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SUMMARY

Local translation meets protein turnover and plas-
ticity demands at synapses, however, the location
of its energy supply is unknown. We found that local
translation in neurons is powered by mitochondria
and not by glycolysis. Super-resolution microscopy
revealed that dendritic mitochondria exist as stable
compartments of single or multiple filaments. To
test if these mitochondrial compartments can serve
as local energy supply for synaptic translation, we
stimulated individual synapses to inducemorpholog-
ical plasticity and visualized newly synthesized
proteins. Depletion of local mitochondrial compart-
ments abolished both the plasticity and the stim-
ulus-induced synaptic translation. These mitochon-
drial compartments serve as spatially confined
energy reserves, as local depletion of amitochondrial
compartment did not affect synaptic translation at
remote spines. The length and stability of dendritic
mitochondrial compartments and the spatial func-
tional domainwere alteredbycytoskeletal disruption.
These results indicate that cytoskeletally tethered
local energy compartments exist in dendrites to fuel
local translation during synaptic plasticity.

INTRODUCTION

Unlike most other cells, neurons have elaborate morphologies

including a few centimeters to meters of cable comprising axons

and dendrites. Associated with this is a dramatic increase in

cellular volume and the de-centralization of many cell biological

processes traditionally associated with the cell somata (Holt and

Schuman, 2013; Rangaraju et al., 2017). One prominent example

of a de-centralized process is the localization of mRNA and pro-

tein synthesis to dendrites and axons. Local translation is a

temporally efficient mechanism for activity-dependent proteo-

mic plasticity and can, in principle, allow for the replacement of

proteins owing to turnover (Cajigas et al., 2010; Cohen et al.,

2013; Dörrbaum et al., 2018; Hanus and Schuman, 2013; Sutton

et al., 2006). In addition, local translation, producing many

protein copies from a single mRNA, is energetically efficient,

considering the energy required to otherwise transport all newly
synthesized proteins from the somata to distal ends of den-

drites and axons (Schnitzer and Block, 1997) (unpublished

calculations).

Glucose is the primary energy fuel, which is oxidized via

glycolysis in the cytoplasm and oxidative phosphorylation in

mitochondria to generate ATP. In neurons, mitochondria are

abundant in all cellular compartments;�50% of presynaptic ter-

minals possess at least 1 mitochondrion (Shepherd and Harris,

1998) and �50% of the dendritic length possesses a mitochon-

drion (Li et al., 2004). In presynaptic terminals, the huge energy

demand for presynaptic function is met by activity-driven ATP

synthesis originating from both glycolysis and oxidative phos-

phorylation (Ashrafi and Ryan, 2017; Ashrafi et al., 2017; Jang

et al., 2016; Rangaraju et al., 2014). In contrast, in postsynaptic

spines and dendrites, very little is known about the link between

energy supply and demand (Li et al., 2004; Schuman and Chan,

2004). In addition to maintaining ionic balance, maintaining pro-

teostasis and modifying synaptic proteomes represent a large

energy demand. Protein synthesis consumes�4 ATPmolecules

per peptide bond formation (Harris and Attwell, 2012; Moldave,

1985); the energy demand is proportional to the length of the

macromolecule undergoing synthesis. In the postsynaptic den-

sities of a neuron alone, �2,670 protein copies are turned over

perminute (Cohen et al., 2013). However, it is not clear what fuels

the local protein synthesis that is important for some forms of

synaptic plasticity (Schuman and Chan, 2004; Steward and

Schuman, 2003). Here, we report that spatially stable mito-

chondrial compartments fuel dendritic translation in an activity-

dependent manner during synaptic plasticity.

RESULTS

Protein Synthesis Is Powered by Mitochondria
To examine how protein synthesis is fueled in dendritic compart-

ments, we investigated the two main energy supplies of the

cell—glycolysis and mitochondrial respiration. We used the

puro-PLA method (tom Dieck et al., 2015) to visualize newly syn-

thesized proteins in dendritic and somatic compartments of

cultured hippocampal neurons after a brief (10 min) period of

metabolic labeling. We inhibited mitochondrial or glycolytic

ATP sources during basal neuronal activity (Figure 1A). Acute

treatment of neurons with antimycin or oligomycin, which block

complex III or complex V of the mitochondrial electron transport

chain, respectively, abolished protein synthesis in both somatic

and dendritic compartments (Figures 1B–1E and S1C). On the
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Figure 1. Protein Synthesis Is Powered by Mitochondria, Not Glycolysis

(A) Experimental workflow for visualizing newly synthesized proteins following ATP synthesis inhibition (STAR Methods).

(B and C) Representative images showing newly synthesized protein puncta (red) measured bymetabolic labeling with puromycin in somata (B) and dendrites (C).

Hippocampal neurons acutely treated for 10 min with drugs to inhibit mitochondrial function (antimycin or oligomycin) exhibited a significant decrease in newly

synthesized proteins compared to neurons that were untreated (vehicle) or treated with drugs to inhibit glycolysis (deoxyglucose in the presence of lactate or

pyruvate). The absence of puromycin was used as a negative control (control) and MAP2 (green) was used as a dendritic marker. Scale bar, 5 mm.

(D and E) Average number of newly synthesized protein puncta normalized to area measured in various conditions in somata (D) and dendrites (E).

vehicle, antimycin (A), oligomycin (O), deoxyglucose + lactate (D+L), deoxyglucose + pyruvate (D+P), deoxyglucose + oligomycin (D+O), absence of puromycin

(control), n R 16 neurons from 2 animals. One-way ANOVA, Tukey test, *p < 0.05.

See also Figure S1.
other hand, inhibition of glycolysis by acute (Figures 1B–1E) or

prolonged treatment (Figures S1A and S1B) with deoxyglucose

(Wick et al., 1957; Pelicano et al., 2006; Rangaraju et al., 2014)

(in the presence of the mitochondrial substrates pyruvate or

lactate) did not affect protein synthesis in either compartment.

These data indicate that neuronal protein synthesis in both

somata and dendrites is powered by mitochondria, and not

glycolysis, during basal neuronal activity. In addition, given the

brief metabolic labeling period (10 min—associated with limited

diffusion of nascent proteins), these data also suggest that the

reduced detection of nascent proteins in dendrites represents

a requirement for mitochondrial function in local translation—

that is explored in greater depth below.

Dendritic Mitochondria Exist in Temporally Stable
Spatial Compartments
In neurons, protein synthesis-dependent plasticity occurs on

timescales of minutes to hours (Bradshaw et al., 2003; Huber
74 Cell 176, 73–84, January 10, 2019
et al., 2000; Kang and Schuman, 1996; Martin et al., 1997; Vick-

ers et al., 2005). To examine further if mitochondria provide fuel

for local translation during synaptic plasticity, wemeasured den-

dritic mitochondrial dynamics within these timescales. While

mitochondrial motility has been measured in dendrites and

axons before, these measurements were of relatively short

(2–16 min) duration (Fu et al., 2017; Kang et al., 2008; Macaskill

et al., 2009; Wang and Schwarz, 2009) or during neuronal devel-

opment (Faits et al., 2016; Lewis et al., 2016; Smit-Rigter et al.,

2016). Using the fluorescence loss in photobleaching (FLIP)

method, which measures cell compartment continuity (Lippin-

cott-Schwartz et al., 2003), we examined mitochondrial

dynamics in neurons using a mitochondria-targeted DsRed

fluorescent protein. Mitochondrial fluorescence, in DsRed-Mito

expressing neurons, was repeatedly photobleached at a local re-

gion of a dendrite, axon, or soma, during continuous imaging of

the whole neuron (Figure 2A). Following 30 min of FLIP, the fluo-

rescence loss in the photobleached region was compared to the



A B

C D

E F

G

H

Figure 2. Dendritic Mitochondria Are Temporally Stable Spatial Compartments of Single or Multiple Mitochondrial Filaments Tethered to the
Cytoskeleton.

(A) Hippocampal neuron expressing DsRed-Mito (red) before (top) and after (bottom) 30 min FLIP at a proximal dendritic region (green open square). Scale

bar, 20 mm.

(B) Top: representative fluorescence line profile measured at the end of 30 min FLIP normalized to pre-FLIP fluorescence (gray dashed line). Normalized fluo-

rescence line profile showing a depression, centered at the site of FLIP, in dendrite (black) and somata (dark gray) but not in axon (light gray). Black dashed line

represents the width of the depression at half-height of the minimum—defined as mitochondrial compartment length. Bottom: representative time course of the

compartment length shows steady state at 30 min. Black rectangle denotes the time point at which compartment lengths were measured for further analyses.

(C) Average mitochondrial compartment lengths measured in somata (left, n = 29 neurons from 6 animals) and dendrites (right, n = 25 neurons from 5 animals). All

data averages are presented as mean ± SEM in the text.

(legend continued on next page)
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adjacent non-photobleached regions. A spatially restricted

decrease in fluorescence was measured in dendrites and

somata, revealing the existence of spatially confined compart-

ments of mitochondria (Figure 2B, top; STARMethods). Notably,

these confined mitochondrial compartments were not observed

in axons (Figure 2B, top). The dendritic mitochondrial compart-

ments were also stable over time for the duration (30 min) of

the experiment (Figures 2B, bottom, and S2B). (Phototoxic ef-

fects, such as mitochondrial swelling, were often observed in

FLIP experiments longer than 30 min thus preventing us from

examining mitochondrial dynamics over even longer time

periods). Our measurements revealed an average somatic mito-

chondrial compartment length of 38 ± 2 mm and an average den-

driticmitochondrial compartment length of 35 ± 3 mm (Figure 2C),

consistent with previous (static) measurements using electron

microscopy (Popov et al., 2005). The length of the mitochondrial

compartments was not influenced by the mitochondrial marker

used, the size of the FLIP region (Figure S2A) or the measure-

ment temperature (Figure S2B). Mitochondrial compartments

were also measured in parallel with two other structures contain-

ing membrane, the endoplasmic reticulum (ER) and the plasma

membrane (PM). DsRed-Mito expressing neurons co-express-

ing either ER-targeted GFP or PM-targeted pHluorin (Cui-

Wang et al., 2012) were used to perform simultaneous FLIP

measurements (Figure S2C; STAR Methods). The mitochondrial

compartments were different from both ER and PM compart-

ments (Figures S2C and S2D), as expected given their different

respective membrane dynamics.

To investigate the temporal stability of the mitochondrial

compartments and to confirm the measured length of these

compartments, we used fluorescence photoactivation (Lippin-

cott-Schwartz et al., 2003). Mitochondria were photoactivated

either in dendrites or axons of neurons expressing photoactivat-

able GFP targeted to the mitochondrial matrix (PAGFP-mito) and

monitored for 60 min (Figures S2E, S2F, bottom, S2J, left, and

S2K, left) (comparable measurements could not be obtained in

the soma given its larger volume). The mitochondrial compart-

ment length was measured as the spatial spread of the photoac-

tivated fluorescent signal (STAR Methods). Consistent with the

FLIP measurements, mitochondrial compartments of length

31 ± 4 mm were measured that were stable for up to 60 min (Fig-

ure 2D). Extending the imaging period to 2 hr revealed relatively

stable compartments for up to�80 min that began to diminish in

size over the next 40 min, presumably owing to turnover, fission,

and organelle movement (Figure S2F, top). Mitochondrial com-

partments were less stable at branch points than in proximal

and distal parts of dendrites, consistent with the flux of cargo
(D) Average time course of the photoactivated mitochondrial compartment length

animal) and destabilizedmitochondrial compartments following actin (dark gray, n

animals) depolymerization. One-way ANOVA at 60 min, Tukey test, *p < 0.0005.

(E–H) Photoactivation of mitochondrial compartments (red rectangle) in PAGFP-m

(F), scale bar 1 mm, or multiple (H), scale bar 5 mm, filaments of mitochondria re

Methods).

White dashed box depicts the regions magnified for better visualization (F; H, right

Z3) at 330-nm interval showing intermittent contacts (white arrows) with the adjac

observed in the STED image of the photoactivated compartment.

See also Figure S2.
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and increased transport often observed at branch points (Fig-

ures S2G–S2I). In contrast, the mitochondria observed in axons

over a similar imaging period were much smaller and very dy-

namic (Figures S2E, bottom, S2F, bottom, S2K, left, and S2L).

Dendritic Mitochondria Are Regulated by Tethering to
the Cytoskeleton
Next, we investigated the molecular mechanisms that influence

the stability of the mitochondrial compartments. We perturbed

the actin and microtubule network with the depolymerizing

agents cytochalasin-D (cyto-D) and nocodazole (noco), respec-

tively, and examined the mitochondrial length and dynamics

using PAGFP-mito. Disruption of either the actin- or microtu-

bule-based cytoskeleton significantly reduced the dendritic

mitochondrial compartment length, evident within the few

minutes of photoactivation (21 ± 2 mm and 18 ± 4 mm, measured

at 5 min, for cyto-D and noco, respectively). Not only were the

dendritic mitochondrial compartments shortened, they were

also destabilized, exhibiting a significant reduction in length

over time (9 ± 3 mm and 11 ± 3 mm, measured at 60 min, for

cyto-D and noco, respectively; Figures 2D and S2J; STAR

Methods). The same experiments conducted in axons revealed

that cyto-D and noco yielded the opposite result. Disruption of

the cytoskeleton led to dramatic stabilization of the axonal mito-

chondria (see also Ligon and Steward, 2000) (Figures S2K and

S2L) (control 5.1 ± 1.0 mm, cyto-D 4.0 ± 0.6 mm, noco 3.2 ±

0.4 mm at 5 min and control 0.96 ± 0.46 mm, cyto-D 3.8 ±

0.7 mm, noco 2.8 ± 0.4 um at 60 min). These data indicate that

the mitochondrial-cytoskeletal interactions are fundamentally

different in axons and dendrites. The data also clearly indicate

a role for both actin and microtubule filaments in the tethering

and stabilization of dendritic mitochondrial compartments.

Dendritic Mitochondrial Compartments Exist as Single
or Multiple Mitochondrial Filaments
We investigated the nature of the observed mitochondrial com-

partments—do they constitute single or multiple mitochondrial

filaments? To address this, we made use of stimulated emission

depletion (STED) microscopy (Hell, 2007; Hell and Wichmann,

1994) to resolve themitochondrial compartments in live neurons.

Neurons expressing PAGFP-mito were additionally labeled with

Mitotracker Deep Red for STED imaging. PAGFP was photoac-

tivated in a region, where an apparent ‘‘single’’ mitochondrial

filament was observed (at confocal resolution), and the subse-

quent spread of the photoactivated GFP—the mitochondrial

compartment- was then monitored (Figures 2E and 2G). In addi-

tion, the mitochondrial compartment was resolved with STED
s show stable mitochondria in control dendrites (black, n = 18 dendrites from 1

= 6 dendrites from 1 animal) andmicrotubule (light gray, n = 12 dendrites from 2

ito expressing hippocampal neurons (green) (E and G) constituted either single

vealed by live STED imaging using Mitotracker Deep Red (orange) (see STAR

inset). The inset shows amitochondrial filament in three Z sections (Z1, Z2, and

ent mitochondrion. Yellow arrows point to the multiple mitochondrial filaments
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Figure 3. Mitochondrial Compartments Do Not Power Local Translation in Dendrites during Basal Neuronal Activity
(A) Experimental workflow for local mitochondrial depletion in dendrites (STAR Methods).

(B) Top: representative image of a neuronal dendrite transfected with EGP-Mito (green) and Killerred-Mito (red) showing mitochondrial fragmentation and

photobleaching of the Killerred (KR) fluorescence following KR photostimulation in the selected region (dashed gray box, middle), performed in the presence of

the metabolic label puromycin. Bottom: mitochondria-depleted dendritic region showed no change in newly synthesized protein puncta (new protein, purple)

compared to an adjacent non-KR photostimulated control dendrite. Scale bar, 10 mm.

(C) Average newly synthesized protein intensity measured pairwise in non-KR photostimulated control dendrites and KR photostimulated-mitochondria depleted

dendrites at various photostimulation conditions (STAR Methods).

n = 21 dendrites from 6 animals, pair-sample t test, p = 0.2.

See also Figure S3.
microscopy (Figures 2F and 2H). Analysis of mitochondrial com-

partments revealed (STAR Methods) two separate groups: (1)

single filamentous mitochondrion displaying a distinct gap sepa-

rating it from adjacent mitochondria at STED resolution and no

spread of photoactivated GFP to the adjacent mitochondria (Fig-

ures 2E and 2F), and (2) multiple filaments of mitochondria—

either with branched filaments or intermittent contacts between

filaments—that exhibited spread of photoactivated GFP be-

tween them (Figures 2G and 2H). For a total of 29 mitochondrial

compartments analyzed, 10 (�34%) were composed of multiple

filaments and the rest (19) were single mitochondrial filaments

(Figure S2M). These results are consistent with previous (static)

mitochondrial observations from electron microscopy (Huang

et al., 2013; Popov et al., 2005) and live STORM images from

other cells (Shim et al., 2012). Altogether, the above experiments

suggest that single or multiple mitochondrial filaments are

spatially stabilized at a dendritic region for up to �80 min, via

cytoskeletal anchoring, presumably to fuel protein synthesis

and other energy demanding processes.

Mitochondrial Compartments Are Not Required to
Power Local Translation during Basal Neuronal Activity
To investigate directly if local mitochondrial compartments pro-

vide energy for dendritic translation, we locally depleted the

compartments and then measured protein synthesis (Figure 3A).

We achieved local inhibition of a mitochondrial compartment op-

togenetically by targeting the phototoxic protein KillerRed (KR) to

the mitochondrial matrix (KillerRed-Mito) (Ashrafi et al., 2014).

KillerRed generates reactive oxygen species (ROS) upon photo-

bleaching and causes oxidative stress to nearby molecules (Roy

et al., 2010). Spatially restricted (�10–25 mm in length; STAR

Methods) Killerred-Mito photostimulation resulted in a corre-

sponding local fragmentation of mitochondria (Figures 3B, mid-
dle, and S3C) (compared to a non-photostimulated control

dendrite of the same neuron; Figure S3A), without releasing

appreciable ROS in the cytosol (Figure S3D). The fragmentation

of mitochondria was only observed within the KR photostimu-

lated segment and not in the corresponding upstream or

downstream segments (Figure S3B; STAR Methods). These ob-

servations are consistent with the idea that, on average, a single

mitochondrial compartment is depleted following KR photosti-

mulation of a �10–25 mm segment. We assessed the effect of

local mitochondrial depletion on protein synthesis using puro-

PLA, as described above. Surprisingly, the local inhibition of

mitochondrial function by KR photostimulation did not affect

protein synthesis measured in the KR-photostimulated region

(Figure 3B, bottom). Pairwise comparisons were made either

with a non-photostimulated control dendrite of the same neuron

(Figures 3B and 3C) or with an adjacent non-photostimulated re-

gion of the same dendrite (Figure S3E). Altering the frequency

and/or duration of the KR photostimulation and increasing the

duration of metabolic labeling did not reveal an effect of mito-

chondrial inhibition on local translation (Figure S3F). In addition,

treatment with deoxyglucose (to block glycolysis) in conjunction

with KR photostimulation also did not alter local translation in

dendrites (Figure S3G). Therefore, at basal levels of neuronal ac-

tivity, the energy demands of local translation are adequately

met by global ATP levels available in dendrites; the disabling

of local mitochondria can be compensated for by ambient

ATP levels or ATP produced by neighboring unperturbed

mitochondria.

Mitochondrial Compartments Fuel Local Translation
during Plasticity
We reasoned that while existing ATP is sufficient to fuel transla-

tion during ongoing activity, the enhanced energy demands
Cell 176, 73–84, January 10, 2019 77



associated with synaptic plasticity induction and maintenance

might reveal a different picture. For example, high frequency or

patterned stimulation can lead to synaptic plasticity that requires

local translation (Bradshaw et al., 2003; Govindarajan et al.,

2011; Vickers et al., 2005). To test if local mitochondrial compart-

ments fuel protein synthesis during plasticity, we first developed

a synaptic stimulation protocol that would induce both morpho-

logical plasticity of spines and a consistent increase in local

translation. Neurons expressing GCaMP6s and PSD95-mCherry

were used for these experiments to monitor the responsiveness

and morphology of individual spines. Two-photon uncaging of

glutamate (60 pulses; 0.5 Hz) was performed at PSD95-positive

spines in the presence of forskolin to activate the PKA pathway

and induce long-term structural plasticity (Figure 4A) (Govindar-

ajan et al., 2011). We observed that this protocol led to a reliable

and forskolin-dependent long-term increase in the spine-head

width and volume (Figures 4B–4D; STARMethods). We included

puromycin to metabolically label newly synthesized proteins

(Figures 4A and 4E; STAR Methods) in stimulated spines using

different stimulation regimes (Figure S4A; STAR Methods). As

with the spine morphological plasticity stimulation protocol, we

found that a stimulation frequency of 0.5 Hz with 60 (or 120)

pulses was optimal—eliciting robust increases in new protein

synthesis within dendritic spines with success rates of 72%–

84% (Figures 4F, S4A, and S4B; STARMethods). In contrast, un-

stimulated spines measured in the same dendrite or control den-

drites failed to exhibit consistent changes in spine morphology:

only 29% of the unstimulated spines exhibited translation (Fig-

ures 4B–4F). These experiments indicate that local synaptic

stimulation of an individual spine results in a long-lasting change

in spine morphology as well as an enhanced probability of local

translation.

With this optimized uncaging protocol, we next investigated if

local mitochondrial compartments are important to fuel the

plasticity-induced synaptic translation. Neurons expressing

GCaMP6s, PSD95-mCherry, and Killerred-Mito were used for

these experiments. Following local inhibition (via KR photostimu-

lation) of a mitochondrial compartment in a dendrite, a spine in

the mitochondria-depleted region was stimulated using the

above protocol (Figure 5A; STAR Methods). Simultaneously, a

spine from a control dendrite was also stimulated with the

same protocol. During uncaging, the calcium response

measured in KR photostimulated spines was not different from

the control spines (Figure S5A). While spine morphological plas-

ticity was observed at the stimulated spine of the control

dendrite, it was blocked in the stimulated spine of the mitochon-

dria-depleted dendritic region (Figures 5B–5D). In addition, an

absence or a reduction in newly synthesized protein signal was

also observed in the mitochondria-depleted spine (Figures 5E

and 5F). In control experiments, we used a KillerRed targeted

to the peroxisome (KillerRed-Perox). Photostimulation of

Killered-Perox did not affect the plasticity-induced synaptic

translation (Figures S5B and S5C). Similarly, photostimulation

of a simple fluorescent molecule targeted to the mitochondria,

Dsred-Mito, did not affect the stimulation-induced synaptic

translation (Figure S5D). Taken together, these data are consis-

tent with a specific role of KR in disabling the local mitochondrial

compartment. To further confirm that the defects in spine
78 Cell 176, 73–84, January 10, 2019
morphological plasticity and protein synthesis are due to energy

failure, we overexpressed the cytosolic form of the brain-type

creatine kinase (CKB-OE) that is known to regenerate ATP via

the phosphocreatine system (Fukumitsu et al., 2015; Lin et al.,

2013). CKB-OE was confirmed by immunostaining (STAR

Methods). We observed a partial recovery of protein synthesis:

�56% of CKB-OE mitochondria-depleted spines exhibited pro-

tein synthesis compared to 24%of wild-type (WT) mitochondria-

depleted spines (Figure 5F). The inability of CKB-OE to

completely recover the local energy failure could be due to

altered calcium handling in the CKB-OE mitochondria-depleted

dendrites (Figure S5A).

The dynamic behavior of mitochondria is also controlled by

the processes of fusion and fission. To examine the effect of

fission on mitochondrial function in dendrites, we manipulated

the mitochondrial fission factor (MFF), a mitochondrial outer-

membrane receptor for the GTPase dynamin-related protein 1

(Drp1) that catalyzes mitochondrial fission (Loson et al., 2013;

Otera et al., 2010). As previously observed (Toyama et al.,

2016), overexpression of MFF (MFF-OE) resulted in a significant

shortening of the dendritic mitochondria (control: 27 ± 3 mm,

MFF-OE 12 ± 2 mm at 5 min; and control: 31 ± 4 mm, MFF-OE

9 ± 1 mm at 60 min) (Figures S5E and S5F); we also noted a sig-

nificant but modest reduction in the stability of the mitochon-

drial compartment (MFF-OE 12 ± 2 mm at 5 min; MFF-OE

9 ± 1 mm at 60 min) (Figures S5F and S5G); this was accompa-

nied by a reduction in the stimulus-elicited intracellular Ca2+

signal (Figure S6A). MFF-OE was confirmed by immunostaining

(Figure 5G, bottom; STAR Methods). Because MFF-OE alters

the size and the stability of the mitochondrial compartment,

we used it to examine the importance of these features on plas-

ticity-induced protein synthesis in stimulated spines. We found

that MFF-OE negatively affected the success rate of new pro-

tein synthesis in stimulated spines (Figures 5G, top, and 5H),

suggesting that the size and/or the stability of dendritic mito-

chondrial compartments is a pre-requisite for plasticity-induced

synaptic translation.

Mitochondrial Compartments Fuel Plasticity-Induced
Local Translation within Spatially Confined Boundaries
We next tested directly the spatial domain served by a local den-

dritic mitochondrial compartment, by examining the effects of

local mitochondrial depletion on plasticity-induced protein

synthesis in neighboring spines. As above, local depletion of a

dendritic mitochondrial compartment was performed using KR

photostimulation and a spine in the mitochondria-depleted re-

gion received a synaptic plasticity-inducing stimulus (Figure 6A).

Simultaneously, a spine on the same dendrite, at varying dis-

tances from themitochondria-depleted spine, was also uncaged

with the same stimulus (Figure 6A). As before, within the region of

KR photostimulation, there was a significantly diminished prob-

ability of detecting nascent protein following plasticity induction.

Probing different scales of the dendritic neighborhood revealed

that stimulated spines that were relatively close (within

0–30 mm) to the mitochondria-depleted region were much less

likely to exhibit synaptic translation than ‘‘remote’’ (30–50 mm

away) stimulated spines (Figures 6A–6C). To test whether the

stability of mitochondrial compartments regulates the size of



Figure 4. Development of a Synaptic Stimulation Protocol to Induce Spine Morphological Plasticity and Plasticity-Induced Synaptic

Translation

(A) Experimental workflow of synaptic stimulation for visualizing spine morphology and newly synthesized proteins (STAR Methods).

(B) Representative unstimulated spine measured at 0 min and 110 min showed no change in spine-head width, whereas the stimulated spine measured at 0 min

(pre-uncaging) and 110 min (post-uncaging) showed an increase in spine-head width. Scale bar, 3 mm.

(C) GCaMP fluorescence intensity along the line crossing the center of the spine-head (gray dashed line in B), fit to a Gaussian to measure the full width at the half

maximum—the spine-head width (STAR Methods).

(D) Average time course showed a concomitant increase in spine-head volume in stimulated spines, but not in the absence of forskolin or in unstimulated spines,

during the period of 110 min. n R 14 spines from 10 animals. One-way ANOVA at 114 min, Tukey test, ***p < 0.0005.

(E) Two representative spines that received a glutamate uncaging stimulus (*) in the presence of themetabolic label puromycin exhibited synaptic translation (new

protein, red), whereas an adjacent unstimulated spine (.) did not. Dotted line denotes the synaptic area traced by using the GCaMP signal to measure newly

synthesized protein puncta per spine area. Scale bar, 5 mm.

(F) Average number of newly synthesized protein puncta normalized to spine area measured in control (without metabolic labeling), unstimulated, and stimulated

spines. 72% of the stimulated spines, and only 29% of the unstimulated spines and 5% of the control spines exhibited synaptic translation. Note that zero values

for both stimulated and unstimulated spines were offset by ±0.01 and ±0.02 points to allow visualization of data, enclosed within two dashed gray lines.

n R 19 spines from 13 animals, two-sample t test, *p < 0.05.

See also Figure S4.
the affected neighborhood, we perturbed the local cytoskeletal-

tethering of mitochondrial compartments using cytochalasin-D.

Following actin depolymerization, the stimulated spine within

the KR region still exhibited a significantly reduced probability

of protein synthesis, but the effect on neighboring stimulated

spines was significantly altered (Figure 6B). Spines within
0–30 mm of the KR zone exhibited a likelihood of protein synthe-

sis often similar to control (no KR neighbor) levels. Neither cyto-D

nor nocodazole affected the stimulation-induced postsynaptic

Ca2+ levels (Figure S6A) or baseline measurements of protein

synthesis (Figure S6B). These data emphasize the importance

of specific features of the mitochondrial compartment, its
Cell 176, 73–84, January 10, 2019 79
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Figure 5. Mitochondrial Compartments Power Local Translation in Dendrites during Synaptic Plasticity

(A) Experimental workflow for spine morphology measurements and synaptic translation following local mitochondrial depletion (STAR Methods).

(B) Increase in spine-head width was not observed in the stimulated spine (*) of the KR photostimulated-mitochondria depleted dendritic region (dashed white

box) compared to the stimulated spine (*) of an adjacent non-KR photostimulated control dendrite. Scale bar, 3 mm.

(C) Spine-head width measured in: stimulated spine of the KR photostimulated-mitochondria depleted dendritic region: 0.81 mm (pre-uncaging, t = 0 min),

0.80 mm (post-uncaging, t = 110min) (black); stimulated spine of an adjacent non-KR photostimulated control dendrite: 0.82 mm (pre-uncaging, t = 0min), 1.28 mm

(post-uncaging, t = 110 min) (gray).

(D) Average time course of spine-head volumemeasured in stimulated spines of control dendrites (gray, note that data are taken from Figure 4D, stimulated spine)

and mitochondria-depleted dendrites (black) normalized to spine-head volume at pre-uncaging, t = 0 min (gray dashed line). nR 15 spines from 8 animals. Two-

sample t test, *p < 0.0005.

(E) Synaptic translation (new protein, red) was not observed in the stimulated spine (*) of the KR photostimulated mitochondria-depleted dendritic region (dashed

white box) compared to the stimulated spine (*) of an adjacent non-KR photostimulated control dendrite. Note that the new protein puncta visible outside of the

GCaMP6s signal arise from adjacent non-transfected neurons or glial cells in the background. Scale bar, 5 mm.

(F) Average number of newly synthesized protein puncta normalized to spine area measured pairwise in stimulated spines of control dendrites andmitochondria-

depleted dendrites; and inmitochondria-depleted dendrites overexpressing brain-type creatine kinase (CKB-OE). 71% of the stimulated spines, and only 24% of

the mito-depleted stimulated spines exhibited synaptic translation, whereas 56% of the CKB-OE mito-depleted stimulated spines exhibited partial recovery of

synaptic translation. Control dendrite and Mito-depleted dendrite n = 17 spines from 7 animals, paired-sample t test, *p < 0.05; control dendrite and

(legend continued on next page)
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stability, and its potential size optimization, to fuel cell biological

processes like protein synthesis in spatially confined domains

(Figure 6C).

DISCUSSION

Using a variety of conventional and super-resolution imaging

techniques to image live mitochondria, stimulation of individual

synapses using two-photon uncaging, measurement of spine

morphological plasticity and metabolic labeling of nascent pro-

teins, we demonstrate the following: (1) mitochondria exist in

temporally stable spatial �30 mm compartments of single or

multiple mitochondrial filaments in dendrites; (2) local cytoskel-

etal-tethering is important for size and stability of mitochondrial

compartments (3) under basal conditions mitochondria provide

the energy for local dendritic translation; (4) local depletion of

mitochondrial compartments affects both spine morphological

plasticity and plasticity-induced synaptic translation but not

local translation during basal neuronal activity; and (5) mitochon-

drial compartments serve as local energy reserves with spatially

confined boundaries.

Using photoactivation, we measured mitochondrial move-

ment both in dendrites and axons for periods of 60–120 min.

We found that dendritic mitochondria exist as stable compart-

ments for up to �80 min, and axonal mitochondria are, by

contrast, much less stable. The observation of motile axonal

mitochondria contrasts with previous measurements that

were conducted at much shorter (2–16 min) timescales and/or

a lower imaging temperature (20�C/room temperature [RT])

(Kang et al., 2008; Wang and Schwarz, 2009). The differences

between dendritic and axonal mitochondrial dynamics could

arise from the different transport machineries that facilitate

mitochondrial distribution in dendrites and axons (van Spron-

sen et al., 2013). The orientation of microtubules that is crucial

for mitochondrial trafficking is also different between dendrites

(mix of plus- and minus-end-out) and axons (plus-end-out)

(Stone et al., 2008). Interestingly, perturbation of the cyto-

skeletal architecture by the depolymerization of actin or

microtubules exerted opposite effects on the mitochondrial

compartments in dendrites and axons. Cytoskeletal perturba-

tion destabilized mitochondrial compartments in dendrites,

while it stabilized them in axons (see also Ligon and Steward,

2000). The molecular interaction of mitochondria with its local

cytoskeletal structure appears to use different mechanisms in

dendrites and axons, suggesting different adaptor proteins or

post-translational modifications of the microtubule (Barlan

and Gelfand, 2017). For example, syntaphilin is a protein that

docks mitochondria to microtubules and is specific only for
Mito-depleted dendrite with CKB-OE nR 9 spines from 4 animals, two-sample t te

gray lines.

(G) Synaptic translation (new protein, red) was not observed in the stimulated sp

(top), confirmed by immunostaining (bottom) (MFF, blue). Scale bar, 5 mm.

(H) Average number of newly synthesized protein puncta normalized to spine are

72% of the control stimulated spines (note that data are taken from Figure 4F,

synaptic translation. Note that zero values for both control and MFF-OE stimula

within two dashed gray lines.

n R 18 spines from 2 animals, two-sample t test, *p < 0.05.

See also Figure S5.
axonal compartments (Kang et al., 2008). Identifying additional

axon versus dendrite-specific adaptor proteins, that govern the

interactions of mitochondria with the cytoskeleton, will illumi-

nate the different mechanisms that govern the mitochondrial

dynamics in dendrites and axons. Notably the tethering of den-

dritic mitochondria by the cytoskeleton appears to impose

limits on the dendritic compartment subserved by an individual

mitochondrial compartment. Blocking the cytoskeletal interac-

tion abbreviated mitochondrial size and stability but also

changed the neighborhood plasticity rules, such that the spatial

domain over which the mitochondrial function was coordinated

(�30 mm) was distorted.

The difference in mitochondrial behavior between dendrites

and axons could also reflect the difference in the timescales of

the metabolic needs in the two neuronal compartments. While

glycolysis and mitochondrial ATP synthesis are the two major

ATP producing pathways, the former is optimized for the rate

of ATP production, while the latter is optimized for ATP yield

(Pfeiffer et al., 2001). Synaptic vesicle trafficking causes the

largest metabolic burden in presynaptic terminals and is carried

out in the timescale of seconds and is fueled by activity-driven

glycolysis along with mitochondrial function (Ashrafi et al.,

2017; Jang et al., 2016; Rangaraju et al., 2014). On the other

hand, protein translation-dependent synaptic plasticity is carried

out on timescales of minutes to hours, well-suited to amitochon-

drial source of energy. Careful dissection of the rate and amount

of metabolic needs in spines and dendrites, similar to ATP mea-

surement studies in presynaptic terminals (Rangaraju et al.,

2014) will shed light on how the morphological and dynamic fea-

tures of the mitochondria are tuned to their function in specific

compartments. In this regard, the striking differences in the

size and stability of dendritic and axonal mitochondria may be

a good example of ‘‘organelle optimization’’ within the subcellu-

lar compartments of an individual cell.

Memory formation is driven by the modification of the local

synaptic proteome in response to a synapse-specific stimulus.

Here, we show for the first time spine-specific modulation of

protein synthesis, using two-photon glutamate uncaging for

synapse-specific stimulation and metabolic labeling of nascent

proteins in addition to spine morphological plasticity in neuronal

cultures. It is, however, not clear how synaptic stimulation sig-

nals the need for ATP to drive synaptic translation. The spatially

confined nature of the mitochondrial compartments suggests a

signal that could exhibit local increase following synaptic activ-

ity, such asCa2+ (Rangaraju et al., 2014), which in turn could acti-

vate mitochondrial compartments spanning �30 mm of dendritic

length for local ATP synthesis and subsequent energy provision

for 30–300 spines (1–10 spines/mm) (Hering and Sheng, 2001).
st, p = 0.05. Zero values for all three conditions are enclosedwithin two dashed

ines (*) of dendrites overexpressing the mitochondrial fission factor (MFF-OE)

a measured in stimulated spines of control dendrites and MFF-OE dendrites.

stimulated spines), and only 26% of the MFF-OE stimulated spines exhibited

ted spines were offset by ±0.01 points to allow visualization of data, enclosed
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A

C

B Figure 6. Mitochondrial Compartments

Fuel Plasticity-Induced Local Translation

within Spatially Confined Boundaries

(A) Top: representative stimulated spine 17 mm

away from the mitochondria-depleted (white

dashed box) spine did not exhibit synaptic trans-

lation (new protein, red), whereas a stimulated

spine that was 40 mm away (bottom) from the

mitochondria-depleted spine exhibited synaptic

translation. Note that new protein puncta visible

outside of the GCaMP6s signal arise from adja-

cent non-transfected neurons or glial cells in the

background. Scale bar, 5 mm.

(B) Histogram showing higher likelihood of

nascent protein detection in stimulated spines

within 0–30 mm from mitochondria-depleted

spines in control dendrites (black) (KR, n = 43;

0–10, n = 6; 11–20, n = 9; 21–30, n = 10; 31–40,

n = 9; 41–50, n = 5, n represents spines from 12

animals); following actin depolymerization, the

effect of mitochondria-depletion on neighboring

stimulated spines was significantly altered—

spines within 0–30 mm of the KR zone exhibited a

likelihood of protein synthesis often similar to

control (gray) (KR, n = 11; 0–10, n = 6; 11–20,

n = 10; 21–30, n = 6; 31–40, n = 9; 41–50, n = 2, n

represents spines from 4 animals). Dashed bar

corresponds to likelihood of new protein in stim-

ulated spines taken from Figure 4F.

(C) Illustration showing the significance of spatially

stable mitochondrial compartments to fuel local

translation in spines following a synaptic stimula-

tion (*). Top: local perturbation of mitochondrial

compartments abolishes plasticity-induced syn-

aptic translation, while it does not affect ongoing

translation during basal neuronal activity. Mito-

chondrial compartments (green mitochondria)

spatially stabilized by cytoskeletal-tethering (pink

actin filaments) serve as local energy reserves with spatially confined boundaries. Local depletion of a mitochondrial compartment (gray mitochondria) only

affected plasticity-induced synaptic translation (red proteins) in neighboring stimulated spines (within 0–30 mm) from the mitochondria-depleted region, but did

not affect stimulated spines at ‘‘remote’’ distances from the mitochondria-depleted spine (30–50 mm). Bottom: the stability of the mitochondrial compartments

regulates its spatial domain of energy provision. Perturbation of cytoskeletal-tethering of mitochondrial compartments using cytochalasin-D (dashed pink actin

strands) resulted in shortening and destabilization of the mitochondrial compartments (short green mitochondria). Local depletion of a perturbed mitochondrial

compartment (gray short mitochondria) altered the spatial domain affected. Neighboring spines within 0–30 mm, and ‘‘remote’’ spines 30–50 mm, from the

mitochondria-depleted spine exhibited plasticity-induced synaptic translation. These data emphasize the importance of the specific features of themitochondrial

compartment, its stability, and its potential size optimization, in fueling plasticity-induced synaptic translation. Note that microtubules are not shown in this

illustration.

See also Figure S6.
Given the limited diffusion of ATP (Hubley et al., 1996), the exis-

tence of the local energy reserves with spatially confined bound-

aries we describe here is essential.

Mitochondria remain one of the least understood cellular

organelles (Harbauer, 2017), and a surprising convergence of

sequencing studies (Couvillion et al., 2016) and mitochondriopa-

thies (Sheng and Cai, 2012) indicate that mitochondrial function

and dysfunction are hotspots for regulation. In parallel, the syn-

apse (Grant, 2012) and local translation (Wang et al., 2016) have

emerged repeatedly as focal points for dysregulation in disease.

However, a detailed understanding of the relationships between

local translation, energy metabolism and neuronal activity is

lacking. Here, we show local depletion of mitochondrial energy

compartments results in severe impairment of plasticity-induced

synaptic translation and spine morphological plasticity opening
82 Cell 176, 73–84, January 10, 2019
up a new set of unexplored questions regarding synaptic plas-

ticity and metabolism. Understanding these interactions could

lead to new therapeutic targets of neurodevelopmental disor-

ders resulting from protein synthesis impairment and mitochon-

drial dysfunction.
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EXPERIMENT MODEL AND SUBJECT DETAILS

All hippocampal neurons were derived from P0 (postnatal day 0) Sprague-Dawley rat pups (CD� Crl:CD, both male and female,

RRID: RGD_734476). Pregnant females from timed matings were delivered from Charles River Laboratories as SPF (Specific-Path-

ogen Free) animals and housed in the institute’s animal facility for one week at a 12/12 hour light dark cycle with food and water ad

libitum until the litter was born. Pups were killed by decapitation. The housing and sacrificing procedures involving animal treatment

and carewere conducted in conformity with the institutional guidelines that are in compliance with national and international laws and

policies (DIRECTIVE 2010/63/EU; German animal welfare law; FELASA guidelines), under the supervision of the institute’s animal

welfare officer. The animals were euthanized according to annex 2 of x 2 Abs. 2 Tierschutz-Versuchstier-Verordnung. Animal

numbers were reported to the local governmental authority (Regierungspräsidium Darmstadt).

Cell culture preparation, Transfection and Imaging
Hippocampal regions were dissected and dissociated with 2.6 mM L-cysteine-papain (Roth) and 300 mL 2X crystallized papain in

dissociation medium (82 mM Na2SO4, 30 mM K2SO4, 5.8 mM MgCl2, 0.252 mM CaCl2, 1 mM HEPES, 20 mM Glucose, 0.001%

phenol red) for 15 minutes at 37�C and triturated with Neuronal Growth Medium (NGM) (GIBCO). Unless specified otherwise, all re-

agents were purchased from Sigma and all stock solutions were stored at �20�C. Cells were plated on poly-D-lysine coated cover-

slips mounted on Mattek dishes at a density of 20,000-40,000 cells/cm2. Cultures were maintained in conditioned neuronal growth

medium (NGM) (80% NGM, 15% Glial preparation medium, 5% cortical preparation medium) at 37�C and 5% CO2. Transfections

were performed 12 days after plating by magnetofection using Combimag (OZ biosciences) and Lipofectamine 2000 (Invitrogen)

according to manufacturer’s instructions. Live cell imaging was conducted between 13-15 days (17 days for Killerred-Perox exper-

iments) after plating. All experiments, unless specified, were performed at a temperature of 32 �C in E4 imaging buffer containing

(mM) 120 NaCl, 3 KCl, 10 HEPES (buffered to pH 7.4), 3 CaCl2, 1 MgCl2, and 10 Glucose. For uncaging experiments, modified E4

buffer lacking MgCl2 with 4mM CaCl2 was used –the rest of the constituents remained unchanged.

METHOD DETAILS

Constructs
Killerred-Mito (Evrogen) and DsRed-Mito (Clontech) were purchased and then DsRed was replaced with EGFP to make the EGFP-

Mito construct by Rangaraju V in the lab of Ryan TA. ER-VSVG-GFP, PM-pHluorin, PSD95-mCherry constructs were obtained from

Hanus C (Cui-Wang et al., 2012; Hanus et al., 2016); Killerred-Perox was obtained from Fransen M (Ivashchenko et al., 2011);

MFF-OE was obtained from Lewis TL (Toyama et al., 2016); CKB-OE was obtained from Chern Y (Lin et al., 2013). PAGFP-mito

(Karbowski et al., 2004) and GCaMP6s (Chen et al., 2013) were purchased from Addgene (plasmids 23348, 40753 respectively).
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Optical Measurements
Live cell imaging was performed using an inverted spinning disk confocal microscope (3i imaging systems; model CSU-X1) using the

Slidebook 5.5 software. Images were acquired with a Plan-Apochromat 20x/0.8 DIC objective at laser powers 1.3 mW (488 nm) and

1.4mW (561 nm) for FLIP experiments; and Plan-Apochromat 63x/1.4 Oil DIC objective at laser powers 1.1 mW (488 nm) and 0.8mW

(561 nm) for Photoactivation, Uncaging, Killerred and DCF experiments, using an Evolve 512 camera (Photometrics). 488 nm

excitation and 525/30 nm emission filters were used for PAGFP-mito, GCaMP6s, EGFP-mito, ER-VSVG-GFP, PM-pHluorin and

DCF fluorescence; 561 nm excitation and 617/73 nm emission filters were used for Dsred-Mito, Killerred-Mito, Killerred-Perox,

and PSD95-mCherry fluorescence. Images were analyzed using ImageJ, unless specified otherwise. OriginPro 2017 was used for

data analysis, statistical testing and plotting graphs.

FLIP experiments
A custom-written automated program was used for simultaneous imaging of up to 4 neurons, per dish, with a z stack interval of 1 mm

spanning a total of 5 mm. Dual imaging of either ER-VSVG-GFP and Dsred-Mito or PM-pHluorin and Dsred-Mito; or single imaging of

EGFP-Mito were performed at laser exposure times 100-200ms for 488 nm and 2-10 ms for 561 nm. A 5X5 mm2 photobleaching spot

was chosen either at a soma, dendrite or axon. Images were acquired every 30 s for 40 min. Following the acquisition of pre-FLIP

fluorescence images for the first 5 time frames (2.5 min), repeated photobleaching at every time frame was performed with

100 ms pulse duration per pixel and 1.3 mW power of 488 nm laser. In the case of dual imaging, the intensity of the 488 nm laser

was sufficient to photobleach the red fluorescent reporter (Dsred-Mito) in addition to the green fluorescent reporters (ER-VSVG-

GFP, PM-pHluorin).

For analysis of FLIP experiments, maximum intensity projection images were used. A 0.67 mm (1 pixel) wide segmented line was

drawn along the dendrite, axon or soma of interest, inclusive of the 5 mmphotobleached spot, ± 60 mmupstream and downstream. A

kymograph was generated along the line profile and a custom-written MATLAB (Mathworks, Natick, MA, USA) script was used to

extract the data. The script was used to normalize the fluorescence measured along the line profile to the preFLIP fluorescence,

find the fluorescence minimum at every time point and calculate the corresponding compartment length at the half height of the min-

imum. The compartment length measured at the 30th min was used for successive data analyses.

Photoactivation experiments
A custom-written automated programwas used for simultaneous imaging of up to 10 neurons, per dish, with a z stack interval of 1 mm

spanning a total of 5 mm,with both 488 nmand 561 nm lasers at exposure times of 15ms. Neuronswere transfectedwith PAGFP-mito

and Dsred-Mito plasmid constructs (along with MFF plasmid for MFF-OE experiments). Transfected neurons were identified using

Dsred-Mito fluorescence. Photoactivation was performed either in the absence or presence of 25 mg/ml cytochalasin-D (12.5 mg/ml

stock made in DMSO) or 10 mg/ml nocodazole (5 mg/ml stock made in DMSO) using a multi-photon laser set-up at 805 nm (Chame-

leon, Coherent) and a Pockels cell (Conoptics) for controlling the photoactivation pulse. A 5X2 – 10X2 mm2 photoactivation spot was

chosen either at a dendrite or axon. Images were acquired every 30 s for 70 (or 130) min. Following an acquisition of pre-photoacti-

vation fluorescence images for the first 6 time frames (3 min) a photoactivation pulse was given at the 7th time frame at 1 ms duration

per pixel and 3.5 mW power and the imaging continued.

For analysis of photoactivation experiments, images were converted to maximum intensity projections and analyzed by Imaris

8.4.1. Using the ‘surface segmentation wizard’, the photoactivated mitochondrial region was selected, excluding the non-photoac-

tivated background, by setting a manual threshold. The ‘compartment length’ was defined as the photoactivated mitochondria

extracted across all the time points using the ‘filament wizard’ and the subsequent addition of the photoactivated mitochondrial fil-

aments, detected above the set threshold during the imaging period. ‘Stable compartments’ were defined when the measured

compartment length stayed constant throughout the imaging period. ‘Destabilization of the compartments’ were defined when

the measured compartment length decreased during the imaging period, corresponding to either movement of the photoactivated

mitochondria away from the field of view or the exchange of fluorescence signal between photoactivatedmitochondria and non-pho-

toactivated mitochondria resulting in a reduced fluorescence signal that could not be detected above the set threshold.

STED experiments
Live-cell STED imaging was performed using an inverted-STED microscope (Abberior Instruments, Göttingen, Germany) controlled

by the Imspector Software. Images were acquired with a 100X 1.4 NA oil immersion objective (Olympus UPlanSApo) with lateral res-

olution of�230 nm for confocal imaging and�60 nm resolution for STED imaging. The following excitation and emissionwavelengths

were used: 485 nm excitation with a 525/50 nm emission filter for PAGFP-mito; 561 nm excitation with a 615/20 nm emission filter for

Dsred-Mito; 645 nm excitationwith a 685/70 nm emission filter forMitotracker DeepRed FM (Life Technologies). Neuronswere trans-

fectedwith PAGFP-mito andDsred-Mito plasmid constructs. Before imaging, neuronswere incubatedwith 200 nMMitotracker Deep

Red FM (1 mM stock made in DMSO) for 15–30 s at room temperature and washed in E4 buffer. Transfected neurons were identified

using Dsred-Mito signal. Dendritic regions surrounded by Mitotracker stained glial mitochondria or neighboring neuronal mitochon-

dria were avoided. Photoactivation was performed by scanning the dendritic region of interest using a 485 nm laser with 150 ms pixel

dwell time per 80 nm pixel and 10 mW power. For STED super-resolution imaging of the Mitotracker Deep Red channel a depletion

wavelength of 775 nm with 15 mW power was used.
Cell 176, 73–84.e1–e6, January 10, 2019 e3



Images were linearly deconvolved (Wiener filtered) using a custom-written MATLAB script. For the representative image in Fig-

ure 2H, two adjacent images were deconvolved, respective maximum intensity projections obtained and stitched using the ImageJ

plugin MosaicJ (Thévenaz and Unser, 2007).

Uncaging experiments
Neurons were transfected with GCaMP6s and PSD95-mCherry plasmid constructs (along with MFF plasmid for MFF-OE experi-

ments). Transfected neurons were identified by change in GCaMP6s fluorescence corresponding to calcium transients in dendrites

and spines. PSD95-mCherry fluorescence was used to identify spines for glutamate uncaging. Before glutamate uncaging, neurons

were replaced with 1 mM TTX (Citrate salt, 2 mM stock made in water), 50 mM Forskolin (Tocris Bioscience, 100 mM stock made in

DMSO), 3 mMPuromycin (92 mM stockmade in water), 2 mM 4-Methoxy-7-nitroindolinyl-caged-L-glutamate (MNI caged glutamate)

(Tocris Bioscience, 100mMstockmade in E4 buffer) inmodified E4 buffer lackingMg2+ (see above). Absence of puromycin was used

as control. Glutamate uncaging was performed using a multiphoton-laser 720 nm (Chameleon, Coherent) and a Pockels cell (Con-

optics) for controlling the uncaging pulses. Spines that were at least 50 mm away from the cell body were chosen for uncaging ex-

periments. To test a spine’s response to an uncaging pulse, an uncaging spot (�2 mm2) close to a spine-headwas selected and two to

three uncaging pulses at 10 ms pulse duration per pixel and 2.5 mW power were given and checked for spine-specific calcium tran-

sients. An uncaging protocol of 60 (or 120) uncaging pulses at 0.5 Hz with 10ms pulse duration per pixel, at 2.5 mWpower was used.

Following uncaging, neurons were waited for 3 (or 8) min, adding up to a total of 5 (or 10) min of puromycin incubation, and washed

withmodified E4 buffer. Neuronswere fixed in PFA-sucrose (4%PFA, 4%sucrose in PBS-MC) for 15min, washed in PBS-MC, stored

either for 3-4 hours at room temperature (or at 4�C overnight) and continued with the Puro-PLA protocol (see below).

Spine-head volume measurement
To measure changes in spine morphology, uncaging was performed in the absence of the metabolic label puromycin. The omission

of forskolin was used as a control. Following the same glutamate-uncaging protocol as above: 60 uncaging pulses at 0.5 Hz with

10 ms pulse duration per pixel, at 2.5 mW power, images were acquired every 10 min for up to 110 min. Using a custom-written

MATLAB script, ten images from each time point were averaged and a line crossing the center of the spine-head was drawn. The

fluorescence intensity measured along the line was fit to a Gaussian to obtain the full width at half maximum –defined as the

spine-head width (Matsuzaki et al., 2004). Spine-head width was converted to spine-head volume, under the assumption that the

spine-head is spherical. The uncertainty of the spine-head width measurement was determined from standard error of the mean

and was converted to the uncertainty of the spine-head volume by standard error propagation (Taylor, 1997).

Killerred experiments
Neurons were transfected with GCaMP6s and Killerred-Mito plasmid constructs. Killerred-Mito was replaced with Killerred-Perox or

Dsred-Mito in control experiments (Figures S5B–S5D), the rest of the protocol remained the same. Transfected neurons were iden-

tified by change in GCaMP6s fluorescence corresponding to calcium transients in dendrites and spines. A 10X1 mm2 – 25X1 mm2

photostimulation spot was chosen on a dendritic mitochondrial compartment. For Killerred (KR) experiments performed at basal

neuronal activity, a photostimulation protocol of 180 pulses at 0.2 Hz (or 20 pulses at 0.03 Hz), with 10 ms pulse duration per pixel

at 6.2 mW, 561 nm laser power was given. Neurons were treated with 3 mM puromycin either during the photostimulation protocol or

after for 15min. Following KR photostimulation, neuronswere either directly fixed (as explained above) or waited for 20min before fix.

For KR experiments followed by synaptic stimulation by glutamate uncaging, neurons were transfected with GCaMP6s and KR-

Mito (along with CKB plasmid for CKB-OE experiments), in addition to PSD95-mCherry to identify spines for uncaging. Both KR-Mito

and PSD95-mCherry were chosen to be red fluorescent reporters as the two additional imaging channels, deep red and blue, were to

be used for imaging newly synthesized proteins and MAP2 (or CKB) respectively -described in the Puro-PLA protocol (see below).

A 10X1 mm2 – 25X1 mm2 photostimulation spot was chosen on a dendritic mitochondrial compartment and a photostimulation pro-

tocol of 180 pulses at 0.2 Hz with 10 ms pulse duration per pixel at 6.2 mW, 561 nm laser power was given. Following KR photosti-

mulation, neurons were replaced with the modified E4 buffer for uncaging (as explained above) and a glutamate uncaging protocol of

60 (or 120) uncaging pulses at 0.5 Hz with 10 ms pulse duration per pixel, at 2.5 mW power was given. Fragmentation of the mito-

chondria was used as a positive readout for efficient perturbation of mitochondrial function (Ashrafi et al., 2014). Spines that did not

show a calcium response following KR photostimulated-mitochondria depletion were not included in subsequent analyses.

Following uncaging, neurons were waited for 3 min (or 8 min), adding up to a total of 5 (or 10) min of puromycin incubation, washed

with modified E4 buffer and fixed (as explained above).

Mitochondria fragmentation measurement
Neurons were transfectedwith EGFP-Mito and KR-Mito plasmid constructs. Transfected neurons were identified by EGFP-Mito fluo-

rescence in dendrites. A 10X1 mm2 – 25X1 mm2 photostimulation spot was chosen on a dendritic mitochondrial compartment. KR

photostimulation was performed using the protocol of 180 pulses at 0.2 Hz (or 20 pulses at 0.03 Hz), with 10 ms pulse duration

per pixel at 6.2 mW, 561 nm laser power. Simultaneously EGFP-Mito fluorescence was imaged tomonitor mitochondrial morphology.

An adjacent non-KR photostimulated dendritic region at the same distance from the cell body, as the KR photostimulation region,

was used as control.
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For mitochondria fragmentation data analysis, the EGFP-Mito dendritic region of interest (KR photostimulated/control) was

straightened, set to a manual threshold to remove background fluorescence, and the number of mitochondria particles during the

KR photostimulation/control imaging period was analyzed using ImageJ. The number of mitochondria particles measured during

the time course of the KR photostimulation/control imaging periodwas normalized to the number ofmitochondria particlesmeasured

in the pre-KR photostimulation/control period to calculate the fold increase in mitochondria particles.

To measure the size of the mitochondrial compartment length depleted by KR photostimulation, the dendritic region was binned

into three 30 mm segments i) the 30 mm segment encompassing the KR photostimulated region (‘‘photostimulation segment’’), ii)

30 mm segment upstream (toward the cell body) of the KR photostimulation segment (‘‘upstream segment’’) and the iii) 30 mm

segment downstream (toward the dendritic tip) of the KR photostimulation segment (‘‘downstream segment’’). Mitochondrial frag-

mentation was measured in photostimulation, upstream and downstream segments as explained above.

Cytosolic reactive oxygen species measurement
Neurons transfected with KR-Mito plasmid construct were stained with 5 mMDCF (20’,7’’-Dichlorofluorescein Diacetate) (5 mM stock

prepared in DMSO), made in E4 buffer, for 10 min at 37 �C. DCF fluorescence is dependent on the reactive oxygen species (ROS)

levels in a cell. Transfected neurons were identified by KR-Mito fluorescence in dendrites. A 10X1 mm2 – 25X1 mm2 photostimulation

spot was chosen on a dendritic mitochondrial compartment. KR photostimulation was performed (either in the presence or absence

of antimycin) using the protocol of 180 pulses at 0.2 Hz, with 10 ms pulse duration per pixel at 6.2 mW, 561 nm laser power. Simul-

taneously DCF fluorescencewas imaged tomonitor cytosolic ROS levels. An adjacent non-KR photostimulated dendrite was used as

control. Towards the end of photostimulation, the neurons were treated with 40 mM antimycin (40 mM stock made in DMSO), as a

positive control for the detection of increase in cytosolic ROS levels by DCF.

For cytosolic ROS measurement data analysis, DCF fluorescence measured from the dendritic region of interest (KR photostimu-

lated/control) was background subtracted and analyzed over the time course of the KR photostimulation/control period followed by

antimycin treatment. DCF fluorescence measured during KR photostimulation/control period was normalized to the pre-KR photo-

stimulation/control period.

Newly synthesized protein (Puro-PLA) labeling
Fixed neurons were permeabilized (0.5% Triton X-100 in PBS-MC for 15 min), blocked in blocking buffer (4% goat serum in PBS for

1 h) and incubated withms anti-Puromycin antibody (Kerafast Equation 0001, 1:2500) overnight at 4�C. Unlike using antibody pairs to

visualize a specific newly synthesized protein of interest, only Puromycin antibody was used to visualize all newly synthesized pro-

teins. PLA probes ms PLAplus and ms PLAminus were used for the puro-PLA procedure as described previously (Sambandan et al.,

2017; tom Dieck et al., 2015) and a far-red fluorescence-labeled oligo was used for detection (Duolink Detection Reagents FarRed).

Cells were post-fixed for 10 min at room temperature in PFA-sucrose, washed with PBS-MC and processed further for immunocy-

tochemistry. Neurons were blocked with 4% goat serum in PBS for 1 h followed by incubation with the primary antibody anti-MAP2

gp (SYSY 188004, 2:1000), a dendritic marker, and anti-GFP rb (abcam ab290, 1:1000), for GCaMP6s immunoamplification, for 1.5 h.

Neurons were washed in PBS-MC and fluorophore-coupled secondary antibodies anti-gp Dylight 405 (Jackson ImmunoResearch

106-475-003, 2:1000) and anti-rb Alexa 488 (Invitrogen A11008, 1:1000) were incubated for 1 h to detect MAP2 and GCaMP6s

respectively. To assesMFF/CKB overexpression, primary antibody anti-MFF rb (Proteintech 17090-1-AP, 1:100) or anti-V5 rb (Sigma

V8137, 1:500) (CKB construct was fused with a V5 tag) was used along with anti-GFP chk (AVES 1020, 1:1000), for GCaMP6s im-

munoamplification, for 1.5 h. Neurons were washed in PBS-MC and fluorophore-coupled secondary antibodies anti-rb Alexa 405

(Invitrogen A31556, 1:500) and anti-chk Alexa 488 (Invitrogen A11039, 1:1000) were incubated for 1 h to detect MFF/CKB and

GCaMP6s respectively. Samples were either imaged directly or after storing at 4�C overnight.

Images were acquired with an LSM 880 confocal microscope (Zeiss) using a C-Apochromat 40x/1.2W objective and a pinhole size

of 1 airy unit. Images were acquired in 16-bit mode as Z stacks, with a pixel pitch of 208 nm and field of view of 212.55 X 212.55 mm2,

throughout the entire thickness of the neuron with an optical slice thickness 0.5 mm and pixel dwell times of 0.5 ms. The detector gain

in each channel was adjusted to cover the full dynamic range, avoiding saturated pixels. Imaging conditions were kept constant

within a batch of experiments. Maximum intensity projections were used for image analyses.

For glutamate uncaging experiments, the shape of the uncaged spine was traced using the GCaMP6s signal (PSD95-mCherry

could not be used as mCherry signal got photobleached during KR photostimulation), including the dendritic shaft ± 1 mm upstream

and downstream. The number of newly synthesized protein puncta within the traced spine area was counted manually and the newly

synthesized protein puncta per spine area was calculated. For unstimulated spine measurements, PSD95-mCherry positive spines

were chosen from the same imaging field (up to 7 spines per field), either at least 10 mm away from the uncaged spine on the same

dendrite or an adjacent dendrite.

For KR experiments during basal neuronal activity, a 6.2 mm (30 pixels) wide segmented line was drawn at the region of KR photo-

stimulation and the newly synthesized protein intensity along the line was measured. Another line of similar length and width was

drawn on an adjacent dendrite, at the same distance from the cell body, to measure the newly synthesized protein intensity in a

non-KR photostimulated control dendrite. Both the measured newly synthesized protein intensities were background subtracted

before further analyses.
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ATP synthesis inhibition
Neurons transfected with EGFP-Mito were used. Transfected dishes were treated with 3 mM puromycin for 10 min (or 20 and 30min)

with one of the following: i) 40 mMAntimycin or 1 mMOligomycin (1 mM stockmade in 100%Ethanol) for mitochondrial ATP synthesis

inhibition or ii) 10 mM Deoxyglucose replaced for 10 mM glucose in E4, with 5 mM HEPES to compensate for the addition of 5 mM

pyruvate (sodium salt) or 5 mM lactate (sodium salt) for glycolysis inhibition or iii) the combination of i and ii for complete ATP syn-

thesis block. E4 buffer in the presence of puromycin was used as a positive control experiment (vehicle) and the absence of puro-

mycin was used as a negative control experiment (control). Following the treatment, neurons were fixed and the puro-PLA protocol

(Duolink Detection Reagents Red) was conducted as described above. Cells were post-fixed and processed further for immunocy-

tochemistry as described above with the primary antibody anti-MAP2 gp as a dendritic marker and anti-GFP rb for EGFP-Mito ampli-

fication. Secondary antibodies anti-gp Dylight 405 and anti-rb Alexa 488 were used to detect MAP2 and EGFP-Mito, respectively.

Images were acquired using LSM 880 as described above. From each dish of an experimental condition, up to 12 neurons were

imaged. A custom-written ImageJ macro was used to concatenate maximum intensity projections of the MAP2 and EGFP-Mito im-

ages along with the individual z-slices of the puro-PLA images. From each of these concatenated neurons, the soma was cropped

and the individual (one to six) dendrites were traced using a 6.2 mm (30 pixel) segmented line and straightened. Using a custom-writ-

ten MATLAB script the number of newly synthesized protein puncta was counted in each of the puro-PLA z-slices and summed up in

correspondence to the individual soma or dendrite. The image acquired in the absence of puromycin (control) was used to set the

threshold for the size and intensity of the newly synthesized protein puncta detected by the script. The threshold parameters were

kept constant for each batch of experiments. The measured number of newly synthesized protein puncta was normalized to the cor-

responding somatic or dendritic area. Individual dendrites belonging to the same neuron were averaged.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments including statistical tests used, n and p values can be found in their respective figure legends. In all

the figures, the box whisker plots represent the median (line), mean (point), 25th-75th percentile (box), 10th-90th percentile (whisker),

1st–99th percentile (X), and min-max (_) ranges. For all statistical tests, a p value of less than 0.05 was considered significant.
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Supplemental Figures
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Figure S1. Basal Levels of Dendritic Protein Synthesis Are Not Affected by Glycolytic Inhibitors, Related to Figure 1

(A and B) Average number of newly synthesized protein puncta normalized to area measured in hippocampal neurons treated with various conditions for 20 min

(A) or 30 min (B) in somata (left) and dendrites (right): vehicle, Antimycin (A), Deoxyglucose (D), Deoxyglucose+Oligomycin (D+O), absence of puromycin (control),

n R 3 neurons from 2 animals, One-Way ANOVA, Tukey test, *p < 0.05. Note the increase in the newly synthesized protein puncta per area with increase in the

metabolic labeling period (see also Figures 1D and 1E).

(C) Antimycin blocks Complex III of the electron transport chain and depolarizes the mitochondrial membrane potential. It is known that mitochondrial calcium

uptake is driven by the mitochondrial membrane potential (Contreras et al., 2010). To examine whether the defect in protein synthesis observed following an-

timycin treatment is due to reduced mitochondrial calcium buffering, we used an alternative inhibitor of mitochondrial ATP synthesis, Oligomycin, which doesn’t

affect mitochondrial membrane potential or cytosolic calcium. GCaMP fluorescence measured in neuronal dendrites showed an increase in cytosolic calcium in

the presence of antimycin (n = 4 dendrites from 1 animal, black), but not in the presence of oligomycin (n = 3 dendrites from 1 animal, gray), compared to the

baseline cytosolic calcium (dashed gray line).



Figure S2. Mitochondrial Compartment Stability in Dendrites, but Not in Axons, Is Achieved by Local Cytoskeletal-Tethering, Related to

Figure 2

(A) Mitochondrial compartment lengthsmeasured in dendrites and somata were not influenced by either the fluorescent reporter used tomeasure FLIP (left, nR 6

neurons from 7 animals), or by increasing the size of the FLIP region (right, n R 9 neurons from 8 animals), One-Way ANOVA, Tukey test. p > 0.4

(B) The observed stability of the mitochondrial compartments in control conditions (black, n = 25 dendrites from 6 animals) was not affected at physiological

temperatures (37�C) (gray, n = 16 dendrites from 1 animal) during 30 min of FLIP. Two-sample t test at 32 min, p = 0.2.

(C) Hippocampal neuron expressing endoplasmic reticulum targeted GFP (ER-VSVG-GFP, green) (left) or plasma membrane targeted pHluorin (PM-pHluorin,

green) (right) before (top) and after (bottom) 30 min FLIP at a proximal dendritic region (red open square). Scale bar = 20 mm.

(D) Simultaneous FLIP imaging of mitochondria along with endoplasmic reticulum revealed that the measured mitochondrial compartment lengths (black, n = 30

dendrites from 3 animals) is distinct from endoplasmic reticulum compartments (gray, n = 27 dendrites from 3 animals) at 30min of FLIP, One-Way ANOVA, Tukey

test, *p < 0.05. However, FLIP imaging of plasma membrane did not reveal a stable compartment (light gray, n = 8 dendrites from 1 animal).

(E) Mitochondrial compartments photoactivated (red rectangle) at the proximal dendritic region (top) in photoactivatable GFP (PAGFP-mito, green) expressing

hippocampal neurons were stable and resident in the same region for up to 60 min, but not in axons (bottom). Scale bar = 10 mm.

(F–I) (top) Average time course of the photoactivated mitochondrial compartment lengths showed stable mitochondrial compartments till�80 min of imaging but

their stability reduced by 40% (decrease in compartment length) at 120min. Dashed gray line represents the average compartment length measured between 20

and 60 min that was used for normalization. (bottom) Representative time course of the photoactivated mitochondrial compartment lengths show stable

mitochondria in dendrites (black) but not in axons (gray). Average time course of photoactivated mitochondrial compartment lengths measured at various

dendritic regions show stable mitochondria in proximal dendrites (G, n = 4 from 4 animals) and dendritic tips (H, n = 11 from 4 animals) but not at branch points

(I, n = 3 from 2 animals).

(legend continued on next page)



(J) Representative kymographs of photoactivated mitochondrial compartments showed stable mitochondrial compartments in control dendrites (left), but de-

stabilized and shortened mitochondrial compartments following actin (Cytochalasin-D, middle) and microtubule depolymerization (Nocodazole, right). Scale

bar = 10 mm; vertical length = 60 min.

(K) Representative kymographs of photoactivated mitochondria showed dynamic mitochondria in control axons (left), but stabilization of mitochondria on

depolymerization of actin (middle, cyto-D) and microtubule (right, noco). Scale bar = 10 mm; vertical length = 60 min.

(L) Average time course of the photoactivated mitochondrial compartment lengths did not show stable mitochondria in control axons (black, n = 12 axons from 1

animal), but stabilized mitochondria were observed following actin (dark gray, n = 17 axons from 1 animal) andmicrotubule (light gray, n = 12 axons from 1 animal)

depolymerization. Paired-sample t test (control t = 5 min, t = 60 min, *p < 0.005; cyto-D t = 5 min, t = 60 min, p = 0.7; noco t = 5 min, t = 60 min, p = 0.4).

(M) Quantification of single and multiple mitochondrial filaments in photoactivated mitochondrial compartments (n = 29 dendrites from 4 animals).
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Figure S3. Local Inhibition of Mitochondrial Compartments Is Not Toxic and Does Not Affect Local Translation during Basal Neuronal

Activity, Related to Figure 3

(A–C) Mitochondrial fragmentation measured by the fold increase in number of mitochondria particles was not observed in non-KR photostimulated control

dendrites (A), nor upstream and downstream segments of the KR photostimulated segment (B), mitochondrial fragmentation was only observed in KR-photo-

stimulated dendritic segments (C) (see STAR Methods), nR 7 dendrites from 3 animals. Black dashed line represents the control condition corresponding to an

absence of mitochondrial fragmentation.

(D) DCF fluorescence measuring cytosolic reactive oxygen species (ROS) levels did not show an increase during local KR photostimulation of mitochondria, in

comparison to themarked increase in cytosolic ROS levels observed following antimycin treatment as a positive control, n = 3 dendrites from 2 animals (see STAR

Methods). The slight decrease in DCF fluorescence during KR photostimulation (black, n = 7 dendrites from 2 animals) is attributed to photobleaching, and is not

observed in control dendrites (light gray, n = 8 dendrites from 2 animals). Addition of antimycin during the KR photostimulation period (gray, n = 4 dendrites from 2

animals) also showed an increase in DCF fluorescence indicating that the local photobleaching of DCF during KR photostimulation doesn’t affect its ability to

respond to increase in ROS levels, if any. The lack of DCF fluorescence increase in our KR photostimulation experiments suggest an absence of any significant

ROS generation in the cytosol.

(E–G) (E) Average newly synthesized protein intensitymeasured inmitochondria depleted-dendritic regions (Killerred stimulated region, black) showed no change

compared to the adjacent non-photostimulated regions (Upstream and Downstream regions, black) of the respective dendrites. Average newly synthesized

protein intensity measured in control dendrites at the same distance from the soma, as in the mitochondria-depleted dendrite, was used as negative control

(legend continued on next page)



(Upstream, Unstimulated and Downstream regions, gray), n = 10 dendrites from 4 animals, Paired-sample t test, p > 0.1. Average newly synthesized protein

intensity measured pairwise in non-KR photostimulated control dendrites and KR photostimulated-mitochondria depleted dendrites (F) at various KR photo-

stimulation conditions (see STARMethods), n = 21 dendrites from 6 animals, Paired-sample t test, p = 0.2 (note that data are taken from Figure 3C) and (G) in the

presence of Deoxyglucose, n = 9 dendrites from 3 animals, Paired-sample t test, p = 1.
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Figure S4. Optimization of Glutamate Uncaging Protocol for Visualization of Nascent Proteins in Spines, Related to Figure 4

(A) Average number of newly synthesized protein puncta normalized to spine area measured at spines stimulated with different uncaging pulses, n R 3 spines

from 14 animals. 0.5 Hz showed a higher success rate of newly synthesized proteins (72%) per spine area on glutamate uncaging compared to the other two

frequencies (0.1 Hz - 67% and 1 Hz - 57%).

(B) Average number of newly synthesized protein puncta normalized to spine area measured at stimulated spines with reduced wait time following uncaging

stimulus until fixation (5 min) showed a higher success rate (84%) of synaptic translation compared to longer wait times (10 min, 57% success rate) nR 21 spines

from 12 animals.



Figure S5. Control Experiments Related to Killered Photostimulation, Related to Figure 5

(A) GCaMP calcium response measured in control spines (light gray) and KR photostimulated-mitochondria depleted spines (black) during uncaging pulses were

largely not significantly different from each other. n = 35 spines from 15 animals, Paired-sample t test, p = 0.05 (at 6 s); 0.3 (at 25 s); 0.3 (at 50 s); 0.2 (at 75 s); 0.2

(at 100 s); and 0.1 (at 125 s); GCaMP calcium response measured in KR photostimulated-mitochondria-depleted spines in the presence of CKB-OE (gray)

was significantly reduced compared to control spines n = 10 spines from 4 animals, Two-sample t test, *p < 0.0005 (at 6 s); *p < 0.0005 (at 25 s); *p < 0.005 (at 50 s);

*p < 0.05 (at 75 s); p = 0.2 (at 100 s); p = 0.08 (at 125 s). Error bars indicate SEM.

(B) Local photostimulation of KR targeted to the peroxisome (Killerred-Perox, yellow) did not affect synaptic translation (new protein, red) in stimulated spines (*)

and was comparable to stimulated spines (*) in non-KR photostimulated control dendrites. Scale bar = 10 mm.

(C) Average newly synthesized protein puncta normalized to spine area measured in stimulated spines of non-KR photostimulated control dendrites and

peroxisome-depleted dendrites were comparable. n = 9 spines from 4 animals, Paired-sample t test, p = 0.9.

(D) Average newly synthesized protein puncta normalized to spine area measured in stimulated spines of non-KR photostimulated control dendrites and Dsred-

Mito photostimulated dendrites were comparable. n = 12 spines from 4 animals, Paired-sample t test, p = 0.9.

(E) Representative kymographs of photoactivated mitochondrial compartments showed stable mitochondrial compartments in control dendrites (left, note that

image is taken from Figure S2J, control), but shortened and modestly destabilized mitochondrial compartments in MFF-OE dendrites (right). Scale bar = 10 mm;

vertical length = 60 min.

(legend continued on next page)



(F) Average time course of the photoactivated mitochondrial compartment lengths in MFF-OE dendrites showed reduced mitochondrial compartment length

(gray, n = 16 dendrites from 1 animal) compared to control (WT) dendrites (Black, n = 18 dendrites from 1 animal, note that data are taken from Figure 2D, control

dendrites). One-Way ANOVA, Tukey test, control and MFF-OE dendrites *p < 0.0005.

(G) Shortened mitochondrial compartments measured in MFF-OE dendrites showed a modest but reduced stability. n = 16 dendrites from 1 animal, Paired-

sample t test, MFF-OE at 5 and 60 min. *p < 0.005.



Figure S6. Control Experiments Related to Cyto-D/Noco and MFF-OE Experiments, Related to Figure 6

(A) GCaMP calcium response measured in control spines treated with cyto-D (light gray) and KR photostimulated-mitochondria depleted spines treated with

cyto-D (black) during uncaging pulses were not significantly different from control spines (dashed light gray, note that data are taken from Figure S5A, control

spines) and KR photostimulated-mitochondria depleted spines (dashed black, note that data are taken from Figure S5A, Mito-depleted spines) respectively.

nR 5 spines from 17 animals, Two-sample t test, pR 0.5 (at 6 s); 0.4 (at 25 s); 0.4 (at 50 s); 0.5 (at 75 s); 0.8 (at 100 s); and 0.3 (at 125 s); GCaMP calcium response

measured inMFF-OE spines (gray) was significantly reduced compared to control spines. nR 18 spines from 17 animals, Two-sample t test, p = 0.02 (at 6 s); 0.01

(at 25 s); 0.07 (at 50 s); 0.08 (at 75 s); 0.09 (at 100 s); and 0.03 (at 125 s). Error bars indicate SEM.

(B) Average number of newly synthesized protein puncta normalized to area measured in dendrites treated with Cytochalasin-D (cyto-D) and nocodazole (noco)

for 20 min showed no effect on basal protein synthesis compared to vehicle. Absence of puromycin was used as negative control (control). nR 7 neurons from 1

animal, One-Way ANOVA, Tukey test, p = 0.9. Note the decrease in the newly synthesized protein puncta per area with decrease in the metabolic labeling period,

here 5 min (see also Figures 1D, 1E, S1A, and S1B).


	Spatially Stable Mitochondrial Compartments Fuel Local Translation during Plasticity
	Introduction
	Results
	Protein Synthesis Is Powered by Mitochondria
	Dendritic Mitochondria Exist in Temporally Stable Spatial Compartments
	Dendritic Mitochondria Are Regulated by Tethering to the Cytoskeleton
	Dendritic Mitochondrial Compartments Exist as Single or Multiple Mitochondrial Filaments
	Mitochondrial Compartments Are Not Required to Power Local Translation during Basal Neuronal Activity
	Mitochondrial Compartments Fuel Local Translation during Plasticity
	Mitochondrial Compartments Fuel Plasticity-Induced Local Translation within Spatially Confined Boundaries

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Experiment Model and Subject Details
	Cell culture preparation, Transfection and Imaging

	Method Details
	Constructs
	Optical Measurements
	FLIP experiments
	Photoactivation experiments
	STED experiments
	Uncaging experiments
	Spine-head volume measurement
	Killerred experiments
	Mitochondria fragmentation measurement
	Cytosolic reactive oxygen species measurement
	Newly synthesized protein (Puro-PLA) labeling
	ATP synthesis inhibition

	Quantification and Statistical Analysis



