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Abstract: Angular tuning is preferential sensory response to a directional stimulus and
is observed in the whisker tactile system. In whisker hair follicles, there are at least
three types of low threshold mechanoreceptors (LTMRs): rapidly adapting (RA), slowly
adapting type 1 (SA1), and slowly adapting type 2 (SA2). These LTMRs display angular
tuning but their properties remain incompletely studied. Here we used isolated rat
whisker hair follicles and pressure-clamped single-fiber recordings to study angular
tuning of these LTMRs. Angular tuning was determined with impulses elicited by ramp-
and-hold deflection of whisker hair in 24 directions each at 15° for a total of 360°. We
show that RA display impulses during ramp-up, both ramp-up and ramp-down, or ramp-
down dynamic phases. Both SA1 and SA2 respond to angular stimuli with slowly
adapting impulses in most angles. However, SA1 and SA2 show rapidly adapting
responses in other angles. All the three types of LTMRs display strong angular tuning,
and there is no significant difference in angular tuning index among them. Population
wise, the majority of SA1 are tuned in the caudal direction, a large part of SA2 are tuned
in the rostral direction, and RA are tuned in multiple directions. In the angles showing
strong tuning, the three LTMRs respond to increased stimulation amplitudes with
increased impulse numbers in a hyperbola relationship, and the responsiveness based
on impulse numbers is SA2 > SA1 > RA. Our findings provide new information on
angular tuning properties of LTMRSs in whisker hair follicles and help to understand

directional encoding.

Keywords: Tactile, whisker hair follicle, directional selectivity, angular tuning, low

threshold mechanoreceptors, sensory encoding.
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Significance Statement

Angular tuning in the whisker tactile system is essential in life of rodents. Here
we studied angular tuning of three types of low threshold mechanoreceptors (LTMRs) in
whisker hair follicles: rapidly adapting (RA), slowly adapting type 1 (SA1), and slowly
adapting type 2 (SA2). All three types of LTMRs display strong angular tuning in
response to whisker hair deflection. Population wise, SA1 are largely tuned to the
caudal direction, SA2 are tuned mainly to the rostral direction, and RA are tuned to
multiple directions. The three LTMRs respond to increased whisker hair deflection
amplitudes with increased impulse numbers, and the responsiveness is SA2 > SA1 >
RA. Our findings provide new insights into directional encoding by whisker hair follicle

LTMRs.
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Introduction

The whisker tactile system, from whisker hair follicles in the periphery to the
barrel cortex in the brain, is essential for environmental exploration, tactile
discrimination, and social interaction in rodents. The rodent whisker tactile system is an
important model system in neuroscience for addressing questions such as how
neuronal activity encode sensory stimuli, and how the activity of sensory neurons in turn
is “read out” in the brain to give rise to sensory perception and behavioral responses
(Adibi, 2019). Rodents can perform tactile discrimination such as differentiating the
texture and shape of an object by repetitively sweeping their whisker hairs around the
object in forward (protraction) and backward (retraction) directions (Adibi, 2019).
Touching an object with whisker hairs generates mechanic force within whisker hair
follicles. This leads to activation of low threshold mechanoreceptors (LTMRs) and
initiates sensory impulses at the terminals of AB-afferent nerves in whisker hair follicles
(Leiser & Moxon, 2007). The nerve impulses at AB-afferent terminals encode tactile
information such as magnitude, velocity, frequency, and direction of tactile stimuli, which
are then conveyed to the whisker tactile system in the CNS (Lichtenstein et al., 1990;
Minnery et al., 2003; Lee & Simons, 2004; Furuta et al., 2020).

Several morphologically distinct types of LTMRs such as Merkel discs, lanceolate
endings, and reticular endings (also known as Ruffini-like endings) have been identified
within whisker hair follicles (Halata & Munger, 1980; Takahashi-lwanaga, 2000; Ebara
et al., 2002). Functionally, LTMRs in whisker hair follicles can be classified into rapidly
adapting (RA), slowly adapting type1 (SA1), and slowly adapting type 2 (SA2) LTMRs

based on their responses to ramp-and-hold deflection of whicker hairs (Gottschaldt et
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80 al., 1973; Sonekatsu & Gu, 2019). RA LTMRs only fire impulses during the ramp
81 (dynamic) phase of hair deflection and do not fire any impulse during the holding (static)
82  phase of hair deflection (Tonomura et al., 2015; Sonekatsu & Gu, 2019). In contrast,
83 SA1LTMRs and SA2 LTMRs respond to ramp-and-hold hair deflection in both dynamic
84  and static phase. SA1 LTMRs and SA2 LTMRs fire impulses in an irregular manner and
85 aregular manner, respectively (Wellnitz et al., 2010). It has been suggested that ring
86  sinus Merkel discs, reticular or Ruffini-like endings, and lanceolate endings in whisker
87 hair follicles are functionally SA1, SA2 and RA LTMRs, respectively (Halata & Munger,
88  1980; Ebara et al., 2002; Abraira & Ginty, 2013; Sonekatsu & Gu, 2019; Furuta et al.,
89  2020) . Molecular mechanisms underlying tactile transduction at Merkel discs have
90 recently been uncovered with Piezo2 channels being identified as mechanical
91 transducers located on Merkel cells and their associated AB-afferent terminals (lkeda et
92 al., 2014; Ranade et al., 2014; Woo et al., 2014).
93 Previous in vivo studies in rats and mice have shown that RA LTMRs and SA
94  LTMRs display directional selectivity, or angular tuning (Lichtenstein et al., 1990;
95  Shoykhet et al., 2000; Kwegyir-Afful et al., 2008; Furuta et al., 2020). Angular tuning has
96 been observed in neurons along the whisker tactile pathways including the trigeminal
97  ganglion, brainstem, thalamus, and barrel cortex (Lichtenstein et al., 1990; Minnery et
98 al., 2003; Lee & Simons, 2004; Hemelt et al., 2010). Angular tuning is normally defined
99  as responses to directional deflections of principal whisker hairs that evoke the largest
100 response magnitude. Angular tuning is also observed in mouse body hair follicle
101 lanceolate endings which are RA LTMRs derived from Ag-afferent endings (Rutlin et al.,

102 2014). The angular tuning of RA LTMRs in body hair follicles is largely attributable to the
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directional location of mechanoreceptors within the body hair follicles (Rutlin et al.,
2014). Directional location of mechanoreceptors within whisker hair follicles also is
suggested to attribute to angular tuning of SA1 LTMRs in rat whisker hair follicles
(Furuta et al., 2020). However, angular tuning of RA LTMRs in rat whisker hair follicles
does not appear to be related to locations of their mechanoreceptors (Furuta et al.,
2020).

Previous studies on angular tuning of LTMRs in whisker hair follicles are
performed in vivo in anesthetized rats and mice using extracellular recordings made
from trigeminal ganglion neurons or intra-axon recordings made from infraorbital nerves
(Lichtenstein et al., 1990; Kwegyir-Afful et al., 2008; Furuta et al., 2020). Angular tuning
measured in vivo is affected by several factors, including intrinsic angular tuning
properties of LTMRs within whisker hair follicles as well as tissue mechanics (or
stiffness) of the skin that surrounds whisker hair follicles, and the muscle as well as
connective tissues that attached to whisker hair follicles (Bush et al., 2016). In addition,
anesthesia used in in vivo studies may affect impulse activity of LTMRs and thereby
affecting the measurement of angular tuning. In the present study, to investigate the
intrinsic angular tuning properties of LTMRs without the influence of the tissues
surrounding whicker hair follicles, we used isolated whisker hair follicles and pressure-

clamped single-fiber recording technique.

Material and methods

Ex vivo whisker hair follicle preparations
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Sprague-Dawley rats of both male and female weighing 300 to 500 g were used
for making ex vivo whisker hair follicle preparations. Animal care and use conformed to
NIH guidelines for care and use of experimental animals. Experimental protocols were
approved by the Institutional Animal Care and Use Committee (IACUC) at the University
of Alabama at Birmingham. In brief, animals were anesthetized with 5% isoflurane and
then sacrificed by decapitation. Whisker pads were dissected out from orofacial areas of
rats by using a pair of dissecting scissors and placed in a 35-mm petri dish that
contained Krebs bath solution (see below). Under a dissection microscope, fat tissues
that covered whisker hair follicles were removed by using a pair of fine tweezers to
expose individual whisker hair follicles. Whisker hair follicles located at the central
region of the whisker pad including B2, B3, C2, C3, D2, D3, and D4 whisker hair follicles
together with their whisker afferent bundles and hair shafts were then gently pulled out
from both right and left whisker pads. The capsule of each whisker hair follicle was cut
open at the end part of the capsule to facilitate solution exchange in the whisker hair
follicle. Each whisker hair follicle was affixed on the sylgard-coated bottom of a
recording chamber with tissue pins. The end of the whisker afferent bundle was sharply
cut with a surgical knife and the nerve bundle was then affixed to the bottom of the
recording chamber by a U-shaped tissue anchor. The ex vivo whisker hair follicle
preparation was submerged in Krebs bath solution contained (in mM): 117 NaCl, 3.5
KCI, 2.5 CaCly, 1.2 MgCl,, 1.2 NaH,PO4, 25 NaHCO3; and 11 glucose. The pH of the
Krebs bath solution was adjusted to 7.3 with HCI or NaOH and osmolarity adjusted to
325 mOsm with sucrose. The Krebs solution was saturated with 95% O, and 5% CO-

during experiments.
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Pressure-clamped single-fiber recordings from whisker afferent never fibers

The pressure-clamped single-fiber recording was performed to measure
impulses in response to whisker hair deflection in the same manner described in our
previous studies (Sonekatsu & Gu, 2019; Sonekatsu et al., 2020). In brief, the recording
chamber was mounted on the stage of an Olympus BX50WI microscope. The whisker
hair follicle preparation was briefly exposed to a mixture of 0.1% dispase Il plus 0.1%
collagenase in the Krebs bath solution for 1 min, and the enzymes were then quickly
washed off with the normal Krebs bath solution. This gentle enzyme treatment was to
help separating individual afferent fibers so that a single fiber could be aspirated into the
recording electrode and pressure-clamped for single fiber recordings. Recording
electrodes for pressure-clamped single-fiber recordings were made by thin-walled
borosilicate glass tubing without filament (inner diameter 1.12 mm, outer diameter 1.5
mm, World Precision Instruments, Sarasota, FL). They were fabricated by using P-97
Flaming/Brown Micropipette Puller (Sutter Instrument Co., Novato, CA) and the tip of
each electrode was fire polished by a microforge (MF-900, Narishige) and final tip size
was 10 to 12 ym in diameter. The recording electrode was filled with Krebs bath solution,
mounted onto an electrode holder which was connected to a high-speed pressure-
clamp (HSPC) device (ALA Scientific Instruments, Farmingdale, NY) for fine controls of
intra-electrode pressures. Under a 40x objective, the end of a single whisker afferent
nerve was first separated from whisker afferent nerve bundle by applying a low positive
pressure (~10 mmHg or 0.19 Psi) from the recording electrode. The end of the single

nerve fiber was then aspirated into the recording electrode by a negative pressure at
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approximately -10 mmHg. Once the end of the nerve fiber entered into the recording
electrode in approximately 10 um, the electrode pressure was readjusted to -3 + 2
mmHg and maintained at the same pressure throughout the experiment. Nerve
impulses evoked by whisker hair deflection (see below) and conducted along a single
whisker afferent fiber were recorded under the Iy configuration and amplified using a
Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Electrical signals were
amplified 100 to 1000 times and sampled at 25 kHz with AC filter at 0.1 Hz and Bessel
filter at 3 kHz under AC membrane mode (Digidata 1440A, Molecular Devices). All

experiments were performed at the room temperature of 23°C to 24°C.

Angular stimulation of whisker hairs

Whisker hair was trimmed to have the length of approximately 8 mm. A
mechanical probe, made with an L-shaped glass pipette, was mounted on a pipette
holder and controlled by a programmable manipulator (MPC-325, Sutter). The trimmed
hair shaft was fit into the end of the mechanical probe, and the position of the whisker
hair shaft was adjusted to neutral position at which the hair shaft was not bended
toward any direction. To produce angular deflection of the whisker hair, the mechanical
probe was moved in a ramp-and-hold manner in 24 directions at the increment of 15°
each direction (360° total). The interval between any two angular deflections was 5
seconds. Unless otherwise specified, the ramp-and-hold deflection consisted of a 234
ms ramp-up to 200 um (dynamic phase), 4.75 s hold at 200 um (static phase), and a
234 ms ramp-down to the original position. All angular deflections were made by a

programmable manipulator that was controlled by a software (Multi-Link™, Sutter), and
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the probe movement as well as nerve impulses were simultaneously recorded using the
pClamp 10 software.

In the present study, whisker hair follicles at the central region of both right and
left whisker pads were used. The angular deflection used the afferent root of each
whisker hair follicle as a reference point, which is approximately 45° in dorsal-caudal
direction in the head axes in vivo as was determined anatomically. Angular deflection of
each whisker hair in our recording chamber started first in the direction same as its
afferent root’s direction, i.e. 45° in dorsal-caudal direction in the coordinate of head axes.
In each experiment, disregard using a left or a right whisker hair follicle, the angular
deflection was applied clockwise in 15° increment. The conversion from the afferent-
root-referenced coordinate to the in vivo head axes was as follow. For a left-side
whisker hair follicle, 45°, 135°, 225° and 315° clockwise whisker hair deflections in
reference to the afferent root were equivalent to in vivo whisker hair deflection in caudal,
ventral, rostral and dorsal, directions, respectively. For a right-side whisker hair follicle,
45°, 135°, 225° and 315° clockwise whisker hair deflections in reference to the afferent
root were equivalent to in vivo whisker hair deflection in dorsal, rostral, ventral, and
caudal directions, respectively. All other angles could be converted to the head axes in

the same manner.

Data analysis
Data were collected from whisker hair follicles of 3 male and 22 female animals.
We observed no signs that there were differences between the male and female rats,

thus their data were considered together for data analysis. Impulses recorded from

10
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single whisker afferent fibers were analyzed using the Clampfit 10 software. Unless
otherwise specified, impulses induced during the dynamic phase (234 ms) and static
phase (4.75 s) of angular whisker hair deflection were combined together to represent
angular response. Impulse numbers or frequency were used to represent angular
response of LTMRs to whisker hair deflection. SA1 and SA2 LTMRs were defined by
the coefficient of variance (CV) of inter-impulse intervals, with CV value > 0.5 being
considered as SA1 LTMRs and CV < 0.5 as SA2 LTMRs, based on previous studies on
the regularity of SA LTMRs in mouse hair skin (Wellnitz et al., 2010) and whisker hair
follicles (Sonekatsu & Gu, 2019). In the cases when CV values were at the borderline of
0.5, we also used impulse frequency to aid for classifying SA1 (lower frequency) or SA2
(higher frequency) (Sonekatsu & Gu, 2019). Sensitive angles were defined as the
angles at which the angular responses (impulse numbers) were > 80% of maximum
angular response. Tuning direction was the vector of angular response. Four general
tuning directions were defined, caudal (rostral-to-caudal *+ 45°), ventral (dorsal-to-ventral
+ 45°), rostral (caudal-to-rostral + 45°), and dorsal (ventral-to-dorsal + 45°) direction.
The angle size of high-sensitivity was defined as the size of the angle at which
responses were > 80% of maximal impulses. Tuning index was calculated and used as
a measure of how strong angular tuning was for individual LTMRs (Taylor & Vaney,
2002). The tuning index (D) was calculated as D = Zvi /Zri (i.e., D = vector sum/scalar
sum), where vi are vector magnitudes pointing in the direction of the stimulus and
having length, ri, equal to the number of impulses recorded during that stimulus
(Bellavance et al., 2010). D can range from 0, when the responses are equal in all

stimulus directions, to 1, when a response is obtained only for a single stimulus

11
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direction (Bellavance et al., 2010). Curve fitting for the relationship between whisker hair
deflection amplitude and LTMR response were made with a hyperbola equation Y =
(Ymax*X)/(Kd+X), where Y is the response (impulse numbers), X is whisker hair
deflection amplitude, and Kd is deflection amplitude at which 50% of maximal response
is produced. All data analyses were performed using Graph Pad Prism (version 8).
Unless otherwise indicated, all data were reported as mean £ SEM of n independent
observations. Statistical significance was evaluated using the Kruskal-Wallis
(nonparametric) test with Dunn’s post hoc tests for multiple group comparison, Mann-
Whitney (nonparametric) test or Student’s t tests for two group comparison. Differences
were considered to be significant with *p < 0.05, **p < 0.01, ***p < 0.001, and not

significant (ns) with p = 0.05.

Results
Angular response of rapidly adapting (RA) LTMRs

We used ex vivo rat whisker hair follicle preparation and applied pressure-
clamped single-fiber recording technique to study responses of LTMRs to angular
deflection of rat whisker hairs (Figure 1A1-3). In each recording, the afferent root of
each whisker hair follicle was used as a reference point so that angular deflection of a
whisker hair in our recording chamber can be converted to the deflection directions in
head axes in vivo (Figure 1A1-3). As shown in Figure 1A1-A3, for whisker hair follicles
at the central region of whisker pads, afferent root of these whisker hair follicles tilted
approximately 45° toward dorsal-caudal direction (Figure 1A2-3). In experiments, for

either a left side or a right side hair follicle, the first hair deflection was applied in the

12
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same direction as its afferent root’s direction, i.e. 45° dorsal-caudal direction.
Subsequent whisker hair deflections were applied clockwise in a 15° increment (Figure
1A2-3). Angular responses were measured as whisker afferent impulses in response to
ramp-and-hold deflection of a whisker hair in 24 different directions for a total of 360°
(Figure 1B).

In one type of LTMR response, angular deflection in each direction evoked
impulses only during the dynamic phase. Using an angular whisker hair deflection of
200 um, impulses could be elicited in many angles and phases, including during ramp-
up, both ramp-up and ramp-down, or ramp-down (Figure 1B). In some angles,
deflection of whisker hairs failed to elicit any impulse (null angle). Regardless of
direction, no impulse was elicited during the static phase of the ramp-and-hold whisker
hair deflection. Thus, these were RA LTMRs. The average sizes of angles for which RA
LTMRs responded only in ramp-up phase were 111 + 12° (n = 21), in both ramp-up and
ramp-down phases were 100 + 15° (n = 21), and only in ramp-down dynamic phase was
99 + 13° (n = 21, Figure 1C), with no significant difference observed. The sizes of the
angles showing no response or null angle was 50 + 12° (n = 21, Figure 1C), and was
significantly narrower than those with responses (p < 0.05). Average maximal RA
impulse frequency was 54.9 + 5.2 Hz (n = 21, Figure 1D) for the angular responses
occurring during ramp-up phase, significantly higher than that during ramp-down phase
(39.5+5.6 Hz, n =21, p < 0.001, Figure 1D). Average maximal impulse count was 12.9
+ 1.2 (n = 21, Figure 1E) for the angular responses occurring during ramp-up phase,
significantly more than that during ramp-down phase (9.2 £ 1.3, n = 21, p < 0.001,

Figure 1E).

13
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To quantitatively determine tuning properties of RA LTMRs, impulses evoked by
200 um whisker hair deflection at each angle were plotted in the polar coordinate
system (polar plot), and tuning direction was then calculated as a vector of the overall
impulses (Figure 2A, B). The data were grouped into four general angular categories
(Figure 2A), caudal direction (caudal + 45°), dorsal direction (dorsal + 45°), rostral
direction (rostral + 45°), and ventral direction (ventral + 45°). RA LTMRs showed strong
angular tuning, and the ramp-up and ramp-down responses usually were tuned in
opposite directions (Fig. 2A). More RA LTMRs showed dorsal and ventral angular
tuning in the ramp-up phase, and caudal and rostral angular tuning in the ramp-down
phase (Figure 2B). However, population wise, RA LTMRs were tuned to multiple
directions rather than to a dominant direction (Figure 2B). The angle sizes of high
sensitivity, defined as the sizes of angles at which impulse count was > 80% maximal
angular response, ranged from angle sizes of 15 to 150° for RA LTMRs, and most had
narrow angles with the sizes from 15 to 60° (Figure 2C). Overall, the angle sizes of high
sensitivity for RA LTMRs were 36 + 7° (n = 21). Tuning index has been commonly used
to describe how strong angular tuning is in response to angular stimulation, with the
tuning index value of 0 being no angular tuning and 1 being the strongest tuning. Tuning
index was determined for each RA LTMR in response to angular stimulation. For ramp-
up responses, the tuning index was in the range of 0.2 to 1 in all 21 recordings, but the
majority of recordings had a tuning index of 0.6 to 0.8 (Figure 2D). For ramp-down
responses, the tuning index was also in the range of 0.2 to 1 in all 21 recordings but the
majority of recordings had a tuning index of 0.8 to 0.9 (Figure 2D). Overall, the tuning

index was 0.626 + 0.041 (n = 21) for ramp-up responses and 0.640 £ 0.045 (n = 21) for

14
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ramp-down responses (Figure 2D). These results indicate that individual RA LTMRs
mostly had strong angular tuning.

At the most sensitive tuning direction where maximal angular response was
elicited, we quantitatively measured the relationship between whisker hair deflection
amplitudes and RA LTMR responses in rat whisker hair follicles (Figure 2E&F). We
tested whisker hair deflections ranging from 10 um to 500 ym. RA impulses showed
progressive increases in response to whisker hair deflections from 10 to 300 um, and
the response appeared to be plateaued subsequently. The deflection amplitude-
response relationship could be fit with a hyperbola equation Y = (Ymax*X)/(Kd+X),
where Y is response (impulse numbers), X is deflection amplitude, and Kd is deflection
amplitude at which 50% of maximal response is produced (Figure 2F). Overall, Kd value
was 25 + 11 ym (n = 3 - 5, Figure 2F) for the hyperbola relationship between whisker

hair deflection amplitude and RA LTMR response.

Angular response of slowly adapting type 1 (SA1) LTMRs

In the second type of LTMR responses, an angular deflection of 200 ym evoked
impulses during both the dynamic and static phase for many angles (Figure 3A). The
impulses displayed high irregularity in inter-impulse intervals (see Figure 3E&F) and
thereby were SA1 responses (Wellnitz et al., 2010). However, for other angles the
whisker hair deflection evoked impulses only during the dynamic phases of ramp-up,
ramp-up and ramp-down (up & down), or ramp-down (Figure 3A&B), and collectively we
termed these impulses RA-like responses. In addition, in some angles impulses

occurred during and after ramp-down phase (Figure 3B), which were termed post-ramp
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responses in the present study. There were also angles at which whisker hair
deflections failed to elicit any impulses (null angle, Figure 3A). For all SA1 LTMRs
tested with whisker hair deflection, the sizes of angles that elicited impulses in both the
dynamic and static phase (SA1 angle) were 198 + 16° (n = 19), which were significantly
greater than the sizes of angles that elicited impulses only in the dynamic phase (RA-
like angle, 73 + 14°, n = 19, p < 0.001, Figure 3C). SA1 angle sizes were also
significantly larger than that the sizes of the post-ramp impulse angles (52 + 18°, n = 19,
p < 0.001, Figure 3C) and the null angles (27 + 9°, n = 19, p < 0.001, Figure 3C). For
RA-like responses, the sizes of angles that elicited impulses in ramp-up only, ramp-up
and ramp-down, and ramp-down only were 13 + 5° (n = 19), 25 + 9° (n = 19), and 35 +
12° (n = 19), respectively, and no significant difference was observed (Figure 3D).

At the most sensitive angles where impulses occurred in both the dynamic and
static phase of whisker hair deflection, the instantaneous frequency calculated from
inter-impulse intervals was highly irregular (Figure 3E). The coefficient of variance of
inter-impulse intervals was 1.11 £ 0.19 (n = 19 recordings, Figure 3F), indicating high
irregularity of inter-impulse intervals. The result of irregular impulses indicated these
were SA1 LTMRs. For whisker hair deflection of 200 um in the most sensitive angle,
impulse frequency was 69.3 + 8.0 Hz (n = 19) in the dynamic phase, significantly higher
than that in the static phase (15.6 £ 2.8 Hz, n = 19, p < 0.001, Figure 3G).

To quantitatively determine tuning properties of SA1 LTMRs, impulses evoked by
200 um whisker hair deflection at each angle were plotted in the polar coordinate
system, and tuning direction was then calculated as a vector of the overall impulses

(Figure 4A, B). Of a total 19 SA1 LTMRs recorded, 11/19 (57.9%) were tuned to the
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caudal direction, 4/19 (21.1%) to the dorsal direction, 3/19 (15.8%) to the ventral
direction, and 1/19 (5.3%) to the rostral direction (Figure 4B). Thus, the caudal direction
was the most common tuning direction for SA1 LTMRs in rat whisker hair follicles
(Figure 4A&B). We determined the angle sizes of high sensitivity for each SA1 LTMR
recorded. Of 19 SA1 LTMRs recorded, 17/19 (89.5%) had the angle sizes of high
sensitivity between 30 to 90° (Figure 4C). Overall, the average angle size of high
sensitivity of these SA1 LTMRs was 52.1 + 4.5° (Figure 4C, n = 19). Tuning index was
determined for SA1 LTMRs. Tuning index ranged from 0.4 to 1 in all 19 recordings, but
a large fraction of recordings (8/19) had tuning index from 0.7 to 0.8 (Figure 4D),
suggesting many SA1 LTMRs were highly tuned angularly. Overall, tuning index was
0.68 £ 0.03 (n = 19, Figure 4D), indicating a strong angular tuning of SA1 LTMRs in rat
whisker hair follicles.

Having determined the angular tuning, we further quantitatively measured, at the
most sensitive tuning direction, the relationship between whisker hair deflection
amplitude and response of SA1 LTMRs. The deflection amplitudes from 10 ym to 500
pm were tested. SA1 impulses showed a progressive increase in impulse numbers with
increased deflection amplitudes up to 300 um and nearly reached to a plateau level
afterward (Figure 4E&F, n = 4). The deflection amplitude-response relationship could be

best fit into the hyperbola equation with a Kd value of 105 + 34 ym (n = 4).

Angular response of slowly adapting type 2 (SA2) LTMRs
In the third type of LTMR response, 200 um angular deflection of whisker hairs

evoked impulses during both the dynamic and static phases for many angles (Figure
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5A). The impulses displayed high regularity in inter-impulse intervals (see Figure SE&F)
and thereby were SA2 responses (Wellnitz et al., 2010). However, for some angles
whisker hair deflection evoked impulses only during the ramp-up, ramp-up and ramp-
down (up & down), or ramp-down dynamic phase (RA-like, Figure 5A&B). In addition, in
some angles, impulses occurred during and after ramp-down phase (post-ramp, Figure
5B). There were also angles at which whisker hair deflections failed to elicit any
impulses (null angle, Figure 5A). For all SA2 LTMRs tested with whisker hair deflection,
the sizes of angles that elicited impulses in both the dynamic and static phases (SA2
angle) were 200 + 13° (n = 23), which was significantly greater than the sizes of RA-like
angles that elicited impulses in dynamic phase only (46 + 9°, n = 23, p < 0.001, Figure
5C). The sizes of SA2 angles were also significantly larger than the sizes of angles of
the post-ramp impulses (31 + 10°, n = 23, p < 0.001) and the null angles (78 + 16°, n =
23, p < 0.001, Figure 5C). For RA-like responses, the sizes of the angles that elicited
impulses in ramp-up only, ramp-up and ramp-down, and ramp-down only were 19 + 6°
(n=23),7 +£2°(n=23), and 20 * 6° (n = 23), respectively, and no significant difference
was observed (Figure 5D).

At the highest sensitive angles, the instantaneous frequency calculated from the
inter-impulse intervals showed high regularity (Figure 5E). The coefficient of variance of
inter-event interval of impulses elicited at the highest sensitive angles was 0.32 + 0.02
(n = 23), indicating high regularity of the impulses (Figure 5F). The result of highly
regular impulses indicated these were SA2 LTMRs. For whisker hair deflection of 200

pMm at the most sensitive angles, impulse frequency was 84.2 + 8.8 Hz (n = 23) in the
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dynamic phase, significantly higher than that in the static phase (33.2 + 4.6 Hz, n = 23,
p < 0.001, Figure 5G).

We determined tuning direction of SA2 LTMRs using the polar plot for the
impulses evoked by 200 um whisker hair deflection (Figure 6A&B). Of a total 23 SA2
LTMRs recorded, 11/23 (47.8%) SA2 were tuned to the rostral direction, 7/23 (30.4%) to
the ventral direction, 4/23 (17.4%) to the caudal direction, and 1/23 (4.3%) to the dorsal
direction (Figure 6B). Thus, the rostral direction was the most common and dorsal
direction the least common tuning direction for SA2 LTMRSs in rat whisker hair follicles
(Figure 6A&B).

We determined the angle sizes of high sensitivity of SA2 LTMRs recorded from
whisker afferent fibers. Of 23 SA2 LTMRSs recorded, the angle of high sensitivity was in
the size range from 30 to 150°, and more than 50% SA2 LTMRs recorded showed the
angle size of high sensitivity in 30 to 60° (Figure 6C). Overall, the average angle size of
high sensitivity of these SA2 LTMRs were 60.0 £ 5.9° (n = 23, Figure 6C). Tuning index
was determined for each SA2 LTMR recorded with angular stimulation. Tuning index
was in the range of 0.3 to 1 in all 23 recordings, and the majority of recordings had
tuning index of 0.7 to 0.8 (Figure 6D). Overall, tuning index was 0.659 + 0.035 (n = 23,
Figure 6D), indicating a strong angular tuning in SA2 LTMRs in rat whisker hair follicles.
At the most sensitive tuning direction, we quantitatively measured the relationship
between whisker hair deflection amplitude and SA2 response in rat whisker hair follicles
(Figure 6E&F, n = 6). We tested deflection amplitudes ranging from 10 ym to 500 pm.
SA2 impulses showed a progressive increase in a manner that could be described by

the hyperbola equation with a Kd value of 167 + 48 um (n = 6, Figure 6F).
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Comparison of angular tuning of SA1, SA2 and RA LTMRs in whisker hair follicles
Figure 7 compares and contrasts the angular sensitivities of the three different
LTMR types already shown in Figures 1-6. Data were the responses of these LTMRs to
angular deflection of whisker hairs at the amplitude of 200 uym. All three types of LTMRs
showed strong angular tuning with high tuning index, and tuning indexes were not
significantly different among the three types of LTMRs (Figure 7A). While SA1 and SA2
LTMRs showed similar average angle sizes of high sensitivity, RA displayed
significantly narrower angles of high sensitivity in comparison with the angles of high
sensitivity of both SA1 (p < 0.001, Figure 7B) and SA2 LTMRs (p < 0.01, Figure 7B).
The angle sizes of null response, for which the angular stimulation did not evoke any
impulses, were significantly narrower in SA1 LTMRs than that of SA2 LTMRs (p < 0.05,
Fig. 7C). Determined at the most sensitive angles, the impulse frequency in dynamic
phase was significantly lower in RA LTMRs (n = 21, p < 0.05) than in SA2 LTMRs (n =
23, Figure 7D); the impulse frequency in the dynamic phase was not significantly
different between SA1 LTMRs (n = 19), and SA2 LTMRs (n = 23, Figure 7D). For the
static phase, the impulse frequency of SA2 LTMRs (n = 23) was nearly significantly
higher than that of SA1 LTMRs (n = 19, p < 0.06, Fig. 7E); RA LTMRs did not respond

to angular whisker hair deflection (n = 21, Figure 7E).

Discussion
Using acutely isolated whisker hair follicles of rats and pressure-clamped single-

fiber recording technique, the present study investigated responses of RA, SA1, and
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SA2 LTMRs in whisker hair follicles to directional stimuli to explore how these LTMRs
encode directional tactile information. We show that all three LTMRs have strong
angular tuning. Population wise, a large portion of SA1 LTMRs and SA2 LTMRs are
tuned in the caudal-to-rostral and the rostral-to-caudal directions, respectively, and RA
LTMRs are tuned to multiple directions without a dominant one. In the most sensitive
direction, all three LTMRs encode amplitude of whisker hair deflection, and the
responsiveness based on impulse numbers is SA2 > SA1 > RA. The present study
provides new information on angular tuning of the three types of LTMRs in whisker hair
follicles of rats.

There are several technical differences between the present work and several
previous studies. First, the present study used isolated whisker hair follicles and
performed in vitro recordings while previous studies performed in vivo recordings in
anesthetized animals (Lichtenstein et al., 1990; Kwegyir-Afful et al., 2008; Furuta et al.,
2020). The use of isolated whisker hair follicles allows us to study tuning properties of
LTMRs within whisker hair follicles without potential complications due to mechanics of
tissues that surround whisker hair follicles (Bush et al., 2016). Second, in the present
study we tested 24 angular directions to map angular response at each direction. On
the other hand, previous studies tested 4 or 8 directions (Lichtenstein et al., 1990;
Kwegyir-Afful et al., 2008; Rutlin et al., 2014; Furuta et al., 2020). Our study with 24
angular directions allowed us to observe transitional changes in angular responses. For
example, we show that, both SA1 and SA2 LTMRs display rapidly adapting responses
in some stimulation angles. For RA LTMRs, we also observed transitional changes,

from ramp-up response only, both ramp-up and ramp-down response, to ramp-down

21



) U

)

+

ef

e
=)

el

\

el fl}

apted vl

LC

Neuro Ac

e

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

Yamada et al.

response only. To our knowledge, these transitional changes have not been
characterized previously. We have observed impulses after the end of ramp-down
phase (post-stimulation responses) in some SA1 and SA2 LTMRs, which may be
because the mechanical tension of these LTMRs did not return to the basal level
immediately after the withdraw of the mechanical probe. The third difference between
the present study and previous studies is that we performed recordings from nerve
fibers that innervate individual whiskers being studied while previous recordings were
performed in a blinded manner from trigeminal neurons (Lichtenstein et al., 1990;
Kwegyir-Afful et al., 2008). In addition to the above differences, the deflection ramp
speed and amplitude as well as holding period were also different between the present
work and previous studies. For example, our ramp-and-hold stimulation is relatively
slower in speed, smaller in amplitude, and longer in holding period in comparison with
previous studies (Lichtenstein et al., 1990; Shoykhet et al., 2000).

Individually, each RA, SA1, or SA2 LTMR has strong angular tuning as shown in
the present study. Based on calculated tuning index, angular tuning of these three types
of LTMRs are equally well, and there is no significant difference in tuning index among
the three types of LTMRs. However, we found that RA LTMRs had relatively narrower
angles of high sensitivity in comparison with the angle sizes of SA1 and SA2 LTMRs,
suggesting that RA LTMRs may be better angularly tuned than SA1 and SA2 LTMRs.
SA2 had relatively broader null response angles in comparison with SA1 LTMRs,
suggesting that SA2 may be better angularly tuned than SA1 LTMRs. In contrast,
angular tuning was shown to be better in SA LTMRs than RA LTMRs in previous in vivo

studies with recordings from TG neurons in anesthetized rats and mice showed better
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(Lichtenstein et al., 1990; Kwegyir-Afful et al., 2008). The discrepancy in the degree of
angular tuning between SA and RA LTMRs may be due to the sub-classification of SA
LTMRs into SA1 LTMRs and SA2 LTMRs in the present study. We show that at the best
tuning angle for each LTMR, response to whisker hair deflection increases with the
increases of whisker hair deflection amplitudes. The responsiveness based on impulse
numbers is SA2 > SA1 > RA. Our results are consistent with a previous study showing
that SA encode stimulation amplitude better than that of RA LTMRs (Shoykhet et al.,
2000).

We show, as a whole population, SA1 LTMRs are tuned in the rostral-to-caudal
direction since a large portion of SA1 LTMRs have response vectors pointing to the
caudal direction. In contrast, a relatively large portion of SA2 LTMRs are tuned in the
caudal-to-rostral direction. Our results contradict previous in vivo studies which showed
that individual SA LTMRs were tuned to different directions rather than preferentially to
a certain direction (Lichtenstein et al., 1990; Kwegyir-Afful et al., 2008). It should be
noted that the previous in vivo recordings did not sub-classify SA LTMRs into SA1 and
SA2 LTMRs (Lichtenstein et al., 1990; Shoykhet et al., 2000; Kwegyir-Afful et al., 2008),
which may be a reason of having weaker angular tuning in previous studies. In a more
recent in vivo study, strong angular tuning was also shown in individual SA1 LTMRs
being recorded but the small number of recordings in that study could not allow for
determining population wise if SA1 LTMRs have angular tuning to a certain direction
(Furuta et al., 2020). Population wise, the lack of angular tuning for SA LTMRs in
previous studies may be due to the opposite tuning directions of SA1 LTMRs and SA2

LTMRs since the previous studies did not sub-classify SA into SA1 and SA2
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(Lichtenstein et al., 1990; Kwegyir-Afful et al., 2008). In contrast to SA1 and SA2
LTMRs, RA LTMRs as a population display much weaker angular tuning in comparison
with SA1 and SA2 LTMRs. This is evidenced by our finding that overall RA LTMRs are
not overwhelmingly outnumbered in a given direction although individual RA LTMRs
show strong angular tuning. The lack of strong angular tuning for RA LTMRs as a whole
population is in sharp contrast with RA LTMRs in body hair follicles of mice which were
shown to be tuned in the rostral-to-caudal direction (Rutlin et al., 2014).

The angular tuning of the LTMRs in whisker hair follicles raises a question as
whether there are tactile blind spots in whisker tactile system. Tactile information and
resulting behavioral response are most likely the results of population responses of
LTMRs to tactile stimuli. Since RA LTMRs in whisker hair follicles as a whole population
respond almost equally well to whisker deflection in every direction, there should be no
tactile blind spot in rats in terms of using their RA LTMRs of whisker hair follicles to
detect stimuli from different directions. Mechanisms underlying angular tuning of LTMRs
in whisker hair follicles are not fully understood. It has been thought that uneven
distribution of the terminals of LTMRs within whisker hair follicles may contribute to
angular tuning of LTMRs (Furuta et al., 2020). Consistently, the caudal-to-rostral
angular tuning of Aé-afferent RA LTMRs in body hair follicles is attributed to directional
expression of mechanoreceptors (Abraira & Ginty, 2013). More recently, it has also
been shown that the angular tuning of SA1 LTMRs in whisker hair follicles is attributed
to the directional location of SA1 afferent terminals in whisker hair follicles (Furuta et al.,
2020). In addition to the location of mechanoreceptors, angular tuning in terms of the

degree of sensitive and null angles may be partially attributed to the areas of LTMR
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terminal arborization. Furthermore, the viscoelastic properties of tissues that surround
LTMR terminals may also contribute to the degree of sensitive and null angles (Bush et
al., 2016). The viscoelastic properties of these tissues may also play a role in the
transitional responses observed in all three types of LTMRs. The use of isolated whisker
hair follicles and pressure-clamped single-fiber recordings as shown in the present
study may provide a useful model to further study the underlying mechanisms of
angular tuning of LTMRs within whisker hair follicles and to help understand neuronal

encoding of directional tactile information.
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Figure legends

Figure 1. Angular responses of RA LTMRs in whisker hair follicles of rats

A1-A3) Positions of a left and a right whisker hair (orange), their follicles (red) and
afferent roots (blue) in head axes viewed from top of the head (A1), left side (A2 top)
and right side (A3 top). In the diagrams, only one hair follicle with its afferent root on
each side is shown for clarity. For either the left (A2 top panel) or the right (A3 top panel)
whisker hair follicle, its afferent root tilts approximately 45° toward dorsal-caudal
direction. The positions described here are applicable for the whisker hair follicles
located at the central region of whisker pads. A2 bottom panel and A3 bottom panel
illustrate in vitro recording of afferent impulses while whisker hair is angularly deflected.
In experiments, for either a left side or a right side hair follicle, the first hair deflection
was always applied in the same direction as its afferent root’s direction (solid black
arrow indicated, 45° dorsal-caudal direction). Whisker hair deflections were
subsequently applied clockwise in a 15° increment. B) Sample trace (top panel) shows
RA LTMR impulses in response to ramp-and-hold whisker hair deflection in 24 angular
directions each at the amplitude of 200 um. The recording was from a left C2 whisker
hair follicle. The scale bar to the right indicates the angle size of whisker hair deflection.
The 24 directions of whisker hair deflection started with 1% deflection in afferent root
direction. Bottom three traces are impulses at the expanded time scale from arrow-
indicated angles in the top panel, one angle induced responses only in the ramp-up
phase (left), another angle induced impulses in both the ramp-up and ramp-down
phases (middle), and the third angle induced impulses only in the ramp-down phase

(right). In all 24 directions, no impulses were evoked during the static phase. C)
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Summary data (n = 21) of the sizes of the angles showing impulses only in the ramp-up
phase, impulses in both the ramp-up and ramp-down phases, impulses only in the
ramp-down phase, and the sizes of angles showing no response (null angle). D&E)
Summary data (n = 21) of RA LTMR impulse frequency (D) and number (E) in the
ramp-up (circles) and ramp-down (squares) phases at the most sensitive angles. Data

represent mean £ SEM, *** p < 0.001.

Figure 2. Angular tuning parameters and amplitude encoding of RA LTMRs

A) Polar plot shows an example of angular responses of an RA LTMR. Solid and
dashed black lines indicate angular responses in the ramp-up and ramp-down phases,
respectively. Solid black arrow and dashed black arrow indicate vectors of the ramp-up
response and ramp-down response, respectively. Concentric circles and numbers
indicate impulse numbers. B) Bar graph shows numbers of RA LTMRs displaying
angular tuning in the caudal (caudal + 45°), ventral (ventral £ 45°), rostral (rostral + 45°),
and dorsal (dorsal + 45°) directions. Black bars, ramp-up responses; grey bars, ramp-
down responses. Insert, tuning direction of each RA LTMR (n = 21). C) Histogram
shows the number of RA LTMRs with the angle sizes of high sensitivity. The angle size
of high-sensitivity was defined as the angle size at which responses were > 80% of
maximal impulses. The bin is 30°. Black bars, ramp-up responses; grey bars, ramp-
down responses. D) Histogram shows the number of RA LTMRs with different tuning
indexes. The bin of tuning index is 0.1. Black bars, ramp-up responses; grey bars,
ramp-down responses. E) Sample traces of RA LTMR impulses induced by a 50-uym

(top) and a 200-um (bottom) ramp-and-hold deflection of a whisker hair in the most
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sensitive direction. F) RA impulse numbers induced by whisker hair deflection at the
most sensitive angle at the amplitudes of 10, 20, 50, 100, 200, 300, 400 and 500 ym (n
=5 for 10-200 pym, 4 for 300-400 ym, and 3 for 500 um). Dotted line is the curve fitting

the experimental data. Data represent Mean = SEM.

Figure 3. Angular responses of SA1 LTMRs in whisker hair follicles

A) Sample trace (top panel) shows SA1 LTMR impulses in response to ramp-and-hold
whisker hair deflection in 24 angular directions each at the amplitude of 200 pum.
Whisker hair deflection at each angle is indicated under the sample trace. Bottom three
traces are impulses at the expanded time scale from arrow-indicated angles in the top
panel, one was the most sensitive angle (-30° to the caudal direction) at which maximal
numbers of impulses were evoked in both the dynamic and static phase (left panel),
another was the angle at which impulses were evoked only in the ramp-up dynamic
phase (middle panel), and the third was the angle at which impulses were evoked in
both ramp-up and ramp-down dynamic phases (right panel). The sample traces were
recorded from a left C3 whisker hair follicle. B) A different SA1 displaying impulses
during the ramp-down dynamic phase (top panel) or impulses during and after ramp-
down dynamic phase (bottom trace, post-ramp). The sample traces were recorded from
a left C3 whisker hair follicle. C) Summary data (n = 19) of the sizes of the angles
showing impulses in both dynamic and static phase (SA1), during and after ramp-down
phase (post-ramp), only during dynamic phase (RA-like), and the sizes of the angles
showing no response (null angle). D) Summary data (n = 19) of the angle sizes of RA-

like subclasses with impulses only during ramp-up phase, impulses in both the ramp-up
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and ramp-down phases, impulses only during the ramp-down phase. E) Instantaneous
frequency of impulses at the most sensitive angle shown in A. F) Summary data (n = 19
recordings) of coefficient of variance of inter-event intervals of impulses at the most
sensitive angles exemplified in A. G) Summary data (n = 19) of impulse frequency of
SA1 LTMRs in the dynamic phase (234 ms) and static phase (4.75 s) at most sensitive

angles exemplified in A. Data represent mean + SEM, ***p < 0.001.

Figure 4. Angular tuning parameters and amplitude encoding of SA1 LTMRs

A) Polar plot shows an example of angular response of an SA1 LTMR. Arrow in the plot
indicates the vector of the angular response. Concentric circles and numbers indicate
impulse numbers. B) Bar graph shows the number of SA1 LTMRs displaying angular
tuning to the caudal (caudal * 45°), ventral (ventral + 45°), rostral (rostral + 45°), and
dorsal (dorsal * 45°) directions. Insert shows the tuning directions of each SA1 LTMR
recorded (n = 19). C) Histogram shows distribution of SA1 LTMRs with the angle sizes
of high sensitivity. The bin is 30°. D) Histogram shows distribution of SA1 LTMRs with
different tuning indexes. The bin of tuning index is 0.1. E) Sample traces show SA1
impulses induced by a 50-um (top) and a 500-um (bottom) ramp-and-hold deflection of
a whisker hair in the most sensitive direction. F) SA1 impulse numbers induced by
whisker deflection at the amplitudes of 10, 20, 50, 100, 200, 300, 400 and 500 ym (n =

4). Dotted line is the curve fitting the experimental data. Data represent mean £ SEM.

Figure 5. Angular responses of SA2 LTMRs in whisker hair follicles
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A) Sample trace (top panel) shows SA2 LTMR impulses in response to ramp-and-hold
whisker hair deflection in 24 angular directions each at the amplitude of 200 pum.
Whisker hair deflection at each angle is indicated under the sample trace. Bottom three
traces are impulses at the expanded time scale from arrow-indicated angles in the top
panel, one was the angle at which impulses were evoked only in the ramp-up dynamic
phase (left panel), another was the most sensitive angle at which maximal numbers of
impulses were evoked in both the dynamic and static phase (middle panel), and the
third was the angle at which impulses were evoked in both the ramp-up and ramp-down
dynamic phases (right panel). The sample traces were recorded from a right D3 whisker
hair follicle. B) A different SA2 displaying impulses during the ramp-down dynamic
phase (top panel) or impulses during and after ramp-down dynamic phase (bottom trace,
post-ramp). The sample traces were recorded from a right D3 whisker hair follicle. C)
Summary data (n = 23) of the sizes of the angles showing impulses in both dynamic and
static phase (SA2), during and after ramp-down phase (post-ramp), only during dynamic
phase (RA-like), and the sizes of the angles showing no response (null angle). D)
Summary data (n =23) of the angle sizes of RA-like subclasses with impulses only
during ramp-up phase, impulses in both the ramp-up and ramp-down phases, impulses
only in the ramp-down phase. E) Instantaneous frequency of impulses at the most
sensitive angle shown in A. F) Summary data (n = 23) of coefficient of variance of inter-
event intervals of impulses at the most sensitive angles exemplified in A. G) Summary
data (n = 23) of impulse frequency of SA2 LTMRs in the dynamic phase (234 ms) and
static phase (4.75 s) at most sensitive angles exemplified in A. Data represent mean +

SEM, *** p < 0.001.
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Figure 6. Angular tuning parameters and amplitude encoding of SA2 LTMRs

A) Polar plot shows an example of angular response of an SA2 LTMR. Solid arrow
indicates the vector of angular responses. Concentric circles and numbers indicate
impulse numbers. B) Bar graph shows numbers of SA2 LTMRs that display angular
tuning in the caudal (caudal * 45°), ventral (ventral + 45°), rostral (rostral + 45°), and
dorsal (dorsal * 45°) directions. Insert is the tuning direction of each SA2 LTMR
recorded (n = 23). C) Histogram shows distribution of SA2 LTMRs with the angle sizes
of high sensitivity. The bin is 30°. D) Histogram shows distribution of SA2 LTMRs with
different tuning index. The bin of tuning index is 0.1. E) Sample traces of SA2 impulses
induced by a 50-um (top) and a 500-um (bottom) ramp-and-hold deflection of a whisker
hair in the most sensitive direction. F) SA2 impulse numbers induced by whisker hair
deflection at the amplitudes of 10, 20, 50, 100, 200, 300, 400 and 500 um (n = 6).

Dotted line is the curve fitting the experimental data. Data represent mean + SEM.

Figure 7. Comparison of angular tuning and amplitude encoding among RA, SA1,
and SA2 LTMRs

A) Comparison of tuning index among SA1 (n = 19), SA2 (n = 23), and RA (n = 21). B)
Comparison of the angle sizes of high sensitivity among SA1 (n = 19), SA2 (n = 23),
and RA (n = 21). C) Comparison of angle sizes of null responses among SA1 (n = 19),
SA2 (n = 23), and RA (n = 21). D) Comparison of impulse frequencies at the dynamic
phase among SA1 (n = 19), SA2 (n = 23) and RA (n = 21). E) Comparison of the
impulse frequencies at the static phase among SA1 (n =19), SA2 (n=23)and RA (n =

21). From A to E, impulses were elicited by whisker hair deflection at the amplitude of
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200 pm in testing directions. Data represent mean + SEM, * p < 0.05, ** p < 0.01, ***p <

0.001, ns, not significantly different.
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