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Hormone-induced mitochondrial fission is utilized
by brown adipocytes as an amplification pathway

for energy expenditure
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Abstract

Adrenergic stimulation of brown adipocytes (BA) induces mitochon-
drial uncoupling, thereby increasing energy expenditure by shifting
nutrient oxidation towards thermogenesis. Here we describe that
mitochondrial dynamics is a physiological regulator of adrenergi-
cally-induced changes in energy expenditure. The sympathetic
neurotransmitter Norepinephrine (NE) induced complete and rapid
mitochondrial fragmentation in BA, characterized by Drpl phos-
phorylation and Opal cleavage. Mechanistically, NE-mediated
Drpl phosphorylation was dependent on Protein Kinase-A (PKA)
activity, whereas Opal cleavage required mitochondrial depolar-
ization mediated by FFAs released as a result of lipolysis. This
change in mitochondrial architecture was observed both in
primary cultures and brown adipose tissue from cold-exposed
mice. Mitochondrial uncoupling induced by NE in brown adipocytes
was reduced by inhibition of mitochondrial fission through
transient Drpl DN overexpression. Furthermore, forced mitochon-
drial fragmentation in BA through Mfn2 knock down increased the
capacity of exogenous FFAs to increase energy expenditure. These
results suggest that, in addition to its ability to stimulate lipolysis,
NE induces energy expenditure in BA by promoting mitochondrial
fragmentation. Together these data reveal that adrenergically-
induced changes to mitochondrial dynamics are required for BA
thermogenic activation and for the control of energy expenditure.
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Introduction

Compelling evidence for the existence of brown adipocytes in
humans suggests brown adipose tissue metabolism as a potential
mechanism for energy dissipation, weight loss and improved
glucose tolerance (Nedergaard et al, 2007; Cypess et al, 2009; van
Marken Lichtenbelt et al, 2009; Virtanen et al, 2009; Zingaretti et al,
2009). While various successful approaches for the expansion of
brown adipose tissue (BAT) or the browning of white adipocytes
have been suggested (Wu et al, 2012), these are unlikely to have a
major impact on energy expenditure if the brown adipocyte is not
stimulated. Studies performed in rodents show that diet-induced
BAT energy expenditure is not influenced by nutrient availability
directly but rather by adrenergic stimulation (Bachman et al, 2002;
Betz et al, 2012). This emphasizes that any benefit from BAT expan-
sion is largely dependent on the ability to stimulate the B-adrenergic
receptor or its downstream targets.

Mitochondria are dynamic organelles that undergo fusion and
fission events. Proteins that mediate mitochondrial fusion include
Mitofusin 1 & 2 for outer membrane fusion and Opal for inner mem-
brane fusion. Fission is mediated by outer membrane Fis1 and Mff,
which recruit Drp1 as the molecular motor of fission. We have previ-
ously demonstrated that mitochondria go through continuous cycles
of selective fusion and fission, referred to as the “mitochondrial life
cycle”, to maintain the quality of its function (Twig et al, 2008b,
Twig et al 2010; Molina et al, 2009; Mouli et al, 2009). Moreover,
others and we have found that changes in mitochondrial architecture
can represent an adaptation of mitochondria to respire according to
the bioenergetic needs of the cell (Liesa & Shirihai, 2013). Conditions
requiring high mitochondrial ATP synthesis capacity and/or effi-
ciency, such as limited nutrient availability, are associated with
mitochondrial elongation (Gomes et al, 2011; reviewed in Liesa &
Shirihai, 2013). On the other hand, conditions of excess energy sup-
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ply and relatively low ATP demand, such as B-cells exposed to
excess nutrients, acutely induce mitochondrial fragmentation
(Wikstrom et al, 2007; Liesa & Shirihai 2013; Molina et al, 2009).
Indeed, increased mitochondrial reactive oxygen species (ROS) pro-
duction and an increase in uncoupling are common features of vari-
ous conditions, not directly linked to changes in nutrient availability,
that lead to mitochondrial fragmentation (Kim et al, 2008; Parone
et al, 2008). This raises the possibility that mitochondrial fragmenta-
tion supports uncoupled respiration and thus increases energy
expenditure by promoting shifting nutrient oxidation towards heat
production, rather than towards mitochondrial ATP synthesis. To
test this hypothesis, we explored a system where a robust shift from
coupled to uncoupled respiration and increased energy expenditure
can occur. The brown adipocyte offers a unique system where transi-
tion to uncoupling can occur within minutes and in a physiological
rather than pathological context. Therefore, it represents a good
model for studying the regulation of energy expenditure induced by
hormones. In this regard, this study tested the hypothesis that NE
induces changes to mitochondrial architecture that serve as an
amplification pathway for uncoupling in brown adipocytes.

Results

Norepinephrine potentiates the effect of free fatty acids on
energy expenditure

Thermogenesis in brown adipocytes is activated through an adren-
ergic signaling pathway, which stimulates the release of free fatty
acids (FFAs) from lipid droplets (Cannon & Nedergaard, 2004).
Released FFAs then directly activate Ucpl, with Long Chain Fatty
Acids (LCFA, such as oleate or palmitate) being the most efficient
FA activating Ucpl in vitro (Cannon et al, 1977; Fedorenko et al,
2012). However, in vivo and in the absence of adrenergic stimula-
tion, circulating FFAs alone cannot induce the activation of ther-
mogenesis in BAT (Betz et al, 2012). Thus, we hypothesized that
in addition to the increase in cellular FFA, adrenergic stimulation
activates other essential mechanisms that allow for the activation
of energy expenditure by FFA. Such pathways, we rationalized,
would only be required in the context of intact cells, but not in
isolated mitochondria, where FFA alone are strong activators of
Ucpl. To test this hypothesis, we generated an experimental
system where FFAs were exogenously supplied, and the effect of
suboptimal concentrations of norepinephrine (NE) on energy
expenditure was tested. Primary brown adipocytes (BA) were dif-
ferentiated in culture from pre-adipocytes isolated from mouse
inter-scapular brown adipose tissue (See Materials and Methods).
Cultures of differentiating BA are plated immediately after isolation
from the tissue and cannot be re-plated before function is tested.
As a result these cultures tend to vary in cell density and matura-
tion capacity, also reflected in variations in basal oxygen consump-
tion rates. To address this variability we have normalized the
responses to adrenergic stimuli by reporting the fold increase in
oxygen consumption. Fold increase is calculated as the stimulus-
induced fold increase in absolute oxygen consumption rates (OCR,
pmols O,/min) over the pre-stimulus value. Both pre- and post-
stimuli OCR values take into account the post antimycin OCR
value as a reference point (zero).

© 2014 The Authors
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We first determined the optimal concentration of palmitate that
can acutely increase respiration, and thus energy expenditure, in BA
(0.4 mM at a ratio of FFA:BSA 4:1) (Supplementary Fig 1A). While
used at optimal concentration, this palmitate-induced energy expen-
diture was not as efficient in inducing mitochondrial depolarization
as 1 uM NE, suggesting that the level of uncoupling produced is
insufficient to exceed respiratory capacity (Fig 1A). If NE contribu-
tion to energy expenditure goes beyond the induction of lipolysis,
we expected NE to potentiate the capacity of exogenous FFAs to
induce energy expenditure. However, since NE induces the release
of endogenous FFAs by lipolysis, we rationalized that to uncover
any synergistic interaction between NE and exogenous FFA one
would have to establish conditions in which NE is provided at con-
centrations that do not elicit maximal lipolysis (suboptimal).

To determine suboptimal concentrations of NE, we titrated NE
concentrations by measuring energy expenditure as total oxygen
consumption rates (OCR). Based on this titration we chose 1 uM NE
as a suboptimal concentration given that it elicited < 50% of the
energy expenditure induced by 10 uM NE. In support of this notion,
NE at 1 pM only yielded a mild depolarization, estimated at < 5 mV
(Fig 1A; Supplementary Fig 1B). Remarkably, the effect of optimal
concentration of palmitate was potentiated by NE and lead to a six-
fold larger depolarization (~30 mV), thereby indicating that NE and
palmitate synergize in eliciting depolarization (Fig 1A and B). OCR
measurements revealed that this synergistic effect of palmitate on
depolarization reflected an increase in uncoupling as it was accom-
panied by increased oxygen consumption (Fig 1C). Oleate and NE
demonstrated a synergistic effect similar to NE and palmitate but
with a greater amplitude. NE plus oleate induced a higher degree of
AV, depolarization than did NE plus palmitate (Fig 1B and E), but
with a similar increase in respiration (Fig 1D).

Reversible mitochondrial fragmentation in stimulated
brown adipocytes

The synergistic effect of NE plus FFAs suggested that adrenergic
stimulation may facilitate energy expenditure through an additional
mechanism beyond the induction of lipolysis.

We examined the possibility that NE induced changes in mito-
chondrial architecture that could contribute to BAT thermogenesis.
Since mitochondrial morphology and dynamics have not been
previously described in live BA, we first examined mitochondrial
architecture and its relation to the lipid droplets (Fig 2A). The mito-
chondrial network appeared dense and tightly associated with the
droplets. To examine the inter-relationship between function and
architecture, BA mitochondria co-stained with TMRE (red) and
MTG (Mitotracker Green) were imaged before and after stimulation
with NE and palmitate. NE stimulation induced mitochondrial frag-
mentation (small and spherical mitochondria, partially swelled),
while palmitate alone did not elicit any detectable morphology
changes (Fig 2C, D and F). This change in mitochondrial morphology
was not accompanied by changes in mitochondrial mass, as shown
by the lack of changes to total levels of the mitochondrial protein
porin (Supplementary Fig 2B). NE-induced fragmentation in
primary cultures (Fig 2C) was also demonstrated by scanning
electron microscopy of BA cryo-sections (Supplementary Fig 2B).
Furthermore, similar changes in architecture were also detected by
confocal immunofluorescence and wide-field immunohistochemistry
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Figure 1. Norepinephrine plus palmitate or oleate synergistically increase thermogenesis in cultured brown adipocytes.
Primary mouse brown adipocytes (BA) were stimulated with a suboptimal concentration of NE (1 uM) in combination with optimal concentrations of free fatty acids

complexed to BSA (0.4 mM at 4:1 ratio FFA:BSA).

A Quantification of relative change in Ay, in response to palmitate, NE or their combination. Note that depolarization results in a less negative A\, values in mV.

n = 17-21 cells per condition. NE = norepinephrine; P = palmitate; NE + P = norepinephrine plus palmitate.

Effect of NE plus palmitate or oleate on mitochondrial Ay, depolarization. Images of multiple cells stained with TMRE/MTG (only merged images shown). Cells with
depolarized mitochondria lose red TMRE staining and become green while cells that maintain Ay, show yellow-orange mitochondrial staining. Scale bar, 50 pm.
Combination of NE plus palmitate evokes a synergistic increase in oxygen consumption rates. Oxygen consumption rates (OCR, pmols O,/min) were measured under
unstimulated and stimulated conditions as indicated. Dotted lines mark the point of stimulation. Quantification of multiple experiments (not shown) showed that
when normalized to NE alone (100%; n = 13), NE plus palmitate stimulated oxygen consumption by 294% (n=15; s.e. 26%; P-value <0.0001) and palmitate alone
only by 113% (n = 15; s.e. 16%; P-value > 0.05). Note that in intact brown adipocytes addition of oligomycin may reduce energy expenditure due to reduced
availability of ATP required for nutrient utilization. As such, post oligomycin oxygen consumption is not exclusively dependent on mitochondrial uncoupling, and
thus it may be underestimating the contribution of mitochondrial proton leak to respiration.

Comparing the effect of oleate (O) and palmitate (P) on BAT OCR. When combined with NE, oleate elicits similar respiratory response as compared to NE plus
palmitate. Data are showing fold increase in OCR and are normalized to NE plus palmitate response (n=5 each condition). *P<0.01.

Comparing the effect of oleate and palmitate on mitochondrial depolarization. When combined with NE, oleate is a more efficient inducer of Ay, depolarization as
compared to NE plus palmitate. Quantification of the fraction of cells that undergo Ay, depolarization is shown. Depolarization was defined as a 30% drop in TMRE
fluorescence intensity. n = 24 (NE + palmitate), n = 27 (NE + oleate). **P<0.01.

of mitochondrial TOMM20 in interscapular BAT (iBAT) from
cold-exposed mouse (Fig 2H). Specifically, BAT mitochondria from
mice under thermo-neutrality were elongated and tubular, whereas
BAT mitochondria from mice were spherical and large after 4 h cold
exposure, consistent with fragmentation and swelling (Figs 2H
and 3E). An increase in the average individual mitochondrion size
observed under EM was clearer in the confocal images of TOMM20
immunofluorescence (Figs 2H, 3E and F). The remarkable enlarge-
ment of mitochondria in vivo was not apparent in NE-treated BA in
culture. This raised the possibility that the full effect consisting of
fragmentation and swelling requires the synergistic interaction

The EMBO jJournal Vol 33| No 5| 2014

of NE and FFAs. Remarkably, in addition to fragmentation, the
combination of NE plus palmitate increased the diameter of each
small mitochondrial sphere (Fig 2E and G, 3A-C). In primary BA,
mitochondria were visualized with MTG exclusively, as TMRE
completely disappeared due to large A\, depolarization (Fig 2E).
Thus, adrenergic BA activation caused a transition in mitochondrial
shape from elongated units to fragmented, and then to spherical
shapes, visualized as “rings” of MTG staining (Fig 3A). The observa-
tion that FFA alone did not elicit any fragmentation indicates that
NE-induced lipolysis is unlikely to be part of the pathway by which
NE mediates fragmentation.

© 2014 The Authors
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Since MTG covalently and primarily binds to the mitochondrial
inner membrane (Presley et al, 2003), the MTG rings observed after
depolarization under the combination of NE and palmitate could
represent “donuts” resulting from fusion of mitochondrial tips,
instead of swelled or spherical mitochondria (Fig 3D). Donut
mitochondria are typically observed in cells treated with the uncou-
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pler FCCP (Liu & Hajnoczky, 2011). To differentiate between the
two possibilities, the mitochondrial matrix was labeled with matrix-
targeted DsRed and photoactivatable (PA)-GFP. The combination of
the two probes allowed for the visualization of the boundaries
of individual mitochondria (Twig et al, 2006). The appearance of
spheres using these fluorescent probes confirmed that the observed
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circular mitochondria were indeed large sphere-shaped mitochon-
dria and not donut-like mitochondria (Fig 3B and D). In contrast,
the uncoupler FCCP induced true donut-shaped structures in
primary BA (Fig 3D).

Ultrastructural analysis of mitochondria from cold-exposed mice
iBAT reflected the confocal microscopy images showing robust
architectural changes including a transition to circular structures
with large diameters and intact cristae structure (Fig 3E and F). The
fragmented round mitochondria in transmission EM represent
spheres rather than cut tubules in a transverse orientation, as
demonstrated by scanning EM (Fig 3G).

Change in architecture is not associated with cell death

Mitochondrial fragmentation and enlargement (swelling) has previ-
ously been associated with depolarization and apoptosis. To deter-
mine whether the fragmentation and depolarization in BA could
represent apoptosis, we treated cells with NE plus palmitate for 2 h
and studied them 24 h later, as apoptosis can take up to 20 h to
complete. Examination of BA after 24 h revealed complete recovery
of mitochondrial Ay, as well as of mitochondrial morphology (Sup-
plementary Fig 3A). To test for functional recovery, primary BA
were treated once with NE plus palmitate for a period of 2 h, and
then tested for their ability to increase respiration to NE that was
added 24 h afterwards. First treatment with NE + palmitate did not
affect mitochondrial oxygen consumption and AV, response to a
second treatment with NE (Supplementary Fig 3B and C, and
Supplementary Table I).

Fragmentation and depolarization spread across the cell in an
organized manner

To obtain a better understanding of the depolarization, fragmenta-
tion and mitochondrial spheroid formation processes, we character-
ized the temporal and spatial relationship of these mitochondrial
events. Time-lapse imaging of multiple primary BAs showed that
mitochondrial depolarization and fragmentation occurred in a
spatially organized manner that started at one pole of the cell and
gradually propagated to its opposite side, until transition had
encompassed the entire cell (Fig 4A and B). This propagation is
visually apparent by the change in mitochondrial TMRE/MTG

Figure 2. Brown adipocyte stimulation induces mitochondrial fragmentation.

Mitochondrial dynamics in brown adipocytes  Jakob D Wikstrom et al

fluorescence from yellow/orange (hyperpolarized mitochondria,
high TMRE/MTG ratio) to green (depolarized mitochondria). Frag-
mentation and depolarization events took place within minutes (ini-
tial depolarization: 3.6 min, s.e. 0.7; full fragmentation 5.3 min, s.e.
0.7). The average speed of the wave was calculated to be 12 pm/min
under NE plus palmitate (s.e. 2.0). After the wave had passed
and mitochondria had undergone full fragmentation, additional
depolarization took place (Fig 4C and D), thus suggesting a poten-
tial role for mitochondrial fragmentation in uncoupling and thermo-
genesis.

We also imaged the recovery of Ay, after activation with NE
followed by taking an extended time-lapse movie after washing out
the NE from the media. During the recovery phase, repolarization
occurred in a reversed wave pattern (Fig 4F).

Mitochondrial fusion is inhibited in stimulated
brown adipocytes

In several cell types, mitochondria were shown to undergo
continuous cycles of fusion and fission. Mitochondrial fragmenta-
tion can be the result of increased mitochondrial fission,
decreased mitochondrial fusion or both. However, the occurrence
of mitochondrial fusion and its response to adrenergic stimulation
have not been reported in primary brown adipocytes so far. To
test for the occurrence of fusion in BA, individual mitochondria
were photo-labeled with ,,PAGFP and tracked over time (Twig
et al, 2006, 2008a). Z-stack-imaging and 3D reconstructions
ensured that mitochondria did not travel out of focus and enabled
us to determine when two mitochondria were separated physi-
cally. Fusion events appeared as sudden increases in ,,PAGFP
area, indicating that the ,PAGFP of a photo-converted mitochon-
drion spread into the matrix of a neighboring one (Supplementary
Fig 4). This is the first time mitochondrial dynamics is demon-
strated in BA.

To examine the rate of mitochondrial fusion under basal and
stimulated conditions, we used the ,,PAGFP fusion assay (Kar-
bowski et al, 2004; Molina et al, 2009). In brief, ,,PAGFP in an
area of 15-20% of the cell was photo-converted and the cell was
imaged over time for up to 70 min (Fig 5A). In this assay cellular
mitochondrial fusion activity is measured as the rate at which the
photo-converted green signal is shared across the mitochondrial

A Mitochondrial morphology and lipid droplets. BA stained with the mitochondrial inner membrane dye, MTG, and the lipid droplet dye, Nile Red. Note the close
proximity of the multilocular lipid droplets (red) and mitochondria (green). BF = bright field. White square indicates area of zoom. Scale bar, 10 and 5 um for the

zoom images.
B-E

Brown adipocytes stained with the mitochondrial dyes TMRE and MTG and imaged before (O min) and after (50 min) stimulation. Note the differences in

mitochondrial morphology; NE induces mitochondrial fragmentation, while NE plus palmitate also induce swelling. Palmitate (P) alone does not induce any

morphological changes. Ctrl = control. Scale bar, 10 pum.

F Quantification of mitochondrial fragmentation in response to stimulation. Mitochondrial morphology in each cell was classified into one of the following three
subtypes: fully fragmented, partially fragmented or not fragmented. The fraction of the cell population that shows each morphology subtype is presented. Zero labels
indicate bars where quantification yielded zero. Note that NE alone or in combination with palmitate reduces the number of BA with normal morphology, while
increasing the number of BA with partial or full fragmentation. n = 3-4 independent experiments with 40-49 cells per condition. **P < 0.01.

G Quantification of mitochondrial swelling. Mitochondrial swelling in each cell was assessed as being present or absent. Zero indicates bars where quantification
yielded zero. Note that only NE in combination with palmitate induces mitochondrial swelling. n = as in (F). **P < 0.01.

H Immunohistochemistry (IHC) images of the mitochondrial protein TOMM20 in interscapular BAT (iBAT) from warm- and cold-adapted animals. In the wide-field
images TOMM?20/mitochondria show brown labeling, while in the confocal images TOMM20/mitochondria show green labeling (Alexa 488); in both sets of images
nuclei are blue (Hoescht staining). Arrows indicate mitochondria (M = mitochondrion; L = lipid droplet; N = nucleus). Note the fragmented and swollen

mitochondria in iBAT from the cold exposed animal. Scale bar, 5 um.
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population, a phenomenon that is accompanied by the reduction
in its average intensity (Fig 5D). ,PAGFP fluorescence intensity
was measured and found to decrease rapidly and spread over a
larger area in control as well as palmitate-stimulated cells (Fig 5A
and D). In comparison, when cells were stimulated with either
NE alone or in combination with palmitate, ,,,PAGFP fluorescence
decay was significantly slower and spreading throughout each cell
was almost non existent (Fig 5B and C). In addition, mitochon-
drial movement appeared to be diminished. Quantification of the
decay rate in multiple experiments showed significant decrease
in fusion rates of NE alone and NE plus palmitate-stimulated
cells. Palmitate alone did not alter mitochondrial dynamics
(Fig 5D).

Mechanism of mitochondrial fusion inhibition during brown
adipocyte stimulation of energy expenditure

Opal is a mitochondrial pro-fusion protein that exists in several
forms. FCCP-induced depolarization was previously shown to
induce rapid processing of long Opal to short Opal forms that do
not mediate fusion per se (Guillery et al, 2008). We hypothesized
that mitochondrial depolarization during BA activation results in
Opal cleavage. This was tested by Western blot analysis of total
lysates from BA before and after activation. In the basal state, we
identified Opal pro-fusion forms (long, ~100 KDa) and the short
forms (fusion-deficient, ~85 KDa) (Fig 5E). In primary BA acutely
stimulated with NE plus palmitate, the lower band showed a sig-
nificant increase while decrease in the top band was of borderline
significance (P = 0.054) (Fig 5F and G). Hence, NE plus palmitate
induce Opal cleavage, thereby increasing the proportion of fusion-
deficient short forms. In agreement with these data, inhibition of
fatty acid-induced depolarization using the lipolysis inhibitor,
Orlistat, prevented Opal cleavage. This is shown by the absence
of changes in the proportion of the shorter versus the longer
Opal forms measured by Western blot of total lysates from pri-
mary BA (Fig 7D and F). This result shows that depolarization
mediated by released FFA from lipolysis is required for Opal
cleavage.

Mitochondrial dynamics in brown adipocytes  Jakob D Wikstrom et al

Role of mitochondrial fission in NE-induced fragmentation

The fast transition from elongated to fragmented mitochondria
strongly suggested that reduced mitochondrial fusion keeps BA
mitochondria fragmented for the duration of the activation but
may not account for the initial induction of fragmentation upon
adrenergic stimulation. We rationalized that mitochondrial fission
contributed to this component. To determine the contribution of
mitochondrial fission to NE-induced fragmentation, we studied the
mitochondrial fission protein, Drpl, in BA activation. Drpl is a
cytosolic protein recruited to the mitochondrial outer membrane
upon activation. We found a sharp increase in Drpl punctae
co-localization with mitochondria following BA activation with NE,
suggesting increased Drpl-mediated fission (Fig 6A). Drpl fission
activity is primarily regulated by post-translational modifications.
Phosphorylation of the ubiquitously expressed human Drpl iso-
form in Ser600 has been shown to promote Drpl-mediated fission
(Han et al, 2008). The mechanism by which Ser600 phosphoryla-
tion increases fission is through increased Drpl recruitment from
the cytosol to the mitochondria as punctae (Han et al, 2008).
Importantly, this serine residue is present in mouse Drpl, suggest-
ing that phosphorylation is a mechanism conserved among these
species.

While total Drpl content did not change during 1 h stimulation
of BA with NE in primary mouse BA, there was a marked increase
in the phosphorylation of the mouse serine equivalent to human
Drpl Ser600 (Fig 6B and C).

Ser600 of the brain-specific (non-ubiquitous) Drpl isoform is
phosphorylated by Protein Kinase A (PKA) (Chang & Blackstone,
2007; Cereghetti et al, 2008). During adrenergic activation of ther-
mogenesis, 3-adrenergic receptors induce the activation of PKA
via cAMP dependent pathway (Freedman & Lefkowitz, 1996; Hall,
2004). Since we find that the synergistic response to NE and FFA
is mediated through the P3-adrenergic receptor pathway (Supple-
mentary Fig 5A-C), we rationalized that PKA may play a role in
the induction of fragmentation during BA activation. To test this
hypothesis, we treated primary BA with the PKA inhibitor H89
and measured Drpl phosphorylation in the equivalent serine to

Figure 3. Characterization of sphere-shaped mitochondria in activated brown adipocytes.

A BA stained with MTG, imaged before and after NE plus palmitate stimulation. Note transition from filamentous mitochondria to fragmented sphere-like
mitochondria. Depolarized mitochondria retained MTG dye which binds to inner membrane proteins leaving the matrix unstained. Scale bars, 10 and 5 pum for the

zoom images.

B BA expressing matrix-targeted DsRed and imaged before and after stimulation with NE plus palmitate. Note the transition to fragmented and spheroid mitochondria.

Scale bar, 10 um.

C Orientation of lipid droplets (red) to the sphere-shaped mitochondria (green). MTG and Nile Red staining of a BA 50 min after treatment with NE plus

palmitate.

D Fragmented mitochondria are spheres and not donuts. BA expressing ,;DsRed and ,.PAGFP (both targeted to matrix) were treated with NE plus palmitate or FCCP
for 50 min. Dotted white squares represent areas of photo-conversion with a 2-photon laser at 750 nm which gives 350 nm at the focal plane. When ,,;PAGFP is
photo-converted it fills the entire lumen of an individual mitochondrion thus defining its borders. Note that for NE plus palmitate treatment, ,,,DsRed and ,.PAGFP
fill the entire mitochondrial structures, indicating sphere-like morphology, and not donut-like as is the case for FCCP. White squares indicate zoom area. Scale bar,
10 and 5 pum for the zoom images on the top and 20 and 5 pum for the zoom images on the bottom.

E Transmission electron microscopy (TEM) of mitochondrial morphology in iBAT from warm- and cold-adapted animals. Arrows indicate mitochondria. Note the
fragmented and swollen mitochondria in BAT from the cold-exposed animal. Scale bar, 1.3 pm for the iBAT at 28°C image, and 2 um for the iBAT at 6°C images.

F  Quantification of mean mitochondrial area (in pm?) of 25 TEM images taken from BAT of 2 animals per group (not the same animals shown in Fig 2E). *P < 0.05.
Scanning electron microscopy of iBAT from mice exposed to 6°C for 24 h. Scanning EM confirms that round-shaped mitochondria observed in TEM are not
transverse sliced tubules but rather spheres. Red arrows point to mitochondria of which some have remained sealed and some have broke open. Lipid droplets are

labeled L and mitochondria are indicated with arrows. Scale bar, 6 um.
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human Ser600. PKA inhibition blunted NE-mediated Drpl phos-
phorylation of this serine residue (Fig 6B and C), mitochondrial
fragmentation and depolarization (Fig 6D-F) of primary mouse
BA, thus demonstrating that NE-mediated increase in PKA activa-
tion promotes Drpl phosphorylation in the equivalent serine to
Ser600, and likely activates its fission activity as reported in other
cell types (Han et al, 2008). In all, these data show that NE
increases mitochondrial fission through activation of Drpl, which
is associated with Drpl phosphorylation that requires PKA
activity.

Activation of Drpl-mediated mitochondrial fission in stimulated
brown adipocytes is upstream of mitochondrial depolarization

Previous work demonstrated that FCCP is able to induce mitochon-
drial fission by increasing Drpl recruitment to the mitochondria
(Cereghetti et al, 2008). Given that depolarization is the first event
during BA activation (Fig 4E), we wanted to test whether
depolarization was required for the initial fragmentation mediated
by Drpl. To inhibit endogenous mitochondrial depolarization, we
treated BA with an inhibitor of lipolysis, Orlistat. Inhibition of
lipolysis blunts FFA release from the lipid droplets and is expected
to prevent Ucpl activation. We found that inhibition of lipolysis by
Orlistat prevented mitochondrial depolarization, as shown by
TMRE/MTG staining, but failed to prevent fragmentation
(Fig 7A-C). This result suggests that NE activates Drpl-mediated
fission (through phosphorylation) independently of a decrease in
AVn,. As we described in Fig 1B, the response to suboptimal NE
concentrations is heterogeneous with some cells not depolarizing.
Consistent with these findings, Drpl phosphorylation in the
residue sensitive to PKA activity (equivalent to Ser600) was not
prevented when lipolysis was inhibited by Orlistat treatment
(Fig 7D and E).

Mitochondrial fragmentation is required for uncoupled
respiration in hormonally stimulated BA

To determine the functional role of mitochondrial fragmentation in
NE-induced energy expenditure in BA, fission was inhibited using

Mitochondrial dynamics in brown adipocytes  Jakob D Wikstrom et al

transient Drpl Dominant Negative mutant (DN, K38A) overex-
pression. The capacity of BA to respond to NE alone or in combination
with FFA was quantified by measuring stimulated oxygen con
sumption rates (OCR) and mitochondrial membrane potential
depolarization. Overexpression of Drpl DN was limited to 2 days to
avoid compromising respiratory chain function, cell differentiation or
viability. Indeed, Drpl DN overexpression for 2 days did not change
maximal respiratory capacity or Ucpl expression levels and lipid
droplet number (Supplementary Figs 6A-C, 6G and H). Drpl DN
induced mitochondrial elongation and hyperfusion in unstimulated
BA, as shown by very long mitochondrial filaments and enlarged
mitochondrial structures, as previously reported for other cell types
(ball and thread structures) (Twig et al, 2008a) (Fig 8A and B). Drpl
DN blunted mitochondrial fragmentation induced by NE plus
palmitate (Fig 8A), thus supporting a role for Drpl in the observed
fission.

Remarkably, Drpl DN-expressing cells exhibited a marked
decrease in the respiratory response (Fig 8C-F). Consistent with
reduced BA activation of energy expenditure, Drpl DN caused a
marked decrease in the number of cells in which AV, depolariza-
tion was detectable (Fig 8G). Thus, both respiration and A,
measurements confirmed that inhibition of fragmentation by Drpl
DN decreased the ability of BA to induce mitochondrial uncoupling
after activation.

Enhanced BA activation in a model of forced fragmentation

Based on the effect of Drpl DN on NE-induced respiration and the
synergistic effect of NE plus FFA, we hypothesized that mitochon-
drial fragmentation was enhancing the capacity of FFA to induce
uncoupled respiration in the BA. A prediction of this hypothesis is
that increased mitochondrial fragmentation will enhance the
capacity of exogenous FFA to activate energy expenditure in BA.
To test this prediction, we reduced the rate of mitochondrial
fusion by knocking down the pro-fusion protein Mitofusin 2
(Mfn2) using transduction of adenovirus encoding for 5 different
microRNAs against Mfn2 or scrambled at the UTR of GFP (Supple-
mentary Fig 6D) (Sebastian et al, 2012). Mfn2 knock down (KD)
BA showed fragmented and swollen mitochondrial morphology

Figure 4. Subcellular spatial and temporal features of the induction of uncoupling, fragmentation and swelling.

A A wave of mitochondrial depolarization precedes fragmentation. Ay, depolarization in BA stained with TMRE/MTG and stimulated with NE plus palmitate. Time
lapse imaging was started after the cell started to depolarize at one pole. Mitochondria that depolarize lose red TMRE staining and become green. Note how the cell
depolarizes from one pole to the other in a wave-like fashion. Time indicates time lapsed after NE plus palmitate stimulation. Scale bar, 10 um.

B A second example as shown in (A). Note that A\, depolarization precedes fragmentation which in turn precedes swelling. Scale bars, 10 and 5 um for the zoom

images.

C Time chart of Ay, depolarization reveals that depolarization continues after mitochondrial fragmentation is completed. Cells 1-3 represent the different types of
responses that were measured following stimulation with NE plus palmitate. Bleaching control represents a cell that was not stimulated in which we tested the
effect of imaging on Ay,; note that there is no major change. Arrows indicate time of full mitochondrial fragmentation. Note that depolarization continues after
fragmentation. Note that Cell 1 shows fast depolarization and fragmentation while cell 3 has a delayed response.

D Summary of depolarization occurring pre- and post-mitochondrial fragmentation. Note that both values are in comparison to the TMRE fluorescence intensity prior

to depolarization. **P < 0.01, *P < 0.05. n = 8.

E Quantification of initial A\, depolarization versus fragmentation. To determine the timing of depolarization versus fragmentation, BA were time-lapse imaged and
analyzed for time to depolarization and fragmentation (n = 10). Cells above diagonal line fragment after depolarization. Note that A\, depolarization always

precedes fragmentation.

F AV, repolarization in BA stained with TMRE/MTG. The cell was stimulated with NE for 1 h, followed by wash out recovery. Time lapse imaging was started prior to
stimulation. Mitochondria that depolarize lose red TMRE staining and become green. Note that the cell repolarizes from one side to the other; slower albeit similar

to depolarization. Scale bar, 5 pm.
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E Western blot showing Opal long (top band) and short (lower band) forms 50 min after NE plus palmitate stimulation. Porin is used as a loading control. Note that
the top band decreases in intensity while the lower band increases with stimulation.

F Densitometry quantification of Opal long form (top band) normalized to porin. n = 4 per condition.

G Densitometry quantification of Opal short form (lower band) normalized to porin. n = 4 per condition. *P < 0.05.

Source data are available online for this figure.

under unstimulated conditions (Fig 9A and B). As compared to
control (scrambled) BA, Mfn2 knock-down (KD) BA showed the
same increase in oxygen consumption and mitochondrial depolar-
ization when induced by NE (Fig 9C-E). These results suggest that
forced fragmentation induced by Mfn2 KD does not alter the
capacity of NE to induce uncoupling. The lack of effect on
NE-induced energy expenditure was consistent with comparable
lipolysis rates detected in Mfn2 KD BA after NE stimulation

© 2014 The Authors

(Fig 9F), as well as similar level of mitochondrial depolarization
(data not shown).

We then proceeded to test whether fragmentation induced by
Mifn2 KD could, on its own, synergize with FFA even in the absence
of NE. Specifically, we tested the feasibility that fragmentation
induced by Mfn2 KD could elicit energy expenditure when exposed
to low concentrations of FFA, that are similar to those found in the
plasma of mice after a meal.
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Figure 6. Mitochondrial fragmentation in activated brown adipocytes is controlled by PKA with Drpl as downstream target.

A

E, F

Immunostaining of Drpl in control versus NE-stimulated (50 min) cells. Note the change in mitochondrial morphology and the increase in green Drpl punctae on
mitochondria with stimulation. White dashed square shows the region of the cell where higher resolution image was taken from. Mitochondria show red
fluorescence through the expression of matrix targeted Ds-Red protein. Scale bars, 10 and 2 um for the zoom images.

Western blot for total and phosphorylated Drpl (Ser600) in BA treated with PKA inhibitor (H89, 5 uM) and control. Porin is used as a loading control. Note that
the increase in Ser600 phosphorylation with NE stimulation (50 min) is inhibited by H89. n = 3 per condition.

Quantification of Western blot analyses for phosphorylated Drpl (Ser600) and total Drpl shown in (B), normalized to total (T-) Drpl and Porin respectively.
*P < 0.0002.

Fragmentation depends on PKA, but not on AV, depolarization. Brown adipocytes stained with the mitochondrial dyes TMRE and MTG and imaged
before (0 min) and after (50 min) stimulation with NE (only merged images shown). BA showing mitochondrial depolarization lose red TMRE staining and
become green, while cells that maintain Ay, show yellow-orange mitochondria. BA pre-incubated with a low concentration (5 uM) of the PKA inhibitor
H89 are compared to control BA (vehicle treated). Note that mitochondrial fragmentation induced by NE is inhibited under PKA inhibition. Note that a
cell in the control group (labeled 1) depolarized and fragmented in response to NE, while a cell labeled 2 also fragmented, but did not depolarize. Note
that in cells treated with H89 the initial phase of depolarization occurred, but mitochondria did not fragment. Scale bars, 20 and 5 um for the zoom
images.

Quantification of the fraction of cells that undergo AV, depolarization in response to NE as indicated. The fraction of mitochondrial fragmentation was quantified
in cells in which depolarization occurred. Note that H89 reduced the fraction of cells that fragmented their mitochondria in response to NE. H89 inhibited
fragmentation independent of mitochondrial depolarization. (n = 263 cells). (Numbers = Mean% =+ s.e.), (P < 0.0001).

Source data are available online for this figure.

Indeed low concentrations of palmitate and oleate (0.1 and
0.2 mM each) elicit a larger respiratory response in Mfn2 KD BA as

compared to control cells (Fig 9C-E). Like Drpl DN, Mfn2

428 The EMBO Journal Vol 33| No 5 | 2014

knockdown did not affect BA differentiation, as shown by the absence
of changes in total Ucpl protein levels and maximal capacity of
mitochondrial oxygen consumption stimulated by FCCP (Supplemen-

© 2014 The Authors
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in cells in which depolarization did not occur. Note that Orlistat did not reduce significantly the fraction of cells that fragmented their mitochondria in response to
NE. Orlistat reduced the fraction of the cells that undergo depolarization in response to NE, but did not affect mitochondrial fragmentation. Numbers are Mean %
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D Western blot for total Drpl, phosphorylated Drpl (Ser600) and Opal under control and Orlistat. Porin is used as a loading control. Note that Orlistat does not
reduce the increase in Ser600 phosphorylation with NE stimulation (50 min). n = 3 per condition.
E Quantification of Western blot analyses for phosphorylated Drpl (Ser600) and total (T-) Drpl shown in (D), normalized to T-Drpl and Porin respectively.

*P < 0.0002 and **P < 0.002.

F Quantification of Western blot analyses for Opal (Top and Lower bands) shown in (D), normalized to Porin and Top band. *P < 0.04. Note that Orlistat prevents

Opal cleavage after NE stimulation.

Source data are available online for this figure.

tary Fig 6D-F). In contrast to Drp1 inhibition, Mfn2 KD thus increased
the capacity of exogenous FFA to promote energy expenditure in BA.

Discussion

Previous studies have documented an association of mitochondrial
fragmentation with excess nutrient environment, suggesting a
potential role for mitochondrial dynamics in nutrient utilization and
energy expenditure (Liesa & Shirihai, 2013; Molina et al, 2009;
Zhang et al, 2010). Here we demonstrate that mitochondrial frag-
mentation is a physiological response that enhances mitochondrial
uncoupling and energy expenditure in brown adipocytes. As such,
stimulation of brown adipose tissue represents the first physiological
and hormonal responses associated with complete mitochondrial
fragmentation. This study not only provides further evidence that

© 2014 The Authors

mitochondrial fission is not deleterious per se (Twig & Shirihai,
2011) but it also presents a novel pathway regulating energy expen-
diture and mitochondrial uncoupling beyond lipolysis, FFA release
and Ucpl activation in BA.

Exogenous FFAs are able to amplify energy expenditure in
NE-stimulated BA

The initial finding of our study was that hormonal stimulation of
brown adipocytes with suboptimal concentrations of NE allowed
exogenous FFA to further stimulate energy expenditure and mito-
chondrial uncoupling. This result is consistent with other findings
showing that increased FFA availability to UCP1 through increased
lipolysis is not the exclusive mechanism by which NE activates
mitochondrial uncoupling in BA. In agreement with this, addition of
exogenous FFAs alone was not as efficient in inducing mitochondrial

The EMBO Journal Vol 33| No 5| 2014
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Figure 8. Inhibition of fission dampens stimulated brown adipocyte energy expenditure.

A Inhibition of mitochondrial fragmentation by the expression of Drpl DN (DRP1 K38A) blocks AV, depolarization. Typical appearance of cell stained with TMRE/MTG
expressing Drpl DN, imaged before and after NE plus palmitate stimulation. Note the hyperfused mitochondria in Drpl DN cells and the lack of change in
mitochondrial morphology or Ay, upon stimulation (only Drpl DN cells are shown). White square indicates area of zoom. Control cells were infected with
equivalent amounts of ,,PAGFP adenovirus. Scale bar 10 and 5 um for the zoom images of the control cells and 20 and 5 um for the zoom images of the Drpl DN
cells.

Quantification of mitochondrial morphology in unstimulated cells expressing Drpl DN versus control. **P < 0.0001. *P < 0.05. n = 20 (control), n = 23 (Drp1 DN).

Drpl DN cells show diminished response in oxygen consumption rates (OCR, pmols O,/min) to NE alone.

Drpl DN cells show diminished response in OCR to palmitate alone.

Drpl DN cells show diminished response in OCR to NE plus palmitate. Note that prior to stimulation there is no difference in oxygen consumption.

Quantification of OCR in brown adipocytes expressing Drpl DN and stimulated with NE and/or palmitate. Fold is calculated as the fold increase in OCR over the pre-
stimulated OCR, with OCR values obtained after the addition of antimycin being used as the zero OCR value (n = 10 each condition). *P < 0.05, **P < 0.001.

G Quantification of the fraction of Drp1 DN cells that depolarize in response to NE plus palmitate. n = 19 (control), n = 22 (Drp1 DN). **P < 0.0001.
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Figure 9. Knock down of Mfn2 enhances brown adipocyte sensitivity to FFA.

A

Mfn2 knock down (KD) elicits mitochondrial fragmentation in BA. Typical appearance of cell stained with TMRE and expressing microRNA targeting MFN2 or

scrambled as control (both co-expressing GFP). Note the fragmented and swollen mitochondria in Mfn2 KD. White square indicates area of zoom.
B Quantification of mitochondrial morphology in unstimulated MFN2 KD cells versus control. n = 31 (control), 32 (MFN2 KD). **P < 0.01.

Representative oxygen consumption rates (OCR) traces of cells stimulated with NE or palmitate. Mfn2 KD cells show similar response in OCR to NE but increased
response to palmitate. Each trace represents 2-3 replicates per group.

Quantification of the effect of Mfn2 KD on OCR in response to stimulation with NE alone or with different palmitate concentrations as indicated. Mfn2 KD cells show
increased sensitivity to palmitate in oxygen consumption. Data are normalized to scrambled (control) NE. n = 3 independent experiments. Fold is calculated as the fold
increase in OCR over the pre-stimulated OCR, with OCR values obtained after the addition of antimycin being used as the zero OCR value.

Quantification of the effect of Mfn2 KD on OCR in response to stimulation with NE alone or with different oleate concentrations as indicated. Mfn2 KD cells show
increased sensitivity to oleate in oxygen consumption. Data are normalized to scrambled (control) NE. Fold was calculated as in (D). n = 3 independent experiments.
*P = 0.05, **P = 0.0012.

Quantification of the glycerol release in the presence and absence of the NE. Note that there is slightly lower glycerol release in the Mfn2 KD both in the basal and

stimulated conditions. n = 3 independent experiments.

Source data are available online for this figure.

uncoupling as NE alone. These initial findings per se are relevant in
the context of research exploring brown adipose tissue as a therapeu-
tic approach for metabolic diseases. Our data further confirm other
studies supporting that unstimulated brown fat will not significantly
oxidize exogenous nutrients to generate heat via uncoupled respira-
tion (Bartelt et al, 2011), but will accumulate part of these nutrients
into lipid droplets (Betz et al, 2012). Consistent with this, therapeu-
tic approaches activating mitochondrial processes downstream of NE
activation are likely to be more efficient in terms of eliminating nutri-
ents in excess, when compared to approaches that just increase BAT
mass. In this study, we have identified that mitochondrial fragmenta-
tion is a process downstream of NE that enhances mitochondrial
uncoupling in BA. As a consequence of this finding, we character-
ized the molecular mechanisms leading to this fragmentation in BA.

© 2014 The Authors

Mechanisms for NE-mediated mitochondrial fragmentation in
brown adipocytes

NE acutely stimulates mitochondrial fission through Drp1 activation

We have demonstrated that NE induces fragmentation through
Drpl-mediated fission. This is associated with increased Drpl
punctae formation and Drpl phosphorylation in the equivalent ser-
ine to human Ser600 (ubiquitous isoform). This phosphorylation
was previously shown to stimulate Drpl-mediated fission in other
cell types (Han et al, 2008). In this regard, we have identified that
mouse Drpl phosphorylation in the equivalent serine to human
Ser600 was dependent on Protein Kinase A (PKA) activity, as it was
prevented by the PKA inhibitor H89. PKA activity is one of the main
mediators transducing NE signal inside BA, including lipolysis (Can-
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non & Nedergaard, 2004). We show for the first time that NE stimu-
lates Drpl-mediated fission and its phosphorylation by PKA. Of
note, we have confirmed the functional importance of Drpl-medi-
ated fission during BA activation by specifically inhibiting Drpl
function using transient overexpression of Drpl dominant negative
(DN, K38A, inactivating its GTPase domain and fission activity).
Drpl DN overexpression decreased mitochondrial depolarization
and respiration rates after NE stimulation, showing that Drpl
activity is required for acute mitochondrial uncoupling and energy
expenditure in BA. Importantly, when lipolysis was prevented using
Orlistat, mitochondrial depolarization was inhibited, but neither
fragmentation nor Drpl phosphorylation was affected. This result
suggests that NE-mediated activation of Drpl is regulated by
hormone-mediated phosphorylation of Drpl and does not require
induction of depolarization.

Inhibition of mitochondrial fusion after NE-stimulated fission in BA is
associated with depolarization and Opal processing

We observed that mitochondrial fusion event in non-stimulated
brown adipocytes are abundant. As mitochondria go through cycles
of a fission and fusion event (Twig et al, 2008a), one would expect
that the arrest of fusion would only result in complete fragmentation
after multiple cycles in which fission events were not followed by
fusion events. This means that fusion should be inhibited for
approximately an hour to result in visible fragmentation. Thus, the
kinetics of mitochondrial fusion rates in non-stimulated BA corrobo-
rates that increased fission is the first event causing fragmentation
after NE stimulation. However, we tested whether these fragmented
mitochondria in activated BA maintained normal fusion rates. Dilu-
tion rates of the fluorescence intensity signal from mitochondrially-
targeted photoactivated GFP (mtPAGFP) are used as an estimation
of mitochondrial fusion rates. Fragmented mitochondria both in BA
treated with NE or with both NE + palmitate failed to dilute their
mtPAGFP compared to unstimulated cells. These results demonstrate
that BA activation not only increased Drpl-mediated fission, but
also decreased mitochondrial fusion rates. We next examined the
mechanism by which fusion rates might be decreased in mitochon-
dria from activated brown adipocytes, focusing on the mitochon-
drial fusion protein Opal.

Opal is a mitochondrial GTPase with multiple that forms,
generated both by splicing and proteolytic processing. Some of
these forms are integral inner membrane proteins (longer forms)
and others are soluble and located in the intermembrane space
(Liesa et al, 2009). Decrease in the longer forms is associated with
mitochondrial fragmentation (Guillery et al, 2008), since the short
forms cannot mediate mitochondrial fusion per se (Duvezin-Caubet
et al, 2006; Ishihara et al, 2006). In this regard, inhibition of mito-
chondrial fusion induced by mitochondrial membrane potential
depolarization (FCCP treatment) was partly attributed to this Opal
processing (Duvezin-Caubet et al, 2006; Ishihara et al, 2006). Loss
of mitochondrial membrane potential and ATP deficiency both
trigger this Opal processing by the Omal protease (Ehses et al,
2009). Consistent with these studies performed in other cell types,
we detected a shift to the shorter Opal forms in BA treated with
NE, which may also explain the decrease in mitochondrial fusion
rates. Interestingly, mice harboring a long-term deficiency in Omal
(whole body knock-out) show decreased BAT thermogenic func-
tion, together with an impairment of Opal proteolytic processing in
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BAT (Quiros et al, 2012). Since OMA1 excision also impaired BAT
differentiation, the authors could not use this model to study the
isolated effect of Opal processing on acute activation. One would
expect that a post differentiation KD of Omal would lead to the
generation of BAT with the inability to process Opal after NE stim-
ulation. We expect that this inability to process Opal and inhibit
fusion would decrease the capacity of mitochondrial uncoupling
and energy expenditure.

In addition to increased fission and decreased fusion rates, we
found that BA mitochondria swelled after NE+FFA, showing a
balloon shape with an enlargement of the matrix volume. This
swelling was reversible and did not affect later stimulation of
mitochondrial function. This data suggested that this swelling rep-
resents a physiological or at least controlled response. Consistent
with this, we found that this spherical shape was seen in brown
adipose tissue of mice exposed to cold, both by electron micros-
copy and immuno-histochemistry, but not in BAT from mice
under thermoneutrality. These data are also consistent with previ-
ous electron microscopy studies of BAT. Mitochondria isolated
from cold-acclimated rats were reported to be enlarged (Desautels
& Himms-Hagen, 1980). In a study in which BAT was sampled
after NE injection, mitochondria showed transient swelling (Val-
lin, 1970). Thus, although typically being associated with pathol-
ogy, mitochondrial swelling may under certain conditions play a
physiological role. Moreover, it was shown that Opal knock
down leads to swollen mitochondria and cristae before mitochon-
drial fragmentation (Griparic et al, 2004). Thus, the decrease in
long Opal isoforms may be involved in the transition of mito-
chondria to the large spherical architecture. As a consequence,
decreased mitochondrial fusion rates might be facilitating this
mitochondrial swelling. Bioenergetically, swelling may favor
uncoupled respiration. Changes to the curvature of the cristae are
expected to reduce ATP synthase dimerization and reduce coupled
respiration as cristae structure and ATP synthase dimerization are
interrelated (Paumard et al, 2002).

Mitochondrial fragmentation increases mitochondrial uncoupling
capacity of exogenous FFA

While our results show that mitochondrial fragmentation is
required for proper BA activation, we wanted to test whether
forced mitochondrial fragmentation could enhance mitochondrial
uncoupling and thus energy expenditure. A positive result in this
test would support that increased mitochondrial fragmentation in
BAT could be a potential therapeutic target for metabolic dis-
eases. In other words, we would have found a pathway to poten-
tially increase energy expenditure in BAT and deal with nutrient
excess bypassing adrenergic stimulation. In order to force frag-
mentation, we knocked down Mfn2 in primary BA. We did not
find any alteration in the ability of NE to stimulate energy expen-
diture in Mfn2 KD BA. This result suggests that forced mitochon-
drial fragmentation by Mfn2 KD does not alter mitochondrial
function nor lipolysis stimulation or FFA-mediated activation of
UCP1. On the other hand, we found that low and physiological
concentrations of FFA (both oleate and palmitate) increased BA
energy expenditure to a larger extent in Mfn2 KD BA, when com-
pared to control BA. In this case, control BA treated with FFA
did not show fragmentation, whereas Mfn2 KD BA did. Alto-
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Figure 10. Model of the role of mitochondrial dynamics in the brown adipocyte.

Mitochondrial uncoupling in the brown adipocyte is a result of the coordinated action of two pathways that synergize. NE induces the production of FFA by lipolysis, while the
amplification pathway proposed here increases the sensitivity of mitochondria to FFA by changing mitochondrial architecture, which is dependent on PKA. The combination
of adrenergic stimuli and FFAs activates both pathways and induces a synergistic increase in thermogenesis/uncoupling.

gether, these results suggest that the enhanced capacity of FFA to
stimulate respiration in Mfn2 KD is caused by the permissive
action of fragmentation increasing and/or facilitating BA energy
expenditure. While the differences in respiration detected in this
model of fragmentation are significant and considerable, it is hard
to predict whether forced fragmentation by Mfn2 KD in BAT
would be sufficient to increase energy expenditure in a whole
organism in the context of nutrient excess. However, these differ-
ences strongly support the hypothesis that forced fragmentation
might be a feasible pathway to increase energy expenditure in
BAT. Therefore, a therapeutic approach selectively increasing
fragmentation in BAT could potentially increase energy expendi-
ture bypassing the requirement for adrenergic stimulation. This
approach would prevent the expected and known complications
associated with a potential treatment based on adrenergic
stimulation.

Conclusions and Model

We propose a model where NE-induced mitochondrial fragmenta-
tion serves as an amplification pathway for uncoupling in brown
adipocytes acting downstream of lipolysis and facilitating Ucpl
activation by FFA (Fig 10). Consequently, this may represent a
novel role for mitochondrial dynamics in the regulation of
energy efficiency. This change in mitochondrial dynamics may
be increasing the capacity of FFA to reach Ucpl or increasing
the sensitivity of Ucpl to FFA. Indeed, the higher ability of ole-
ate to induce mitochondrial uncoupling compared to palmitate
might be consistent with a current report showing the mecha-
nism of activation of Ucpl by FFAs. This study showed that the
longer the hydrophobic tail was, the more efficiently the FFA
activated Ucpl (Fedorenko et al, 2012). The fact that oleate’s
hydrophobic tail (C18) is longer than palmitate (C16), together
with a hypothetical better ability of oleate to be protonated in
the inter-membrane space and thus translocate protons, could
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hypothetically its
mitochondria.

Consistent with these findings, our results suggest that induction
of mitochondrial fragmentation could be used as a mechanism to
enhance the capacity of plasma FFA to induce thermogenesis, even
in the absence of adrenergic stimulation. In all, our study shows that
mitochondrial dynamics in the brown adipose tissue might be a
novel potential therapeutic target to treat metabolic diseases
associated with nutrient excess.

explain higher efficiency in depolarizing

Materials and Methods

Experimental animals

BAT was harvested from 3 to 4-week-old wild-type male C57BL6/J
mice (Jackson lab, Bar Harbor, ME). Animals were fed standard
chow (mouse diet 9F, PMI Nutrition International, Brentwood, MO)
and maintained under controlled conditions (19-22°C and a 14:10 h
light-dark cycle) until death by CO, asphyxiation. All procedures
were performed in accordance with the Boston University Institu-
tional Guidelines for Animal Care (IACUC) in compliance with U.S.
Public Health Service Regulation.

Cell culture and oxygen consumption measurements

Mouse BA were isolated and cultured as previously described in
detail (Cannon & Nedergaard, 2001). In brief, preadipocytes isolated
from BAT from three 3-week-old C57BL6/J male mice were resus-
pended in 6 ml of culture medium after BAT collagenase digestion
and washing steps. For oxygen consumption experiments, 100 pl
were seeded into each well of a V7 cell culture plate (Seahorse
Bioscience, Billerica, MA), followed by cell attachment for 1 h and
thereafter addition of 150 pl medium consisting of DMEM supple-
mented with 10% newborn calf serum, 4 nM insulin, 10 mM
HEPES, 4 mM glutamine, 50 IU of penicillin, 50 pg streptomycin,
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25 pg/ml sodium ascorbate and 1 pM rosiglitazone. For micros-
copy, 200 pul were seeded in the center of 35-mm glass bottom
plates (MatTek, Ashland, MD), allowing cell attachment for
45 min and thereafter addition of 1.8 ml of medium. Medium was
replaced the day after seeding and every second day until prea-
dipocytes had differentiated into brown adipocytes (7 days of
culture). Rosiglitazone (Toronto research chemicals, Ontario,
Canada) was used as differentiation agent (Petrovic et al, 2010)
(Supplementary Fig 7).

Before the oxygen consumption measurements, BA media was
replaced to assay media (3 mM glucose, 0.8 mM Mgh, 1.8 mM
Ca®", 143 mM NaCl, 5.4 mM KCl, 0.91 mM NaH,P0Q,, and Phenol
red 15 mg/ml (Seahorse Bioscience), followed by incubation for
60 min at 37°C (no CO,) before loading into the XF24 extracellular
analyzer (Seahorse Bioscience) (Wu et al, 2007). During these
60 min, the ports of the cartridge containing the oxygen probes were
loaded with the compounds to be injected during the assay (50 ul/
port) and the cartridge was calibrated. Cells were incubated with
H89 (Sigma), and Orlistat (Sigma) in regular media for 1 h before
the experiment at the concentrations of 5 and 100 uM respectively.
H89 was diluted in H,O and Orlistat was diluted in DMSO. Both
were present in the assay media during stimulation with NE.

Injection compounds used for imaging and oxygen
consumption measurements

NE, cirazoline, and CL-316243 (Sigma, St Louis, MO) were prepared
freshly in assay media at stock concentrations of 10 mM and used at
final concentrations of 1 uM (which was used in all experiments).
Palmitate and oleate were dissolved in DMSO to a final concentration
of 0.1, 0.2 and 0.4 M and then dissolved at 56°C in RPMI medium
containing 5% fatty-acid-free BSA (Roche, Nutley, NJ) to make a 10x
stock (4 mM). To determine the optimal ratio of FFA:BSA, we per-
formed a titration curve for both FFA and for NE (Supplementary Fig
1A and B). We determined that a FFA:BSA ratio of 4:1 gives the
strongest respiratory response. FCCP (Sigma) was dissolved in
DMSO to 20 mM and used at final concentrations of 1 uM. FCCP
was injected with sodium pyruvate (Sigma) at final concentration of
5 mM. Oligomycin and antimycin were also used at the final concen-
tration of 5 pM.

Viruses

Lentiviral particles (for ,,DsRed and ,,PAGFP transduction) were
generated by transient transfection of 293T cells using FUGENE 6
(Roche, Nutley, NJ) according to manufacturer’s instructions and
the three-plasmid system according to Tronolab’s protocols. This
system is comprised of the packaging plasmid pCMV-AdR8.91, the
envelope coding plasmid pMD2.G and the transfer vector plasmid
pLVCTH. Adenoviral particles for Drpl DN expression was gener-
ated using the AdenoEasy system as described before (Molina et al,
2009). PAGFP adenovirus were used as transduction control (Mo-
lina et al, 2009). For Mfn2 knock down, as a transduction control,
we used Ad-miRCt (encoding for control miRNA) and Ad-miR2
encoding for 5 miRNAs against MFN2. miRNAs were generated with
the Block-it Pol II system from Invitrogen using the expression vec-
tor pcDNA 6.2 Gw/EmGFP/miR, which allows the cloning of several
miRNAs in tandem and contains a GFP expression cassette. miRNAs
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were cloned by recombination into the pAdeno-CMV-V5 adenoviral
vector (Invitrogen) by using the Gateway system (Sebastian et al,
2012). Adenoviruses were generated by transfection of the linear-
ized adenoviral expression vectors in a human embryonic kidney
cell line (HEK293). The adenoviruses generated were then amplified
in HEK293 cells, titrated with the Adeno-X Rapid Titer kit (Clon-
tech), and used directly for cell transduction.

Fluorescent dyes

Nile Red was used at 1 pg/ml for 15 min followed by wash-out
before imaging. Mitotracker Green (MTG) was used at 200 nM for
90 min followed by wash-out before imaging. Tetramethylrhod-
amine-ethyl-ester-perchlorate (TMRE) was loaded at 30 nM and
present during imaging. All dyes were from Invitrogen.

Immunohistochemistry

After fixation with 4% paraformaldehyde in PBS for 15 min, cells
were permeabilized with 0.2% Triton X-100 (Sigma) for 10 min and
thereafter unspecific binding sites were blocked using PBS with 1%
BSA (Calbiochem, La Jolla, CA). Ucpl primary antibody (anti-
mouse, rabbit polyclonal, raised against COOH-terminal decapep-
tide) was used at a dilution of 1:3,000 and incubated for 30 min.
Alexa 594 (Invitrogen) was used as a secondary antibody at 1:500
and incubated for 30 min. Drp1 primary antibody (antimouse, mouse
monoclonal, BD Biosciences) was diluted in PBS with 1% BSA at the
concentration of 1:100 and incubated for 1 h. Alexa 488 (Invitrogen)
was used as a secondary antibody at 1:500 in PBS and incubated for
1 h.

Microscopy

Zeiss LSM 710 confocal microscope was used for the imaging experi-
ments. 488 nm laser was used to excite MTG, activated ., ,PAGFP
and Alexa 488, while 543 nm laser was used for detection of
mtDsRed, Ucpl immunostaining, Nile Red and TMRE. A 63x objec-
tive was used for all imaging.

Photoconversion of ,,,PAGFP to its active (fluorescent) form was
achieved by using 2-photon laser (750 nm) to give a 375 nm
photon-equivalence at the focal plane. This allowed for selective
activation of mitochondrial regions that have submicron thickness
and are < 0.5 um? (Twig et al, 2006).

Electron microscopy

IBAT from mouse acclimated to 28°C for 2-4 weeks and iBAT from
mouse acclimated to 6°C for 1-5 days were harvested. Small tissue
fragments fixed in buffered 4% formaldehyde overnight at 4°C were
embedded in epoxy resin and selected areas were sectioned for
electron microscopy observation. Small fragments of tissue were
treated for maceration procedure (Riva et al, 1999) and studied in a
ZEISS Supra40 HR SEM.

Image analysis

Ten images for each experimental group were acquired by the TEM
digital camera at 6200 and 7100 magnifications. For each image, all
whole mitochondria were profiled by LUCIA (laboratory Universal
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Computer Image Analysis) to obtain the mean mitochondria area (in
um?). The image analysis software was calibrated using cross ruled
gratings of known distance (0.463 pm).

Mitochondrial membrane potential measurements

AV, was measured by quantifying the average fluorescence inten-
sity of BA stained with the combination of MTG and TMRE before
and after stimulation, as previously described in detail (Wikstrom
et al, 2007). In addition, BA showing AV, depolarization was
determined by visual inspection and defined as by the loss (> 30%
reduction) of TMRE staining after stimulation.

Image analysis

Metamorph image analysis software (Molecular Devices, Sunnyvale,
CA) was used to analyze all images for fluorescence intensities that
were in turn further processed in Excel software. Image contrast and
intensities were not adjusted in images used for quantifications
(MTG/TMRE for AV, and fraction of depolarized cells, Ucpl
content, ,,PAGFP intensity, and mitochondrial morphology).
Quantification of mitochondrial morphology was performed by
visual inspection and cells were divided into three groups exhibiting
tubular, fragmented or hyperfused mitochondria.

Western blotting

Protein extracts were subjected to SDS—polyacrylamide gel electro-
phoresis and immunoblotting using the following primary antibodies:
Ucpl (rabbit polyclonal, raised against COOH-terminal decapeptide),
Ucpl (rabbit polyclonal; Abcam, Cambridge, MA), porin and Mfn2
(mouse monoclonal; Abcam), Opal and Drpl (mouse monoclonal;
BD Biosciences), Phospho-Drp1(Ser600/637) (rabbit polyclonal; Cell
Signaling, Beverly, MA).

Data are given as means + s.e. Two-tailed, unpaired, or paired
Student’s t-tests were used to compare data sets. P < 0.05 was con-
sidered significant.

Supplementary information for this article is available online:
http://emboj.embopress.org
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