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1 | INTRODUCTION

In cold environments, birds and mammals increase their heat
production through non-shivering and shivering thermogen-
esis. Non-shivering thermogenesis (NST) occurs in brown
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Abstract

Aim: To explore the role of tonic motor unit activity in body temperature control.
Methods: Motor unit activity in soleus and several other skeletal muscles was re-
corded electromyographically from adult rats placed in a climate chamber on a load
sensitive floor, which, together with video monitoring, allowed detection of every
successive period of movement and no movement.

Results: In the absence of movements during rest or sleep, motor unit activity
was exclusively tonic and therefore equivalent to muscle tone as defined here. The
amount of tonic activity increased linearly in the soleus as the ambient temperature
decreased from 32°C to below 7°C, owing to progressive recruitment and increased
firing rate of individual units. Brief movements occurred randomly and frequently
during rest or sleep in association with brief facilitation or inhibition of motor neu-
rons that turned tonic motor unit activity on or off, partitioning the tonic activity
among the available motor units. Shivering first appeared when a falling ambient
temperature reached <7°C in several muscles except soleus, which was as active
between shivering bursts as during them.

Conclusion: Muscle tone and overt shivering are strikingly different phenomena.
Tonic motor unit activity in the absence of movements evokes isometric contrac-
tions and, therefore, generates heat. Accordingly, when the amount of tonic activity
increases with falling ambient temperature, so must heat production. Consequently,
graded muscle tone appears as an important and independent mechanism for thermo-
genesis during rest or sleep at ambient temperatures ranging from <7°C to at least
32°C.
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adipose tissue (BAT).1 The extent to which it also occurs in
electrically inactive skeletal muscles is debated, as evidence
both for and against such thermogenesis exists.” Studies on
birds, beginning with Steen and Enger,6 have provided im-
portant information on the physiology of shivering. Based on
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electromyographic (EMG) recordings from pectoral muscles,
these studies have shown that the amount of shivering and
metabolic heat production are linearly correlated’ and that
shivering and oxygen consumption increase linearly with
falling ambient temperature.s'lo Birds lack BAT'" and in the
cold may shiver continuously'? or in bursts,'® depending on
the species.

Also in mammals, including humans, shivering of skel-
etal muscle is described as either bursting or continuous'
and continuous thermoregulatory muscle tone is often pre-
sented as “pre-shivering tone'*'> or as prestage to overt
shivering.'®?" A representative statement is “more anaero-
bic muscles, high in type II fibers, tend to shiver in bursts
whereas those relying more on aerobic metabolism, high in
type I fibers, shiver more continuously”.21 Kleinebeckel and
Klussmann'® identified three different patterns of activity
during shivering, one of which was “Continuous tonic ac-
tivity...found mainly during the initial phase of shivering in
man (Gopfert and Stufler, 1952) and in the pectoral muscle
of the pigeon during all stages of shivering (George, 1984)”.
By being included in the term shivering, muscle tone often
goes unmentioned as a possible separate independent heat
producing mechanism, as in a recent review of central con-
trol of body temperature22 or in studies of NST in skeletal
muscle.”?’

Muscle tone has been described as resting mechanical
and EMG activity and shown to increase significantly in
resting human quadriceps muscles at ambient temperatures
below 21.5°C by McKay et al,?® who write: “An accepted
model is that resting muscle is electrically and mechani-
cally inactive at room temperature, that cooling provokes
invisible microvibrations called thermoregulatory tonus,
that severe cooling causes visible shivering, and that these
are simply degrees of the same phenomenon (Blatteis et
al, 2001; Haider and Lindsley 1964; Kleinebeckel and
Klussman 1990)”. But they also cite studies “showing that
thermoregulatory muscle tone and cold shivering are inde-
pendent forms of muscle activity with different regulating
mechanisms (Konstantinov 1975; Meigal et al 1993; Petajan
and Williams 1972)” and they postulate a model “whereby
resting muscle mechanical activity is invoked first at am-
bient temperatures below thermoneutrality, whereas shiv-
ering is invoked as a last-resort response®. They also refer
to Block (1994) as “considering resting muscle mechanical
activity to be nonshivering therrnogenesis”29 and conclude
that “whether resting mechanical activity represents an in-
stance of nonshivering thermogenesis depends on the se-
mantics of the word shivering”.

In a recent review, Dulloo et al discuss “a role for skeletal
muscle minor tremor or microvibration—nowadays referred
to as resting muscle mechanical activity (RMMA) in main-
taining body temperature in response to mild cooling”30 They
further write: “While it is considered to be the counterpart to

the motor unit's electrical activity as measured by electromy-
ography, several workers consider mechanomyographic to be
a more sensitive method for examining resting muscle activ-
ity than electromyography”.

From such reading of the literature we conclude that pub-
lications on body temperature regulation generally describe
both muscle tone and overt shivering as shivering with the
implication that they are different expressions of the same
phenomenon and further that muscle tone is rarely discussed
as a possible independent source of heat production for body
temperature regulation unrelated to overt shivering.

In this study we define muscle tone as the muscle tension
caused by motor unit impulse activity under resting condi-
tions and then explore its role in body temperature regulation
by separating all periods of movements from periods of no
movements in unrestrained rats monitored by video record-
ing as they rest, sleep or move on a load sensitive floor in a
climate chamber. By recording EMG activity in soleus (SOL)
and other muscles through chronically implanted electrodes
and restricting our analysis to periods of rest or sleep in the
absence of movements, we could isolate many motor units
in the same muscle and study directly their firing patterns
at different ambient temperatures. By using a load sensitive
floor, we could also detect microvibrations during periods of
rest or sleep that resembled RMMA.

This experimental approach has several advantages.
First, by excluding all movements from the analysis, we
could show that motor unit firing in the absence of move-
ments is exclusively tonic and therefore equivalent to mus-
cle tone. Because the contractions underlying such muscle
tone are isometric, all the consumed energy is converted
to heat. Accordingly, when muscle tone increases, so must
heat production. Thus, muscle tone and by inference heat
production, could be studied in isolation and shown to in-
crease linearly with falling ambient temperature from ap-
proximately 32°C to below about 7°C, when overt shivering
first appeared. Second, by isolating every movement we
could show that periods of rest or sleep are frequently inter-
rupted by brief movements that turn tonically active units on
or off, thus partitioning the activity and accompanying heat
production among the participating units. Third, by study-
ing the effects of ambient temperatures ranging from 2°C to
36°C, we could show that regulated heat producing muscle
tone also occurs within the thermoneutral zone (TNZ) as

described.*!
2 | RESULTS
2.1 | Overview

Figure 1 introduces some main results. At 14°C, the rat in
Figure 1A curled up with hairs erected and legs tucked under
the body to conserve heat. The SOL displayed continuous
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FIGURE 1 Ambient temperature affects posture and motor unit activity in SOL. A, Posture during sleep at 14°C. B, Raw EMG from SOL
(upper trace) and movements (lower trace) with arrow indicating time of picture in (A) and expanded traces in (C) and (D). The lower trace in B is
the signal from the force transducer under the floor after DC removal and processing as RMS amplitude. C, Three motor units (1,2,3) fired tonically
at 24.6 Hz, 25.1 Hz and 24.2 Hz (mean values). D, Upper trace shows raw EMG. Lower trace shows amplified recording of movements (raw force
signal after DC removal), the high amplitude signals representing cycles of respiration (mean frequency 1.3 Hz) and the high frequency signals in
between “microvibrations” presumably from tonic motor unit activity. E-H, As in (A-D), but at 30°C. The three units in (G) fired at 7.1, 9.9 and

7.0 Hz (mean values) and mean respiration frequency in (H) was 0.9 Hz

motor unit activity and the rat made many brief movements motor units firing tonically at around 25 Hz (Figure 1C)
throughout the recording period when it appeared to be and high amplification of the movement record (Figure 1D,
sleeping (Figure 1B). The EMG activity consisted of single lower trace) revealed respiratory movements (average rate
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1.3 Hz) and high frequency “microvibrations” resembling
mechanomyographic recordings32 (see Introduction). In
contrast, at 30°C the same rat lay flat on the floor (Figure
1E), the SOL generated much less tonic activity (Figure
1F) at lower motor unit firing rates (7-9 Hz for the units
shown in Figure 1G). In addition, the average respira-
tory rate was lower (0.94 Hz) and the microvibrations less
prominent as expected from the reduction in tonic motor
unit firing (Figure 1H).

2.2 | Measuring tonic motor unit activity

The experiments were done during the day when the rats
were mostly at sleep. Figure 2A (upper trace) shows raw
EMG from SOL during one period of apparent sleep as as-
sessed by video monitoring. It illustrates our method for sep-
arating periods of movements from periods of no movements
using a load sensitive floor. During this period (14 minutes)
several brief movements (lower trace) started or stopped the
flat segments seen in the rectified integrated EMG (middle
trace). Letters a, b, and ¢ point to three segments, expanded in
Figure 2B and again in Figure 2C to show the identity of in-
dividual motor units (1-7). These units fired tonically at rates
shown in Figure 2B and produced the flat segments a, b and
c in Figure 2A. Evidently, the brief movements turned tonic
firing of many motor units on or off, resulting in mostly dif-
ferent motor units generating the flat segments between the
movements (see below).

Off line on stored recordings, cursors were placed sequen-
tially at the onset and termination of each movement (Figure
2A, 0-9). The average EMG activity during each move (M)
and rest (R) period was then measured as the mean root mean
square of the EMG activity between cursors (mean RMS
EMG). The entire duration of every recording session that
usually lasted 4-6 hours was analysed in this way.

Figure 2D from a different experiment further illustrates
the relative ease with which several tonically active motor
units can be isolated and their firing rate determined during
rest or sleep using EMG electrodes. In addition, it shows
the presence of such tonic activity at high ambient tem-
perature (36°C).

2.3 | Tonic motor unit activity in SOL
during rest or sleep

In a typical experiment, increasing the ambient tempera-
ture caused a marked decrease in SOL motor unit activity
(Figure 3A). In Figure 3B, the decrease is shown for every
consecutive rest or sleep period (no movement, middle
trace), as described above and as moving averages (lower
trace). The decrease in tonic motor unit activity followed
closely the increase in temperature, suggesting a graded re-
lationship with ambient temperature.

Simultaneous recordings from right and left SOL in a
different rat exposed to three different ambient tempera-
tures (13°C, 23°C and 30°C) on three different days con-
firmed this result. Both SOL muscles were much more
active at 13°C (Figure 3C) than at 30°C (Figure 3D). The
distributions of the amounts of motor unit activity in the
absence of movements (rest or sleep) at the three tempera-
tures appear in Figure 3E,F with arrows pointing to median
values. These values decreased linearly with rising ambient
temperature, reaching zero at approximately 32°C in both
the right and the left SOL (Figure 4A, triangles). Similar
linear decreases occurred in two other rats (red and blue
symbols), in which the amount of tonic motor unit activity
during rest or sleep was measured at nine or five differ-
ent ambient temperatures on different days. The slopes are
different because different EMG electrodes resulted in dif-
ferent amplitudes of the EMG signal. Similar decreases in
SOL tonic motor unit activity in the absence of movements
occurred in four other rats (Figure 4B).

2.4 | Brief movements turn tonic activity
on or off

The rats were resting or sleeping (no movements) between
75% and 90% of the time at temperatures above 15°C. Below
15°C they became more active (Figure 5A). The movements
that interrupted periods of rest or sleep occurred approxi-
mately 60 times per hour at temperatures above 15°C (Figure
5B) and were mostly brief (Figure 5C, median durations
2-3 s). They were usually associated with brief inhibitions
or facilitations of tonic motor unit activity (Figure 6A-C).
The distributions of the time intervals between movements
were strongly skewed (Figure 6D,E). Since the time inter-
vals between adjacent events in a Poisson point process
have a negative exponential distribution with equal mean
and standard deviation,33 we examined the distributions of
time intervals between movements in several recording ses-
sions from a single animal at one temperature on one day.
The mean and standard deviation varied between individual
recording sessions but were only 5-10% different from each
other within any single recording session, indicating that
brief movements occurred at random time points.

Figure 7A shows one movement at an ambient tempera-
ture of 23°C that in the right SOL turned one unit off (1)
and in the left SOL turned three units off (1-3) and five
units on (5-9). More generally, when measured just before
and after each move over one hour of recording, the amount
of tonic activity usually either increased or decreased, re-
flecting respectively, recruitment or de-recruitment (Figure
7B, blue and grey lines). The total number of recruitments
or de-recruitments after movements was similar in right
and left SOL during this time period (Figure 7B). However,
for a given movement, recruitment on one side frequently
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FIGURE 2 Detecting tonic motor unit activity in absence of movements. A, Raw EMG from SOL (upper trace), rectified and integrated
EMG (middle trace, see Materials and methods). Ambient temperature was 13°C. M and R indicate respectively, five movements separated by four
rest periods. Ten cursors (0-9) were placed by visual inspection at the start and end of each movement. B, Tonic motor unit activity during the flat
EMG segments indicated by a, b and c in (A), numbers point to different motor units with firing rates as shown. C, Motor units in (B), expanded to
show their identity. D, Raw EMG (upper trace) and associated movements (2rd trace) in SOL at 36°C in a different rat. Lower trace is an expansion
of the EMG signal at time of arrow showing four motor units firing tonically at 10.0 Hz (unit 1), 18.2 Hz, (unit 2), 21.3 Hz (unit 3) and 22 Hz (unit
4)



LB A ~TA PHYSIOLOGICA

LOMO Et AL

(A) - (B) FIGURE 3 Tonic motor unit activity
— 30 .
. 7 Ambient % T o in SOL at different ambient temperatures.
Ambient / 20 temperature 25 : - .
temperature — — o C) . _/ A, Rise in ambient temperature (upper trace)
‘ 600 ' . ' ' accompanied by reduced EMG activity
SOL EMG WM»H{H—{W I\ElllslaGn(R\l\lll)S 300 }«ff "‘!’.’.ﬂ ® e ) in SOL (middle trace). B, Data from each
Llb o By H 04 ‘* LI, ) consecutive rest or sleep period in (A)
30 min 600 4 . .
Mean RMS 200 e e showing ambient temperature (upper trace)
Movements i D bt b o V| EMG (pV) oW N and motor unit activity (middle trace).
12.30 Timeofday 17.00 12_30‘ Tir‘ne of dayl 17_'30 Lower trace shows moving average of data
in middle trace (20 consecutive rest or
sleep periods). C, EMG recorded at 13°C
(%] (D) s0°c 2mv | from right and left SOL with associated
SOL SOL | 1 movements (lower trace). D, As in (C), but
right right Il LR L at 30°C on a different day in the same rat. E
! - and F, Distributions of motor unit activity
zmv.| ‘ during consecutive rest or sleep periods in
ﬁa?tl- f;?tL WM%MWM right and left SOL of the same rat on three
‘ ‘ ‘ Il different days at the indicated temperatures,
Movements i 02v| Movements g2yl arrows point to median values
Ly T R o e 3 S T 1 0 I S mamao i A
T T T
12.00 Time of day 15.00 13.|00 Time of day 16.00
(E) SOL right (F) SOL left
100 ¥ v
13°C
n=532
g o0 2
] 2
*g 0 L ‘g’
£ 150 o 5
2 100 ¥ n=312 2
QS 50 2
3 I ST . )
g O 5
2 2
:Es 150 30°C g 150 30°C
= 100 =261 Z 100 n =261
50 50
0 - 0 g B o e,
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Mean RMS EMG (mV)

occurred together with de-recruitment on the other side
(Figure 7C), suggesting a high degree of independence be-
tween the two sides.

Brief movements turned tonically active motor units
on or off also at low (13°C) and high (30°C) ambient tem-
peratures (Figure 8; see also Figure 2, which shows data
from another rat). Thus, the power of brief movements to
turn tonic motor unit firing on or off appears robust and
reproducible.

2.5 | Duration and number of periods with
tonic motor unit activity

Changes in ambient temperature also affected duration and
number of periods with tonic motor unit activity in SOL. This
was studied in an earlier separate series where 4-5 hours of
continuous EMG recordings were obtained during spontane-
ous behaviour in a climate chamber without force platform
and video recording. The recordings were obtained at four

Mean RMS EMG (mV)

different temperatures (Figure 9), one temperature per day
in strict increasing or decreasing order for every other ani-
mal. The integrated rectified EMG signal revealed several
nearly flat segments (cf. red arrows in Figure 9A), inter-
preted as resting periods with tonic motor neuron firing and
briefer higher-amplitude episodes interpreted as movements.
Periods with tonic firing appeared less prevalent with ris-
ing temperatures (Figure 9A). The start and stop of each flat
EMG segment during each recording period was identified
using a custom-developed computer algorithm and the ef-
fect of ambient temperature on their number, individual and
summed duration evaluated in linear mixed models with ani-
mal as random effect. The summed duration of individual flat
segments increased linearly with falling ambient temperature
(Figure 9B), as did the number and duration of individual
segments (see legend to Figure 9B).

Several of the flat EMG segments were studied in detail.
An expansion of the flat segment underneath the black arrow
in Figure 9A is shown in Figure 9C, upper trace. It was caused
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by three motor units, which were recruited in rapid sequence
to fire tonically at 20-25 Hz (Figure 9C, coloured symbols
represent individual action potentials). Similar recruitment to
tonic firing resulted in other flat segments (not shown).

2.6 | Motor unit activity in muscles other
than SOL

SOL is rarely studied in relation to body temperature regula-
tion. We therefore compared its motor unit activity with that in
other muscles. Recording simultaneously from SOL and exten-
sor digitorum longus (EDL), we observed substantially more

15
Ambient temperature (°C)

25 35

Move duration (s)

tonic activity in both muscles in cold environments compared
to warm environments (Figure 10A,B). Detecting tonic activity
in EDL required much higher amplification than in SOL, as ex-
pected because slow fatigue resistant motor units in EDL have
relatively few, small sized type 1 muscle fibres.>*** In EDL, as
in SOL, the amount of tonic motor unit activity at rest or sleep
changed in parallel with the ambient temperature (Figure 10C),
confirming that tonic motor unit activity responds to changes
in ambient temperature in a graded manner.

Figure 10D,E shows multiple EDL motor units firing toni-
cally at high ambient temperature. Figure 10E is an expansion of
the traces in (D) at the time of the red arrow. At this temperature
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FIGURE 6 Brief movements briefly inhibit or facilitate motor unit activity in SOL. A,B,C, EMGs from right and left SOL during rest
or sleep in a single rat on different days and at different ambient temperatures showing tonic firing in several motor units. At the time of brief

movements (lower traces), motor unit activity was briefly inhibited or facilitated and many units started or stopped firing tonically. D, Histograms

showing distributions of intervals between movements for the entire length of experiments partially represented in (A,B,C). E, As in (D) but based

on nine experiments in seven rats irrespective of ambient temperature

the trains of tonic firing were brief and often started or stopped
by brief movements or they stopped spontaneously without
any relation to movements. Lower trace in Figure 10E displays
movements arising from respiration (mean rate 0.9 Hz) and mi-
crovibrations resembling mechanomyographic recordings.32

Deep parts of tibialis anterior (TIBd) also displayed tonically
firing motor units at different ambient temperatures ranging
from below 10°C to at least 32°C. The units were often turned
on or off by brief movements (Figure 11A,B). In contrast, we
never recorded tonic motor unit activity in superficial parts of
TIB (TIBs, Figure 11A, n = 3), nor in bilateral recordings from
lower superficial parts of trapezius (not shown).

Like EDL and TIBd, deep neck muscle (Neck) displayed
large amounts of tonic motor unit activity at low ambient

temperatures which decreased as the temperature increased
(Figure 11C). In this case, overt shivering at temperatures
below approximately 7°C (red line in Figure 11C) obscured
any concomitant tonic activity. As in other deep muscles,
brief movements briefly facilitated or inhibited motor unit
activity and turned tonic motor unit activity on or off, also at
high ambient temperatures (Figure 11D,E).

2.7 | Firing rates of tonic motor units
increase in cold environment

Increases in the ambient temperatures, as in Figure 12A,
decreased tonic motor unit firing rates, as shown for a SOL
muscle in Figure 12B. Similar decreases in firing rates were
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FIGURE 8 Brief movements turn tonic motor unit activity on or off at both 14°C and 30°C. A, Recordings from the same rat as in Figure 7

but at 13°C on a different day, showing tonic motor unit activity in right and left SOL before, during, and after a brief movement. Upper and lower

panels show respectively, expanded traces before and after the movement at time of black arrows. In right SOL, the movement turned one unit off
(3) and another unit on (4), while two units (1, 2) fired both before and after the movement. In left SOL, the movement turned two units off (1,
3) and two units on (4, 5), while one unit (2) fired tonically both before and after the movement. B, Blue and grey lines connect respectively, the

increase or decrease in motor unit activity after each movement in right and left SOL during one hour of recording, all measurements scaled to zero
before each movement (see legend to Figure 7 for further explanations). Total number of movements was 115. C, Red lines connect the effect of
each movement (recruitment or de-recruitment) on right and left SOL. D,E.F, As in (A,B,C) but on a different day and ambient temperature 30°C.
In right SOL in this case, the movement turned three units off (1, 2, 5) and four units on (6, 7, 8, 9), while two units continued firing tonically after
the movement (3, 4). In left SOL, the movement turned one unit off (2) and 5 units on (3, 4, 5, 6, 7), while one unit (1) continued firing tonically

after the movement. Total number of movements was 55

obtained in six of seven SOL examined in this way, as well as
in EDL (Figure 12C), Neck (Figure 12D) and TIBd (Figure
12E). The tonic firing rates of SOL, EDL, TIBd and Neck are
summarized in Figure 12F irrespective of ambient tempera-
ture. The histograms show that SOL motor units fire tonically
at lower average rates (19.9 Hz) than units in EDL, TIBd and
Neck and confirm the large overlap in firing rates within and
between muscles seen in the histograms in Figure 12B-E.
An unavoidable bias in sampling occurred in these ex-
periments. At low ambient temperatures, the large number
of simultaneously active motor units often made it impossi-
ble to identify individual units and the analysis had to be re-
stricted to the relatively infrequent periods when the number
of simultaneously active units stayed below at most six. If

massive motor unit activity in the cold results from a gener-
alized increase in motor neuron plateau potential activity, for
example by increased monoaminergic inputs to the relevant
motor neurons (see Discussion), then the driving effect of a
cold environment on motor unit firing rate would be underes-
timated because of the need to select periods with less such
activity for analysis of single motor units.

2.8 | Shivering

The ambient temperature was lowered to below 10°C in five
rats. Bouts of shivering appeared in all of them but not before
the ambient temperature reached approximately 7°C. During
shivering (red lines in Figure 13A-C) the rat stayed in one
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FIGURE 9 Periods of tonic motor unit activity decrease in duration and number with rising ambient temperature. A, Integrated rectified
EMGs from SOL at different ambient temperatures on different days in the same rat, showing many nearly flat segments (red arrows point to

one such segment at each temperature). B, Decrease in summed durations of flat EMG segments with rising ambient temperature, 102 s/h/°C

(95% confidence interval 72-131), P < .0001, six different rats, 4-5 hours of recording per day, each rat subjected to four different temperatures

on different days, insets show individual correlation coefficients. Total number of flat segments decreased 5.1/h/°C (95% CI 2.1 - 8.2), P = .003
and the 90 percentile duration by 2.0 s/h/°C (95% CI 1.2 - 2.9), P < .0001 (not shown). C, Three motor units as indicated begin firing tonically at
20-25 Hz, generating the flat segment (upper trace), which is an expansion of the segment seen under the black arrow in (A). Each coloured symbol
represents one motor unit action potential

place, often with eyes closed as if sleeping, making no move- Shivering was commonly preceded by vigorous, often jerky
ments except for body heaves in synchrony with bursts of ~ movements from one corner of the cage to another (brown lines
shivering motor unit activity (Figure 13G). in Figure 13A-C), which correlated with high amplitude EMG
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motor unit activity for EDL and SOL as moving averages (20 consecutive rest or sleep periods) throughout the experiment. D, Raw EMG from

EDL (upper trace) and associated movements (lower trace). E, Traces in (D) expanded at time of red arrow to show multiple units firing tonically at

the indicated rates. Lower traces show respiratory movements and "microvibrations"

signals. The SOL contributed to such movements with bursts of
high amplitude motor unit activity, but when shivering started,
the activity of SOL motor units shifted to continuous tonic firing
that lasted throughout the shivering bout (Figure 13A-C). The
bursting pattern in all the shivering muscles appeared strikingly
similar (Figure 13D-G). Simultaneous recordings from ipsilat-
eral and contralateral muscles (Figure 13D,E) showed that the
bursts were synchronous between muscles on one and the other
side of the body. Moreover, large or small burst amplitudes in
one muscle generally occurred together with correspondingly
large or small amplitudes in the other muscle recorded from at
the same time (Figure 13D,E), as further documented in Figure
13H. In contrast, no such correlation appeared between pairs of
shivering TIBs and non-shivering SOL in three different rats
(Figure 13I).

In these experiments the ambient temperature was lowered
from room temperature to 7°C or below within 1-2 hours,
kept at those temperatures from 30 minutes to 4 hours and
then raised towards room temperature within 1-2 hours. A
slower decline in room temperature may well have raised the
threshold for overt shivering, perhaps by some form of cold

acclimatization depending on the rate of decline. We note,
however, that in one experiment at an ambient temperature of
10°C that lasted 4 hours we did not observe overt shivering.

During shivering, low amplitude tonic motor unit activity
filled the “gaps” between the high amplitude shivering bursts
in all the deep muscles recorded from (Neck, EDL, and TIBd,
Figure 14A). In contrast, no such tonic activity between
shivering bursts was observed in superficial muscles (TIBs,
Figure 14A lower trace) and caudal parts of the trapezius (not
shown). This finding is further documented in Figure 14B,C.
The mean RMS EMG activity is high during shivering bursts
(violet symbols), intermediate between bursts (green sym-
bols) in TIBd and EDL, but essentially absent in TIBs. When
shivering started, the rate of high amplitude motor unit bursts
first increased and then decreased before it stopped. In the
present experiments, however, we let the temperature rise
after only short periods of time below 7°C. Consequently, ris-
ing temperature may explain, at least in part, the drop in burst
rate towards the end (Figure 14B,C). For the same reason, we
do not know the exact duration of the bouts of shivering at
low constant temperatures.
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Tonic motor unit firing in TIBd and deep neck muscle but not in TIBs. A, EMG from TIBd (upper trace) and TIBs (middle

trace) show tonic motor unit activity in TIBd but not in TIBs. The expanded trace at the time of the arrow (inset) shows several units in TIBd firing

tonically at frequencies indicated for two of them (1, 2). B, EMG from TIBd in a different rat at 32°C shows several motor units firing tonically at

frequencies shown in the insets, which are expanded traces at the time of the arrows (note different timescales and amplifications). C, Changes in

ambient temperature (upper trace, red horizontal bar represents overt shivering), EMG activity in a deep neck muscle (middle trace) and associated

movements (lower trace). D,E, Expanded traces at the time of the arrows in (C) show motor units firing tonically, arrows pointing to four periods of

tonic activity by different motor units with mean firing rates as indicated

A different type of shivering appeared in two of the five
rats examined for shivering. Two such periods of shivering
are shown for the Trapezius in Figure 15 (below blue hori-
zontal lines in Figure 15A). Each period contained multiple
groups of motor unit discharges, each of which (below orange
line in Figure 15B) consisted of brief individual bursts of
motor unit activity at relatively high frequency (Figure 15C).
During such shivering the rat made rapid masticatory move-
ments, as if the teeth were chattering (visible in the video, not
shown). Short observation periods at shivering temperatures
(£7°C) may explain their absence in the other three rats.

3 | DISCUSSION

This study deals primarily with motor unit activity in the
absence of movements when rats are either resting or
sleeping. Muscle fibre contractions are then essentially

isometric and all utilized energy is converted to heat. The
motor unit activity turned out to be exclusively tonic and
therefore equivalent to muscle tone as defined here (see
Introduction). It was present at ambient temperatures as
high as 36°C and increased linearly when the temperature
fell from approximately 32°C to 2°C. In contrast, overt
shivering, which was also studied, appeared only when a
falling temperature reached approximately 7°C.

3.1 | Whatdrives tonic motor unit activity
(muscle tone)?

Persistent inward currents (PICs) that arise from complex
interactions among several ionotropic and neuromodula-
tory inputs generate plateau potentials in motor neurons.*®
PICs are self-sustained depolarizations that lead to regu-
lar action potential discharges and, consequently, to pro-
longed and stable motor unit firings, as observed here. The
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FIGURE 12 Tonic motor unit firing rates increase in cold environments. A, Changes in ambient temperature (upper trace) and
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episodes of tonic firing at 13°C or 29°C, as shown in the upper trace of (A), horizontal bars showing 95% confidence intervals. Ten consecutive unit
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temperature. E, As in (B) but sampled in TIBd in a different rat at the indicated temperatures, 17 units sampled at each temperature. F, Histograms
showing the distribution of firing rates in SOL (seven muscles), EDL (three muscles), TIBd (three muscles) and Neck (one muscle), with mean

rates and number of spike intervals as indicated

mechanisms that generate the plateau potentials are intrin-
sic to each motor neuron. Therefore, one expects the tonic
firing pattern of any given motor unit to be largely inde-
pendent of the firing patterns in other motor units, as also
observed here, with the exception of the small changes in
firing rate that affect multiple motor units in phase with the
respiration, as described elsewhere®’ and also seen here.
During rest or sleep, brief movements were accompanied
by brief inhibitions or facilitations of EMG activity that
turned some tonically active motor units off and others on.
Similarly, brief excitatory or inhibitory inputs to motor
neurons in reduced preparations turn plateau potentials and
accompanying tonic firing on or off,* as do brief excita-
tory or inhibitory inputs to motor neurons in unrestrained

behaving rats.* From such observations we conclude that
only plateau potentials can plausibly account for the tonic
activity demonstrated here.

One modulator of plateau potentials, serotonin, is of
particular interest. Serotonergic neurons in brainstem raphe
nuclei are central to body temperature regulation.‘m’41 Such
neurons project to the spinal ventral horn, where their axon
terminals innervate motor neurons extensively.*>** Serotonin
strongly facilitates PICs,*® stimulation in raphe nucleus in-
ferior causes synaptic release of serotonin that promotes
plateau potentials in spinal motor neurons** and monoamine
receptor activation by serotonin and noradrenaline is essen-
tial for enabling persistent sodium currents and repetitive

firing in rat spinal motor neurons.*> Cold exposure increases
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Shivering activity in TIBs, EDL and Neck but not SOL. A, Ambient temperature (upper trace) and EMG signals (three middle

traces), showing a bout of shivering bursts (above red line) in TIBd and TIBs but not in SOL. Bursts of motor unit activity in SOL, TIBd and TIBs
(brown line) correspond to vigorous movements (lower trace) that preceded shivering. B, A bout of shivering in a different rat showing bursts of

shivering in EDL and TIBs, but not SOL (other explanations as for [A]). C, A bout of shivering in a different rat showing bursts of shivering in

Neck but not SOL (other explanations as for (A)). D, Simultaneous EMG recordings from TIBd and TIBs in the same leg during shivering. E,

Simultaneous bilateral EMG recordings from superficial caudal regions of Trapezius. F, EMG recordings during shivering from EDL in a different

rat. G, EMG recording during shivering from deep neck muscle (upper trace) in another rat showing that shivering bursts and body movements

(lower trace) occurred together. H, Relationships between shivering activity (mean RMS EMG) for each burst in simultaneous bursts in pairs of

muscles as indicated, insets show correlation coefficients. I, Similar to (H) but with shivering activity during bursts in TIBs vs. SOL during each

TIBs burst for three different rats

the firing rate of serotonergic neurons in medullary raphe
nuclei*® and acute silencing of such neurons causes the body
temperature to fall within minutes to near the room tempera-
ture.*’ In addition, depletion of spinal monoamines greatly
reduces tonic motor unit activity.48 We therefore propose
that falling ambient temperature would increase the amount
of heat producing muscle tone by augmenting the release of
serotonin onto motor neurons and facilitating plateau po-
tentials. Interestingly, propofol, a commonly used general
anaesthetic during surgery, suppresses plateau potential gen-
eration in motor neurons by blocking L-type calcium chan-
nels,*” which may contribute to the fall in body temperature
during such anaesthesia.

3.2 | Function of tonic motor unit activity in
body temperature regulation

Falling ambient temperatures caused increased tonic motor
unit activity, owing to motor unit recruitment and increased
firing rates in SOL and other deep muscles (EDL, TIBd,
Neck). Thus, recruitment and firing rate of tonically active
motor units appear to control heat production during rest or
sleep, as recruitment and firing rate control force output dur-
ing voluntary contractions. However, whereas recruitment of
motor neurons in voluntary contractions follows the so-called
size principle,50 tonically active, heat producing motor units
appeared to be recruited or de-recruited at random.
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FIGURE 14 Deep but not superficial
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3.3 | Function of brief movements during phenomenon appears similar to the “rotation of motoneurons”

rest or sleep

The brief movements during rest or sleep that commonly turned
tonically active units on or off appeared at random by unknown
mechanisms. The movements appeared sufficiently frequent for
partitioning the tonic activity among the available motor units,
such that they can all participate and share in the production of
heat and in this way better avoid neuromuscular fatigue. The

that occurs in humans during prolonged isometric contractions,

possibly also to “offset neuromuscular fatigue”.5 !

3.4 | SOL differs from other muscles

In adult rats, SOL muscles are essentially homogeneous, con-
sisting almost exclusively of type 1 fibres that differ from
type 1 fibres in heterogeneous muscles by generating slower
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FIGURE 15 A second type of
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twitches, firing at slower rates and being particularly fatigue
resistant.*3%%-53 Containing almost exclusively type 1 fi-
bres, SOL did not generate the bursts of motor unit activity
observed in EDL, TIBd, TIBs, Trapezius and Neck during
overt shivering (see below). However, SOL and other mus-
cles containing type 1 fibres are similar in that they gener-
ally lie deep in the leg and, as shown for the SOL, have a
high number of capillaries around the muscle fibres and a
high rate of blood perfusion.54 Accordingly, we propose that
muscle tone in SOL and other deep muscles will heat nearby
venous blood from colder peripheral tissues before it returns
to the body core. The striking linear relation between tonic
motor unit activity and ambient temperature implies that
small changes up or down in ambient temperature will lead
to comparably small changes down or up in aggregate heat

producing slow motor unit activity. Thus, we see this rela-
tionship as a means to fine tune the body temperature around
its set point across a large range of ambient temperatures.

Generally, muscle tone in extensor muscles such as the
SOL is thought to be important for supporting postures of
the body against the force of gravity. However, during rest or
sleep such function seems of lesser importance in rats except
in cold environments when muscle tone underpins postures
that conserve heat, as in Figure 1A where the rat had curled
up and brought its legs underneath the body both to support
the body and avoid their exposure to cold air. In this situation,
muscle tone has the double function of producing heat and
supporting a heat conserving posture.

In medical practice, muscle tone is difficult to define and
assess.” As argued below, tonic motor unit activity likely
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plays similar roles in body temperature regulation in rats and
humans. Accordingly, if patients are examined in situations
when they feel cold, tonic activity and accompanying resis-
tance to passive movements in SOL and other deep muscles is
likely to be relatively high. Without knowing that muscle tone
depends strongly on ambient temperature, as demonstrated
here, increased tone in such muscles may be misjudged.

3.5 | Tonic motor unit activity in muscles
other than SOL

All other deep muscles that we recorded from (TIBd, EDL,
Neck) displayed tonic motor unit activity during rest or sleep.
Low action potential amplitude and prolonged firing indi-
cated that the motor units were of the slow and fatigue resist-
ant type. Presence of tonic activity at ambient temperatures
above 30°C and increased firing rate and amounts of activity
with falling ambient temperature indicated participation in
body temperature regulation across a large range of ambient
temperatures. No tonic activity occurred in the two superfi-
cial muscles recorded from (TIBs, distal superficial parts of
Trapezius), indicating that such activity is restricted to deep
lying muscles or parts of muscles, assisting SOL and presum-
ably other deep muscles in heat production as needed. Also,
in these muscles, brief movements frequently turned tonic
activity on or off and briefly excited/facilitated or inhibited
motor unit activity.

3.6 | Contribution to heat production by
tonic motor unit activity

Tonic motor unit activity during rest or sleep evokes isomet-
ric contractions that produce heat. We show here that when
the ambient temperature falls, the amount of tonic activ-
ity increases progressively. Consequently, heat production
also increases progressively. We find it likely that this heat
production contributes substantially to body temperature
regulation for the following reasons. First, the tonic activ-
ity occurred not only in the soleus and the three other deep
muscles that we recorded from, but surely also in other het-
erogeneous deep muscles with type 1 fibres. Second, in cold
environment, the recorded tonic motor unit activity was mas-
sive in the SOL muscle as a whole and nearly continuous
for tonically active units in the other deep muscles. Third,
because these experiments were done on adult rats acclima-
tized to room temperature (~23°C), the contribution by BAT
thermogenesis was probably relatively small in view of the
large amount of muscle tissue in question.

Quantitative data on the relative contributions of BAT and
muscle tissue to cold-induced metabolic responses have been
obtained in humans.’® In this work, total glucose uptake is
reported to increase 42-fold in skeletal muscle compared to
BAT under conditions of minimal whole body shivering and

with most of the EMG activity occurring in deep lying mus-
cles in the neck, back and inner thigh.”® Thus, approximately
47% of glucose turnover occurred in muscle compared to 1%
in BAT, skeletal muscle representing ~42% of total body wt
and BAT ~1%.°® In shivering humans, “burst shivering rep-
resents only <10% of total shivering activity”, the remaining
90% representing “continuous low-intensity shivering™’ or
what we here call muscle tone.

Studies in humans reveal striking similarities in tonic
motor unit behaviour to those described here for rats. In
human gastrocnemius muscles, brief excitatory inputs to their
motor neurons induce prolonged tonic firing apparently from
recruitment of motor neuron plateau potentials.’® During
sleep in humans, the rectified integrated EMG from upper
trapezius muscles shows multiple flat segments, like those
observed here in rat (Figures 2 and 9) and also in humans
such segments appear to be turned on or off by brief move-
ments™ (see their Figure 1A). In humans exposed to 0°C for
30 minutes, EMG recordings from SOL show much tonic ac-
tivity between shivering bursts' (see their Figure 2), as seen
here in rats. Thus, it appears that mucle tone may contribute
substantially to body temperature regulation also in humans.

3.7 | Shivering

We only observed shivering when a falling ambient tempera-
ture reached approximately 7°C. Bouts of shivering occurred
in all deep and superficial muscles recorded from except
SOL, which was as active between the shivering bursts as
during them, suggesting continuous tonic activity throughout
the bouts. In contrast, in the other deep muscles recorded from
(TIBd, EDL, Neck), each shivering burst coincided with high
amplitude motor unit discharges, whereas in between the
bursts, the activity consisted of low amplitude tonically firing
motor units. In further contrast, in both superficial muscles
recorded from (TIBs, caudal part of Trapezius), motor unit
activity only occurred during the shivering bursts as high am-
plitude bursts of activity. The patterns of motor unit activity
recorded here during overt shivering are strikingly similar to
the patterns recorded by surface EMG electrodes over multi-
ple muscles in humans exposed to 0°C for 30 minutes."> The
burst rates, however, were higher in rats (0.6-1.0 per second)
compared to humans (0.1-0.2 per second). Although most
SOL motor units in these experiments in humans displayed
both shivering burst activity and tonic activity in between the
bursts, burst activity was lacking in two of 11 subjects, as in
the rats observed here.

Reflex mechanisms are often described as central to shiv-
ering. Instead, we propose that it might be fruitful to look for
central pattern generators in the spinal cord that turn tonic in-
puts into rhythmic outputs similar to those that drive locomo-
tion, but with synchronous rather than reciprocal activation
of motor neurons on each side of the body. Overt shivering in
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our material occurred as simultaneous bouts of repetitive and
synchronous bursts of motor unit activity of similar duration
and correlated amplitudes in several muscles on one side of
the body and on both sides of the body in the case of trapezius
where bilateral recordings were made. In addition, during the
bouts, the bursts in each muscle underwent parallel changes
in both rate and amplitude of activity. Such observations
strongly suggest that a central pattern generator drives the
shivering. A “shivering pathway” running from the hypothal-
amus to the spinal cord has been described in cats based on
lesions, electrical stimulation and single unit recordings from
relevant regions in the hypothalamus and brain stem.®" The
neuronal activity was tonic and ranged in frequency from 6
to 26 Hz, increased with cooling and decreased towards zero
with warming, resembling the descending tonic activity gen-
erated by serotonergic neurons in brain stem raphe nuclei that
controls plateau potential generation in motor neurons (see
above).

38 |

NST in skeletal muscle has generally been attributed to
“leakage” of H* ions across the inner membrane of muscle
mitochondria and/or “leakage” of Ca”" ions across the mem-
brane of SR, leading to “futile” heat producing ion transport.
The importance of mitochondrial thermogenesis is uncertain
because evidence has been reported both for®® and against
such therllloge:nf:sis.27’66 The role of thermogenesis by “slip-
page” of Ca’* back into the cytosol at the site of Ca’" trans-
port into SR by the ATPase Serca® also appears uncertain.®’
The main evidence is impaired thermogenesis in mice with
sarcolipin (SIn) knocked out,”*** Sln being a regulator of
Serca. Thus, SIn” mice die within a few hours of exposure
to 4°C if their interscapular BAT (iBAT) is also ablated,
whereas iBAT ablation alone has no such effect.”*** But the
interpretation of this result may be questioned. For example,
in these experiments the Sln”" mice had been pre-acclima-
tized to 30°C** and were therefore without any training effect
of preceding cold-acclimatization (see below). Moreover,
mice without BAT (UCP-I'/ ") also die within hours at 4°C
after preceding acclimatization to 30°C despite having intact
Slin, their body temperature dropping by 10°C or more within
2 hours.*® In contrast, after cold-acclimatization to 18°C
such mice maintain their normal body temperature,®® con-
firming the training effect of cold-acclimatization. Finally,
mice that lack both Sln and BAT (double knock out of Sin
and uncoupling protein-1) survive at least 9-10 days (end
of experiment) at 4°C after gradual cold challenge, a find-
ing described as paradoxical.® This last finding means that
at least in cold-acclimatized mice alternatives to BAT- and
Sln-dependent thermogenesis must exist, such as the mus-
cle tone demonstrated here. Interestingly, Sln may contrib-
ute to body temperature control by modulating the capacity

NST in skeletal muscles
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for tonic motor unit activity. Thus, in mice that overexpress
SIn, muscle fibres express increased succinyl dehydrogenase
(SDH) activity, mitochondrial biogenesis and oxidative ca-
pacity, whereas in Sln knockouts they all decrease.”’

In the cold, muscles undergo a form of training as they
become redder, gain more slow-twitch fibres and capillaries
around fibres and increase their oxidative metabolism and
fatigue resistance.”®”? Thus, cold-acclimatization results in
increased capacity for muscle contractile activity and accom-
panying heat production. Yet, after cold acclimatization to
18°C, mice that lack BAT (UCP-l'/') “shiver incessantly”
when exposed to 4°C% and begin to die after 5 weeks.®® In
such mice the ryanodine receptor 1 (RyR1) channel com-
plex in sarcoplasmic reticulum (SR) becomes leaky for Ca**
and the release of Ca®" from SR and tetanic force output are
markedly impaired.%’68 Similar leaks in RyR1 and accompa-
nying defective Ca®* signalling, muscle damage and impaired
exercise capacity occur in mice and humans after extensive
endurance exercise.”* Evidently, excessive muscle activity,
particularly in untrained subjects and in the cold without pre-
ceding acclimatization, may overload the muscle and reduce
the capacity for heat production by both overt shivering and
muscle tone.

Bal et al. examined the role of electrical muscle activity
in body temperature regulation by reducing visible shiv-
ering by ~50% in iBAT ablated mice injected with a low
dose of curare ip.24 Because this reduction did not affect
the body temperature during exposure to 4°C, the authors
suggested that “skeletal-muscle-based NST is an import-
ant mechanism for thermoregulation.” But this experiment
and its interpretations related only to overt shivering and
provided no data on tonic motor unit activity. Given that
overt shivering was only partially reduced and that slow
muscle is less sensitive to curare than fast muscle,75’76
interpretation is that unexamined muscle tone rather than
NST was responsible for the observed maintenance of body
temperature.

our

3.9 | Regulated heat production occurs
in the TNZ as presently described

The present results bear on the concept of the TNZ. TNZ is
defined as “The range of ambient temperature at which tem-
perature regulation is achieved only by control of sensible
heat loss, ie, without regulatory changes in metabolic heat
production (H) or evaporative heat loss™.”" 1t is influenced
by environmental, methodological and other factors and is
difficult to determine.’"”® For the rat, ranges of TNZ are
reported to lie between 28 and 34°C, most data suggesting
that it is narrow (2-4°C) and centred at 29-30°C (see3l’79 and
references therein). Under home cage conditions, however,
its lower critical temperature is thought to approach the mid

twenties.*?!
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Here we show that regulated muscle tonus in SOL and by
inference regulated heat production, occurs in a range of am-
bient temperatures that extends from less than 7°C to at least
32°C, which is well into the range that is generally ascribed to
the TNZ. Motor units in other muscles, such as EDL, TIBd,
and Neck, were likewise tonically active in this zone. We sug-
gest that this fact has been missed, first because the SOL, in
which such activity is relatively easy to detect, has not been
studied in this context, second, because the low amplitude of
such activity in muscles other than the SOL makes its detec-
tion difficult and third, because such activity to our knowl-
edge has not been studied at high temperatures. Moreover,
at high temperatures the amount of heat producing tonic ac-
tivity is low and may have been missed in metabolic studies.

Could the tonic motor unit activity that we recorded
within the TNZ, as presently defined, be just postural ac-
tivity? Although it is difficult to distinguish between tonic
activity in the service of either posture or body temperature
regulation,80 we think we are primarily recording thermo-
genic activity for the following reasons. The relationship be-
tween tonic activity and ambient temperature is linear also
between 23°C and 32°C, 23°C representing the lower crit-
ical temperature of TNZ for rats under housing conditions,
as reported in the literature.**" If the tonic activity reflected
only postural activity, we would not expect such linear depen-
dence on ambient temperature. In this range of temperatures
rats are usually lying flat on the floor with no signs of leg
bearing postures. In one such case at 32°C, the video showed
a rat apparently asleep and with the right leg containing the
implanted EMG electrodes in full view. Close inspection of
that video revealed no detectable movement of the body or
leg during a period of time when several motor units were
tonically active, individual units turning on or off apparently
at random, in this case four units in EDL and three units in
TIBd. In the absence of any detectable changes in posture,
primary dependence on ambient temperature seems the more
likely explanation. Nevertheless, we have no data that rigor-
ously exclude postural rather than thermogenic mechanisms.

3.10 |

In the literature on body temperature regulation, muscle
tone is variously described as shivering, pre-shivering
tone, invisible shivering, microvibrations, thermoregula-
tory tonus or resting muscle mechanical activity (RMMA).
An accepted model is that muscle tone and overt shiver-
ing are “simply degrees of the same phenomenon” (see
Introduction). But we show here that muscle tone and overt
shivering are strikingly different phenomena, engaging dif-
ferent motor units and muscles, displaying different motor
unit firing patterns and covering entirely different tempera-
ture ranges. The underlying mechanisms are also basically
different, as overt shivering is produced by synchronous

Notes on terminology

bursts of activity, arising perhaps in central pattern gen-
erators in the spinal cord, whereas muscle tone is produced
by tonic impulse activity resulting almost certainly from
intrinsic plateau potential generation in individual motor
neurons. Consequently, to describe muscle tone as shiv-
ering is a misnomer that, in our view, causes unnecessary
confusion.

For example, cold exposure-induced motor unit firing in
a neck muscle was described as shivering in a recent study
of central efferent pathways for shivering in anaesthetized
rats.'” But the motor unit activity shown in that paper was
not bursting but regular at 37 Hz and therefore better de-
scribed as tonic and in agreement with our observations
of neck motor units in the absence of movements (average
frequency 36.8 Hz, Figure 12F) at ambient temperatures
extending from 6°C to 31°C. Interestingly, Nakamura and
Morrison'” noted: “this central command pathway for shiv-
ering parallels that for sympathetically regulated non-shiv-
ering thermogenesis in brown adipose tissue”. In our view,
however, “this central command pathway for shivering” may
involve two commanding pathways, one for muscle tone
and the other for overt shivering, which, as shown here, are
separate phenomena. Similarly, when Cannon, Nedergaard,
and co-workers discuss the detrimental effects of “inces-
sant shivering” during cold acclimatization in UCP1™" mice
(see above), it is unclear whether the resulting breakdown
in muscle contractility results from disrupted muscle tone
generation, overt shivering or both. That continuous low-in-
tensity shivering or what we call muscle tone, is reported
to represent more than 90% of total “shivering” activity in
humans,”’ underlines the importance of distinguishing be-
tween shivering and muscle tone and strengthens our belief
that the two processes should be kept conceptually and ex-
perimentally separate.

Interestingly, birds differ from mammals in that they
generally do not display overt shivering but rather a smooth
crescendo of muscle tone as it gets colder. Perhaps overt shiv-
ering has not evolved in birds partly because it might com-
promise brooding in the cold and partly because the massive
pectoral muscle used for flying might provide sufficient heat
by tonic mechanisms alone, whereas in mammals additional
heat production by overt shivering is needed when it gets suf-
ficiently cold.

Including muscle tone and overt shivering in the same
term has a long and well-established history that will be
difficult to change. The conflation dates back at least to
1955.,%! when it was stated that “Both “apparent” (observed
visually) and “inapparent” (observed only with the aid of
the electromyograph) shivering are degrees of the same
phenomenon”. Nevertheless, regardless of the choice of
terminology, we believe that in the long run, the field will
benefit from treating muscle tone and overt shivering as
separate mechanisms.
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There is no easy resolution to the problem of separating
overt shivering from muscle tone given established usage.
For example, one might call muscle tone NST, but this would
contradict the commonly accepted definition of NST, which
excludes electrical muscle activity. Alternatively, one might
distinguish between muscular and non-muscular thermo-
genesis rather than between shivering and NST. Muscular
thermogenesis would then include overt shivering, muscle
tone and futile ion shuttle in mitochondria and SR, while
non-muscular thermogenesis, would include BAT and en-
hanced metabolic rates because of increased levels of thyroid
hormones. But, again, this would break with common usage
and cause confusion. Or one may continue to conflate overt
shivering and muscle tone under the same term, while hop-
ing that the field will eventually agree on a more appropriate
terminology.

A separate issue relates to using mechanomyogra-
phy as a more sensitive method than EMG and resting
muscle mechanical activity (RMMA) as a descriptor for
minor tremor or microvibrations in skeletal muscles (see
Introduction). We show here that by isolating periods of
rest or sleep in the absence of movements, it is possible
to study single motor unit activity by chronically im-
planted EMG electrodes because under such conditions
the number of tonically active units at any particular time
is often sufficiently low for single unit identification.
Hence, this seems a more direct and better approach to the
study of muscle tone in body temperature regulation than
mechanomyography.

3.11 | General conclusions

This work shows (a) that muscle tone likely plays an es-
sential and substantial, but so far generally unrecognized,
role in body temperature regulation during rest or sleep,
(b) that muscle tone and shivering are strikingly different
phenomena and, therefore, should not both be described
as shivering with the implication that they are “different
degrees of the same phenomenon”, and (c) that regulated
muscle tone occurs in the TNZ as described in the liter-
ature, questioning the present description of this zone in
rats. The scheme presented in Figure 16 illustrates (a) that
falling ambient temperature increases the number of toni-
cally active motor units, which generate trains of muscle
impulses of increasing firing rates and duration (Figure
16A,B), and (b) that frequent brief random movements
occur during rest or sleep, which may turn such trains on
or off (Figure 16C). We propose that these effects arise
because falling ambient temperatures increase the sero-
tonergic inputs to the relevant motor neurons, thereby pro-
moting and enhancing the generation of plateau potentials
in them (Figure 16D,E). In addition, we propose that the
random brief movements frequently made during rest or
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sleep reflect central mechanisms that briefly excite or in-
hibit the motor neurons, thereby turning plateau potentials
on or off (Figure 16F). Thus, tonic motor unit activity is
also turned on or off but in a random manner such that
the units can share the task of heat production. We believe
that the role of muscle tone in body temperature regulation
described here has been missed so far because few, if any,
have studied it in the absence of movement during rest or
sleep, particularly in SOL where it is most prominent and
all, or nearly all, the motor units may participate in muscle
tone thermogenesis.

4 | MATERIALS AND METHODS

4.1 |

All experimental procedures were carried out in accordance
with the European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Purposes
(ETS 123) and the Directive 2010/63/EU, implemented into
Norwegian law and regulations 01.07.2015. The experiments
were approved prior to execution by the Norwegian Animal
Research Authority which is a national committee organized
under the Norwegian Food Safety Authority. The Animal
Care and Use Committee at the Institute of Basic Medical
Sciences at the University of Oslo (animal research facility
016) and the Norwegian Food Safety Authority have also in-
spected the execution of the experiments.

Ethical approval

4.2 | Animal experiments

The experiments were performed on male Wistar rats weigh-
ing 200-450 g, accommodated in the animal house on a
12 hour light-dark cycle with food and water ad libitum. Each
rat was brought to the lab for chronic implantation of EMG
electrodes. After the operation, the rat was returned to the
animal house and, after 2-3 days of recovery, brought back to
the lab and placed in a climate chamber for EMG recording.
The recordings started in the morning, 1-2 hours after the rat
had been placed in the chamber and lasted 4-6 hours. The rat
was then returned to the animal house. On different days dur-
ing the next 1-2 weeks the rats were brought back to the lab
for additional recordings. At the conclusion of electrophysi-
ological recordings animals were killed with an overdose of
sodium pentobarbitone (200 mg kg™') via intraperitoneal
injection.

4.3 | Electrodes for chronic EMG recording

Two types of electrodes were made. Type 1 was made from
50 um diameter Teflon-insulated platinum/iridium wire
(A-M Systems) or from 25 um diameter polyimide-insulated
Platinum 10% Iridium wire (California Fine Wire). The
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increased linearly with falling ambient temperature between 32°C and <7°C. Overt shivering began when the temperature reached approximately

7°C. Significant amounts of tonic motor unit activity was recorded also at temperatures above 32°C (up to 36°C), but the linear relationship

disappeared. B, Recruitment of tonically active motor units and increased tonic firing rates contributed to the observed increase in total motor

unit activity and therefore and necessarily, to an accompanying increased heat production. C, During periods of rest or sleep, brief movements

occurred frequently and randomly, and at the time of such movements tonically active units were often turned on or off. Thus, many motor units

could share the task of heat production in cold environments. D, Studies reported in the literature show that brain stem serotonergic neurons with

axons descending in the spinal cord to make synaptic contacts with motor neurons increase their firing rate when the ambient temperature falls. E,
Serotonin has been shown to promote plateau potential generation in motor neurons. Consequently, we propose that when the ambient temperature
falls, increasing activity in serotonergic inputs cause progressively more motor neurons to generate plateau potentials that increase in duration and
amplitude and result in trains of motor neuron action potentials of increasing duration and firing rates, ie tonic motor unit impulse activity. F, Brief
excitatory or inhibitory inputs have been shown to elicit or terminate plateau potentials in motor neurons. Because the brief random movements
observed here during rest or sleep similarly turn tonically active motor units on or off, we propose that such brief movements reflect intraspinal

processes in unknown neuronal circuits that turn motor neuron plateau potentials on or off

insulation was removed from one end of the wire (~1.5 mm),
which was bent into a hook. The other end of the 2-3 cm wire
was soldered to a multifilament stainless steel wire (AS632,
Cooner Wire) and the soldering site covered with a 0.5 cm
silicone tube (OD 0.62 mm, ID 0.33 mm) filled with a silyl
modified polymer (Trans7 Clear, Novatech International).
Type 2 electrode, a pair, was made from 25 um diameter

polyimide-insulated Platinum 10% Iridium wires in which
the insulation was removed for 0.5-1 mm at some distance
from one end of each of two wires by a small flame through
a metal slit. One wire was then placed along the other such
that a 1 mm gap separated the two exposed segments. The
ends of the two wires were then twisted and glued to a small
suture needle. At the other end each wire was soldered to
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multifilament stainless steel wires as described for Type 1
electrode.

4.4 | Surgical preparation for chronic
EMG recording

The surgery was performed under deep anaesthesia obtained
with Equithesin (4 ml kg_l ip) in early experiments and a
custom Zoletil mix (2.0 ml kg_1 ip) in later experiments.
Equithesin contains pentobarbital sodium 9.7, magnesium
sulphate (heptahydrate) 21.0, chloral hydrate 42.5, ethanol
76.0 and propylene glycol 428.0 mg mL™". The Zoletin mix
contains 14.7 mg zolazepam, 14.7 mg tiletamine, 1.77 mg
xylazine and 10 pg fentanyl per ml 0.9% NaCl. Temgesic
(buprenorphine 10-20 pg kg_1 s.c.) was given at the end of
surgery and in the morning and evening on the following
day for post-operative analgesia. In some rats, SOL was ex-
posed, the hook of a type 1 electrode inserted by a syringe
needle in a distal-to-proximal direction into the proximal
half of the muscle and a second electrode similarly into the
distal half. Alternatively, the needle at the end of a type
2 paired electrode was inserted into, along and out of the
SOL until the exposed recording segments reached a posi-
tion within the proximal half of the SOL. The twisted end
was cut and bent back to hold the electrode pair in place.
Outside the SOL, the two thin wires with their attached mul-
tifilament stainless steel wires were bent 180°, secured with
sutures to the subcutaneous fascia and run under the skin
to the top of the head, where their ends were soldered to
a socket contact (6-position E363/0, Plastics One) in early
experiments and a 12-position micro plastic circular contact
(Omnetics) in later experiments. The soldering sites in the
socket were covered with a silyl modified polymer (Trans7
Clear) and the socket contact was then fixed to the exposed
skull by dental cement (Simplex Rapid, Austenal Dental)
around two screws in the bone. A wire loop under the skin
in the back or thigh region prevented pull on the electrodes.
In other rats, type 1 or 2 electrodes were inserted into EDL,
deep parts of tibialis anterior (TIBd), superficial part of
tibialis anterior (TIBs), lower superficial part of trapezius
or deep neck muscles (biventer cervicis) with a procedure
similar to those described for SOL. In many cases, electrode
pairs were inserted into two or three muscles of the same rat
for simultaneous recordings.

4.5 | Climate chamber

The EMG recordings were made in one of two custom made
climate chambers. A flexible cable connected the contact
on the rat's head (Figure 1A.E) to a custom made rotating
contact above the chamber. In some rats, brief isoflurane an-
aesthesia was used when connecting the cable to the head
contact. The inside temperature of Chamber 1 was kept
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nearly constant at 26, 23, 20 or 17°C by water from an ad-
jacent temperature-controlled water bath circulating in three
of the chamber's four walls. This chamber was only used
in an early series of experiments (results in Figure 9). All
other results were obtained in Chamber 2, which measured
23 X 23 x 23 cm on the inside. The walls were made from
plexiglass and 2 cm polystyrene boards for insulation. The
lid had one hole in the centre for a cylinder containing the
rotating contacts, one hole near one corner for a metal cylin-
der protecting the probe that measured ambient temperature
at the level of the rat and three holes along one wall contain-
ing metal cylinders into which dry ice could be poured to
lower the temperature below 10°C. Between the lid and a
metal grid 10 cm below, zigzagging copper tubes carried lig-
uid (ethylene glycol in water) at different temperatures from
an adjacent water bath and a small fan mixed the air in the
chamber to an even temperature. A floor made of plexiglass
and covered with cage bedding (filled into a tray made from
overhead foil to prevent pieces of bedding from falling off
the side of the floor and restrict its free movement) rested
on four springs, one in each corner. A force transducer just
touching the centre of the floor from underneath via a small
spring recorded every movement of the rat. A double pane
removable transparent front door allowed access to the
chamber as well as video monitoring of the rat's behaviour
inside the chamber.

4.6 |

Via the rotating contacts above the climate chamber the re-
cording electrodes were connected to amplifiers (WPI) set as
follows: differential AC, amplification 1000 X, band-pass fil-
ter 10 Hz-10 kHz. The EMG, ambient temperature and force
transducer signals (movements) were fed into a data acquisi-
tion interface (Power1401-3, Cambridge Electronic Design)
and stored on a desktop computer running Spike2 software
(Cambridge Electronic Design). The EMG signals were sam-
pled at 25 or 50 kHz. Spike2 simultaneously stored a com-
plete video file of the rat's behaviour (recorded at 10 frames
s™' and 230 x 340 pixels per frame), using DivX real-time
compression. Synchronized video, EMG and movement data
were inspected on the PC monitor to confirm the reliability
of the movement detection system. Even the smallest visible
movements, including respiratory movements, were detected
in the force transducer signals.

Movements were separated from periods of rest or sleep
by placing cursors at the start and end of each movement
(see Figure 2). Any two movements separated by less than
3 seconds were taken as belonging to the same movement.
The “raw” EMG signal was subjected to DC removal and
processed for mean RMS EMG (mV) in Spike 2. Results
presented in Figure 9B were obtained using JMP 11.2.1 and
12.0.1 (SAS Institute). Influence of ambient temperature on

Data acquisition and analysis
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number, individual and total duration of flat EMG segments
was evaluated in linear mixed models with temperature as
fixed effect and animal as random effect.
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