. The major finding of the
study is that repetitive BF stimulation causes presumably
some plastic changes in S1 hindpaw area neurons, which
increase their synchronization to low frequency vibrotactile
inputs when cholinergic activation is later retriggered. Since
tactile inputs experienced in the nature can be considered
to be the sum of many vibratory components, cholinergic
modulation of tactile neurons seems to enhance only the
low-frequency responses. This work may guide subsequent
studies, especially those focusing on local circuitry related
to somatosensory attention, in this particular cortical area
of the rat with sensory inputs similar to those in humans.
Preliminary results were presented as a conference abstract
(Vardar and Giiglii 2018).

Materials and methods
Animals and surgery

All experiments were approved by the Bogazici Univer-
sity Institutional Ethics Committee for the Local Use of
Animals in Experiments. Twenty-four adult Wistar albino
rats (12 females, 12 males, weight range: 183—470 g) were
used. Rats were maintained in cages housed in a climate-
controlled room on 12:12-h light—dark cycles. For surgery,
rats were anesthetized with ketamine (65 mg/kg) and xyla-
zine (10 mg/kg) intraperitoneally (IP). Rectal temperature
was monitored and kept at 37 °C by a heating pad (TCAT-
2LV; Physitemp Instruments, Clifton, NJ, USA). The general
condition of the rat was checked periodically as well as the
state of anesthesia by testing palpebral and pedal reflexes.
To maintain the appropriate level of anesthesia, additional
anesthetic with 1/3 of induction dose was administered. To
prevent brain edema and to decrease intracranial pressure,
furosemide (2 mg/kg), and mannitol (0.2 g/kg) were injected
IP. Additionally, atropine (0.05 mg/kg) was given IP before

the surgery to decrease bronchial secretions. Lactated Ringer
solution (40 ml/kg/24 h, IP) was given to maintain normal
physiological conditions for longer experimental durations.
The head was fixed to a stereotaxic frame, and the crani-
otomy was performed over the hindpaw representation of S1
and electrode insertion axis of NB (Chapin and Lin 1984;
Paxinos and Watson 1997). Custom-made bipolar tungsten
stimulating electrodes (World Precision Instruments, Sara-
sota, FL, USA) were implanted in the left NB and fixed to
the skull along with a plastic recording chamber over SI
using dental acrylic. After recordings, the rat was either
euthanized with an overdose of thiopental (200 mg/kg, IP)
or perfused transcardially for a subsequent histology study.

Single-unit recording and vibrotactile stimulation

Single-unit action potentials (spikes) were recorded through
a carbon fiber electrode (Carbostar-6; Kation Scientific,
Minneapolis, MN, USA). All recordings were done in a
Faraday cage (1.58 x 1.05 x 1.20 m?). RFs in the hindpaw
representation were mapped by using von Frey (VF) hairs.
The recording electrode was positioned by a hydraulic
microdrive (MHW-4; Narishige International, London, UK).
Spikes were amplified by a custom-made microelectrode
amplifier (gain 1000; pass band 200 Hz—10 kHz). Single
units were isolated with an amplitude window discrimina-
tor (model 121; World Precision Instruments, Sarasota, FL,
USA). Neural activity was visualized and heard by an oscil-
loscope and a speaker, respectively. All data including raw
voltage traces and discriminated spikes were collected in
a PC through a custom-made MATLAB (Version R2008a;
The MathWorks, Natick, MA, USA) program and a data-
acquisition card (USB-6251; National Instruments, Austin,
TX, USA) with a sampling rate of 100 kHz.

Mechanical vibrotactile stimuli were generated by an
analog output of the USB-6251 card. The waveforms
were level-adjusted by a digital attenuator (model V2.0C;
ISR Instruments, Syracuse, NY, USA) and amplified by a
custom-made power amplifier to drive an electrodynami-
cal shaker (V201; Ling Dynamic Systems, Royston, Herts,
UK). The vibrotactile stimuli were applied at the RF center
of each single unit at the contralateral side by using a plastic
cylindrical contactor probe (diameter 1.8 mm) connected
to the shaker. They were presented as bursts of sinusoidal
mechanical vibrations (amplitude 100 pm peak-to-peak,
duration 0.5 s) upon 0.5-mm static indentation to prevent
decoupling from the skin (Cohen et al. 1999; Devecioglu
and Giiglii 2013). The sinusoidal frequencies were 5, 40,
250 Hz, and the waveforms started and ended as cosine-
squared ramps with 50-ms rise/fall times. Displacements of
the contactor probe were calibrated by using Fotonic sensor
(MTI-2100; MTI Instruments, Albany, NY, USA).
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Electrical BF stimulation

Electrical BF stimulation was applied at NB (ML +2.4 mm,
AP —1.3 mm, DV + 6.8 mm; Paxinos and Watson 1997,
Gourd and Dan 2009) while recording from the hindpaw
area of S1 in the same hemisphere (see “Discussion” for
contralateral data). Since the dorsoventral axis from NB
overlaps with S1 cortex, the stimulation electrodes were
inserted with an angle of 20° at a location on the skull (ML
+2.4 mm; AP —3.78) not to damage the recording area.
Coordinates were normalized according to bregma-lambda
distance of each animal. Electrical stimulation consisted of
biphasic charge—balanced current pulses (pulse duration
0.5 ms) with amplitude of 50 yA, and they were applied 50
times (0.5 s at 100 Hz) at each trial. Long-term monophasic
stimulation may cause tissue damage due to charge accumu-
lation and slow Faradaic currents; therefore, biphasic wave-
forms are typically preferred in neurostimulation applica-
tions (Merrill et al. 2005). Figure 1 shows the experimental
protocol and the timing diagram of electrical BF stimulation
and vibrotactile stimulation of the skin. The total number of
pulses in each time block is 1500 (50 pulses per trial X 10 tri-
als for each frequency x 3 different vibrotactile frequencies).

We also performed preliminary experiments (i.e., 20 neu-
rons) with microinjection of ACh (100 pM) and two nico-
tinic receptor antagonists in the hindpaw area of S1 cortex:

5-Hz 40-Hz 250-Hz

OFF ON 10-min | OFF ON 10-min OFF ON
(50-s) | (50-s) | =] (50-s) | (50-s) |~ | (50-s) | (50-5)

| Time Block 1 |

l 30-min

OFF ON | 'ominf= Opp ON [ !omin | OFF ON
(50-s) [ 50-s) |~ | (50-s) | (50-5) (50-s) | (50-s)

I Time Block 2 |

(a)

Mechanical
Stimulation
of hindpaw

ANN——

1 Time (s)

BF Stimulation
(Electrical)

[ | T I
0 05 1 15 2

(b)

Fig.1 a Experimental procedure. Each condition (OFF: no BF stim-
ulation, ON: BF electrical stimulation) included 10 trials and lasted
50 s. The OFF-ON sequence with the order of vibrotactile frequen-
cies (5, 40, 250 Hz) made up a time block. 30 min after the first
block, the entire sequence was repeated (second time block). Differ-
ent frequency conditions were separated by 10 min. b Timing dia-
gram for each trial. Each trial lasted 2 s. The BF electrical stimula-
tion was applied between 0.5 and 1 s (only in ON conditions), and
the vibrotactile stimulus was presented between 1 and 1.5 s. Inter-trial
interval was 3 s
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methyllycaconitine (MLA) (a7 nicotinic receptor antagonist;
0.5 pM), and dihydro-p-erythroidine-hydrobromide (DhBE)
(non-a7 nicotinic receptor antagonist; 10 puM). These drugs
were applied with 20-ms pressure pulses 5 times at each trial
(inter-pulse interval 0.1 s) just before the BF stimulation
period only for 5-Hz vibrotactile stimulation. Each pulse
approximately yielded 8 nL of a drug solution (for details
on instrumentation, see Vardar and Giiclii 2017).

Experimental procedure

Each single unit recording from S1 consisted of two blocks,
and both blocks included three different vibrotactile stimuli
(5, 40, and 250 Hz) under control (OFF) and BF stimula-
tion conditions (ON) (Fig. 1a). The vibrotactile stimulus was
repeated for 10 trials at each OFF and ON condition (one
trial duration 2 s, intertrial interval 3 s). The OFF conditions
did not have BF stimulation; in the ON conditions, electri-
cal current pulses were applied just before the vibrotactile
stimulus started in a trial (Fig. 1b). Blocks were separated
with 30 min time interval to study the remaining effects of
cholinergic activation. There were also 10 min time intervals
between different frequency conditions to ensure that the
immediate effects of BF had diminished. The sequence of
conditions was ordered to study the effects of time blocks
statistically. Previously, we showed that the vibrotactile
responses stay stable for such durations if no BF activation
is applied (Vardar and Giiglii 2017). However, since there
is repetitive BF stimulation in the current study, we specifi-
cally compared the baseline (i.e., spontaneous) firing rate
(Ry,, see “Results” below) across conditions and verified that
it stays constant.

Neuron classification and data analysis

Neurons were classified from single-unit data according to
RF maps, VF thresholds, recording depths, and spike shape.
RF type and cortical layer classes were determined accord-
ing to the previous literature (for details, see Chapin 1986;
Dykes and Lamour 1988; Giiclii 2013; Vardar and Giiglii
2017). The main criterion for the RF types was the inclu-
sion of digits; nine different letter categories were defined
(Giiclii 2013): (A) single digit, (B) multiple digits, (C) only
pad(s), (D) digit(s), and pad(s), (E) upper paw without digits,
(F) lower paw, (G) digit(s), pad(s), and neighboring sole,
(H) entire paw without digits, (I) entire paw. In addition,
neurons were classified as regular spiking (RS), fast spik-
ing (FS), and intrinsically bursting (IB) based on their spike
shapes and firing pattern (Mountcastle et al. 1969; Simons
1978; Connors and Gutnick 1990) by analyzing raw voltage
traces. The spike waveforms were plotted and the durations
were measured manually offline on the plots in MATLAB
(Vardar and Giiglii 2017). Because we also had the spike
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time stamps from the window discriminator output, it was
simple to distinguish the relevant units. FS units are identi-
fied as having spike durations <0.5 ms. RS units have slower
repolarization, so they are recognized with spike durations
> 0.5 ms. IB units are relatively easy to classify; their spikes
occur in a clustered pattern.

Cortical depths of the neurons were estimated by using
the electrode position which was set by the hydraulic micro-
drive with high accuracy (~ 1 um) with respect to cortical
surface. After some experiments, we inspected the tissue
marking of the electrode in brain sections and confirmed
its tip location based on cortical layer thicknesses obtained
by Nissl staining. The cortical layer data reported here are
based on the average layer boundaries calculated from our
previous work (Yusufogullari et al. 2015) and other studies
(Chapin 1986; Dykes and Lamour 1988).

To visualize the rate and timing of spike discharges in
response to a vibrotactile stimulus, peri-stimulus time his-
tograms (PSTHs, bin size 50 ms) and spike-phase (SP) his-
tograms (bin size 0.5°) were constructed. However, spike
counts were used without narrow binning for statistical
analyses of AFRs. For each frequency and stimulation con-
dition (OFF-ON), spike data were pooled for 10 trials, and
analyzed for changes in AFR and VS. AFRs were calculated
for different time periods: before stimulus (R,,), onset period
(R,) (first 100-ms of stimulus), and last 400 ms of vibrotac-
tile stimulus (Ry«). To quantitatively compare the response of
a neuron to mechanical stimulation, background activity (R,)
was subtracted from R, and R, for each tested frequency.

Since the vibrotactile stimulus used in this study has a
simple waveform (i.e., sinusoidal burst), a synchronization
measure such as the vector strength is adequate and has fre-
quently been used before (e.g., Whitsel et al. 2000; Griin and
Rotter 2010). Vector strength shows how the spike times are
aligned with respect to the successive cycles of the stimulus.
Each spike is considered as a unit vector with an angle (6,)
ranging from O to 2z. This angle is calculated as 8, = (2a1,)/T,
where f; is relative spike time with respect to stimulus cycle
onset and 7 is the period of the vibrotactile stimulus. For a
set of n unit vectors with angles (8,, 6,, ..., 8,), the rectan-
gular coordinates (x, y) of the vector sum can be written as:

(x,y) = <2xi, Zyl-> = <Z cos 0;, Z sin 9i>. (1)
=1 =l i=1 i=1

The magnitude (r) of the vector sum is:

n 2 n 2
r=Vx2+y?= <Z C089i> + (Z sin¢9i> . 2

i=1 i=1

Therefore, VS is derived from this resultant vector’s mag-
nitude by averaging with respect to the number of spikes:

VS=l
n

n 2 n 2
(Z cosG,-) + (Z sin@l) . 3)
i=1 i=1

VS has a range of 0-1, where 1 implies perfect synchro-
nization such that all unit vectors are unidirectional, i.e.,
spikes occur regularly with the same period as the stimu-
lus. VS is 0 when spike times are randomly distributed
within stimulus cycles.

Most of the analyses were performed in MATLAB
R2016b and MS Excel. For statistical testing, repeated
measures ANOVA and was done in SPSS Ver.23 (IBM
Corp., Armonk, NY, USA) in which the vibrotactile fre-
quency, OFF vs. ON conditions, and time block were
within-subject (-neuron) factors, while cortical layer and
neuron type (RS vs. FS) were between-subject (-neuron)
factors. Post hoc analyses were also done in SPSS if a fac-
tor was found significant. IB neurons were not included
in the statistical analyses, because their sample size was
small. In addition, no significant subject gender differences
were found, so this result was not reiterated in the analyses
below.

Results
Classification of vibrotactile neurons

Recordings were obtained from a total of 87 neurons in
the hindpaw representation of S1 cortex. Neurons were
sampled from layer III (n=10), IV (n=33), V (n=35) and
VI (n=9) (Table 1). They mostly had medium VF thresh-
olds (84%) and those were usually sampled from layer IV
(n=24) and V (n=31). Those who had low VF thresholds
(16%) were mostly found in layer IV (n=9). There were
no neurons recorded with high VF thresholds (>2.5 g).
The RFs largely varied throughout the cortex and across
neurons as reported previously (Gii¢lii 2013; Vardar and
Giiclii 2017), but the most common RF type was D (28%)
which included a single digit and pads near the digit. Type
E (13%) and type G (16%) were also found frequently; they
included an area covering the upper paw (without digits)
and single/multiple digits with pads, respectively.

In addition, the neurons were classified as RS (n=42),
FS (n=31), and IB (n=14) based on spike shape. RS and
FS neurons were mostly found in layers IV and V, consist-
ent with the relatively larger sample size in these layers.
No neurons were sampled from layers I and II in this study.
On the other hand, RS neurons typically had RF types
of D, F, and G; they covered a single digit and pad(s)
or lower paw. For FS neurons, RF types D and G were
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Fig.2 Peristimulus time histograms (PSTHs) and spike-phase (SP)
histograms of a regular spiking neuron for first and second time
blocks. The vibrotactile displacement waveforms are given above
the PSTHs and share the same time axes (left 5 Hz, middle 40 Hz,
right 250 Hz). BF stimulation preceded the vibrotactile stimuli; spike
recording was blanked between 0.5 and 1 s due to electrical artifacts.

also frequently found. IB neurons mostly had RF types D
(single digit and pad) and E (upper paw without digits)
consistent with the previous work (Giiglii 2013; Vardar
and Giiglii 2017).

Vibrotactile responses without BF stimulation

For qualitative comparisons, PSTHs were constructed to
show neural activity for both OFF and ON conditions. The
black bars in PSTHs and black vectors in SP histograms are
for OFF conditions in which there was no BF stimulation. It
is important to note that the histograms are blanked for the
time window in which BF stimulation was presented due to
the electrical stimulation artifact. For consistency, data were
not analyzed in the same window for the OFF conditions as
well. Figures 2 and 3 exemplify activity profiles for an RS
neuron and a FS neuron, respectively. Other neurons of a
given class had similar histogram plots. Consistent with the

Black bars in the PSTHs (bin size 50 ms) and black vectors in the
SP histograms (bin size 0.5°) are for OFF conditions. Gray-outlined
empty bars and gray vectors are for ON conditions. The angular axis
in the SP histograms is given in degrees, and the radial axis shows the
number of spikes per trial in each bin

previous literature (Gii¢lii 2013; Vardar and Giiglii 2017),
almost all neurons had vigorous onset spikes with markedly
decreased activity throughout the remaining duration of the
vibrotactile stimulus at 40 and 250 Hz frequency. However,
at 5 Hz, the neurons could be partially entrained, i.e., they
generated spikes at each cycle of the stimulus. Thus, higher
synchronicity could be observed at 5 Hz; SP histograms have
vectors accumulated in a narrower range of degrees.

There was a significant neuron X layer interaction
(»p=0.018) on the background AFR. Specifically in layer
III, FS neurons have significantly higher background activ-
ity (15.40+3.92 spikes/s) as compared to RS neurons
(6.05 +1.12 spikes/s). However, in the other tested layers,
Ry, is similar for both RS and FS. Furthermore, because the
protocol involved repetitive BF stimulation, we compared
background AFR only in OFF conditions within and across
the time blocks and found no significant differences. This
verified that the statistical comparisons presented with BF
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Fig.3 Peristimulus time histograms (PSTHs) and spike-phase (SP) histograms of a fast spiking neuron for first and second time blocks. See

Fig. 2 caption for details

stimulation are valid in the sense that the background activi-
ties of the neurons were not affected. However, as presented
below, there was a remaining effect on vibrotactile syn-
chronization which could only be observed with further BF
stimulation after 30 min.

To statistically assess the change in spike response due to
vibrotactile stimuli in the OFF condition (with time—block
data pooled), the background AFR (R,) was subtracted from
the AFR during the initial 100-ms period of the stimulus
(R,) and from the AFR of the remaining portion of the
stimulus (Ry«). Statistical tests for the AFR measures and
VS were done by repeated-measures ANOVA with stimu-
lus frequency as within-subject factor, and cortical layer
and neuron type (RS vs. FS) as between-subject factors.
The ANOVA results show that the frequency had a main
effect on Ry«-Ry, and on VS (p=0.035 and p <0.001, respec-
tively), but not on R—R,. As seen in Fig. 4a, R;«—R, at 5 Hz
(7.96 + 1.60 spikes/s) is significantly higher as compared
to AFR change at 40 Hz (4.84 +1.10 spikes/s) and 250 Hz
(4.76 +0.88 spikes/s). No other significant effects could be
found.

@ Springer

As expected from the SP histograms, VS is signifi-
cantly higher at 5 Hz (0.55+0.04) as compared to 40 Hz
(0.23+0.02) and 250 Hz (0.20+0.02) (Fig. 4b). Similar to
AFR measures, significant main effects due to cortical layer
and neuron type could not be found for VS values.

Immediate effects of BF stimulation

Similar to OFF conditions, ON conditions were first qualita-
tively studied (see Figs. 2 and 3). Gray-outline white bars in
PSTHs and gray vectors in SP histograms are for ON condi-
tions. As in the OFF conditions, neurons mostly responded
at the onset, but not as high for the remaining part of 40 and
250-Hz vibrotactile stimuli. At 5 Hz, however, spikes could
be generated during all stimulus cycles throughout the entire
duration. Therefore, gray vectors are accumulated in a nar-
rower range, i.e., higher VS, in contrast to those for 40 and
250 Hz. Although the PSTHs for ON conditions sometimes
seem to have higher bars than those from OFF conditions
(e.g., 5-Hz data in Fig. 2), the data from the entire sample
did not have a clear systematic trend. However, gray vectors
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were observed to be somewhat more tightly distributed than
black vectors for 5-Hz vibrotactile inputs (e.g., see Fig. 3).
To analyze the immediate effects of BF stimulation
statistically, activity measures in OFF and ON conditions
were compared during both the first and second blocks of
the protocol. Repeated measures ANOVA were performed
on AFRs and VS values with stimulus frequency and OFF
vs. ON conditions as within-subject factors, and cortical
layer and neuron type (RS vs. FS) as between-subject fac-
tors. Although neuron type and cortical layer had some
influence on the background activity, we did not find any
significant changes in Ry, related with BF stimulation dur-
ing either the first block or the second block (p =0.22 and
p =0.43, respectively). Moreover, BF stimulation did not
cause any significant immediate effects in the other AFR
measures (R,—R,, R4«—Ry). In other words, the average
responsivity of the neurons to vibrotactile stimuli was not
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Fig.5 Significant differences in vibrotactile responses due to imme-
diate effects of BF stimulation. a Overall effect of BF stimulation on
vector strength (VS) values. b VS values are plotted for OFF vs. ON
conditions at each vibrotactile frequency separately. Error bars are the
standard errors. *p <0.05, **p <0.01

affected by BF stimulation in the short term. Frequency
had a similar main effect on Ry .—Ry as described in the
previous section.

On the other hand, frequency and BF stimulation had
significant immediate effects (p <0.001 and p=0.002,
respectively) on VS values during only the second block
(Fig. 5a). BF stimulation significantly increased the VS
values with an interaction with vibrotactile frequency
(p =0.002). Post hoc analyses showed that this increase
was only present at 5 Hz, but not at 40 and 250 Hz
(Fig. 5b). This result implies that after repetitive cho-
linergic activation performed during the first block, syn-
chronicity to a low frequency vibrotactile stimulus may be
increased by subsequent BF stimulation performed much
later.

@ Springer



1770

Brain Structure and Function (2020) 225:1761-1776

o
o
2

*%

[
o
-3

g
o
o

e
o
s

4
o
)

Vector strength differences
between ON-OFF conditions
=] =]
2 ]

o

Time Block 1
(@)

mTime Block1 0OTime Block 2
0.09 - ¥k

—

Time Block 2

0.08 1
0.07 1 *
0.06 1
0.05 - ‘

0.04 -

0.03 -
0.02
0.01
0.00 - I \
-0.01 A FS RS

(b)

B Time Block1 0OTime Block 2
0.15 - *k

*%

Vector strength differences
between ON-OFF conditions

0.10 -

*
0.05 -

WLl

-0.05 1

Vector strength differences
between ON-OFF conditions

-0.10 -

()

Fig. 6 Significant differences in vibrotactile responses due to remain-
ing effects of BF stimulation. Vector strength (VS) differences were
calculated between ON-OFF conditions; positive direction indicates
higher VS in ON condition. a Overall VS changes in different time
blocks. b VS changes depending on FS and RS neurons (see text)
in different time blocks. ¢ VS changes depending on cortical layers
(see text) in different time blocks. Error bars are the standard errors.
*p<0.05, **p<0.01

@ Springer

0.12 m SHAM oDRUG

)

o
=3
®

o
(<3
I

Vector strength differences
between ON-OFF conditions
=] =]
o [=3
N [}

ACh MLA DHBE

Fig.7 Effects of BF stimulation on VS after drug microinjection.
This preliminary experiment (i.e., 20 neurons) only consisted of one
frequency condition (5 Hz) and a single time block. Vector strength
(VS) differences were calculated between ON—OFF conditions. Sham
application was performed with artificial cerebrospinal fluid. MLA
and DhPE are nicotinic receptor antagonists

Remaining effects of BF stimulation

The results in the previous section suggest that there may
be remaining effects of BF stimulation. Although there was
no difference between OFF and ON conditions in the first
block, there was a significant difference of VS in the sec-
ond block. To understand the remaining effects explicitly,
OFF and ON conditions were separately studied between
the first and second blocks. Repeated-measures ANOVA was
performed on AFR measures and VS values with stimulus
frequency and time block (first vs. second) as within-subject
factors, and cortical layer and neuron type (RS vs. FS) as
between-subject factors. In a third analysis, the change in
the activity measures (AFRs and VS values) were calculated
within each time block from OFF to ON conditions. Then,
these differences were used as dependent variables in a simi-
lar repeated-measures ANOVA.

When comparing the activity measures in OFF and ON
conditions (separately) for the influence of time block did
not yield significant results in AFR measures except a com-
plex interaction (time block X neuron type X layer) effect on
R4+—R, for the ON conditions (p=0.022). Post hoc analy-
ses showed that FS neurons in layer III were not much
responsive to vibrotactile stimulation after the onset period
(R4+—Ry, = 0) during ON conditions in both time blocks.
However, FS neurons in the other layers and all RS neurons
had much more activity during the stimulation period. Simi-
lar to AFR results, time block did not influence VS values in
respective ON conditions and OFF conditions. There were
main effects of frequency on Ry.—Ry, and VS similar to those
in Fig. 4a, b.
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Most importantly, the changes in VS due to BF stimu-
lation was significantly affected by time. Specifically, the
increase in VS was much higher in the second block com-
pared to the first block (p =0.003, Fig. 6a). However, there
were also interactions between time block X neuron type and
between time block X layer (p =0.05 and p < 0.001, respec-
tively). The change in the VS increase due to time block
was much more prominent for RS neurons (Fig. 6b). Time
block had more effects on VS changes of neurons in layers
III and VI (Fig. 6¢) Interestingly, in layer III, BF stimula-
tion decreased VS in the first block, but increased VS in
the second block. There were no significant effects in the
changes of AFR measures. Since the differences in the activ-
ity measures were analyzed in this final set of analyses, the
main effect of frequency disappeared.

Microinjection of cholinergic drugs

The preliminary microinjection data (Fig. 7) show that ACh
(»p=0.023) caused an increase in the VS difference between
the ON-OFF conditions with respect to sham (artificial cer-
ebrospinal fluid) application. Therefore, the immediate syn-
chronization effects of BF stimulation to 5-Hz vibrotactile
stimulation were enhanced with ACh, but nicotinic receptor
antagonists did not alter synchronization significantly within
this preliminary data set. We will study the combined effect
of drug microinjection and BF stimulation also on firing
rates as more data accumulate. These preliminary results
are currently along the same line with our previous study
with atropine, but without BF stimulation (Vardar and Giiglii
2016). Consistent with the literature, that study showed
vibrotactile responses depend on muscarinic receptors in
deeper layers, while the spontaneous activity is increased
by ACh application more in supragranular layers. It may be;
therefore, conjectured that BF activation in the current study
primarily acted through the muscarinic receptors and had
a slowly developing neuromodulatory influence on cortical
sensory processing as displayed by increased synchroniza-
tion, especially at 5 Hz.

Discussion

Among its numerous effects in cognitive function, the
cholinergic system originating from BF has a modulatory
influence on sensory processing. ACh release in sensory
cortices enhances stimulus-evoked responses, modifies
selectivity and leads to long-lasting increase in cortical
excitability. It was previously shown that electrical stimu-
lation of BF, i.e., artificial activation of the cholinergic
system, may produce an enhancement of somatosen-
sory (cutaneously) evoked potentials (Rasmusson and
Dykes 1988) lasting up to 4 h. This long-lasting effect is

attributed to muscarinic receptors at the level of single
cortical neurons. The current results from the hindpaw
area of rat S1 cortex also show remaining effects 30 min
after the first block of BF activation. The vibrotactile stim-
ulation protocol based on three different frequencies and
analyses with VS allowed us to investigate synchronization
of RS and FS neurons along the cortical layers. This is
important regarding spatiotemporal tuning, i.e., temporal
information transfer across layers. Because natural tactile
stimuli consist of many frequency components, enhance-
ment of frequency-dependent stimulus features through BF
activation may be a form of top-down attentional modula-
tion in the awake state.

Specifically, in the current study, BF stimulation had
immediate effect only in the second block. VS increased for
5-Hz vibrotactile stimuli, which indicates that over time,
the neurons became more prone to synchronization to low
frequency inputs, shown previously to be more salient in
the hindpaw area (Vardar and Gii¢lii 2017). Moreover, the
VS increase due to BF stimulation was significantly higher
in the second block mostly for RS neurons. Although there
were no appreciable VS changes for this neuron class due to
BF stimulation in the first block, there was a considerable
change in the second block. In other words, the synchronic-
ity increase in the hindpaw area may be attributed to mostly
excitatory neurons (for the chemical identity of RS neurons,
see Fox 2008).

It is also interesting to note that such changes were mostly
in layers III and VI. Since layers II/III are the main process-
ing layers in the rat S1 cortex and layer VI sends out cortico-
thalamic outputs, vibrotactile synchronization increase due
to BF stimulation may indeed be an evidence of ‘attentional’
tuning in thalamocortical loops (Ahissar et al. 2000; Porter
et al. 2001; Gabernet et al. 2005). We cannot explain at this
time, why layer III neurons had a decreasing synchronicity
trend in the first block due to BF stimulation; this, however,
was not statistically significant.

In conclusion, BF stimulation concomitant with vibro-
tactile inputs develops a neuromodulatory effect over time
and increases the further synchronization capability of the
rat S1 neurons when they are excited by the cholinergic sys-
tem originating from BF. However, this finding was relevant
only for low frequency sensory inputs. Consistent with the
previous studies, higher frequency vibrotactile information
was suppressed after the onset period. Even though thalamo-
cortical inputs are presumed to be present (Gil and Amitai
1996; Vahle-Hinz et al. 2007), cortical information transmis-
sion after the initial 100-ms onset period is hindered at high
frequency sensory stimulation due to synaptic depression
and feed-forward inhibition (Vardar and Gii¢lii 2017). The
current results additionally show that this behavior is not
influenced by BF activation. It is also interesting to point
out that AFRs, i.e., average spiking activity of the neurons
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subject to vibrotactile inputs, were not significantly affected
by BF stimulation in our study (including response adapta-
tion (not shown) calculated as R;—R,). Further studies on
awake animals may confirm whether this finding is because
of anesthesia or particularly due to circuits in the hindpaw
area of rat S1 cortex.

Comparison with previous drug microinjection
studies

Long-lasting cholinergic enhancement of neural activity
by BF stimulation was reported in the literature based on
somatosensory-evoked potentials and spike rates at the level
of single cortical neurons in cats. (Metherate et al. 1988;
Rasmusson and Dykes 1988; Tremblay et al. 1990a, b; Ver-
dier and Dykes 2001). On the other hand, local application
of ACh caused plastic changes on firing rates and receptive
field sizes. These effects were blocked by muscarinic antago-
nists, but not influenced by nicotinic receptors, especially in
deeper layers. Similarly, Martin-Cortecero and Nuiiez (2014)
studied the effects of ACh application on the whisker-related
response adaptation of cortical neurons. They showed that
application of ACh increased both spontaneous firing rate
and response to whisker stimulation in both superficial and
deeper layers. Changes in response adaptation was also sta-
tistically significant and atropine injection blocked the ACh
effect in type 1 neurons (putative pyramidal cells).

Metherate et al. (1988) argued, as many other researchers,
that concomitant neural activity was critical to produce to
long-term changes in the presence of ACh. They showed that
changes preferentially occurred when ACh was paired with
glutamate administration or with tactile stimulation, and
very rarely when ACh was given alone. Similar to this result,
Sillito and Kemp (1983) studied such effects in the visual
cortex, and they found a cumulative enhancement of visual
responses when successive administrations of ACh were
repeated before responsiveness to visual stimuli declined
to the control value. In a study on awake monkeys, BF was
quite active and generated action potential continuously.
Specifically, it was reported that BF neurons showed phasic
changes in average firing rates at specific times during the
behavioral task (Richardson and DeLong 1986). Therefore,
in the current study, stimulating the BF repetitively and close
in time with the vibrotactile stimulation might have changed
tonic background into a robust phasic activity leading pos-
sibly to persistent changes in the relevant networks.

Other effects of BF stimulation
Although many previous studies showed excitatory effects,
NB also sends GABAergic input to the cortex that may

be involved in arousal/attentional modulation (Zaborszky
et al. 1986; Henderson et al. 2010; Zaborszky et al. 2018).
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Glutamatergic and peptidergic projections have also been
documented (Zaborszky et al. 1999; Hur and Zaborszky
2005). Our results are not contradictory to this fact, because
higher synchronization may also result from inhibiting
convergent inputs not related with the vibrotactile inputs.
Furthermore, our lack of finding significant effects in AFR
measures may be indicative of the activation of inhibitory
projections as well as excitatory ones, which may balance
each other. More focused BF activation, e.g., by optogenet-
ics, may elucidate some of the issues which were out of
scope in the presented work. It is known that only a third
of the projections from NB is cholinergic (Henny and Jones
2008).

In this article, we explicitly present neurophysiological
data from S1 hindpaw area ipsilateral to BF stimulation.
Recent studies also showed contralateral projections to sen-
sory cortices (Chaves-Coira et al. 2018a, b). These projec-
tions may cause interhemispheric modulation of vibrotactile
information. To evaluate this possibility, we additionally
recorded from hindpaw area contralateral to BF stimula-
tion. For this purpose, the vibrotactile stimulus location
was shifted to the other limb to make direct comparison
with the current results. Preliminary data from 12 neurons
(not shown) suggest that contralateral BF stimulation did
not cause neuromodulatory effects in vibrotactile responses
measured by AFRs and VS.

Limitations and future directions

Another interesting finding, which somewhat supports the
statements related to concomitant vibrotactile inputs above,
is related to background activity, i.e., the AFR calculated
within the time window before the vibrotactile stimulus was
applied. Background activity was not affected by BF stimu-
lation in the first time block, which was expected because
the time window for R, preceded the BF stimulation interval.
However, apparently there were also no remaining changes
in Ry, because significant results could not be found in the
second time block and in the remaining statistical analyses
which focused on the differences between the time blocks.
It is important to note that this does not directly imply that
cholinergic activation by BF stimulation induces its effects
only during the vibrotactile stimulus period. The significant
effects on VS presented here are meaningful regarding vibro-
tactile stimulus period because of the mathematical defini-
tion of VS, but they do not exclude other effects which might
be present throughout the experimental trials. For example,
by obtaining single-unit and/or multi-unit data from mul-
tielectrode recordings, other synchronicity measures (such
as cross-correlations) may be studied within a population
of neurons.

Regardless of BF stimulation, we have found that
spontaneous activity of RS and FS neurons were different
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especially in layer III, consistent with the previous litera-
ture. For example, layer and cell-type specific responses
were reported in the rat barrel cortex with a trend towards
higher response amplitudes in deeper layer II/III (de Kock
et al. 2007; de Kock and Sakmann 2008). These studies
have showed that spiking frequencies are very different
and cell-type specific especially in layer V, but the related
neurons were characterized as intrinsically bursting. It
would also be interesting to analyze spike activity from
simultaneous recordings from different cortical layers with
BF stimulation; then, sensory processing in a columnar
circuit can be better understood (Fox 2008).

Under anesthesia, it is very difficult to assess the char-
acteristics or possible mechanisms of bottom-up and top-
down attentional processes. BF (and NB) receives input
from prefrontal cortex, and projects to posterior atten-
tion system and sensory areas as well as back to anterior
attention system to process top-down signals (Sarter et al.
2005). It is rather complex to distinguish these signals. To
understand their roles in somatosensory coding regarding
hindpaw inputs requires very tedious behavioral experi-
ments in which vibrotactile stimulus control is critical
(Devecioglu and Giiclii 2015, 2017; Oztiirk et al. 2019).
With this limitation in mind, we nevertheless attempted
to mimic ‘top-down’ modulation of attention by apply-
ing electrical stimulation of BF just prior to the sensory
input. The presented data can be compared with results
from chronic stimulation/recording experiments in awake
rats. We are currently working on a Bayesian model to
track behavioral responses by multi-unit data. It would be
interesting to study how the spike activity and the model
change based on attentional shifts in psychophysical task
or artificially by cholinergic activation by electrical or
pharmacological means.

Although the current study cannot assess whether BF
stimulation primarily activated nicotinic and/or muscarinic
receptors, the preliminary data with nicotinic antagonists
mentioned in the Results section and our previous work
discussed here imply that the remaining effects observed
through synchronization may be due to muscarinic recep-
tor upregulation. Cholinergic receptor distributions are not
homogeneous in the rat parietal cortex (Van Der Zee et al.
1992), and plastic changes can occur if the balance between
nicotinic and muscarinic receptors is altered in cortical cir-
cuitry (Tian et al. 2011). The neurophysiological layer dif-
ferences evidenced in the presented work may be related to
the contribution of above two factors, i.e., particular distri-
bution of different receptor types and plasticity induced by
BF stimulation. However, because successive penetrations
of our recording electrodes (multi-barrel pipette and car-
bon fiber combination electrode) typically damaged several
cortical layers, we could not compare histological results

(e.g., obtained by antibodies against receptor proteins) and
neurophysiological results in the same animals.
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