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Abstract

Ap-afferents in maxillary or V2 trigeminal ganglion (TG) neurons are somatosensory neurons that may be involved in both
non-nociceptive and nociceptive functions in orofacial regions. However, electrophysiological properties of these V2 tri-
geminal AB-afferent neurons have not been well characterized so far. Here, we used rat ex vivo trigeminal nerve preparations
and applied patch-clamp recordings to large-sized V2 TG neurons to characterize their electrophysiological properties. All
the cells recorded had afferent conduction velocities in the range of AB-afferent conduction speeds. However, these V2
trigeminal AP-afferent neurons displayed different action potential (AP) properties. APs showed fast kinetics in some cells
but slow kinetics with shoulders in repolarization phases in other cells. Based on the derivatives of voltages in AP repo-
larization with time (dV/dt), we classified V2 trigeminal Ap-afferent neurons into four types: type |, type Il, type Illa and type
lllb. Type | V2 trigeminal AB-afferent neurons had the largest dV/dt of repolarization, the fastest AP conduction velocities,
the shortest AP and afterhyperpolarization (AHP) durations, and the highest AP success rates. In contrast, type lllb V2
trigeminal AB-afferent neurons had the smallest dV/dt of AP repolarization, the slowest AP conduction velocities, the longest
AP and AHP durations, and the lowest AP success rates. The type llIb cells also had significantly lower voltage-activated K"
currents. For type Il and type Illa V2 trigeminal AB-afferent neurons, AP parameters were in the range between those of type
I and type Illb V2 trigeminal AB-afferent neurons. Our electrophysiological classification of V2 trigeminal AB-afferent neurons
may be useful in future to study their non-nociceptive and nociceptive functions in orofacial regions.
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Introduction small-sized DRG and TG neurons are believed to be

Primary afferent nerves are commonly classified into C-,
Ad- and Awa/B-afferents (cutaneous afferents) or into
group IV, III, IT and I fibers (muscle afferents) on the
basis of their conduction velocities." The somas of pri-
mary afferents, located in the dorsal root ganglions
(DRGs) and trigeminal ganglions (TGs), largely vary
in size, and are correlated with afferent types.
Generally, small- to medium-sized afferent neurons
give rise to non-myelinated C-fibers or thinly myelinated
Ad-fibers (or IV- and Ill-fibers of muscle afferents),
whereas large-sized DRG and TG neurons give rise to
well myelinated APB/Ao- fibers (or II and I-fibers
of muscle afferents).? Electrophysiological properties
and functions of small-sized afferent neurons have
been extensively studied. The afferent fibers of most

involved in nociception induced by high-intensity
mechanical, thermal, and chemical stimulation.? In con-
trast, it is generally thought that AB-primary afferents
are non-nociceptors, mainly comprising low threshold
mechanoreceptors (LTMRs) although some LTMRs
are A8- and C-afferents.” However, studies have shown
in different species that many AB-primary afferents of
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the DRGs can encode high threshold mechanical and
thermal stimuli to function in nociception.*> The DRG
neurons of these afferents are termed nociceptive Ap-
afferent neurons.* For example, in a previous study in
cats, it has been shown that although most AB-afferents
could be activated by gentle mechanical stimulation, a
small subset with conduction velocities in the low end of
the AP afferent range encode nociceptive stimuli.®

Nociceptive AB-afferents from DRGs have been sug-
gested to be first responders to noxious stimuli and play
an essential role in pain under physiological condi-
tions.*>” Many nociceptive Ap-afferents from DRGs
are high threshold mechanoreceptors (HTMRs).*” It
has been hypothesized that under pathological condi-
tions the mechanical threshold of these Ap-afferent
HTMRs may be reduced, leading to mechanical hyper-
algesia/allodynia.® On the other hand, non-nociceptive
Ap-afferents from DRGs are mainly LTMRs involved
in tactile sensations.> Non-nociceptive Ap-afferents may
also be involved in mechanical allodynia under patho-
logical conditions when central sensitization occurs in
the spinal cord dorsal horn.” Thus far, the contribution
of AB-afferents in sensory disorders involving patholog-
ical pain have been poorly studied, partially because lim-
ited attempts have been made to differentiate between
non-nociceptive and nociceptive Ap-afferents.

Using intracellular recordings made from DRG neu-
rons in anesthetized animals, previous studies have
characterized electrophysiological properties of both
non-nociceptive Af-afferents and nociceptive Ap-affer-
ents.*'” Neurons in somatosensory ganglia have been
known to be heterogeneous not only in cell size, but
also in electrophysiological properties and sensory func-
tions. For example, broad AP spikes with shoulders were
commonly found in DRG and TG neurons with unmy-
elinated C-afferent nociceptors.s’11 Similarly, in DRGs, it
has been demonstrated that nociceptive afferents in either
Ad- or AB-afferent conduction velocity range also exhibit
broad AP spikes with shoulders.* In DRGs, nociceptive
Ap-afferents differed from non-nociceptive Ap-afferents
in that the former had greater AP duration, longer AHP
duration, and prominent shoulder on their repolariza-
tion.*'" These electrophysiological properties are helpful
for classifying non-nociceptive-like and nociceptive-like
Ap-afferents of DRG neurons.

Orofacial regions are innervated by maxillary branches
(V2 branches) of trigeminal nerves, which can undergo
hyper-excitability leading to thermal and mechanical allo-
dynia under pathological conditions.'*'* V2 trigeminal
nerves only contain sensory nerve fibers but propriocep-
tive Aa-afferent fibers are not present in V2 trigeminal
nerves. Previous electrophysiological studies have mainly
focused on small-sized nociceptive-like TG neurons
including V2 trigeminal afferent neurons that innervate
orofacial  regions.'*'*!>  Yet electrophysiological

properties of AB-afferent neurons in TGs have not been
well characterized so far. In the present study we charac-
terized electrophysiological properties of V2 trigeminal
Ap-afferent neurons by using ex vivo rat trigeminal
nerve preparations and patch-clamp recording technique,
and found these neurons can be classified into at least 4
subtypes.

Materials and methods

Animals

Sprague-Dawley rats of both males and females aged at
11-15 weeks were used. Animal care and use conformed
to NIH guidelines for care and use of experimental ani-
mals. Experimental protocols were approved by the
Institutional Animal Care and Use Committee
(IACUC) of the University of Alabama at Birmingham.

Patch-clamp recordings from large V2 trigeminal
dfferent neurons in ex vivo whole-mount
trigeminal ganglion preparations

Trigeminal ganglions (TGs) with attached infraorbital
nerve bundles (~15mm) were rapidly dissected out and
placed in an ice cold Krebs solution (see below).
Connective tissues on the surface of the TGs were care-
fully removed with a fine forceps. TGs with their infraor-
bital nerve bundles were then affixed in a recording
chamber by a tissue anchor and submerged in a Krebs
solution that contained (in mM): 117 NaCl, 3.5 KCl, 2.5
CaCl,, 1.2 MgCl,, 1.2 NaH,POy4, 25 NaHCO;, and 11
glucose. The Krebs solution was saturated with 95% O,
and 5% CO,, had pH of 7.35, and osmolarity of 324
mOsm, and maintained at room temperature of 24°C.
TGs were exposed to 0.05% dispase II and 0.05% colla-
genase in the Krebs solution for 5 min, then continuously
perfused at 2ml/min with the Krebs solution. Under an
infrared-differential interference contrast (IR-DIC micro-
scope), whole-cell patch-clamp recordings were per-
formed on V2 TG neurons ranging 40-55pum in
diameter. Recording electrode internal solution contained
(in mM): 105 K-gluconate, 35 KCl, 0.5 CaCl,, 2.4 MgCl,,
5 EGTA, 10 HEPES, 5 Na,ATP and 0.33 GTP-TRIS
salt; the pH of the solution was adjusted to 7.35 with
KOH. The electrode resistance ranged from 4 to 6 MQ.
The junction potential of the recording condition was
12mV as calculated based on ionic concentrations of
internal and the Krebs bath solutions by using the
pCLAMP 10 software (Molecular Devices). After estab-
lishing whole-cell access, recordings were first performed
under the conventional current-clamp configuration.
Action potentials (APs), recorded at the soma of large-
sized V2 TG neurons, were evoked at the peripheral end
of trigeminal V2 branches (the infraorbital nerves) using a
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suction stimulation electrode. The suction stimulation
electrode was fire-polished with tip size of ~1mm in
diameter. The peripheral end of the infraorbital nerve
was aspirated into the suction stimulation electrode by a
negative pressure. APs were evoked by monophasic
square wave pulses generated by an electronic stimulator
(Master-8) and delivered via a stimulation isolator and
the suction stimulation electrode to the peripheral ends
of the infraorbital nerves. The duration of the stimulation
pulse was 200 ps each pulse. The stimulation intensity was
twofold the threshold intensity (30 pA or higher) for elic-
iting APs from these afferent nerves. APs evoked by the
peripheral nerve stimulations were used for determining
AP parameters including derivatives of repolarization
with time (dV/dt), amplitude, half-width, and afterhyper-
polarization duration (AHP). In one set of experiments,
APs were elicited by the electrical stimuli at the frequen-
cies of 1, 10, 20, 50, 100, 200, 500, and 1000 Hz. This set
of experiments allowed measurement of AP success rate
in response to stimuli at different stimulation frequencies.

APs were also recorded by directly injecting depola-
rizing current into V2 trigeminal A-afferent neurons.
This was done under the current-clamp configuration
with step currents injected from recording electrodes
into the somas of V2 trigeminal Ap-afferent neurons.
The current steps were from —200 pA to 4000 pA with
increments of 200 pA per step and the duration of each
step was 1s. APs evoked by current steps were used to
determine membrane input resistance, and AP parame-
ters including dV/dt of repolarizations, rheobase, ampli-
tude, half width, and AP thresholds.

Recordings were also performed under the voltage-
clamp configuration with neurons held at —72mV (voltage
command of —60mV). Voltage steps were applied from
—102mV to +58mV (voltage command of —90 to
470 mV) with increments of 10mV each step and a step
duration of 500 ms. Unless otherwise indicated, membrane
voltages mentioned in the texts for this set of experiments
have been corrected for the calculated junction potentials
of 12mV.

Signals of current-clamp and voltage-clamp experi-
ments were amplified using a MultiClamp 700B ampli-
fier (Molecular Device). Signals of current-clamp
recordings were low-pass filtered at 2kHz and sampled
at 50 kHz. The sampling at high frequency of 50 kHz is
necessary for a high resolution measurement of AP
parameters. Signals of voltage-clamp recordings were
low-pass filtered at 2kHz and sampled at 10 kHz. The
signals were sampled using the pCLAMP 11 software
(Molecular Devices).

Data analysis

In the present study TGs were obtained from 6 male and
21 female rats, and the data from both sexes were pooled

together as we did not observe any sex differences in the
AP properties of V2 trigeminal AB-afferent neurons.
Conduction velocity was calculated based on the latency
of APs and the length of axons. The latency of an AP
was measured from the time of stimulation that was
marked by a stimulation artifact to the time when the
AP was initiated at the recorded TG neuron. The length
of the axon was the distance between the stimulation site
and the recording site. Input resistance was measured
with a -10mV voltage step from the membrane holding
voltage of -72mV. AP amplitude was measured from AP
peak to AP afterhyperpolarization. AP half width was
measured as the duration from 50% of AP upstroke to
50% of AP repolarization. AHP duration was measured
as the duration between AHP peak and the potential of
80% AHP recovery (i.e. AHP80%). Membrane and AP
parameters as well as voltage-activated currents were
analyzed using Clampfit 11 software. Unless otherwise
indicated, all data are reported as mean+SEM of n
independent observations. Statistical comparisons were
made using GraphPad Prism 8§ software with *p < 0.05,
**p < 0.01, and ***p < 0.001, Student’s t-test or one-way
ANOVA with Tukey’s post-hoc tests for multiple
groups.

Results

The maxillary nerves or V2 branches of the trigeminal
nerves are somatosensory nerves that innervate orofacial
regions (Figure 1(a)). The somas of these trigeminal
afferent nerves are located in the V2 part in the trigem-
inal ganglion'? (Figure 1(b)). Under an IR-DIC micro-
scope, individual TG neurons in our ex vivo TG
preparations could be visualized in the V2 TG regions,
and these V2 TG neurons showed different cell sizes
(Figure 1(b) and (c)). Since in the present study we
focused on Ap-afferent neurons that innervate orofacial
regions, we applied patch-clamp recordings to large V2
TG neurons in our ex vivo TG preparations (Figure 1(c)
and (d)). The V2 TG neurons selected for our patch-
clamp recordings had mean diameters ranging from 40
to S5pum (n=51). Of these cells, 42 of them (82%) had
mean diameters >45um and 9 of them had mean diam-
eters >40 but smaller than 45 pm. Overall, the averaged
mean diameters of the recorded V2 TG neurons were
46.0 +0.37 um (n=>51).

To determine if these cells were AB-afferent neurons,
action potentials (AP) were recorded under the current-
clamp configuration from the somas of large-sized V2
TG neurons while electrical stimuli were applied to the
peripheral sites of infraorbital nerve bundles (ION,
Figure 1(b) and (e)). This allowed us to determine the
conduction velocities of these afferents. In each of the V2
TG neurons recorded in the present study, APs appeared
after short latencies following the peripheral electrical
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Figure |. Large-sized V2 TG neurons and their conduction velocities determined by patch-clamp recordings with ex vivo trigeminal nerve
preparations. (a) lllustration of orofacial regions where the V2 branches of trigeminal nerves innervate. (b) Diagram illustrates electro-
physiology recording setup. Ex vivo trigeminal nerve preparations with V2 afferent nerve bundle (infraorbital nerves) were used and
illustrated in the diagram. Patch-clamp recordings were performed from large-sized neurons in the V2 region of each TG ganglion. A
suction stimulation electrode was used to elicit action potentials (APs) by stimulating the infraorbital nerves (ION), the V2 branch of
trigeminal nerves. (c) Image shows V2 TG neurons in an ex vivo TG preparation as viewed under a 40X objective. Note that a large-sized
TG neuron is located at the center of the field, and recordings were applied to this type of large TG neurons in the present study. (d)
Histogram of cell size distribution for the V2 TG neurons recorded in the present studies. (e) Sample trace shows an action potential
recorded from a large-sized V2 TG neuron following electrical stimulation applied to ION. Arrow indicates stimulation artifact, which
allowed to determine the conduction velocity of the afferent being recorded. (f) Comparison of the conduction velocities of afferent fibers
with different soma size groups of >40 and <45 pum (n=9), >45 and <47.5 pm (n=23), >47.5 and <50 pm (n = 13), and >50 and <55
pum (n=26). In f, each symbol represents an individual experimental observation, mean £ SEM values are also shown; ns, no significant
difference.

stimulation (Figure 1(e)). The conduction velocities of ~ The conduction velocities measured from these V2 TG
APs were 22.2+4+42m/s for the V2 TG neurons neurons all fell into the range of the conduction speed of
with mean diameters >40 and <45um (n=9), 21.7+ Ap-afferent fibers,* and we therefore regard them as V2
1.3m/s for the V2 TG neurons with mean diameters  trigeminal Ap-afferent neurons.

>45 and <47.5pm (n=23), 23.5+1.7m/s for the V2 APs recorded from the V2 trigeminal Ap-afferent
TG neurons with mean diameters >47.5 and <50 um neurons following electrical stimulation of the ION
(n=13), and 20.6+1.7m/s for the V2 TG neurons nerves displayed three main types based on the slopes
with mean diameters >50 um (n = 6). There were no sig- of their repolarization phases (Figure 2(a) to (c)). This
nificant differences in the conduction velocities among  was more distinguishable with the derivatives of voltages
the cell-size groups of these V2 TG neurons (Figure 1(f)).  with time (dV/dt) in the repolarization phases (Figure 2
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Figure 2. Classification of V2 trigeminal Ap-afferent neurons based on their action potential kinetics. (a to c) Sample traces show three
types of action potentials (top panels) and their derivatives with time (dV/dt, bottom panels). (d to f) Plots of the dV/dt values at the
negative peaks (arrows indicated in (a) to (c)) and shoulders (arrowhead indicated in (2) to (c)) of AP repolarizations in type | (d, n=26),
type Il (e, n=7), and type lll (f, n=38) V2 trigeminal AB-afferent neurons. (g) Reclassifying type Ill into type llla (n=23) and type llIb
(n=15) groups based on the clusters of the negative peak dV/dt values of AP repolarization. (h) Comparisons of dV/dt values at the
negative peaks of AP repolarizations among type | (n = 6), type Il (n=7), type llla (n =23), and type llIb (n = I5) V2 trigeminal AB-afferent
neurons. In h, each symbol represents an individual experimental observation, mean &+ SEM values are also shown; ns, no significant

difference, P < 0.001.

(a) to (¢)). The first type (type I) showed rapid AP repo-
larization, and the dV/dt in the repolarization phase
showed linear acceleration with a single large-sized neg-
ative peak (Figure 2(a) and (d)). The second type (type
IT) showed relatively slower AP repolarization and the
dV/dt in the repolarization phase showed nonlinear
acceleration with a medium-sized negative peak and a
narrow negative shoulder (Figure 2(b) and (e)).
The third type (type III) showed very slow AP

repolarization with a clear shoulder in the repolarization
phase (Figure 2(c)), and the dV/dt in the repolarization
phase showed slow acceleration with a broad negative
shoulder followed by a small negative peak (Figure 2(b)
and (f)). Examination of the negative peaks of the dV/dt
in the type III APs revealed two clusters of dV/dt values
(Figure 2(g)). We arbitrarily divided them into type Illa
for the APs with relatively larger dV/dt and type I1Ib for
APs with relatively smaller dV/dt values (Figure 2(g)).
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Based on the aforementioned AP types, we attributed
these neurons into type I, type II, type Illa, and type
IIIb V2 trigeminal AB-afferent neurons accordingly. We
compared dV/dt values of APs of the four types of V2
trigeminal AB-afferent neurons (Figure 2(h)). As shown
in Figure 2(h), the dV/dt values of the negative peaks of
type I (280.0 £27.1V/s, n=6) were significantly higher
than those of type II (177.3+4.7V/s, n=7), type Illa
(157.1+4.1V/s, n=23), and type IIIb (93.2£4.2V/s,
n=15) V2 trigeminal Ap-afferent neurons. The dV/dt
values of the negative peaks of type IIIb (n=15) were
the smallest and were significantly lower than those of
type I, type II and type IlIa V2 trigeminal A-afferent
neurons.

We next characterized other properties of these four
types of V2 trigeminal AB-afferent neurons. There were
no significant differences in the cell sizes (Figure 3(a))
and resting membrane potentials (Figure 3(b)) among
the four types of V2 trigeminal Ap-afferent neurons.
On the other hand, the conduction velocities of the
type IIIb V2 trigeminal Ap-afferents (16.0+0.9m/s,
n=15) were significantly slower than the other three
types of V2 AB-afferents (Figure 3(c)). There were no
significant differences in conduction velocities among
the type I (29.7+4.6m/s, n=06), type II (23.2+1.8m/
s, n=7) and type IIla (23.8 £ 1.2m/s, n=23) V2 trigem-
inal Ap-afferents. AP half widths were the shortest in
type I (0.41 +£0.05ms, n=6) and the longest in type
IIIb V2 (1.76 £0.12ms, n=15) trigeminal Ap-afferent
neurons (Figure 3(d)). AP half widths were 0.62+
0.02ms (n=7) for type II and 0.93+0.03ms (n=7)
for type Illa, and were significantly shorter than those
of type I1Ib V2 trigeminal AB-afferent neurons (Figure 3
(d)). AP amplitudes were significantly smaller in type I in
comparison with type II V2 trigeminal Ap-afferent neu-
rons, but there were no significant differences among
other types of V2 trigeminal Ap-afferent neurons
(Figure 3(e)). AHP80% durations were shown to be
the shortest in type I and the longest in type IIIb V2
ABp-afferent neurons. The AHP80% durations of type
IIIb V2 trigeminal Ap-afferent neurons (179.0+
21.0ms, n=15) were significantly longer than those of
type I (14.1£7.1ms, n=06), type I (32.6 £6.7ms, n="7)
and type IIIa (94.9 + 10.2 ms, n=22) V2 trigeminal Ap-
afferent neurons (Figure 3(f)).

We determined success rates of AP conduction along
different types of V2 trigeminal Ap-afferents in
responses to electrical stimuli at different stimulation
frequency. In this set of experiments, APs were elicited
by twofold threshold stimuli at the peripheral sites of
infraorbital nerves and recordings were made from the
somas of the V2 trigeminal Af-afferent neurons. At low
frequency stimuli of 1 and 10 Hz, APs could be reliably
elicited and recorded with a 100% success rate for all
four types of V2 trigeminal Ap-afferents (Figure 4(a)

and (b)). At the stimulation frequency of 20 Hz, AP suc-
cess rates were reduced to 32.2£11.1% (n=3S) in type
IIIb V2 trigeminal AB-afferents but no significant reduc-
tion in AP success rates occurred in other three types of
V2 trigeminal AB-afferents. At the stimulation frequency
of 50 Hz, AP success rates were greatly reduced to 8.1 £
3.8% (n=28) in type IIIb V2 trigeminal Ap-afferents and
also significantly reduced to 34.2 + 5.5% (n=14) in type
IITa V2 trigeminal Ap-afferents but AP success rates
were not significantly reduced in both type I and type
II V2 trigeminal A-afferents. At a high frequency of
100 Hz stimulation, AP success rates were reduced to
25.7+5.8% (n=7) in type II, to 7.9+ 2.2% (n=24) in
type Illa, and to 4.2+ 1.5% (n=15) in type IIIb V2
trigeminal AB-afferents, but AP success rates of type I
V2 trigeminal Ap-afferents remained to be high (86.2 £
8.8%, n=06). However, at the frequency of >200 Hz, AP
success rates were also significantly reduced in type I V2
trigeminal AB-afferents, and almost all the 4 types of V2
trigeminal A B-afferents failed to follow the stimuli at the
frequency of 1000 Hz (Figure 4(b)). Plotting the AP suc-
cess rates over stimulation frequencies show sigmoid
relationships (Figure 4(c)), and from these curves we
determined frequency at which AP success rate or failure
rate was at 50% (FSs, Figure 4(c) and (d)). The FSs,
values were 167.8 - 16.8 Hz (n=06) for type I, 85.1 +
49Hz (n=7) for type II, 48.7+3.6Hz (n=24) for
type Illa, and 30+ 6.0 Hz (n=15) for type IIIb V2 tri-
geminal Ap-afferents, respectively.

In the above experiments APs were elicited by apply-
ing electrical stimulation to the peripheral sites. We next
determined AP properties when APs were elicited by
directly injecting depolarizing step currents into the
somas of the four types of V2 trigeminal Ap-afferent
neurons. The injection of depolarizing step currents
resulted in membrane depolarization and AP firing
once the depolarization reached AP thresholds
(Figure 5(a) to (c)). The repolarization phase of APs
elicited by the step current injections showed features
similar to APs elicited by electrical stimulation to the
peripheral sites of V2 trigeminal AB-afferents. The type
I V2 trigeminal Ap-afferent neurons showed rapid AP
repolarization, and the dV/dt in AP repolarization phase
showed linear acceleration with a large and sharp nega-
tive peak (Figure 5(a)). The type IIIb V2 trigeminal Ap-
afferent neurons showed slow AP repolarization, and the
dV/dt in AP repolarization phase showed slow acceler-
ation with a broad negative shoulder followed by a small
negative peak (Figure 5(c)). The type II (Figure 5(b)) and
type IIla (not illustrated) V2 trigeminal AB-afferent neu-
rons showed features between those of type I and type
IIIb. Overall, the dV/dt values of the negative peaks of
AP repolarization (Figure 5(d)) were 208.3+22.8V/s
(n=6) in type I, 120.7+79V/s (n=7) in type II,
1179 £59V/s (n=25) in type Illa, and 79.8 £5.5V/s



Okutsu et al.

—
[
-—
=3
v

607 T T 1
E |2 R e
2 404 . .
[«}]
N
I
820-
0 T T T T
NN W
@' 2 W N
) @
(c)
@60_ * ¥ K ”
é @ * %
:'3‘ ns
E 40— L]
<]
> . .
S % —é— o.’c
w20 . %.k oal
= ‘ v .
e O
c
o]
© o0 T T T T
N\ N\ 2 W\
) BN
Q Q- @ -3
(e)
150 5
S .
E G ul. Lo
S 100 el [%
2 . :
'E_ .
£ 50
[a
<

0 T T T T

NN W2 W
&' & W W\

-401 ns
T T
< 60 .
E e - (™
e | F e L
= 80 :
o
-100 T T T T
N\ N 2 N\°
@ 2 W7 N
Q Q ) @
(d) *okk
3_ |
@
£
=2=
ko)
=
4=
£
[a
<
0
NSRS
()
o 4004 *k
= T
& 300+ * .
= ns .
3 200 :
R
& 1001
0
T
< 0-

Figure 3. Electrophysiological properties of different types of V2 trigeminal Ap-afferent neurons. Bar graphs show the comparisons

among four types of V2 trigeminal AP-afferent neurons for their cell sizes (a), resting membrane potentials (RMP, b), conduction velocities
(c), AP half widths (d), AP amplitudes (e), and AHP80% (f). Sample sizes (n) in (a) to (f) are type | =6, type Il =7, type llla=23, and type
lllb = I5. Each symbol represents an individual experimental observation, mean & SEM values are also shown; ns, no significant difference,

*P <0.05, *P < 0.01, ¥***P < 0.001.

(n=15) in type I1Ib V2 trigeminal AB-afferent neurons.
AP half widths were the shortest in type I (0.44+
0.04ms, n=06) and longest in type I1Ib (2.24 +£0.30 ms,
n=11) V2 trigeminal Ap-afferent neurons. AP half
widths were 0.72+0.03ms (n=7) in type II and
1.35£0.09ms (n=18) in type IIla V2 trigeminal Ap-
afferent neurons, and were significantly shorter than

those of type IlIb V2 trigeminal Ap-afferent neurons
(Figure 5(e)). AP thresholds were —39.3+1.45mV
(n=6), —-446+148mV (n=7), —-402+24mV
(n=18) and —43.4+0.8mV (n=11) in type I, type II,
type Illa, and type IIIb V2 trigeminal Ap-afferent neu-
rons, respectively, and were not significantly different
among these V2 trigeminal ABp-afferent neurons



Molecular Pain

(@) 10 Hz 50 Hz
b LT
kel B S B R M T
e EEEEEEEE ‘__.__ I ‘ ‘Ll IJ J‘|_l_l Il \|lhb'_‘LI.ILHIJ_L_’_
CELLLLL L el
(b)
10091 aln M M I Typel
_ I I Typelll
= B Type llla
% ) E Type lllb
g 507 RIS 5
8 x
v PEs (|3, B,
11 ﬂn fif faft Eii:
1Hz 10Hz 20Hz 50Hz 100Hz 200Hz 500Hz 1000 Hz
(© (d)
100 -©- Typel 2507 *i«* ;
& -o= Type ll 2004 ¢
‘5; 75 == Type llla _ pa—
® Typellb Z 1507 |~ .
-l I Fro0] | -
Y
o 0 ﬁi

Q(b \2*1’ ‘Z"b \2\“/ \z(b Q\‘I/ \Zﬂf

S &

\\\"
<~ «\;Q .«\\;Qe <°

Figure 4. Success rates of action potential conduction in different types of V2 trigeminal Af-afferents. (a) Sample traces show APs
recorded from the somas of four different types of V2 trigeminal AB-afferent neurons following the electrical stimulation at the peripheral
sites of infraorbital nerves. The stimulation was applied at 10 Hz (left panels) and 50 Hz (right panels). From top to bottom, type | (first
set), type Il (second set), type llla (third set), and type Illb (fourth set). A reduction of AP success rates can be seen at 50 Hz in type Illa and
type lllb V2 trigeminal AB-afferents. (b) Bar graphs show AP success rates at different stimulation frequency in type | (n =6, open bars),
type Il (n=7, light gray bars), type llla (n = 23, darker gray bars), and type lllb (n = 15, black bars) V2 trigeminal AB-afferents. Comparisons
were made with the success rates at | Hz in each type. (c) Plots of AP success rate at different stimulation frequency for type | (open
circles, n=#6), type Il (gray squares, n=7), type llla (gray triangles, n =23), and type lllb (solid circles, n = 15) V2 trigeminal Af-afferents.
Dashed lines indicate stimulation frequency at which 50% success rates remain (FSso) for each type of V2 trigeminal Ap-afferents. (d)
Summary data of FSsq values of type | (Ist bar, n=6), type Il (2nd bar, n=7), type llla (3rd bar, n =23), and type Illb (4th bar, n=15) V2
trigeminal AB-afferents. Data represent mean 4+ SEM; ** P < 0.01, ** P < 0.001.

(Figure 5(f)). AP amplitudes were shown no significant
differences among these V2 trigeminal AB-afferent neu-
rons (Figure 5(g)). AP rheobases were relatively lower in
type I and type IIIb V2 trigeminal Af-afferent neurons
in comparison with type IIla V2 trigeminal AB-afferent
neurons (Figure 5(h)). There were no significant differ-
ences in input resistances of the four different types of
V2 trigeminal Ap-afferent neurons (Figure 5(i)).

Under the voltage-clamp configurations, we exam-
ined membrane currents evoked by depolarizing voltage
steps in V2 trigeminal Ap-afferent neurons. For all the
four types of V2 trigeminal Ap-afferent neurons, depo-
larizing voltage steps evoked transient inward currents at
initial stage which were followed by large outward cur-
rents (Figure 6(a)). The transient inward currents were
voltage-activated Na™ currents and the outward currents
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Figure 5. Properties of action potentials elicited by direct current injections into the somas of V2 A-afferent neurons. Three sets of
sample traces (solid dark) show APs (top) and their derivatives with time (dV/dt, bottom) in a type | (a), a type Il (b) and a type llIb (c) V2
trigeminal Ap-afferent neurons following current injections into the somas of the recorded neurons. The gray dashed traces are APs (top)
elicited by peripheral electrical stimulation (top panels) and their dV/dt (bottom). (d) The dV/dt values of negative peaks of repolarization
for type | (n=6), type Il (n=7), type llla (n=18), and type Illb (n=11) V2 trigeminal AB-afferent neurons. Summary data of AP half
widths (e), AP threshold (f), AP amplitude (g), AP rheobase (h), and input resistance (i) of the four types of V2 trigeminal AB-afferent
neurons. Each symbol represents an individual experimental observation, mean =+ SEM is also shown; ns, no significant difference;

*P < 0.05, **P < 0.001, ** P <0.001.

were voltage-activated Kt currents. While there were no
obvious differences in the kinetics of the outward cur-
rents among the four types of V2 trigeminal Af-afferent
neurons (Figure 6(a)), the amplitudes of the outward
currents were found to be relatively smaller in type
IIIb V2 trigeminal Ap-afferent neurons in comparison
with type I and type I1Ia V2 trigeminal AB-afferent neu-
rons (Figure 6(b)).

Discussion

In the present study, we have characterized V2 trigemi-
nal AB-afferent neurons and classified them into four

subtypes based on their AP properties. We show that a
number of AP parameters are significantly different
among V2 trigeminal Ap-afferent neurons. These
parameters include the dV/dt of AP repolarization, AP
conduction velocities, AP widths, AHP durations, and
AP conduction success rates in response to high frequen-
cy stimulation. These AP parameters may be useful elec-
trophysiological indicators of functional subtypes of V2
trigeminal AB-afferents such as non-nociceptive-like and
nociceptive-like V2 trigeminal AB-afferents. The classifi-
cation of V2 trigeminal Ap-afferent neurons may help
future studies on the roles of V2 trigeminal AB-afferents
in different sensory functions and their potential
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Figure 6. Voltage-activated outward currents in different types of V2 A-afferents. (a) Four sets of sample traces of voltage-activated
currents recorded from type | (top left), type Il (top right), type Illa (bottom left), and type lllb (bottom right) V2 trigeminal AB-afferent
neurons. Arrowhead in each panel indicates the place where currents were measured and plotted in (b). (b) Left, I-V curves of currents
measured at the arrowhead-indicated places in A for type | (n=6), type Il, (n=7), type llla (n=18) and type lllb (n=11) V2 trigeminal
Ap-afferent neurons. Right, area under the |-V curves (AUC) of the left panel for statistical comparison of the outward currents in type |
(n=26), type I, (n=7), type llla (n=18), and type lllb (n=11) V2 trigeminal AB-afferent neurons. Data represent mean + SEM;

**P <0.001.

involvement in pain such as mechanical allodynia under
pathological conditions.

Previous in vitro studies on electrophysiological prop-
erties of somatosensory neurons were mostly performed
with DRG neurons or TG neurons dissociated from their
ganglions.'>'® Most of previous electrophysiological
studies were performed on small-sized somatosensory
neurons.'>'® Since large-sized somatosensory neurons
usually do not survive in cell dissociation procedures,
electrophysiological properties of large-sized neurons
(i.e. AB-afferent neurons) were not well characterized pre-
viously. In the present study, ex vivo TG preparations
were used and large-sized V2 trigeminal afferent neurons
were healthy in our TG preparations. This allowed us to
apply patch-clamp recordings to characterize electrophys-
iological properties of V2 trigeminal AB-afferent neurons.

We have considered V2 trigeminal afferents with con-
duction velocities more than 10 m/s as Ap-afferents in
the present study. Most V2 trigeminal afferents in the
present study had conduction velocities higher than
10m/s. Previous studies have considered conduction
velocity of 10m/s as the border between Ad- and AB-
afferent fibers in rats.* However, a previous study in rat
trigeminal afferent nerves defined Af-afferent fibers as
those with conduction velocities more than 14m/s.'” Tt
should be noted that our experiments were performed at
the room temperature of 24 °C while previous studies
were mostly performed at temperatures between 30°C
to 37°C.*'" It has been shown in rat sciatic nerves
that the conduction velocity varied about 1.2m/s per
degree centigrade over the range of 20-40°C.'%
Therefore, all our AP fibers would have conduction
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velocities well above 14 m/s if our experiments were con-
ducted at temperatures higher than 30 °C. In addition to
conduction velocity, other membrane and action poten-
tial parameters reported in our study may also differ to
some extent from those determined at higher tempera-
tures in previous studies. We performed our in vitro
patch-clamp recording experiments at the room temper-
ature of 24°C rather than at higher temperatures
between 30°C to 37°C because TG neurons could be
kept healthy for longer time at the room temperature
of 24°C during our in vitro experiments. In DRG neu-
rons, large-sized neurons were defined as those with
soma mean diameters of >45um, and the large-sized
DRG neurons were usually AB-afferents. In our V2 tri-
geminal afferent neurons, in addition to those cells with
mean diameters >45um, cells with mean diameters in
the range of 40 to 45 um were also found to be AB-affer-
ents based on the conduction velocity measured in the
present study. Since V2 TGs do not contain propriocep-
tive Aa-afferents, it is a strength of using V2 TGs for
determining the properties of AB-afferents without unin-
tended inclusion of Aa-afferents.

We show in the present study that among the four
types of V2 trigeminal Ap-afferent neurons the type I
neurons have the largest dV/dt of AP repolarization,
the shortest AP widths and AHP80 durations, and the
highest AP success rates. In contrast, type IIIb V2 tri-
geminal AB-afferent neurons have the smallest dV/dt of
repolarization, the longest AP widths and AHP80 dura-
tions, and the lowest AP success rates. These discrete AP
properties were observed regardless of APs elicited by
electrical stimulation at the peripheral endings or at
the soma of V2 trigeminal Ap-afferent neurons. While
we can classify V2 trigeminal ApB-afferent neurons into 4
subtypes based on AP parameters, we have not directly
determined whether these subtypes of V2 trigeminal Ap-
afferent neurons are functionally distinct groups of
somatosensory neurons. Previous in vivo recordings
from the somas of DRG neurons have shown that dif-
ferent functional groups of AB-afferent neurons display
distinguished AP properties.*” For example, previous in
vivo recordings have shown that LTMR Ap-afferent
neurons in DRGs have APs with rapid kinetics, large
dV/dt without inflection in repolarization phase, short
AP widths and AHP durations.*®'" In our study, the
type I V2 trigeminal AB-afferent neurons have the AP
properties similar to those of LTMR Ap-afferent DRG
neurons shown in the previous studies.**'" However,
the numbers of type I neurons were relatively small in
the present study, which could be due to a biased sam-
pling of neurons in our recordings. Previous studies also
have shown that nociceptive Ap-afferent neurons in
DRGs have APs with slow kinetics, small dV/dt with
inflection in repolarization, and longer action potential
widths and AHP durations.*®!" Nociceptive Ap-afferent

neurons have been found to account for approximately
20% of APB-afferent neurons in DRGs of rats.*’ In the
present study, we have found that the majority of V2
trigeminal A-afferent neurons, except type I neurons,
have APs with slower kinetics, smaller dV/dt with inflec-
tion, and longer action potential widths, and longer
AHP durations. It is less likely that all V2 trigeminal
ApB-afferent neurons in type II, type Illa, and type IIIb
groups were nociceptive AP-afferent neurons. These
three types of neurons may include both non-
nociceptive and nociceptive V2 trigeminal AB-afferents.
Previous studies in DRG neurons have observed
two subtypes of Ap-afferent nociceptive neurons, the
HTMR (high threshold mechanoreceptors) and
the unresponsive Ap-afferent nociceptive neurons.'”
The HTMR ABp-afferent nociceptive neurons were
shown to have relatively faster AP kinetic while the unre-
sponsive Ap-afferent nociceptors have very slow AP
kinetics." In our V2 trigeminal Ap-afferent neurons,
we have shown that type II V2 trigeminal Ap-afferent
neurons have relatively faster APs similar to those of
HTMR DRG neurons identified in the previous stud-
ies.!” On the other hand, type IIIb V2 trigeminal Ap-
afferent neurons had the slowest AP kinetics similar to
those of unresponsive nociceptive Ap-afferent DRG
neurons shown in previous studies.'” In the present
study, we show that AP success rates in response to
high frequency stimulation are significantly different
among the 4 different types of V2 trigeminal Ap-affer-
ents. To our knowledge, this electrophysiological prop-
erty of AB-afferents has not be characterized in previous
studies. We have found that type I V2 trigeminal Ap-
afferents had the highest and type IIIb V2 trigeminal
Ap-afferents had the lowest AP conduction success
rates. The responses to high frequency stimulation may
be another useful electrophysiological indicator for dif-
ferent functional types of Ap-afferents. In the present
study, we also examined voltage-activated currents in
the four types of V2 trigeminal Ap-afferents. We have
found that type IIIb V2 trigeminal Ap-afferent neurons
have relatively smaller voltage-activated K outward
currents in comparison with the other types of V2 tri-
geminal AB-afferent neurons. This may be a factor caus-
ing the slower AP repolarization in type IIIb V2
trigeminal Ap-afferent neurons. More detailed studies
on voltage-activated currents in V2 trigeminal Ap-affer-
ent neurons need to be performed to provide ion channel
mechanisms underlying the distinguished AP properties
of different types of V2 trigeminal Ap-afferent neurons.

In addition to their roles in both low threshold and
high threshold mechanical responses, AB-afferent fibers
have been suggested to play a key role in mechanical
allodynia and spontaneous pain under pathological con-
ditions including tissue inflammation and neuropa-
thy.®!”? Furthermore, a previous study using a
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pharmacological approach to silence Af-afferent fibers
has shown the alleviation of neuropathic pain in animal
models.>® Our characterizations of V2 trigeminal Ap-
afferent fibers may help us in future to explore sensory
functions of different types of V2 trigeminal AB-afferent
fibers in orofacial regions under both physiological and
pathological conditions.
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