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In vivo and in vitro comparison of Female and Male Nociceptors

Jan Hendricha,c, Pedro Alvareza,c, Elizabeth K. Josepha,c, Luiz F. Ferraria,c, and Jon D.
Levinea,b,c

aDepartment of Oral and Maxillofacial Surgery, University of California San Francisco
bDepartment of Medicine, University of California San Francisco
cDivision of Neuroscience, University of California San Francisco

Abstract
While it is generally accepted that women have lower pain thresholds for diverse forms of noxious
stimuli, the mechanistic basis for this sexual dimorphism in nociceptive pain remains to be
elucidated. We confirm, in the rat, that females have lower cutaneous mechanical nociceptive
thresholds, and establish a similar sexual dimorphism in muscle. To determine if a peripheral
mechanism underlies this sexual dimorphism in pain threshold, we compared biophysical
properties of cultured DRG neurons that innervated the gastrocnemius muscle in female and male
rats. DRG neurons from female rats, which innervated the gastrocnemius muscle, had a more
hyperpolarized resting membrane potential. To determine if this was associated with a higher
mechanical nociceptive threshold, opposite to our working hypothesis, we compared the function,
in vivo, of nociceptive afferents innervating the gastrocnemius muscle in male and female rats. C-
fiber nociceptors innervating muscle in female rats had higher mechanical thresholds than those in
males. Other response characteristics of these nociceptors were not significantly different. Thus,
both in vitro and in vivo electrophysiology experiments support the idea that lower mechanical
nociceptive threshold in females may be due to sexual dimorphism in CNS mechanisms, a
difference large enough to overcome an opposing difference in peripheral pain mechanisms.
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INTRODUCTION
There has been a growing recognition that there is a substantial sexual dimorphism in both
acute and chronic pain, as well as response to
analgesics 8, 20, 21, 26, 31, 33, 36, 40, 44, 49, 51, 54, 58. Even in terms of the most elemental pain
measure, nociceptive threshold, there is an extensive literature from both humans 31, 41, 52

and animals 31, 62 demonstrating that females have lower pain thresholds across multiple

© 2012 The American Pain Society. Published by Elsevier Inc. All rights reserved.

Corresponding author: Jon Levine (jon.levine@ucsf.edu).
Present/Permanent address: Room C555, Campus Box 0440, 521 Parnassus Avenue, University of California at San Francisco, CA,
USA, 94143-0440. Tel.: +1 415 476 5108; fax: +1 415 476 6305.

DISCLOSURES
All research was funded by the NIH. The authors declare no conflict of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Pain. Author manuscript; available in PMC 2013 December 01.

Published in final edited form as:
J Pain. 2012 December ; 13(12): 1224–1231. doi:10.1016/j.jpain.2012.09.009.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



sensory modalities. In experimental models of hot thermal 12, 57, 59–61, chemical 1, 7, 22

inflammatory 10, 13, 17, and mechanical 6, 9, 31 pain, the largest differences have uniformly
been in studies evaluating mechanical nociceptive threshold, where effect size is moderate to
large 44, 52, 54. An important unanswered question in this literature is whether these
differences in pain threshold are due to sexual dimorphism in mechanisms in the peripheral
and/or central nervous system.

While observations such as greater epidermal nerve fiber density in women 24, 45 have led to
the suggestion that the greater sensitivity to painful stimuli in the female may have a
peripheral basis 39, other observations 25, 50, 53, 55 suggest a central basis for the lower pain
threshold observed in women. To address the contribution of sexual dimorphism in the
peripheral nervous system, we have compared the function of nociceptive afferents in the
female and male rat, using both in vivo and in vitro electrophysiology techniques.

MATERIALS AND METHODS
Animals

Experiments were performed on adult Sprague–Dawley rats (200–250 g; Charles River,
Hollister, CA, USA). Animals were housed three per cage, under a 12-h light/dark cycle, in
a temperature and humidity controlled environment. Food and water were available ad
libitum. All experimental protocols were approved by the UCSF Committee on Animal
Research and conformed to National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. Concerted effort was made to minimize the number of animals used
and their suffering.

Nociceptive testing
Experiments were primarily performed to explore the in vivo differences between male and
female responses, regardless of the estrous cycle in females, and to correlate them to
differences seen in vitro, where is difficult to reproduce changes induced by estrous cycle.
As such, estrous cycle was not evaluated in the experiments. All behavioral nociceptive
testing was performed between 10:00 am and 4:00 pm. Data were not collected blinded.

Skin—The nociceptive flexion reflex was quantified with an UgoBasileAnalgesymeter®

(Stoelting, Chicago, IL), which applies a linearly increasing mechanical force to the dorsum
of the rat’s hind paw, as described previously 17–19. Nociceptive threshold was defined as
the force, in grams, at which the rat withdrew its hind paw. Hyperalgesia was defined as a
decrease in mechanical nociceptive threshold, here presented as percent change from
baseline (mean ± SEM of n observations). Rats were lightly restrained in cylindrical
restrainers that have triangular windows on their sides, to allow extension of the hind legs
from the restrainer, for nociceptive threshold testing. To acclimatize rats to the testing
environment, they were brought to the experimental area in their home cages, 15–30 min
prior to placing them in a restrainer. Another 15–30 min elapsed before the experiment was
started. Experiments were begun only after animals appeared to be quiet in their restrainers.

Muscle—Mechanical nociceptive threshold in the gastrocnemius muscle was quantified
using a Chatillon digital force transducer (model DFI2; AmetekInc., Largo, FL), as
described previously 2, 3. Rats were lightly restrained in the cylindrical acrylic holder that
allowed access to the hind limb through the side openings. A 6-mm diameter probe attached
to the force transducer was applied to the gastrocnemius muscle to deliver an increasing
compression force; this probe width allows for selective evaluation of muscle pain (vis-à-vis
overlying skin pain) 46, 47. The nociceptive threshold was defined as the force, in
milliNewtons, at which the rat withdrew its hind leg. Nociceptive withdrawal threshold was
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defined as the mean of 2 readings taken at 5-minute inter-stimulus intervals. Each hind limb
is treated as an independent measure.

Electrophysiology
In vitro electrophysiology
Labeling of DRG neurons that innervate the gastrocnemius muscle: The dorsal root
ganglion (DRG) neurons innervating the gastrocnemius muscle were identified by their
uptake of the retrograde tracer 1,1′-dioctadecyl-3,3,3′,3′-tertamethyllindocarbocyanine
perchlorate (DiI). Rats were subjected to gaseous anesthesia (isofluorane, 3%), and incisions
of the skin and b. femoris muscle made to expose the underlying gastrocnemius muscle. A
30-g needle was then inserted into the gastrocnemius muscle and 1 μl DMSO containing 2%
DiI was slowly injected. The injection was performed over 2 min, followed by continued
observation for 1 min to ensure that dye was not leaking from the site of injection. The skin
was then sutured closed and the rats allowed to recover from the general anesthesia.

DRG cell-culture—DRGs were surgically removed from rats 5–8 days after DiI injection.
Under isoflurane anesthesia, rats were decapitated and the vertebral column excised. The
column was then opened on the ventral side, and L4–L5 DRGs removed and de-sheathed.
Ganglia were treated with collagenase (0.125% in Neurobasal-A medium, Invitrogen,
Carlsbad, CA) for 90 min at 37°C, and then treated with trypsin (0.25% in Ca2+- and Mg2+-
free PBS, Invitrogen) for 10 min, followed by trituration (in Neurobasal-A) to produce a
single-cell suspension. The suspension was centrifuged at 1000 RPM and re-suspended in
Neurobasal-A medium supplemented with 50-ng/ml nerve growth factor, 100 U/ml
penicillin/streptomycin and B-27 (Invitrogen). Cells were then plated on cover slips coated
with poly-DL-ornithine (0.1 mg/ml) and laminin (5 μg/ml; Invitrogen), and incubated at
37°C in 5% CO2.

Patch clamp electrophysiology—Electrophysiology was performed using an Axopatch
200A amplifier and pCLamp 8.2 software (Molecular Devices, Sunnyvale, CA). Only DRG
neurons <30μm in diameter (representing the nociceptive population) were used for the
experiments, and were subjected to voltage-clamp after 2–36 hr in culture. Cover slips were
incubated with FITC-conjugated Griffoniasimplicifolia isolectin B4 for 10 min before
recording. Individual DRG neurons were held in the whole-cell configuration at −60 mV
following seal formation (seal resistance > 1GΩ). Whole-cell capacitance and series
resistance were compensated (80%) using the amplifier circuitry. Cells with a series
resistance >10 MΩ were not used for experimentation.

The external bath solution was configured to minimize Na+ and Ca2+ currents. It contained
(in mM): choline chloride (130); KCl (5); CaCl2 (2.5); MgCl2 (0.6); HEPES (5); glucose
(10); CdCl2 (1). The solution was altered to pH 7.4 with TrisBase and 320 mOsm with
sucrose. The pipette solution contained (in mM): KCl (30); K-MES (110); MgCl2 (1);
HEPES (10); EGTA (0.1), altered to pH 7.2 and 310 mOsm. Current-voltage (I–V) traces
were normalized to cell capacitance, as determined from the amplifier circuitry. Data were
analyzed and plotted using Origin 6.1 software (OriginLab, Northampton, MA).

In vivo single fiber electrophysiology—The in vivo single fiber electrophysiology
technique for studying muscle afferents has been described in detail previously 11. In brief,
rats were anesthetized with sodium pentobarbital (initially 50 mg/kg, intraperitoneally, with
additional doses given to maintain a reflexia throughout the experiment), their trachea
cannulated to maintain patency of their upper airway, and heart rate monitored. Anesthetized
animals were positioned on their right side and an incision made on the dorsal skin of the
left leg, between the mid-thigh and calf. Then the b. femoris muscle was partially removed
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to expose the sciatic nerve and gastrocnemius muscle. The edges of the incised skin were
fixed to a metal loop to provide a pool that was filled with warm mineral oil that bathed the
sciatic nerve and gastrocnemius muscle.

The sciatic nerve was cut proximally to prevent stimulation of muscles in the hind limb
through reflex arcs during electrical stimulation of sensory neurons. Fine fascicles of axons
were then dissected from the distal stump, and placed on a recording electrode. Single units
were first detected by mechanical stimulation of the gastrocnemius muscle with a small
blunt-tipped glass bar, which subsequently confirmed by electrical stimulation of the
mechanical receptive field according to the amplitude and duration of its action potential.
Bipolar stimulating electrodes were then placed and held on the center of the receptive field
of the muscle afferent by a micromanipulator (Narishige model MM-3, Tokyo, Japan).
Conduction velocity of each fiber was calculated by dividing the distance between the
stimulating and recording electrodes by the latency of the electrically evoked action
potential. All recorded muscle afferents had conduction velocities in the range of type III
(conduction velocity 2.5–30 m/s) or type IV (conduction velocity <2.5 m/s) afferent
fibers 16. Mechanical threshold, determined with calibrated von Frey hairs (VFH Ainsworth,
London, UK), was defined as the lowest force that elicited at least 2 spikes within 1 second,
in at least 50% of trials. Sustained (60 s) suprathreshold (10 g) mechanical stimulation was
accomplished by use of a mechanical stimulator that consisted of a force-measuring
transducer (Entran, Fairfield, NJ, USA) with a blunt plastic tip that was applied by a
micromanipulator (BC-3 and BE-8, Narishige) on the center of the afferent’s receptive field
for 60 seconds. Neural activity and timing of stimulus onset and termination were monitored
and stored on a computer with a Micro 1401 interface (CED, Cambridge, UK) and analyzed
off-line with Spike2 software (CED).

Statistics
A t-test was employed to determine if there were significant differences between the
observed experimental means of male and female populations. Statistical significance was
taken as P<0.05.

RESULTS
Nociceptive threshold

Cutaneous nociceptive threshold in the hindpaw was assessed in male and female rats. In
agreement with previous experiments in the literature, we found that female rats
demonstrated a significantly lower mechanical nociceptive threshold (107.16 ± 0.52 g, n =
36) compared to male rats (110.94 ± 1.00 g, n = 36, P<0.01, two-tailed t-test), as shown in
Figure 1A. To further extend our understanding of the generality of sexual dimorphism in
pain threshold, we also compared mechanical nociceptive threshold in skeletal muscle
between female and male rats. In this experiment, we again found that mechanical
nociceptive threshold in female rats was significantly lower (2.54 ± 0.00 N, n = 60) than in
males (2.68 ± 0.01 mN, n = 48, P<0.001, two-tailed t-test), as shown in Fig. 1B.

In vitro electrophysiology
Recordings were made from acutely dissociated DRG neurons that had innervated the
gastrocnemius muscle in female and male rats, in order to determine any sexual dimorphism
in DRG membrane properties. IB4+ neurons were selected for study as a means of reducing
heterogeneity of the population studied, as previously reported these made up roughly 70%
of labeled neurons 28. All characteristics were measured from the rheobase (current
threshold) action potential, with the exception of the number of action potentials fired
(which was measured at 2X rheobase), and the resting membrane potential (which was
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measured immediately after obtaining the whole-cell configuration and switching to current
clamp). The data are presented in Table 1 and Figure 2.

There was no significant change in action potential after-hyperpolarization between female
(−65.83 ± 1.58 mV, n=14) and male(−61.93 ± 2.23 mV, n=15) neurons. There was also no
significant difference between male and female neurons in either action potential peak
(53.90 ± 2.03 mV in males (n=15), 56.06 ± 2.74 mV in females (n=14)) or duration (6.60 ±
0.98 ms in males (n=15), 5.61 ± 0.57 ms in females (n=14)).

In our experiments, the majority of muscle afferents fire a single action potential in response
to an 800 ms step at 2X rheobase 28. A switch from phasic to repetitive firing has been
observed in non-injured DRG neurons after nerve injury 64, and highlights a possible
mechanism for differing mechanical thresholds in vivo. However, we found no significant
difference between the number of action potentials fired (in response to an 800 ms pulse at
2X rheobase) between male (1.20 ± 0.14, n=15) and female (1.36 ± 0.25, n=14) neurons. In
both male and female populations, a very small minority of neurons produced more than one
action potential.

There was a marked difference between the resting membrane potential measured in DRG
neurons derived from female and male neurons. Female neurons had a markedly more
hyperpolarized RMP (−67.50 ± 2.93 mV, n=12) than male neurons (−48.11 ± 1.10 mV,
n=14, P<0.001), as shown in Figure 2B. However, this difference did not translate into a
change of electrical excitability of the neurons in vitro. The membrane potential threshold
for action potential generation, as assessed by a ramp protocol, was not significantly
different between male (−26.21 ± 1.67 mV, n=14) and female (−28.00 ± 1.80 mV, n=12)
neurons, as shown in Figure 2C. Also, the current threshold (rheobase) was similar between
male (354.93 ± 50.98 pA, n=14) and female (367.42 ± 71.79pA, n=12) neurons (see Table
I).

In vivo electrophysiology
The differences in membrane potential observed in vitro between male and female DRG
neurons were not accompanied by an appreciable difference in either current or voltage
threshold of action potential generation. One drawback of in vitro set-up is that it represents
a reduced system, involving electrical stimulation of the cell soma rather than mechanical
stimulation of the peripheral terminal. We therefore wished to demonstrate that the
hyperpolarized resting membrane potential observed in female DRGs in vitro might result in
an increased mechanical threshold in vivo. In single fiber electrophysiological experiments
we found that the mechanical threshold of muscle afferents from female rats was
significantly higher than that of male rats, with thresholds of 1.14 ± 0.10 g (n = 44) and 0.90
± 0.08 g (n = 44) respectively (P<0.05, one-tailed t-test), as shown in Figure 3A. The
conduction velocity of muscle afferents from female rats was not significantly different from
that of males (Figure 3B), and the response of muscle afferents to supra-threshold 10g
stimulation was also similar between nociceptors in female and male rats (Figure 3C).

DISCUSSION
Sexual dimorphism described for experimental and clinical pain includes both lower pain
thresholds 32, 52, 63 as well as more pain with a similar degree of pathology 35 in women.
Additionally, recent evidence has demonstrated a correlation between pain threshold and
severity of clinical pain 55, which also showed sexual dimorphism. To identify sites in the
pain pathway responsible for the sexual dimorphism in pain threshold we first confirmed
that female rats had lower mechanical nociceptive thresholds in behavioral studies. As
reported previously for skin 32, 52, 63 and viscera4, 43, 48, and confirmed here for the skin, we
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also extended these observations in experiments in which we observed a lower mechanical
nociceptive threshold in skeletal muscle, of similar magnitude to skin. Thus, lower pain
threshold in females observed in behavioral studies appears to be independent of body site at
which it was measured.

Indirect evidence has been presented to support the suggestion that the lower nociceptive
threshold in the female may be due to sexual dimorphism in the peripheral pain pathway.
Thus, females have been reported to have a greater innervation density 5, 24, 45, 56. To
address the question of whether sexual dimorphism (in primary afferent nociceptor function)
underlies the lower pain threshold in females, we first performed in vitro patch clamp
electrophysiology on cultured DRG neurons that innervated the gastrocnemius muscle of
male and female rats. In this experiment we found that the resting membrane potential of
DRG neurons from female rats was markedly more hyperpolarized than those harvested
from males; a singular difference between female and male sensory neurons, since other
biophysical properties of the muscle afferents were not sexually dimorphic. While a more
hyperpolarized resting potential might underlie a higher mechanical threshold, in vivo, we
did not see a difference in action potential threshold when cultured DRG neurons were
exposed to a depolarizing current ramp. Given that these experiments were performed on the
cell bodies of the DRG neurons, and the stimulus was electrical rather than mechanical, it is
possible that the appropriate mechanical transduction mechanisms were not activated to
allow us to observe a difference.

To determine if primary afferent nociceptors in female rats actually had a higher mechanical
nociceptive threshold, we performed in vivo single fiber electrophysiology experiments on
primary afferent nociceptors innervating the gastrocnemius muscle. We confirmed that
nociceptors in the female rat did have a higher mechanical threshold than nociceptors in
male rats. Other aspects of the response of nociceptors in the female, such as the number of
action potentials generated in response to prolonged threshold and suprathreshold
stimulation did not differ between nociceptors in male and female rats. Thus, our data
support the suggestion that sexual dimorphism in the central rather than the peripheral
nervous system accounts for the lower nociceptive threshold in the female, a difference that
must be able to more than compensate for an opposing sexual dimorphism in the primary
afferent nociceptor.

In the peripheral nervous system, the scope for a difference between male and female
nociceptors is vast, with exposure to circulating sex hormones an obvious consideration.
Indeed, estrogen (or estradiol as used in many experiments) can cause both pro- and anti-
nociceptive effects 14, and may target a multitude of cellular processes such as intracellular
nociceptive signaling pathways 30 and ion channel expression 29, 37, 38.

While the specific differences in female and male nociceptors that selectively produced a
difference in mechanical threshold, and resting membrane potential, without affecting other
properties of their response to mechanical stimulation, is unknown, a candidate mechanism
would be action at two-pore potassium (K2P) channels. These channels have been
demonstrated in human, rat and mouse sensory neurons, and their passive potassium leak
conductance contributes to the resting membrane potential in these neurons, thus helping
define their excitability 42. Various members of the K2P family are also mechanosensitive,
and inhibiting their function has been linked to increased mechanosensitivity in
inflammatory bowel disease 34, a painful condition more common in women 27.
Interestingly, genistein (an isoflavone which has effects at estrogen receptors) has been
shown to inhibit K2P channels, although the study focused on its tyrosine kinase inhibition
rather than estrogen receptor activity 23.

Hendrich et al. Page 6

J Pain. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Contrary to our initial hypothesis, we found that nociceptors in females have a higher
mechanical threshold for action potential generation than those in males. Thus, our studies
provide evidence that CNS rather than PNS mechanisms account for the sexual dimorphism
in mechanical pain threshold observed in multiple human and animal behavioral studies. In
support of this alternative hypothesis, it has been shown that electrical stimulation, which
bypasses the transduction process in the sensory neuron also produces pain in females
requiring greater current stimulation 15, 39, 52, in spite of the fact that women have greater
subcutaneous adipose tissue, which would be expected to elevate the electrical stimulus
threshold needed to activate cutaneous nociceptors. Other evidence in support of a central
nervous system mechanism underlying the lower pain threshold in females includes:
possible hypoactivity in inhibitory systems of pain in females 25, 50 and, findings indicating
that temporal summation of mechanically evoked pain is higher in females compared to
males, is stimulation frequency dependent, and is centrally-mediated 55.

The present experiments do not exclude the presence of other forms of sexual dimorphism in
the primary afferent nociceptors that could contribute, independent of mechanical
nociceptive threshold, to sexual dimorphism in acute and chronic pain syndromes. Thus, we
have shown an estrogen dependent sexual dimorphism in the second messenger mediating
nociceptor sensitization 17, the clinical ramifications of which remain to be evaluated. Going
forward, greater attention needs to be given to comparisons of central and peripheral
mechanisms for pain and analgesia, in order to unravel the fundamental aspects of sexual
dimorphism responsible for differences between females and males in acute and chronic
pain syndromes.
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PERSPECTIVE

This article unifies in vitro and in vitro electrophysiology with behavioral data examining
the differences in mechanical nociceptive threshold between male and female rats. The
data provide a novel perspective on the peripheral and behavioral outcomes of noxious
mechanical stimulation.
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Figure 1.
Behavioral experiments show a reproducibly lower mechanical nociceptive threshold in
female rats. A. Cutaneous mechanical threshold in skin displays sexual dimorphism.
Mechanical threshold was significantly higher in male rats compared to females B. Lower
mechanical thresholds were measured in muscle of female rats compared to male. **
represents P<0.01, *** represents P<0.001 (two-tailed t-test).
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Figure 2.
Action potential properties of female and male nociceptors. A. Representative action
potential traces, obtained at rheobase, from female (left) and male (right) nociceptors. The
dotted lines represent RMP in both neurons for comparison. B. Resting membrane potential
is significantly more hyperpolarized in female neurons than in male neurons. C. However,
the membrane potential threshold for action potential generation was not significantly
different between the two populations. *** represents P<0.001 (two-tailed t-test)
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Figure 3.
A. The mechanical threshold of muscle afferents from male and female rats (one tailed t-
test). B. The conduction velocity of muscle afferents from male and female rats. t-test, two-
tailed. C. Responses of muscle afferents to 10g stimulation from male and female rats. *
represents P<0.05 (one-tailed t-test).
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Table 1

Action potential characteristics of male and female nociceptors in vitro. No statistically significant differences
were detected between male and female nociceptors, except for resting membrane potential.

Male (n) Female (n)

Resting membrane potential *** −48.44 ± 1.10 14 −67.50 ± 2.93 12

Peak (mV) 53.90 ± 2.03 15 56.06 ± 2.74 14

Duration (ms) 6.60 ± 0.98 15 5.61 ± 0.57 14

Current threshold/rheobase (pA) 354.9 ± 50.98 14 367.4 ± 71.79 12

Membrane potential threshold (mV) −26.21 ± 1.67 14 −28.00 ± 1.80 12

Action potentials fired at 2x rheobase 1.20 ± 0.14 15 1.36 ± 0.25 14

After-hyperpolarisation (amplitude) −61.93 ± 2.23 15 −65.83 ± 1.58 14

After-hyperpolarisation (time constant) 16.44 ± 2.25 14 15.62 ± 2.00 13

***
denotes P<0.001
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