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A B S T R A C T

Current understanding of the pathogenesis of the familial form of amyotrophic lateral sclerosis has been aided by
the study of transgenic mice that over-express mutated forms of the human CuZn-superoxide dismutase (SOD1)
gene. While mutant SOD1 in motor neurons determines disease onset, other non-cell autonomous factors are
critical for disease progression, and altered energy metabolism has been implicated as a contributing factor.
Since most energy expended by laboratory mice is utilized to defend body temperature (Tb), we analyzed
thermoregulation in transgenic mice carrying the G93A mutation of the human SOD1 gene, using implantable
temperature data loggers to continuously record Tb for up to 85 days. At room (22 °C) ambient temperature,
G93A mice exhibited a diminished amplitude of the daily Tb rhythm compared to C57BL/6J controls, secondary
to decreased Tb values during the dark (behaviorally active) phase of the light-dark cycle. The defect arose at
85–99 days of age, around the age of symptom onset (as assessed by grip strength), well before observable
weakness and weight loss, and could not be accounted for by decreased levels of locomotor activity or food
consumption. Housing under thermoneutral (29 °C) ambient temperature partially rescued the defect, but age-
dependently (only in animals> 100 days of age), suggesting that the deficit in older mice was due in part to
inadequate thermogenesis by “peripheral” thermogenic organs as the disease progressed. In younger mice, we
found that cold-induced thermogenesis and energy expenditure were intact, hinting that an initial “central”
defect might localize to the subparaventricular zone, involving neural output pathways from the circadian clock
in the hypothalamic suprachiasmatic nucleus to forebrain thermoregulatory circuitry.

1. Introduction

Research on familial forms of amyotrophic lateral sclerosis (ALS) – a
disease characterized by progressive muscle weakness, atrophy, and
spasticity due to the degeneration of upper and lower motor neurons

(for review, see Brown and Al-Chalabi, 2017) – has led to significant
insights into etiopathogenesis. The first genetic cause of familial ALS
was identified in the CuZn-superoxide dismutase (SOD1) gene (Rosen
et al., 1993), and hundreds of mutations across the SOD1 primary
structure have now been found. The first mouse model of the disease
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(Gurney et al., 1994) followed transgenic overexpression of the entire
human SOD1 gene (hSOD1) with the glycine 93 to alanine mutation
(G93A), under control of the endogenous hSOD1 promoter. The G1 line
of the G93A mouse, with 25 predicted copies of the transgene and
backcrossed to C57BL/6, has become the most widely-used and in-
tensively-studied animal model of the disease (see Kanning et al.,
2010).

Murine models have been central to our current understanding of
the pathogenesis of familial ALS. A toxic gain-of-function of the mutant
protein underlies the death of motor neurons in the disease (Reaume
et al., 1996), and several candidate mechanisms, not mutually ex-
clusive, have been proposed, including mitochondrial dysfunction,
protein aggregation, excitotoxicity, and dysregulated axonal transport
(for review, see Taylor et al., 2016). While much research has focused
on pathological mechanisms that act within the motor neuron itself to
determine disease onset, non-neuronal cells and non-cell-autonomous
pathways also contribute to disease expression and progression (for
reviews, see Boillée et al., 2006; Ioannides et al., 2016). Most mutations
in humans are associated with reduced SOD1 activity in some non-
neural cell types (Robberecht et al., 1994; Tsuda et al., 1994), and in
the G93A mouse there is actually considerably more of the mutated
hSOD1 in liver and kidney than in spinal cord and brain (Zetterström
et al., 2007).

Evidence for systemic metabolic dysregulation has been reported in
transgenic mouse models that exhibit signs of a hypermetabolic state.
Dupuis et al. (2004) (their Fig. 1) showed an approximate 16% increase
in energy expenditure and 15% decrease in body weight in G93A mice
at 75 days of age, compared to controls, while Lim et al. (2014) re-
ported similar results at 120 days; in neither study was there a differ-
ence in food consumption from controls. For a small rodent housed at
room temperature in a laboratory setting, much of the energy expended
is utilized to defend body temperature (Tb) (Speakman, 1997), but there
have been relatively few studies of Tb in ALS transgenic mice. To our
knowledge, there has been no abnormality reported in baseline Tb in
symptomatic G93A mice, as measured either during the light (rest)
phase of the light-dark (LD) cycle (Weydt et al., 2006; Tankersley et al.,
2007; Kandinov et al., 2011) or during a 24 h test session (Smittkamp
et al., 2014). Only at a very late stage of the disease (> 130 days of
age), are the mice unable to maintain Tb during cold stress (Kandinov
et al., 2011).

Here we report our analysis of temperature regulation in G93A
mice. We used implantable temperature data loggers (ibuttons) and
continuously recorded Tb in animals for up to 85 days, at room (22 °C)
or thermoneutral (29 °C) ambient temperatures; we also tested the an-
imals' responsiveness to cold stress and generated plots of energy ex-
penditure at various sub-thermoneutral ambient temperatures
(Scholander curves; see Cannon and Nedergaard, 2011). The results
revealed a defect expressed during the dark (behaviorally active) phase
of the LD cycle, leading to a decreased amplitude of the daily Tb

rhythm, the underlying mechanism(s) of which appeared to change as a
function of age.

2. Materials and methods

2.1. Animals

Male transgenic mice carrying a G93A mutated hSOD1 gene (B6·Cg-
Tg(SOD1*G93A) 1Gur/J) and wild type (C57BL/6J) controls (initially
obtained from Jackson Laboratories, Bar Harbor, ME) were individually
housed in clear polypropylene cages contained within environmental
compartments with ambient temperature held at 22 °C or 29 °C and
relative humidity at 40 ± 20%. Food and water were provided ad li-
bitum, and animals were maintained in a 12 h: 12 h LD cycle, with light
intensity on the order of 300–400 lx at the mid-cage level. Locomotor
activity was measured by passive infrared motion detectors (K-940,
Visonic, Tel-Aviv, Israel) positioned on the top of the cages or by

voluntary running in 5″ metal running wheels. Twice weekly, mice
were weighed, tested for grip strength (as the maximum of 5 attempts
using a Chatillon DFIS-2 Digital Force Gauge [Ametek, Inc., Berwyn,
PA]), and given a neurological score according to the Jackson
Laboratory criteria for onset and end stage of disease in G93A mice
(Leitner et al., 2009); the endpoint of “death” was defined as an in-
ability of the mouse to right itself within 15 s if laid on either side. At
the conclusion of experiments, mice were euthanized using either ke-
tamine (150mg/kg) and xylazine (10mg/kg) or CO2 asphyxiation,
followed by decapitation. Mutant hSOD1 copy number was confirmed
by PCR. All animal procedures were in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
and approved by the Institutional Animal Care and Use Committees of
the University of Massachusetts Medical School (UMMS) and Williams
College.

2.2. ibutton implantation, long-term recordings, and indirect calorimetry
(UMMS)

ibuttons (DS1922L-F5, Embedded Data Systems, Lawrenceburg, KY)
were calibrated at temperatures between 25 °C and 40 °C and then
programmed to sample temperature every 15min beginning at a spe-
cified age. They were coated lightly with paraffin wax and sterilized in
povidine iodine solution overnight followed by a sterile saline rinse. At
38 days of age, mice were anesthetized with isoflurane (0.5–2.5%),
given a subcutaneous injection of buprenorphine (0.03 mg/kg), and a
single ibutton was placed within the peritoneal cavity via a 2 cm skin
and abdominal wall incision 2mm lateral to the midline. The wound
was treated with antibiotic ointment (Neomycin & Polymyxin B Sulfates
& Bacitracin Zinc Ointment USP), and subcutaneous buprenorphine at
6 h, and ketoprofen (5mg/kg) at 6 h and 30 h, were administered post-
operatively.

Locomotor activity data were binned every 5min and displayed as
actograms by using the Vitalview and Activeview Programs (Philips
Respironics, Bend, OR). Tb actograms were created by plotting the va-
lues obtained after subtracting the mean for the entire experiment from
each individual data point. The daily amplitudes of the rhythms were
determined by transforming the raw data using the Morlet continuous
wavelet transform, as described previously (Leise et al., 2013).

At 115 days of age, groups of G93A and control mice were placed in
PhenoMaster/LabMaster metabolic cages (TSE Systems, Chesterfield,
MO) using the National Mouse Metabolic Phenotyping Center (MMPC)
at UMMS for non-invasive measurement of energy expenditure, food/
water intake, and physical activity every 30min over a 72 h interval.

2.3. Construction of Scholander plots (Williams College)

Telemeters (ETAF20, Data Sciences International, St. Paul, MN),
were calibrated at temperatures between 20 °C and 40 °C and sterilized
in povidine iodine solution overnight followed by a sterile saline rinse.
At 79 days of age, mice were anesthetized, and a single telemeter was
placed within the peritoneal cavity, as described for ibutton implanta-
tion, above, except for analgesia by subcutaneous meloxicam (5mg/kg)
peri-operatively and 24 and 48 h post-operatively. ECG leads from the
telemeter were placed subcutaneously on either side of the heart and
sutured in place.

For indirect calorimetry, air (300ml/min) was pumped into air-
tight cages, and the outflow was fed through a flow meter (Omega
Engineering, Stamford, CT) and pulled through O2 and CO2 analyzers
(AEI Technologies, Naperville, IL) at 140ml/min, with excess flow re-
directed to a concentric, convoluted pathway for rerelease into the
room environment. O2 and CO2 concentrations were sampled for 20 s
every 2min; cage temperature and atmospheric pressure were recorded
every 2min. All air put into and pulled out of the cages was dried using
calcium sulfate (Drierite; W.A. Hammond Drierite Co., Xenia, OH). The
adjustment of ambient temperature in the insulated cages was achieved
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using a self-constructed temperature regulatory system consisting of
copper coils of wire through which cooled antifreeze was pumped.
Physiological data were collected from the telemeter's radio signal via a
receiver plate placed underneath the cage (RPC-1, Data Sciences
International), for 20 s every 2min. Locomotor activity was monitored
by the change in signal strength coming from the telemeter as the
mouse moved about its cage, and shivering was derived from the ECG
signal.

Before transfer to the metabolic cages, mice were housed at an
ambient temperature of 30 °C for two weeks. Following 12 h of accli-
mation to the cages, data were acquired at the onset of the light phase
and for the next 24 h; 1.5 h after the onset of the second light phase,
ambient temperature was manually adjusted to drop 2–3 °C. Every 1.5 h
thereafter, ambient temperature was dropped an additional 2–3 °C until
the final 1.5 h of the light phase. Basal metabolic rate, lower critical
temperature, and conductance (insulation) were calculated as pre-
viously described (see Cannon and Nedergaard, 2011). Finally, the
animals were returned to 30 °C for at least two days before an acute
cold stress was performed; this was initiated 1.5 h after the onset of the
light phase by transfer to cages at 10 °C, after which Tb, heart rate, and
activity were recorded every 2min for 2 h.

2.4. Immunohistochemistry

Mice were euthanized with an intraperitoneal injection of ketamine
(100mg/kg) and xylazine (10mg/kg) during the first half of the light
phase of the LD cycle. Animals were perfused intracardially with he-
parinized (30 units/ml) 0.01M phosphate buffered saline (PBS) fol-
lowed by 4% paraformaldehyde. Brains were collected in 4% paraf-
ormaldehyde, post-fixed for 4 h and transferred to 20% sucrose at 4 °C,
after which 40 μm coronal sections were cut on a sliding microtome and
collected in two series in cryoprotectant and stored at 4 °C. Staining was
carried out at room temperature, and all incubations and rinses (with

PBS, pH 7.4, 5 min/rinse) involved gentle agitation. Free-floating sec-
tions containing the forebrain were washed in PBS, blocked for 20min
using 5% normal donkey serum (NDS, 017-000-121, Jackson
ImmunoResearch Inc., West Grove, PA; or 7,332,100, Lampire
Biological Labs, Pipersville, PA) in 0.3% Triton-X and PBS, and in-
cubated for 3 h in mouse monoclonal anti-C4F6 antibody with high
affinity for hSOD1 (Urushitani et al., 2007) (1:200 in 3% NDS, 0.3%
Triton-X and PBS). Sections were rinsed in PBS, incubated for 2 h in a
donkey anti-mouse Alexa Fluor 594 antibody (A21203, Life Technolo-
gies, Carlsbad, CA) (1:100 in 3% NDS, 0.3% Triton-X and PBS), and
rinsed in PBS. All sections were mounted in PBS, air dried for 1 h and
coverslipped using ProLong Gold antifade mountant (P36930, Thermo
Fisher Scientific, Waltham, MA). Staining was visualized using a Zeiss
Axio Imager M2 (Zeiss, Jena, Germany) and a DM IRB fluorescence
microscope (Leica Microsystems, Deerfield, IL). For identification of cell
groups in forebrain areas, an alternate series was stained with thionin.

2.5. Statistical analyses

ANOVAs, posthoc tests, and t-tests were computed using GraphPad
Prism version 6 for Windows (GraphPad Software Inc., La Jolla, CA).

3. Results

3.1. G93A mice exhibit a decreased amplitude of the daily Tb rhythm

G93A (n=5) and C57BL/6J (n= 6) mice implanted with ibuttons
were maintained in a 12 h: 12 h LD cycle for recording of daily Tb and
locomotor activity rhythms for up to 85 days at 22 °C. The records were
graphed as “double-plotted actograms,” i.e., data were plotted hor-
izontally from left to right over the course of 48-h periods, with suc-
ceeding days stacked vertically from top to bottom, such that day n was
followed by day n+1 horizontally, succeeded by day n+1 and n+2

Fig. 1. Daily Tb rhythms in G93A and C57BL/6 J
mice. (A). Daily Tb rhythms of a representative
transgenic and control mouse portrayed in double-
plotted actogram format (see text), with white and
black bars at bottom denoting the timing of the ex-
ternal LD schedule. Brackets represent the 13-day
interval of “skeleton” photoperiod (see text). The
consolidated hours-long bouts of relatively high Tb

during the light phase recurring every 3 weeks cor-
respond to cage changes. (B). 24 h time course of Tb

for the two groups of mice over the LD cycle, aver-
aged over all days of recording. ZT= zeitgeber time,
where ZT 0 represents the time of lights-on and ZT
12 the time of lights-off.
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on the next line, then by day n+ 2 and n+ 3, and so on. Tb actograms
for representative G93A and C57Bl/6 J mice (Fig. 1A) demonstrate
robust daily rhythms, with relatively high Tb during the dark (beha-
viorally active) phase and low Tb during the light (rest) phase of the LD
cycle. For both strains, the phase and stability of synchronization to the
LD cycle were comparable. Since the presence of light per se may have
direct physiological effects that shape rhythm waveform (possibly
masking potential defects in endogenous [circadian] mechanisms), we
temporarily replaced the full LD photoperiod with a “skeleton” photo-
period, in which animals remained synchronized instead to 1 h dawn
and dusk light pulses for 13 days. As shown in Fig. 1A, there was no
discernable effect of the skeleton photoperiod on the rhythm (by visual
inspection), indicating that light during the rest phase was not differ-
entially suppressing Tb in the G93A mouse during that phase. One ob-
vious difference in the actograms between strains was the appearance
of an interval of relatively low Tb during the latter half of the dark
phase in the C57BL/6J mouse, corresponding to inactivity on the lo-
comotor activity actogram (not shown) and presumably representing
the daily “siesta” of sleep prominent in this strain (Franken et al.,
1999). These intervals were not prominent in G93A mice.

Fig. 1B plots the 24 h course of Tb over the LD cycle, averaged over
all days of recording, showing qualitative differences in the Tb wave-
form between strains, with a blunted and more variable 24 h profile in
the G93A mice. The decreased light-to-dark excursion was due to de-
creased dark phase Tb, not increased light phase Tb (Fig. 2A,B). In order
to quantify the daily Tb rhythm amplitude, we transformed the raw Tb

data using the Morlet continuous wavelet transform, allowing us to
determine cycle-to-cycle peak and trough values on a circa-24 h scale
without assuming sinusoidal waveforms or invariance of amplitude
over time. Fig. 2C illustrates the values and trajectories of the daily Tb

rhythm amplitude in the two strains, with data averaged over 14-day
bins. A repeated measures 2-way ANOVA was significant for the main
effects of group (F[1,9]= 17.07, p < 0.003) and age (F[4,36]= 3.71,
p < 0.013) and of the interaction (F[4,36]= 17.86, p < 0.0001).
Post-hoc Bonferroni comparisons indicated that the significant differ-
ence between groups first appeared during the 85–99 day age bin, with
a significant decline in G93A daily Tb rhythm amplitude following that
point. This decline in amplitude over the latter part of the experiment

likely accounts for the variability of the G93A 24-h waveform seen in
Fig. 1B, as confirmed by inspection of the G93A and C57BL/6J wave-
forms averaged over just the 85–99 day age bin (Supplementary
Fig. 1A), with G93A actually showing less variability than control. At
higher resolution, with a sampling rate of 3min instead of 15min, both
strains exhibited the expected rise in Tb before dark onset (Supple-
mentary Fig. 1B, conducted in a separate cohort of animals).

It is interesting that symptomatic disease onset, as assessed by the
appearance of a significant difference in grip strength between the
G93A and C57BL/6J mice shown in Figs. 1 and 2 also occurred during
the 85–99 day age bin (Supplementary Fig. 2A). A difference in body
weight appeared only much later in this cohort, after 115 days (Sup-
plementary Fig. 2B). Most importantly, we found no significant be-
tween-strain difference in measures of locomotor activity, either as dark
phase locomotor activity amounts or the daily locomotor activity
rhythm amplitude (Fig. 2D); analysis of activity bouts at the ultradian
scale also showed no clear differences (data not shown). Thus, de-
creased dark phase Tb and daily Tb rhythm amplitude cannot be as-
cribed to decreased locomotor activity, at least as measured by infrared
sensors; in addition, the data indicate that diminished rhythm ampli-
tude is not a general feature of G93A mice, since at least one other daily
rhythm (locomotion) appears to be spared.

To test whether the decreased daily Tb rhythm amplitude in G93A
mice was a fixed deficit, we repeated the experiment in a second cohort
of G93A (n=5) and C57BL/6J (n= 6) mice housed with running
wheels from 45 days of age. Voluntary wheel running fully rescued the
Tb rhythm amplitude defect; G93A mice tended to run more than
C57BL/6J, although this difference did not reach statistical sig-
nificance, and there was no between-strain difference in the amplitude
of the daily wheel running rhythm (Supplementary Fig. 3). Age of onset
of the decline in grip strength was no different from animals without
wheels (data not shown).

Finally, to confirm the published G93A hypermetabolic phenotype
with decreased body weight (Dupuis et al., 2004; Lim et al., 2014), we
studied a third cohort of G93A (n= 6) and C57BL/6J (n= 5) mice
using the MMPC at UMMS (ambient temperature 21.5 °C) for 72 h; the
mice were between 115 and 118 days of age, at a time when the body
weight of our G93A mice was nearly 10% less than controls

Fig. 2. Physiological measures in G93A and C57BL/
6J mice. Average dark phase Tb (A), light phase Tb

(B), and daily Tb rhythm amplitude (C) from 55 to
125 days of age for the two groups of mice. A re-
peated measures 2-way ANOVA was significant for
the main effects of group and age and of the inter-
action (see text). Post-hoc Bonferroni comparisons
indicated that the significant difference between
groups first appeared during the 85–99 day age bin
(*, p < 0.01, and later, p < 0.001) and that a sig-
nificant decline in amplitude for the G93A group
followed that time point (time points with non-
identical letters represent significant within-group
differences [all p < 0.05 or less]; time points
sharing a common letter show no significant differ-
ences). There were no between-group differences in
locomotor activity measures (D). G93A, open circles;
C57BL/6J, closed circles; dotted line at 1 °C ampli-
tude for illustrative purposes only.
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(Supplementary Fig. 2B). VO2 consumption rate was about 10% higher
in G93A mice at this age, both during the light and dark phases of the
LD cycle (G93A, 3613 ± 57 vs C57BL/6J, 3243 ± 59ml/h/kg during
the light phase, mean ± S.E., p= 0.002; and G93A, 3954 ± 60 vs
C57BL/6J, 3607 ± 74ml/h/kg during the dark phase, p= 0.005),
without a difference in food consumption during those phases
(1.42 ± 0.12 vs 1.49 ± 0.10 g/12 h, p=0.230 and 3.06 ± 0.18 vs
2.79 ± 0.16 g/12 h, p=0.147, respectively) (Supplementary Fig. 4).

3.2. Age-dependent partial rescue of the Tb rhythm defect by thermoneutral
ambient temperature

If the Tb defect in G93A mice were secondary to a disease-induced
diminution in the heat generating capacity of peripheral organs (e.g.,
skeletal muscle, brown fat), then the need for thermogenesis by these
defective tissues should be abrogated by housing under thermoneutral
ambient temperature. We therefore maintained the next cohort of
ibutton-implanted G93A (n= 5) and C57BL/6J (n=4) mice in the
12 h: 12 h LD cycle but at 29 °C beginning at 45 days of age, and we
compared their daily Tb rhythm amplitudes with those at 22 °C (from
Fig. 2C). As expected, C57BL/6J mice showed no difference in ampli-
tude under the two ambient conditions (Fig. 3A); a repeated measures
2-way ANOVA was significant for the main effect of age (F
[4,32]= 20.15, p < 0.0001), but not of group (F[1,8]= 0.434,
p=0.529) nor of the interaction (F[4,32]= 2.448, p=0.663). Con-
sequently, we combined the two C57BL/6J groups for comparison with
the two G93A groups housed at 22 °C and 29 °C (Fig. 3B). A repeated
measures 2-way ANOVA was significant for the main effects of age (F
[4,68]= 4.498, p < 0.003) and group (F[2,17]= 17.36, p < 0.0001)
and of the interaction (F[8,68]= 11.76, p < 0.0001). Post-hoc Bon-
ferroni comparisons between groups at each time point revealed that
the 29 °C thermoneutral condition significantly increased the G93A
daily Tb rhythm amplitude, but only during those late time bins (days
100–114 and 115–129) previously characterized as showing a pro-
gressive amplitude decline at 22 °C (see Fig. 2C); earlier time bins were
unaffected by housing at 29 °C. Dark phase locomotor activity was no
different at the two ambient temperatures (not shown).

3.3. Circuitry for cold-induced thermogenesis is intact at symptomatic
disease onset

Lastly, we investigated the integrity of the pathways for cold-in-
duced thermogenesis at a stage of the disease characterized by a de-
fective daily Tb rhythm amplitude but not yet by a failure of peripheral
tissue thermogenesis. G93A (n=6) and C57BL/6J (n=6) mice were
implanted with telemeters at 79 days of age and exposed to gradually
decreasing ambient temperatures from 30 °C (as described in Materials
and Methods, above) when they were within the 85–99 days of age
window. There were no differences in calculated basal metabolic rate
(G93A, 0.57 ± 0.01 vs. C57BL/6J, 0.62 ± 0.09, VO2 STP ml/min),
lower critical temperature (the ambient temperature that marks the
lower end of the thermoneutral zone) (G93A, 26.81 ± 0.26 vs C57BL/
6J, 26.16 ± 0.18 °C), or the rise in metabolic rate as a function of
decreasing ambient temperature (representing conductance, i.e., in-
sulation) (Fig. 4A); Tb, locomotor activity levels, and shivering counts
were not significantly different between the two strains (Fig. 4B). After
recovery at 30 °C, animals were subjected to an acute cold challenge at
10 °C for 2 h, and again there were no statistically significant differ-
ences in Tb or locomotor activity levels, although the G93A mice tended
to be more active than the C57BL/6J controls (Supplementary Fig. 5).

3.4. Brain hSOD1 expression is non-uniformly localized at symptomatic
disease onset

Brains from G93A (n= 4, 91–100 days of age) and C57BL/6J
(n= 3, 65–92 days of age) mice were processed for im-
munohistochemistry using a high affinity monoclonal antibody to
hSOD1 (Urushitani et al., 2007). No hSOD1 staining was detected in
C57BL/6 J sections, whereas G93A sections exhibited perikaryal im-
munoreactivity that was clearly non-uniform and localized to specific
brain regions. Although we did not attempt comprehensive or quanti-
tative mapping, it was evident that the distribution of affected regions
was variable from animal to animal and included some areas implicated
in thermoregulation. Among regions prominently stained were the
dorsal part of the lateral septum, magnocellular preoptic nucleus,

Fig. 3. Effect of thermoneutrality on daily Tb rhythm ampli-
tudes in G93A and C57BL/6J mice. (A) No difference in daily
Tb rhythm amplitude from 55 to 125 days of age in C57BL/6J
mice at 29 °C and 22 °C (22 °C data from Fig. 2C). (B) Daily Tb

rhythm amplitudes in groups of mice from 55 to 125 days of
age at 29 °C and 22 °C (G93A 22 °C data from Fig. 2C). A re-
peated measures 2-way ANOVA was significant for the main
effects of age and group and of the interaction (see text);
significant post-hoc Bonferroni differences between groups at
each time point are denoted by non-identical letters (time
points at each age sharing a common letter show no sig-
nificant differences; within-group differences not shown for
clarity). G93A, open symbols; C57BL/6J, closed symbols;
dotted line at 1 °C amplitude for illustrative purposes only.
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dorsomedial nucleus of the hypothalamus (DMH), sub-paraventricular/
retro-chiasmatic areas, and pre-mammillary nuclei, as well as others
(Fig. 5).

4. Discussion

Here we have identified a defect in daily Tb regulation in the G93A
murine model of ALS. The amplitude of the daily Tb rhythm is dimin-
ished in the transgenic animals, secondary to decreased Tb values
during the dark (behaviorally active) phase of the LD cycle. The defect
arises around the age of symptom onset (as assessed by grip strength)
and cannot be accounted for by decreased levels of locomotor activity
or food consumption. Our investigations implicate two, age-dependent
underlying mechanisms.

In our G93A mice, an already decreased Tb rhythm amplitude pro-
gressively declines after approximately 100 days of age; this age-related
defect, expressed in ambient room temperature, can be partially res-
cued if the animals are maintained under ambient thermoneutral con-
ditions, suggesting that the deficit arises in part from inadequate
thermogenesis by peripheral thermogenic organs. Indeed, fast-twitch
muscles, which are preferentially depleted before clinical paresis in
G93A mice (Hegedus et al., 2007), produce more heat than slow twitch
muscles; during isometric contraction (when the only energy that is
liberated is through heat), fast-twitch muscles produce 5 times more
heat than slow-twitch (Barclay et al., 1993). It is tempting to propose
that the modestly increased locomotor activity levels we observed in
G93A mice during acute cold challenge and wheel running, although
statistically not significant, might represent a kind of compensation for
expending less muscular heat by generating more muscular activity (but
see Vaanholt et al., 2007). Of course, brown adipose tissue (BAT),
which is involved in circadian thermogenic plasticity (Gerhart-Hines
et al., 2013), might also play a pathophysiological role; in G93A mice,

the transgenic hSOD1 protein is expressed in BAT (by Western blot;
Braun and Schwartz, unpublished observations); alternatively, or in
addition, degeneration of the autonomic nervous system (Kandinov
et al., 2011) could contribute to inadequate BAT activation.

However, there appears to be a second mechanism at play; ther-
moneutrality has no mitigating effect on the daily Tb rhythm defect
at< 100 days of age, suggesting that an underlying “central” deficit is
also present. Of note, when we tested the integrity of the pathways for
cold-induced thermogenesis in animals at 85–99 days of age, we found
that Tb was defended in G93A mice no differently than in controls,
without disturbances in basal metabolic rate, lower critical tempera-
ture, or rise in metabolic rate as a function of decreasing ambient
temperature. Given that a circadian “clock” in the suprachiasmatic
nucleus (SCN) of the anterior hypothalamus regulates circadian
rhythms of locomotor activity and Tb (Scheer et al., 2005), we posit that
the most parsimonious location for a lesion that (a) disrupts the rhythm
of Tb (but not of locomotion) while (b) sparing central thermo-
regulatory circuits would be in the output pathways from the SCN to the
forebrain thermoregulatory circuitry (Lu et al., 2001; Guzmán-Ruiz
et al., 2015; Vujovic et al., 2015). In particular, the output of the SCN to
the DMH traverses an area called the subparaventricular zone (SPZ). Lu
et al. (2001) made ibotenic acid lesions restricted to the ventral or
dorsal part of the rat SPZ, which they claimed to result in differential
effects on Tb and locomotor activity/sleep rhythms; lesions of the dorsal
SPZ reduced the circadian Tb rhythm with relative sparing of the be-
havioral rhythms. Based on our immunohistochemical observations, the
DMH/SPZ region is a site of hSOD1 expression at the age of symptom
onset in our G93A mice. Of note, recent data in human ALS patients
have implicated hypothalamic defects in the possible pathophysiology
of the disease (Vercruysse et al., 2016; Gorges et al., 2017); in parti-
cular, Gorges et al. have presented MRI evidence of anterior hypotha-
lamic atrophy.

Fig. 4. Scholander curves for G93A and C57BL/6J mice. No significant between group differences in metabolic rate (A), Tb (B), locomotor activity (C), or shivering
(D) as a function of decreasing ambient temperature. G93A, open circles; C57BL/6J, closed circles; dotted lines, 95% confidence limits.
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It is interesting that providing our animals with voluntary running
wheels resulted in 24-h Tb waveforms and rhythms that were indis-
tinguishable between G93A and control mice. That G93A mice are more
active wheel runners than controls has been previously reported
(Bruestle et al., 2009). The mechanisms responsible for the wheel's
restoration of daily Tb rhythmicity are unclear and likely to be multiple,
including increased exercise, stimulation of central reward pathways,
and positive feedback on SCN pacemaker amplitude (Hughes and
Piggins, 2012; Novak et al., 2012; van Oosterhout et al., 2012). Run-
ning in a wheel is therapeutic for G93A mice, prolonging survival in
combination with administration of insulin-like growth factor-1 (Kaspar
et al., 2005).5

Our finding that G93A mice 85–99 days of age exhibit a normal
basal metabolic rate and defense of their Tb to cold exposure can be
compared to results reported by Dupuis et al. (2004), who found in-
creased energy expenditure in 75 day old G93A and G86R mice and an
inability to maintain Tb at 4 °C in 105 day old G86R mice. We note that
there is a difference in disease stage between our two laboratory po-
pulations; at 75 and 95 days of age, the hypermetabolic G86R pheno-
type of Dupuis et al. was associated with a significantly decreased body
weight, whereas our 85 to 99 day old mice had normal weights until
115 to 129 days of age. Indeed, when we tested our mice between 115
and 118 days of age, they also exhibited a 10% increase in VO2 con-
sumption over controls. The literature describes a wide inter-laboratory

variation in the onset of decreased body weight in G93A mice (e.g.,
from 98 to 126 days of age in Weydt et al., 2003; Tankersley et al.,
2007; and Smittkamp et al., 2008). We also note that all our mice were
individually housed throughout the experiments, probably unlike other
labs.

We do not know if a decreased daily Tb rhythm amplitude plays a
role in the pathophysiology of disease expression and/or progression in
the G93A ALS model, but an interesting possibility is that this defect
might promote an internally disrupted circadian state. It is believed that
metabolic health is optimized when the oscillations of circadian clocks
located in body organs and tissues (“peripheral clocks”) express de-
fined, stable phase relationships to each other. The SCN plays an im-
portant role in orchestrating the stability of this oscillatory network,
and the daily Tb rhythm acts as one of the critical synchronizing signals
(Brown et al., 2002; Buhr et al., 2010). We speculate that decreased
coupling strength (i.e., decreased amplitude of the Tb rhythm) within
the network could lead to the desynchronization of peripheral clock
rhythms, especially if the target organs were already compromised by
disease. Interestingly, genetic loss-of-function experiments have sug-
gested that heat-shock factor 1 (HSF1), a regulator of the heat shock
response that ensures proper protein folding during stress, is necessary
for the synchronizing action of the daily Tb rhythm (Saini et al., 2012);
HSF1 exhibits robust circadian rhythms in its nuclear translocation and
occupancy of heat-shock response elements on heat-shock protein genes
(Reinke et al., 2008). In this regard, it is noteworthy that over-
expression of HSF1 appears protective in an ALS murine model (Lin
et al., 2013).

In sum, we find that G93A mice exhibit a dysregulated daily Tb

rhythm, the mechanism of which evolves over the course of disease;
initially “central,” perhaps involving specific neural output pathways
from the SCN, with “peripheral” superimposed later, as thermogenic
organs progressively fail. On a final note, our data on G93A mice also

Fig. 5. Immunoreactive hSOD1 in the brains of G93A and
C57BL/6J mice. Representative coronal brain sections from
C57BL/6J (A, C, E) and G93A (B, D, F) mice. Levels include
the dorsal part of the lateral septum (A, B), dorsomedial nu-
cleus of the hypothalamus (C, D), and retrochiasmatic area (E,
F). CC, corpus callosum; LV, lateral ventricle, 3rd v, third
ventricle, OC, optic chiasm. Inset shows cytoplasmic staining
in the dorsomedial nucleus of the hypothalamus.

5We did record survival of our G93A cohorts to their pre-determined “death”
endpoint (see Materials and Methods, above); mice maintained with running
wheels or under thermoneutral conditions lived 9% longer (14 days), on
average, than did those without wheels under room temperature, without a
change in the timing of symptom onset as measured by grip strength. However,
the G93A groups were not run concurrently and were insufficiently powered to
support a definitive conclusion.
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reinforce the point – as already emphasized by others (Cannon and
Nedergaard, 2011) – that physiological investigations of genetically
altered mice, when conducted at typical laboratory (room) tempera-
tures, are actually not simple genotype-phenotype studies, but rather
studies of the adaptation of such mice to exposure to a metabolically
stressful environment.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.expneurol.2018.07.008.
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