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Abstract: Sensory neuron types have been distinguished by distinct morphological and transcriptional
characteristics. Excitability is the most fundamental functional feature of neurons. Mathematical models
described by Hodgkin have revealed three types of neuronal excitability based on the relationship
between firing frequency and applied current intensity. However, whether natural sensory neurons
display different functional characteristics in terms of excitability and whether this excitability type
undergoes plastic changes under pathological pain states have remained elusive. Here, by utilizing
whole-cell patch clamp recordings, behavioral and pharmacological assays, we demonstrated that
large dorsal root ganglion (DRG) neurons can be classified into three classes and four subclasses
based on their excitability patterns, which is similar to mathematical models raised by Hodgkin.
Analysis of hyperpolarization-activated cation current (Ih) revealed different magnitude of Ih in
different excitability types of large DRG neurons, with higher Ih in Class 2-1 than that in Class
1, 2-2 and 3. This indicates a crucial role of Ih in the determination of excitability type of large
DRG neurons. More importantly, this pattern of excitability displays plastic changes and transition
under pathological pain states caused by peripheral nerve injury. This study sheds new light on the
functional characteristics of large DRG neurons and extends functional classification of large DRG
neurons by integration of transcriptomic and morphological characteristics.

Keywords: excitability type; large DRG neurons; hyperpolarization-activated cation current; chronic
compression of dorsal root ganglion

1. Introduction

Dorsal root ganglion (DRG) neurons are known as pseudo-unipolar sensory neurons, which play
crucial roles in transmitting sensory signals from the periphery to the spinal cord. Amongst them,
small diameter DRG neurons, mainly consisting of unmyelinated C-fibers and thinly myelinated
Aδ-fibers, transmit nociceptive, thermal and mechanoreceptive signals to neurons in nociceptive
lamina (lamina I–II) of the spinal cord. In parallel, large diameter DRG neurons convey nonnociceptive
signals from the periphery to lamina III–V of the spinal cord via myelinated Aβ-fibers [1]. DRG neurons
have been classified based on morphological and transcriptomic characteristics [2–7]. Morphologically,
DRG neurons are categorized into isolectin B4 (IB4)-positive and peptidergic small neurons as well as
neurofilament 200-expressing large neurons [2–4,6]. More recently, by using high-coverage RNA-seq,
DRG neurons were classified into 10 types and 14 subordinate subtypes with distinct transcriptional
patterns [5]. Despite morphological and transcriptomic classification, whether these neurons display
different functional characteristics has remained elusive.
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Excitability is the most fundamental functional feature of neurons. It not only manifests as
different threshold and frequency, but also as different patterns. For example, Hodgkin’s pioneering
work with mathematical models has revealed three types of neuronal excitability based on the
relationship between firing frequency and applied current intensity [8]. The action potentials of
Class 1 excitability are sensitive to the strength of any applied current and are of arbitrarily low
frequency. Those of Class 2 are generated in a definite frequency band that is relatively insensitive
to applied current strength. For Class 3 excitability, a single action potential is usually generated
in response to current pulses at different intensities, with three to five spikes generated only when
extremely strong currents are injected [9]. In support of mathematical models, different types of
excitability has been observed in natural cells, including neurons in the rat mesencephalic V and
supratrigeminal regions, as well as somatosensory cortex [10–13]. Compelling evidence from animal
models has shown that large DRG neurons play a crucial role in mediating neuropathic pain caused by
nerve injury [14–23]. However, little is known about the functional classification of large DRG neurons,
and whether their excitability patterns are altered under pathological states. If so, what mechanisms
are involved in this process?

To address the above questions, we used a combination of whole-cell patch clamp recordings,
behavioral surveys as well as pharmacological assays to investigate the functional classification of large
DRG neurons. In the present study, we demonstrated that large DRG neurons can be classified into
three classes and four subclasses based on their excitability patterns, which is similar to mathematical
models raised by Hodgkin. Analysis of hyperpolarization-activated cation current (Ih) revealed
different magnitude of Ih in different excitability types of large DRG neurons, with higher Ih in Class
2-1 than that in Class 1, 2-2 and 3. This indicates a crucial role of Ih in the determination of excitability
type of large DRG neurons. More importantly, this pattern of excitability display plastic changes and
transition under neuropathic pain states caused by peripheral nerve injury. This study sheds new light
on the functional characteristics of large DRG neurons and extends the functional classification of large
DRG neurons by integration of transcriptomic, morphological characteristics.

2. Results

Whole-cell patch-clamp recordings were obtained from 242 large DRG neurons with diameter
>50 µm in whole mount DRG preparations (Figure 1A,B). Unlike the abnormal hyperexcitability in
acutely dissociated or cultured DRG neuron preparation, DRG neurons in whole mount preparation
remain intact and close to physiological condition [24]. Neurons were selected for recording if they
had a resting membrane potential negative than −50 mV. Almost none of the cells tested showed
spontaneous action potentials under resting conditions, while the vast majority showed overshooting
action potentials in response to somatic injection of depolarizing current steps.
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Figure 1. (A) Showing intact whole mount dorsal root ganglion (DRG) preparations (red arrow: whole 
mount DRG, scale bar: 2 mm); (B) Showing large-diameter DRG neurons from an intact whole mount 
L4/5 DRG preparation are recorded (white dash line: electrode, scale bar: 25 µm); (C) Current steps 
were injected into the patched somas through recording electrodes and are shown below the 
corresponding recording traces. A representative Class 1 neuron is shown. At resting membrane 
potential (RMP) of −51 mV, the cell responded to intracellular current steps with repetitive action 
potential firing; (D) Analysis of intensity-frequency (I-F) relationship revealed that the firing 
frequency is approximately linear with respect to current intensities (n = 7, Uncorrected Fisher’s LSD 
one-way ANOVA, F(7,41) = 11.05, p < 0.0001; in multiple comparisons, * p < 0.05 vs. 100 pA injection); 
(E) A similar dependency of spike frequency on current intensities was confirmed in this subgroup of 
neurons when current steps were replaced by current ramps. A depolarizing current ramp (1000 pA) 
caused the neurons to fire spikes at continuously increasing frequency (n = 7). Note that (C,E) are 
recorded from the same neuron. 

2.1. Functional Classification of Large DRG Neurons under Physiological States 

Large DRG neurons were recorded under current-clamped mode. Spike discharges were 
induced by injection of depolarizing current steps or ramps via recording electrodes. Based on the 
relationship between firing frequency and applied current intensity, large DRG neurons can be 
classified into three different classes and four subclasses. This is consistent with experimental 
observations [8] and the predications of modeling studies [25,26].  

Class 1 neurons: In comparison with other classes, Class 1 neurons is more sensitive to 
depolarizing current injections, manifesting as a lower rheobase at 50–200 pA in response to 
depolarizing current steps. With the increase of intensity of depolarizing current injection, this 
subgroup of neurons discharges more spikes (see Figure 1C for typical examples). Furthermore, 
analysis of intensity-frequency (I-F) relationship revealed that the firing frequency is approximately 
linear with respect to current intensities (Figure 1D for quantitative summary, n = 7). It also holds 
true when current steps were replaced with current ramps. As shown in Figure 1E, a depolarizing 
current ramp (1000 pA) caused the neurons to fire spikes at continuously increasing frequency 
(Figure 1E for typical examples). Class 1 neurons account for about 12.8% of all the neurons examined 
(n = 23 out of 179 neurons tested from five to eight animals).  

Class 2 neurons: As compared to Class 1 neurons, Class 2 neurons showed a higher rheobase at 
200–500 pA in response to depolarizing current steps. When injected with increasing intensity of 
depolarizing current steps, this group of neurons fires more action potentials, but at a constant 
frequency (see Figure 2A for typical examples). I-F curve revealed that the firing frequency in this 
class of neurons is independent on stimulus intensity applied (see Figure 2B for quantitative 
summary). 26.8% of the neurons fall into Class 2 type (n = 48 out of 179 neurons tested from five to 
eight animals). Apart from depolarizing current steps, current ramps were also applied to confirm 
this functional characteristic. Interestingly, two different responses to current ramps were observed.  
70.8% of Class 2 neurons displayed rhythmical bursting with subthreshold membrane potential 
oscillations in response to current ramps, which is consistent with what is observed in mesencephalic 
V neurons [13] (Figure 2C). We named this subclass of neurons Class 2-1. In parallel, 29.2% of Class 
2 neurons were not responding to ramp currents at all, even without subthreshold membrane 
potential oscillations, named Class 2-2 (Figure 2D). 

Figure 1. (A) Showing intact whole mount dorsal root ganglion (DRG) preparations (red arrow:
whole mount DRG, scale bar: 2 mm); (B) Showing large-diameter DRG neurons from an intact
whole mount L4/5 DRG preparation are recorded (white dash line: electrode, scale bar: 25 µm);
(C) Current steps were injected into the patched somas through recording electrodes and are shown
below the corresponding recording traces. A representative Class 1 neuron is shown. At resting
membrane potential (RMP) of −51 mV, the cell responded to intracellular current steps with repetitive
action potential firing; (D) Analysis of intensity-frequency (I-F) relationship revealed that the firing
frequency is approximately linear with respect to current intensities (n = 7, Uncorrected Fisher’s LSD
one-way ANOVA, F(7,41) = 11.05, p < 0.0001; in multiple comparisons, * p < 0.05 vs. 100 pA injection);
(E) A similar dependency of spike frequency on current intensities was confirmed in this subgroup of
neurons when current steps were replaced by current ramps. A depolarizing current ramp (1000 pA)
caused the neurons to fire spikes at continuously increasing frequency (n = 7). Note that (C,E) are
recorded from the same neuron.

2.1. Functional Classification of Large DRG Neurons under Physiological States

Large DRG neurons were recorded under current-clamped mode. Spike discharges were induced
by injection of depolarizing current steps or ramps via recording electrodes. Based on the relationship
between firing frequency and applied current intensity, large DRG neurons can be classified into three
different classes and four subclasses. This is consistent with experimental observations [8] and the
predications of modeling studies [25,26].

Class 1 neurons: In comparison with other classes, Class 1 neurons is more sensitive to
depolarizing current injections, manifesting as a lower rheobase at 50–200 pA in response to
depolarizing current steps. With the increase of intensity of depolarizing current injection,
this subgroup of neurons discharges more spikes (see Figure 1C for typical examples). Furthermore,
analysis of intensity-frequency (I-F) relationship revealed that the firing frequency is approximately
linear with respect to current intensities (Figure 1D for quantitative summary, n = 7). It also holds true
when current steps were replaced with current ramps. As shown in Figure 1E, a depolarizing current
ramp (1000 pA) caused the neurons to fire spikes at continuously increasing frequency (Figure 1E for
typical examples). Class 1 neurons account for about 12.8% of all the neurons examined (n = 23 out of
179 neurons tested from five to eight animals).

Class 2 neurons: As compared to Class 1 neurons, Class 2 neurons showed a higher rheobase
at 200–500 pA in response to depolarizing current steps. When injected with increasing intensity
of depolarizing current steps, this group of neurons fires more action potentials, but at a constant
frequency (see Figure 2A for typical examples). I-F curve revealed that the firing frequency in this class
of neurons is independent on stimulus intensity applied (see Figure 2B for quantitative summary).
26.8% of the neurons fall into Class 2 type (n = 48 out of 179 neurons tested from five to eight animals).
Apart from depolarizing current steps, current ramps were also applied to confirm this functional
characteristic. Interestingly, two different responses to current ramps were observed. 70.8% of Class
2 neurons displayed rhythmical bursting with subthreshold membrane potential oscillations in
response to current ramps, which is consistent with what is observed in mesencephalic V neurons [13]
(Figure 2C). We named this subclass of neurons Class 2-1. In parallel, 29.2% of Class 2 neurons were
not responding to ramp currents at all, even without subthreshold membrane potential oscillations,
named Class 2-2 (Figure 2D).
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F(6,45) = 4.411, p = 0.0014; in multiple comparisons, * p < 0.05 vs. 400 pA injection); (C) Current ramps 
were injected into the cell and induced repetitive action potential firing. This subclass of Class 2 
neurons (Class 2-1) displayed rhythmical bursting with subthreshold membrane potential oscillations 
in response to current ramps. Insets show magnified subthreshold membrane potential oscillations. 
Note that (A,C) are recorded from the same neuron (n = 17); (D,E) A representative example of Class 2-
2 neuron; (D) Repetitive action potential firings in response to different current steps shown below; (E) 
Current ramp injection did not induce any action potential firing in this subclass of neurons (n = 7). 

Class 3 neurons: Class 3 neurons are rather dull in relation to depolarizing current injections, 
showing the highest rheobase (>500 pA) to evoke action potential. The most remarkable feature of 
Class 3 neurons is that only one spike can be induced by depolarizing current steps (Figure 3A). Even 
when the intensity of current injections is increased as high as 2 nA, no more than three to five spikes 
were evoked in a few neurons. Furthermore, a current ramp as high as 1000 pA failed to evoke any 

Figure 2. Characteristics of Class 2 large DRG neurons. (A–C) showing a representative example of
Class 2-1 neuron. (A) Current steps were injected into the patched somas through recording electrodes
and are shown below the corresponding recording traces. At an RMP of −52 mV, when injected with
increasing intensity of depolarizing current steps, this group of neurons fires more action potentials,
but at a constant frequency (n = 8); (B) I-F curve revealed that the firing frequency in this class of
neurons is independent on stimulus intensity applied (Uncorrected Fisher’s LSD one-way ANOVA,
F(6,45) = 4.411, p = 0.0014; in multiple comparisons, * p < 0.05 vs. 400 pA injection); (C) Current
ramps were injected into the cell and induced repetitive action potential firing. This subclass of Class 2
neurons (Class 2-1) displayed rhythmical bursting with subthreshold membrane potential oscillations
in response to current ramps. Insets show magnified subthreshold membrane potential oscillations.
Note that (A,C) are recorded from the same neuron (n = 17); (D,E) A representative example of Class
2-2 neuron; (D) Repetitive action potential firings in response to different current steps shown below;
(E) Current ramp injection did not induce any action potential firing in this subclass of neurons (n = 7).

Class 3 neurons: Class 3 neurons are rather dull in relation to depolarizing current injections,
showing the highest rheobase (>500 pA) to evoke action potential. The most remarkable feature
of Class 3 neurons is that only one spike can be induced by depolarizing current steps (Figure 3A).
Even when the intensity of current injections is increased as high as 2 nA, no more than three to
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five spikes were evoked in a few neurons. Furthermore, a current ramp as high as 1000 pA failed to
evoke any response (Figure 3B). Class 3 neurons account for about 60.3% of all the neurons examined
(n = 108 out of 179 neurons tested from five to eight animals).
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important in influencing the excitability and driving repetitive firing in primary nociceptive neurons 
and pain pathophysiology [27–29]. An important role of persistent sodium current (INa,P) and 
potassium current has been revealed in the determination of excitability type reported in 
mesencephalic V neurons [13]. In the present study, we are interested to know whether Ih is important 
in determining different types of excitability in large DRG neurons. Consistent with previous reports 
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potentials of −60 to −120 mV from a holding potential of −60 mV (Figure 4A–D for typical examples). 
This inward current is highly sensitive to ZD7288 (15 µM), a selective blocker of Ih [32] (Figure 4A,B). 
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this current is unlikely to contribute to the recorded current because of its fast, instantaneous 
activation kinetics and very low expression in DRG neurons [33].  

Figure 3. Typical examples of Class 3 neurons. (A) Typical recording traces showing that only one
spike can be induced by depolarizing current steps (n = 17); (B) In this class of neurons, no action
potential was induced by current ramp injections. Note (A,B) were recorded from the same neuron.

To further characterize these difference classes of DRG neurons, a series of passive membrane
properties were examined. As shown in Table 1, the passive membrane properties of three classes
and four subclasses of DRG neurons were similar (Table 1). None of resting membrane potential
(RMP), membrane capacitance and resistance in different subclasses of large DRG neurons were
different (Table 1, Uncorrected Fisher’s LSD one-way ANOVA, RMP: F(3,35) = 2.000, p = 0.1318;
Cm: F(3,25) = 0.8018, p = 0.5046; Rm: F(3,25) = 0.3494, p = 0.7899).

Table 1. Passive membrane properties of different types of large DRG neurons.

Type RMP (mV) Cm (GOhms) Rm (MOhms)

Class 1 −55.38 ± 2.05 102.67 ± 15.54 0.088 ± 0.02
Class 2-1 −57.64 ± 2.25 97.23 ± 10.55 0.099 ± 0.02
Class 2-2 −53.98 ± 1.13 79.69 ± 2.48 0.071 ± 0.02
Class 3 −59.61 ± 1.11 92.36 ± 7.41 0.079 ± 0.01

2.2. Ionic Mechanisms Underlying Different Excitability Type of Large DRG Neurons

Much evidence has accumulated showing that hyperpolarization-activated cation current (Ih)
is important in influencing the excitability and driving repetitive firing in primary nociceptive
neurons and pain pathophysiology [27–29]. An important role of persistent sodium current (INa,P) and
potassium current has been revealed in the determination of excitability type reported in mesencephalic
V neurons [13]. In the present study, we are interested to know whether Ih is important in determining
different types of excitability in large DRG neurons. Consistent with previous reports [30–32],
Ih recorded in our study displays as an inward current in response to hyperpolarizing potentials of
−60 to −120 mV from a holding potential of −60 mV (Figure 4A–D for typical examples). This inward
current is highly sensitive to ZD7288 (15 µM), a selective blocker of Ih [32] (Figure 4A,B). Although
inward rectifier K+ current could also be evoked by these hyperpolarizing voltage steps, this current is
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Quantitative analysis revealed that amongst four subclasses DRG neurons, the magnitude of Ih 
in Class 2-1 neurons was much higher than that in Class 1, 3 and 2-2 neurons (Figure 4C–F for typical 
examples and Figure 4E for quantitative summary, Uncorrected Fisher’s LSD one-way ANOVA, 
F(3,31) = 3.869, p = 0.0185,, n = 5–11). The magnitude of Ih in Class 3 neurons was lowest in four 
different subclasses. Class 1 neurons has slightly higher amplitude of Ih than that of Class 3, but it did 
not reach statistical significance (Figure 4G, p = 0.6655, n = 5–11). Together with firing properties to 
injected current injection, these results indicate that Ih expression is closely related with different 
types of excitability in large DRG neurons.  

2.3. Development of Mechanical Hypersensitivity and Thermal Hyperalgesia in Rats Subjected to Chronic 
Compression of Lumbar DRG 

Following chronic compression of L4/L5 DRG (CCD), the rats appeared in good health and did 
not show any signs of autotomy throughout the study. The sensitivity of CCD rats to mechanical and 

Figure 4. (A,B) Representative traces of Ih recorded in large DRG neurons in response to
hyperpolarizing voltage steps of −60 to −120 mV from a holding potential at −60 mV (A) and
its blockade by ZD7288 (15 µM); (C–F) Representative traces of Ih recorded in different classes of large
DRG neurons; (G) Analyses of current density of Ih revealed that the magnitude of Ih in Class 2-1
neurons was much higher than that in Class 1, 3 and 2-2 neurons (n = 5–11, Uncorrected Fisher’s LSD
one-way ANOVA, F(3,31) = 3.869, p = 0.0185, and in multiple comparisons * p = 0.0151 for Class 2-1 vs.
Class 1, * p = 0.0469 for Class 2-1 vs. Class 2-2, * p = 0.0036 for Class 2-1 vs. Class 3).

Quantitative analysis revealed that amongst four subclasses DRG neurons, the magnitude of
Ih in Class 2-1 neurons was much higher than that in Class 1, 3 and 2-2 neurons (Figure 4C–F for
typical examples and Figure 4E for quantitative summary, Uncorrected Fisher’s LSD one-way ANOVA,
F(3,31) = 3.869, p = 0.0185„ n = 5–11). The magnitude of Ih in Class 3 neurons was lowest in four
different subclasses. Class 1 neurons has slightly higher amplitude of Ih than that of Class 3, but it did
not reach statistical significance (Figure 4G, p = 0.6655, n = 5–11). Together with firing properties to
injected current injection, these results indicate that Ih expression is closely related with different types
of excitability in large DRG neurons.
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2.3. Development of Mechanical Hypersensitivity and Thermal Hyperalgesia in Rats Subjected to Chronic
Compression of Lumbar DRG

Following chronic compression of L4/L5 DRG (CCD), the rats appeared in good health and did
not show any signs of autotomy throughout the study. The sensitivity of CCD rats to mechanical
and thermal stimuli was tested at different time points post operation. Compared to sham controls,
CCD rats developed dramatic mechanical hypersensitivity (allodynia and hyperalgesia), manifesting
as a significant decrease in response threshold to von Frey hairs application to the injured hind paws
(Figure 5A, n = 10, p < 0.05). This mechanical hypersensitivity appeared on the second day after
compression, persisting over the entire experimental period. In parallel, a dramatic drop in response
latency to noxious plantar heat stimuli, reflecting thermal hyperalgesia, was found in ipsilateral hind
paws of CCD rats (Figure 5B, n = 10, p < 0.05). Therefore, it can be inferred that rats with chronic
compression of L4/L5 DRGs develop strong mechanical hypersensitivity and thermal hyperalgesia,
which is consistent with previous reports in rodents [13,15,18].
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Figure 5. (A,B) Development of mechanical hypersensitivity and thermal hyperalgesia following
chronic compression of DRG (CCD) in rats; (A) Mechanical hypersensitivity developed in the ipsilateral
hind paws from CCD rats but not in sham controls. Note that paw withdrawal mechanical threshold
(PWMT) to von Frey hairs decreased dramatically from the second day following chronic compression
of L4/L5 DRG (n = 10; Two way ANOVA, F(1,150) = 218.5, p < 0.0001; in multiple comparisons,
* p < 0.05 vs. Control); (B) Thermal hyperalgesia was observed by measuring paw withdrawal thermal
latency (PWTL) to radiant heat in CCD rats and sham controls for ipsilateral hind paws. Note that
PWTL significantly decreased in CCD rats (n = 10; Two way ANOVA, F(1,140) = 41.67, p < 0.0001;
in multiple comparisons, * p < 0.05 vs. Control), but not in sham group with a similar time course
with mechanical hypersensitivity; (C) Upon chronic compression of lumbar DRGs, the percentage
of neurons showing different classes of excitability underwent plastic changes. The proportion of
Class 1 and Class 3 neurons reciprocally displayed marked increase and decrease (Class 1: Pearson
χ2 test, F = 9.842, * p = 0.002; Class 3: Pearson χ2 test, F = 12.321, * p < 0.001). Class 2 neurons did not
show obvious alteration (n = 22–48, Pearson χ2 test, F = 1.338, p = 0.247). All data are expressed as
mean ± S.E.M.

2.4. Chronic Compression of Lumbar DRGs Induces Transition of Excitability Type in Large DRG Neurons

To address whether the excitability type of large DRG neurons in physiological states undergoes
plastic changes in chronic pain states, we performed chronic compression of L4/L5 DRGs to mimic low
back pain symptoms in clinic. Totally, we compared the excitability type of 179 and 134 neurons from
five to eight rats in control and CCD group, respectively. Similar to control DRG neurons, three classes
of excitability were observed in injured DRG neurons (Figure 5C). However, the percentage of neurons
showing different classes of excitability underwent plastic changes. Following chronic compression
of lumbar DRGs, the percentage of Class 1 neurons was increased from 12.8% to 26.9% (Figure 5C,
p < 0.05, n = 36 out of 134 neurons tested from five to eight CCD rats). In striking contrast, Class 3
neurons displayed dramatic reduction in quantity from 60.3% to 40.3% (Figure 5C, p < 0.05, n = 54 out
of 134 neurons tested from five to eight CCD rats). Unlike marked changes in Class 1 and 3 neurons,
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the percentage of Class 2 neuron did not show obvious alteration after chronic compression of lumbar
DRGs (Figure 5C, p > 0.05, n = 44 out of 134 neurons tested from five to eight CCD rats). Considering
the lower threshold of Class 1 neurons versus Class 3 neurons, this dramatic increase of Class 1 and
decrease of Class 3 in injured DRG neurons is consistent with the reported enhancement of excitability
after CCD operation [14,18].

3. Discussion

Mathematical models described by Hodgkin have revealed three types of neuronal excitability
based on the relationship between firing frequency and applied current intensity [8]. Our present
study provided direct evidence in experimental conditions that large DRG sensory neurons can be
classified into three classes in terms of excitability patterns. More importantly, this excitability patterns
can be dynamically changed under pathological states. Further studies indicated that Ih are critical
determinants in the excitability patterns of large DRG neurons.

Neuron types have often been defined by their morphological characteristics. For example,
depending on the binding of isolectin B4, small-diameter DRG neurons are categorized into
IB4-positive nonpeptidergic and IB4-negative peptidergic neurons, while large DRG neurons are
usually NF200-positive [2–4,6]. Recently, multiple efforts have been made to analyze the transcriptional
profiles of DRG neurons [34–37]. More recently, by integrating single-cell techniques such as
high-coverage RNA-seq, in vivo patch clamp recording and single-cell PCR, Li et al. classified DRG
neurons into 10 types and 14 subordinate subtypes with distinct transcriptional patterns, molecular
markers and functional annotations [5]. However, neuron type-specific functional analyses are needed
to confirm and elaborate the precise functions of these neuron types. Excitability is the most
fundamental and important functional features of neurons. Traditionally, different excitability is
assumed to be based on firing frequency, namely higher excitability with higher firing frequency
and vice versa. In 1948, Hodgkin put forward a theory about classification of excitability in terms of
firing patterns based on mathematical models [8]. Whether natural DRG neurons display different
excitability types based on firing patterns and whether this excitability type undergoes plastic changes
under pathological states have remained elusive.

One of most striking findings of the present study is that we classified large DRG neurons into
three classes and four subclasses based on the excitability and firing patterns. Class 1 neurons fire at
low threshold, and its firing rate are linearly correlated with the intensity of injected current. Class 2
neurons fire at a much higher rate, which is not dependent on the intensity of current injected. Class 3
neurons show only single or a few spikes even at very high current injection. Depending on the
response to ramp current, Class 2 neurons were further classified into two subclasses, one with
subthreshold membrane oscillation and high frequency firing and one with no response at all in
response to ramp current. In a recent study by Li et al. [5], large DRG neurons were classified into four
clusters and six subclusters in a transcriptional profile. The present study extends this transcriptional
classification of large DRG neurons in a functional basis. However, how this functional classification
corresponds to transcriptional and morphological classification remains to be further determined.

Several ionic currents have been implicated in the membrane excitability and repetitive firing in
neurons including INaP, Ih [15,38–40]. Previous studies in mesencephalic V neurons have reported
a crucial role of INa,P in the determination of excitability type [13]. In the present study, however,
we demonstrated for the first time that Ih is important in determining different types of excitability in
large DRG neurons. Amongst four subclasses of excitability of large DRG neurons, Class 2-1 neurons
displayed the highest magnitude of Ih, while Class 3 neurons exhibited the lowest magnitude of Ih.
Given the firing patterns in response to injected current in different types of neurons, it indicates that
Ih is closely related with different types of excitability in large DRG neurons. This is consistent with
previous studies showing that Ih is important in driving repetitive firing and influencing excitability of
DRG neurons and pain hypersensitivity [27–29,31,32,39,41].
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Another striking finding of the present study is that neuronal excitability type is not static, but
undergoes dynamic changes under chronic pain states. Following chronic compression of lumbar
DRGs, proportion of different excitability types of large DRG neurons displayed an obvious alteration.
As compared to control group, chronic compression of lumbar DRGs produced a dramatic increase of
Class 1 neurons and a marked decrease of Class 3 neurons reciprocally. In contrast, the proportion
of Class 2 neurons did not show obvious alteration. This change indicates some Class 3 neurons
may transit into Class 1 under pathological states. Considering the lower threshold and high firing
frequency of Class 1 neurons, this transition in excitability type might reflect the enhanced neuronal
excitability reported previously in large DRG neurons under chronic pain states [15,18,24,38].

Taken together, our results show that the excitability of large DRG neurons can be classified
into three classes and four subclasses in terms of firing patterns in response to injected current.
Hyperpolarization-activated cation currents are crucial in determination of different types of
excitability. This excitability type of large DRG neurons underwent a plastic changes in chronic
pain states.

4. Methods

4.1. Animals

Experiments were performed on adult, male Sprague-Dawley rats (100–150 g). The rats
were housed in an accredited animal facility room controlled for temperature (23.5 ± 0.7 ◦C),
humidity (34.0 ± 5.7%), and light (12-h light-dark cycle). The animals were fed a standard chow
and water ad libitum. All experimental protocols were approved by an institutional animal use
and protection committee. The Foutrh Military Medical University Animal Centre ethics committee
(20150102, 15 January 2015).

4.2. Chronic Compression of Lumbar DRGs (CCD)

The methods for CCD operation have been described in detailed elsewhere [14,15,42]. In brief, the
skin was incised on the left side of lumbar vertebrae between L3 and L6 and paraspinal muscles were
separated from vertebrae at the L3–L6 level to expose the L4 and L5 intervertebral foramen clearly.
A fine, L-shaped needle was inserted into the L4 and L5 intervertebral foramen at a 30◦ angle with
respect to the dorsal middle line and a 20◦ angle with respect to the vertebral horizontal line. After the
rods were in place, the muscle and skin layers were sutured with administration of about 200 mg
antibiotics to prevent infections. Three to five days later, when stable hyperalgesia and allodynia was
established, injured DRGs were dissected and subjected to further recording.

4.3. Behavioral Tests

Behavioral testing was carried out in habituated rat by an observer blinded to the identity of the
groups. As previously described [43,44], mechanical sensitivity was tested with manual application
of Von Frey hairs (North Coast) to the plantar surface of the hind paw. Each filament was applied
10 times and the paw withdrawal response frequency (the percentage of positive responses to the
stimulus) was recorded. The force of a particular filament required to elicit 50% frequency of paw
withdrawal was expressed as the mechanical threshold. Thermal sensitivity was tested by application
of infrared heat to the plantar surface of the hind paw and the response latency was measured from an
automated device readout (IITC Life Science, Woodlands Hills, CA, USA).

4.4. Intact Whole Mount DRG Preparations

The procedure for an ex vivo preparation of intact whole mount DRG has been described
elsewhere [15,38,43]. In brief, L4 and L5 DRGs were carefully removed at postoperative 3–5 day
from CCD rats or sham control rats. After removing the connective tissue, the ganglia were digested
with a mixture of 0.4 mg/mL trypsin (Sigma, St. Louis, MO, USA) and 1.0 mg/mL type-A collagenase
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(Sigma) for 45 min at 37 ◦C. The intact ganglia were then incubated in artificial cerebrospinal fluid
(ACSF) oxygenated with 95% O2 and 5% CO2 at 28 ◦C for at least 1 h before transferring them to the
recording chamber.

4.5. Whole Cell Patch-Clamp Recording

DRG neurons were visualized with a 40× water-immersion objective using a microscope (BX51WI;
Olympus, Tokyo, Japan) equipped with infrared differential interference contrast optics. Whole-cell
current and voltage recordings were acquired with an Axon700B amplifier (Molecular Devices
Corporation, Sunnyvale, CA, USA). Patch pipettes (4–7 MΩ) were pulled from borosilicate glass
capillaries on P-97 puller (Sutter Instruments, San Rafael, CA, USA). The series resistance was
10–20 MΩ. Neurons were selected for further study if they had a resting membrane potential negative
than −50 mV and if they exhibited overshooting action potentials.

The large-diameter L4 and L5 DRG neurons (>50 µm) were recorded. The ACSF contained
(in mM): 124 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.0 MgCl2, 2.0 CaCl2, 25 NaHCO3, and 10 Glucose.
The pipette solution contained (in mM): 140 KCl, 2 MgCl2, 10 Hepes, 2 Mg-ATP, pH 7.4. Osmolarity
was adjusted to 290–300 mOsm. All chemicals were obtained from Sigma. Data was acquired with
a digidata 1322A acquisition system (molecular devices) using pCLAMP 9.0 software. Signals were
low-pass filtered at 5 kHz, sampled at 10 kHz and analyzed offline.

4.6. Ih Current Analysis

Recording of Ih was as described previously [39]. Briefly, for recording of Ih, ACSF and normal
intrapipette solution mentioned above were used. To activate Ih, hyperpolarizing potentials of −60 to
−20 mV were delivered in increments of 10 mV from a holding potential of −60 mV for duration of
2.5 s. For each neuron, Ih was measured as the difference between the steady state current and the
initial (instantaneous) inward current. The initial Ih was measured 12 to 15 ms after the start of the
voltage command to avoid contamination by the capacitance artifacts [45].

4.7. Statistical Analysis

All data are expressed as mean ± S.E.M. Student’s t-test or an analysis of variance (ANOVA) for
random measures was carried out, followed by either a post hoc Fisher’s test or Dunnett’s test. In some
cases, two-way ANOVA for repeated measures was conducted. p < 0.05 was considered significant.
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