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SUMMARY

Synaptic transmission is bioenergetically demanding, and the diverse processes underlying 

synaptic plasticity elevate these demands. Therefore, mitochondrial functions including ATP 

synthesis and Ca2+ handling, are likely essential for plasticity. Although axonal mitochondria have 

been extensively analyzed, LTP is predominantly induced postsynaptically, where mitochondria 

are understudied. Additionally, though mitochondrial fission is essential for their function, 

signaling pathways that regulate fission in neurons remain poorly understood. We found that 

NMDAR-dependent LTP induction prompted a rapid burst of dendritic mitochondrial fission, and 

elevations of mitochondrial matrix Ca2+. The fission burst was triggered by cytosolic Ca2+ 

elevation, and required CaMKII, actin, and Drp1, as well as dynamin 2. Preventing fission 

impaired mitochondrial matrix Ca2+ elevations, structural LTP in cultured neurons, and 

electrophysiological LTP in hippocampal slices. These data illustrate a novel pathway whereby 

synaptic activity controls mitochondrial fission, and show that dynamic control of fission regulates 

plasticity induction perhaps by modulating mitochondrial Ca2+ handling.

AUTHOR CONTRIBUTIONS
S.S.D and T.A.B. conceived and directed the project. H.N.H. provided constructs and contributed to design of fission mechanism 
experiments. A.M.V.D., T.A.L, and S.M.T. contributed to slice electrophysiology experiment design, and A.M.V.D. and T.A.L. 
collected electrophysiology data. M.K.L. and R.C. provided constructs and R.C. performed in vivo stereotactic injections. M.C. 
performed spine density analysis, subcloning, and primary culture, and P.A.D provided technical support. S.S.D. performed all 
imaging experiments, analysis, and composed figures. S.S.D and T.A.B. wrote the manuscript, which all authors reviewed and edited.

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

DECLARATION OF INTERESTS
The authors declare no competing interests.

HHS Public Access
Author manuscript
Neuron. Author manuscript; available in PMC 2019 November 21.

Published in final edited form as:
Neuron. 2018 November 21; 100(4): 860–875.e7. doi:10.1016/j.neuron.2018.09.025.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Mitochondria; fission; LTP; dendrite; spine; Drp1; CaMKII; calcium; plasticity; synapse

INTRODUCTION

Neurons continuously modify their synaptic strength to encode memories and to adapt to 

experience and the environment. Long-term potentiation (LTP) is a critical cellular 

mechanism of this adaptation (Nicoll, 2017). NMDA receptor (NMDAR)-dependent LTP is 

triggered by Ca2+ influx into dendritic spines and activation of CaMKII, which amplifies 

synaptic transmission primarily by increasing the number and conductance of AMPA 

receptors (AMPARs) (Lisman et al., 2012). This functional enhancement is accompanied by 

dendritic spine growth, via remodeling of spine actin (Okamoto et al., 2009). Importantly, 

each of these steps executed within the postsynaptic compartment is likely to elevate the 

bioenergetic burden on the dendrite (Harris et al., 2012). Mitochondria are the principal 

regulators of cellular metabolism, and therefore their functions and dynamics may be 

necessary to respond adequately to this burden.

Mitochondrial functions such as ATP synthesis, Ca2+ handling, reactive oxygen species 

(ROS) generation, and glutamate synthesis, are expected to be particularly important for 

synaptic transmission and plasticity (Fu et al., 2017; Harris et al., 2012; Todorova and 

Blokland, 2017). Mitochondrial functions are regulated by mitochondrial Ca2+ (Llorente-

Folch et al., 2015; Rizzuto et al., 2012) and also by mitochondrial dynamics including 

fission, fusion, and motility (Mishra and Chan, 2016). In neurons, the roles and regulation of 

axonal mitochondria in synaptic transmission are well described (Misgeld and Schwarz, 

2017; Sheng and Cai, 2012), but the majority of LTP mechanisms occur postsynaptically, 

where mitochondria are less studied. However, mitochondria do occupy a large portion of 

the dendritic arbor and are frequently close to spines (Fu et al., 2017).

Furthermore, mitochondrial fission has particularly garnered attention in neurons because it 

is necessary for development (Waterham et al., 2007; Yoon et al., 2016), and because fission 

impairments are associated with several neurological and psychiatric diseases (Archer, 2013; 

Flippo and Strack, 2017). Knocking out the required fission regulator Dynamin-related 

protein 1 (Drp1) in neurons perturbs mitochondrial function, stunts dendrite growth, 

compromises synapse formation and maintenance, and impairs synaptic transmission 

(Ishihara et al., 2009; Li et al., 2004; Oettinghaus et al., 2016; Shields et al., 2015). Further, 

it was recently reported that an increase in Drp1 in dendrites of D1 medium spiny neurons is 

associated with reduced mitochondrial length and both cellular and behavioral plasticity 

during early abstinence after repeated cocaine administration (Chandra et al., 2017). 

However, whether or how fission in dendrites supports ongoing synaptic transmission and 

plasticity is still unclear. Intriguingly, silencing neurons with TTX increases the ratio of 

dendritic mitochondrial fusion to fission, while depolarizing neurons with KCl causes the 

opposite (Li et al., 2004), suggesting that fission is regulated by activity in neurons.

Mechanistically, mitochondrial fission requires Drp1 to execute the separation of the inner 

and outer mitochondrial membranes (IMM, OMM). Drp1 is a cytosolic GTPase that binds to 
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receptors on the OMM (Pagliuso et al., 2017). Stepwise constriction of Drp1 helical rings by 

GTP hydrolysis promotes the constriction and consolidation of the mitochondrial dual lipid 

bilayer (Basu et al., 2017; Rosenbloom et al., 2014). Fission also requires actin 

polymerization mediated by the endoplasmic reticulum (ER)-bound formin INF2 (Ji et al., 

2015; Korobova et al., 2013) and the mitochondria-bound protein Spire1c (Manor et al., 

2015), both because myosin-dependent actin contraction constricts the OMM (Ji et al., 2015; 

Korobova et al., 2014) and because actin recruits Drp1 to these sites (Hatch et al., 2016; Ji et 

al., 2015). Although this molecular cascade has been well described in other cell types, less 

is known about how mitochondrial fission is accomplished in neurons, particularly in 

dendrites, or how neuronal activity might modulate these mechanisms. Here we tested the 

hypothesis that dendritic mitochondrial fission is triggered during LTP induction, and is 

necessary for LTP expression.

RESULTS

Chemical LTP induction increases dendritic mitochondrial fission

Cultured hippocampal neurons transfected with mitochondrial matrix-targeted DsRed 

(MitoDsRed) and GFP contained densely-packed mitochondria in the soma, scarce and 

small mitochondria in axons, and tubular mitochondria throughout the dendritic arbor (Fig. 

1A). At rest, mitochondria occupied ~62% of dendrite length (0.624 ± 0.063) and rarely 

moved, and were found at the base of ~88% of dendritic spines (0.876 ± 0.028). Total 

mitochondrial length scaled linearly with total dendrite length (Fig. 1B, n = 11 cells/7 

coverslips/4 cultures, Pearson r = 0.716, p = 0.013; R2 = 0.513, p < 0.0001). These data 

suggest that mitochondria are found throughout dendrites and near most synapses, consistent 

with recent reports (Faits et al., 2016; Fu et al., 2017).

We then refined an established protocol to chemically induced NMDAR-dependent LTP 

(cLTP) (Araki et al., 2015) in neurons transfected with membrane-targeted mCherry (mem-

mCherry) to delineate cell morphology, and super-ecliptic pHluorin (SEP)-tagged GluA1 

and GluA2 (SEP-AMPARs) to depict cell-surface AMPARs (Fig. 1C). cLTP stimulation, 

compared to stimulation in the presence of the competitive NMDAR antagonist APV 

(+APV), increased dendritic spine volume by ~30% (Fig. 1D, ncLTP = 239 spines/4 cells/2 

coverslips/2 cultures, n+APV = 67/3/2/2, pinteraction < 0.0001) and surface AMPARs by ~10% 

(Fig. 1E, pinteraction = 0.001), hereby referred to as structural LTP (sLTP).

We found that, cLTP stimulation produced a rapid and transient increase in dendritic 

mitochondrial fission (Fig. 1F-G, 0.035 ± 0.009 events/μm, n = 7 cells/5 coverslips/2 

cultures), hereby referred to as the cLTP fission burst. The fission burst was prevented by 

APV (Fig. 1F-G, 0.007 ± 0.004 events/μm, n = 7/5/2, pinteraction = 0.03, pstim, ptime, and p2.5 

< 0.0001), and temporally preceded structural LTP (sLTP) (Fig. 1D-G, S1A). We subtracted 

the number of fission events after stimulation by each cell’s own baseline, hereby referred to 

as fission change, to control for any differences between baseline levels of fission between 

groups. The fission change was ~9-fold greater in cLTP-stimulated cells (Fig. 1H, 0.027 

± 0.006 Δ fission events/μm), than controls (0.003 ± 0.002 Δ fission events/μm, p < 0.001), 

further indicating that the cLTP fission burst is NMDAR-dependent.
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To determine how long mitochondria remained divided, we extended imaging for an extra 

hour (Fig. S1B). Most of the fission events during the cLTP fission burst (Fig. S1C, cLTP

−2.5: 0.004 ± 0.002 events/μm, cLTP7.5: 0.011 ± 0.002, n = 10 cells/5 coverslips/3 cultures, p 

< 0.005) were sustained even at 112.5 minutes after stimulation (i.e. 97.5 minutes after 

wash-out) (Fig. S1D, sustained112.5: 71.7 ± 9.4%, re-fused112.5: 28.3 ± 8.9%, p112.5 < 0.01), 

and the fission event re-fusion rate was consistently low throughout the experiment (Fig. 

S1C, prefusion > 0.2).

Because nearly every spine has a mitochondrion at the base of its neck, we asked whether 

fission was spatially restricted to the base of potentiated spines. Nearly all spines undergoing 

sLTP were on a parent dendrite containing a cLTP-evoked fission event in the same field of 

view (90.3%, data not shown). The distance between sLTP spines and the nearest site of 

mitochondrial fission in the same parent dendrite was ~7-8 μm (Fig. S1E, median ± 95% CI: 

7.59 ± 2.62, n = 65 spines/6 cells/3 coverslips/2 cultures), but only ~1.5% of these fission 

events occurred at the base of spines. Taking into consideration these data and the relative 

timecourses of the fission burst and sLTP, we hypothesized that LTP expression requires an 

increase in dendritic mitochondrial fission during LTP induction.

Mitochondrial fission burst utilizes mechanisms conserved with other cell types

Mitochondrial fission in non-neuronal cell types canonically requires the GTPase Drp1 

(Smirnova et al., 2001) and so we asked whether Drp1 was found at sites of cLTP-evoked 

dendritic fission events. We transfected neurons with GFP-tagged wild-type Drp1 

(GFPDrp1, WT Drp1) and MitoDsRed and found growing puncta of GFPDrp1 at evoked 

fission sites, which separated after fission (Fig. 2A, S2A), as previously reported in other 

cells (Ji et al., 2015; Lee et al., 2016). We tested whether preventing Drp1 function would 

prevent the cLTP fission burst by expressing a knockdown-rescue GFP-tagged, single-amino 

acid (K38A), GTP-null mutant Drp1 (GFPDrp1DN, DN Drp1) (Fig. 2A), which functions as 

a dominant negative mutant and prevents fission in other cell types (Merrill et al., 2011; 

Smirnova et al., 2001). DN Drp1 abolished the cLTP fission burst (Fig. 2B, cLTP2.5: 0.010 

± 0.002 events/μm, +APV2.5: 0.005 ± 0.002, ncLTP = 8 cells/5 coverslips/4 cultures, n+APV = 

10/5/4, pinteraction = 0.691, p2.5 = 0.679), whereas WT Drp1 did not (cLTP2.5: 0.025 ± 0.008 

events/μm, +APV2.5: 0.007 ± 0.002, ncLTP = 6/5/4, n+APV = 10/5/4, pinteraction < 0.01, p2.5 < 

0.0001). Furthermore, DN Drp1 prevented the fission change, while cells expressing WT 

Drp1 maintained a ~10-fold difference (Fig. 2C, cLTPDrp1: 0.021 ± 0.004 Δ events/μm, 

+APVDrp1: 0.002 ± 0.001, cLTPDN: 0.007 ± 0.002, +APVDN = 0.0001 ± 0.001, pinteraction = 

0.006, pDrp1 < 0.0001, pDN = 0.1). Directly comparing the two expression groups further 

suggested that the burst (p2.5 = 0.0003) and change from baseline (pcLTP = 0.0006) require 

Drp1 function (Fig. 2B-C).

To ensure that this effect was not due to differential expression levels of Drp1, we performed 

immunocytochemistry for Drp1 in cells expressing MitoDsRed and GFP, GFPDrp1, or 

GFPDrp1DN (Fig. S2B). The Drp1 staining intensity in dendrites (GFP: 2091 ± 231.7 AU, 

GFPDrp1: 2039 ± 335.5, GFPDrp1DN: 1863 ± 200.1) was not significantly different 

between the three groups (Fig. S2C, nGFP = 15 cells/5 coverslips/2 cultures, nDrp1 = 9/4/2, 

nDN = 12/5/2, p = 0.334). Furthermore, neither the cLTP fission burst (Fig. S2D, cLTPGFP: 
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0.034 ± 0.006 events/μm, +APVGFP: 0.002 ± 0.002, pinteraction = 0.647, p2.5 = 0.631) nor the 

fission change (Fig. S2E, cLTPGFP: 0.032 ± 0.006 Δ events/μm, +APVGFP: −0.0001 ± 0.001, 

pinteraction = 0.026, pexpression = 0.114, pcLTP = 0.095) were significantly different between 

cells expressing GFP or GFPDrp1 (GFP: ncLTP = 3 cells/2 coverslips/2 cultures, nAPV = 

7/3/2).

Additionally, to rule out potential off-target effects of expressing DN Drp1 on a knockdown 

background, we tested the effect of Drp1 knockdown alone by transfecting GFP and Drp1 

miRNA (miR) or control miRNA (control) (Fig. S3A), which had previously been used to 

achieve a somewhat limited 44% knockdown of Drp1 (Chandra et al., 2017). After 4 days, 

Drp1 miR reduced dendritic Drp1 staining intensity by ~34% compared to controls (Fig. 

S3B, control: 143.3 ± 19.0 AU, miR: 93.9 ± 7.4, ncontrol = 14 cells/6 coverslips/3 cultures; 

nmiR = 15/5/3, p < 0.05). However, we did not observe an effect on the cLTP fission burst 

(Fig. S3D-E, control: 0.010 ± 0.003 events/μm, miR: 0.006 ± 0.002, ncontrol = 9 cells/4 

coverslips/3 cultures, nmiR = 11/5/3, pinteraction = 0.81) or the fission change after 4 days 

(Fig. S3F, control: 0.008 ± 0.002 Δ events/μm, miR: 0.005 ± 0.002, p = 0.395). Therefore, 

we extended the expression time to 10 days, which increased the reduction of Drp1 staining 

to ~43% (Fig. S3C, control: 99.0 ± 10.07 AU, miR: 56.8 ± 9.0, ncontrol = 16 cells/4 

coverslips/2 cultures, nmiR = 15/4/2, p = 0.004). Furthermore, 10-day knockdown suppressed 

both the fission burst (Fig. S3G, control: 0.016 ± 0.002 events/μm, miR: 0.007 ± 0.002, 

ncontrol = 19 cells/4 coverslips/2 cultures, nmiR = 17/3/2, pinteraction < 0.0001, p2.5 < 0.0001) 

and the fission change by ~57% (Fig. 2D, control: 0.014 ± 0.002 Δ events/μm, miR: 0.006 

± 0.001, p = 0.001). These data further support that the cLTP fission burst is Drp1-

dependent.

We also tested whether more acutely prohibiting Drp1 function with a pharmacological 

inhibitor, Mdivi-1 (Cassidy-Stone et al., 2008), would similarly prevent the fission burst. 

Mdivi-1 (10 μM, 1-2 hr) suppressed both the cLTP fission burst (Fig. S3H, Mdivi-1: 0.015 

± 0.003 events/μm, DMSO: 0.022 ± 0.004, nMdivi-1 = 16 cells/6 coverslips/5 cultures, nDMSO 

= 21/6/5, ptime < 0.0001, p2.5 = 0.0006) as well as the fission change by ~39% compared to 

DMSO control (Fig. S3I, Mdivi-1: 0.011 ± 0.002 Δ events/μm, DMSO: 0.018 ± 0.002, p = 

0.010). However, Mdivi-1 may have off-target effects in neurons, such as on Complex I of 

the electron transport chain (Bordt et al., 2017), which may also contribute to its effect on 

fission. Nevertheless, our data using DN Drp1, Drp1 miR, and Mdivi-1 taken together 

suggest that the cLTP fission burst requires Drp1.

Because actin polymerization is also required for fission in non-neuronal cells (Hatch et al., 

2014), we predicted that perturbing actin dynamics would prevent the cLTP fission burst. We 

treated cells expressing GFP and MitoDsRed with either Jasplakinolide (500 nM, 1-2 hr), an 

actin depolymerization inhibitor, or Latrunculin A (10 μM, 1-2 hr), an actin polymerization 

inhibitor. Both inhibitors impaired the fission burst (Fig. 2E, DMSO: 0.027 ± 0.004 events/

μm, Jasp: 0.014 ± 0.003, LatA: 0.016 ± 0.003, nDMSO = 13 cells/5 coverslips/3 cultures, 

nJasp = 8/3/3, nLatA = 13/3/3, pinteraction = 0.263, ptreatment = 0.001, pJasp < 0.0001, pLatA < 

0.0001) and the fission change by ~50% compared to DMSO controls (Fig. 2F, DMSO: 

0.022 ± 0.003 Δ events/μm, Jasp: 0.010 ± 0.003, LatA: 0.011 ± 0.002, pANOVA = 0.019, pJasp 

= 0.047, pLatA = 0.025), suggesting that actin dynamics contribute to the cLTP fission burst.
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A recent study found that mitochondrial membrane scission is mediated downstream of 

Drp1-dependent constriction by Dyn2, a ubiquitously expressed dynamin GTPase (Lee et 

al., 2016). However, this had yet to be reported in neurons. We tested whether the cLTP 

fission burst required Dyn2 by expressing MitoDsRed and GFP-tagged wild-type Dyn2 

(GFPDyn2, WT Dyn2) or a single amino acid (K44A) GTP-null mutant Dyn2 

(GFPDyn2DN, DN Dyn2) (Fig. 2G), which was shown to prevent fission in non-neuronal 

cells (Lee et al., 2016). Compared to WT Dyn2, DN Dyn2 reduced the cLTP fission burst by 

~63% (Fig. 2H, DN: 0.006 ± 0.002 events/μm, Dyn2: 0.016 ± 0.003 events/μm, nDN = 12 

cells/5 coverslips/4 cultures, nDyn2 = 12/7/4, pinteraction = 0.03, p2.5 < 0.0001) and the fission 

change by ~75% (Fig. 2I, DN: 0.003 ± 0.001 Δ events/μm, Dyn2: 0.012 ± 0.002 Δ events/

μm, p = 0.0001). These data implicate Dyn2 in neuronal mitochondrial fission for the first 

time and indicate that the cLTP fission burst requires Dyn2 function, in addition to Drp1 and 

actin. Taken together, this body of data suggests that the cLTP-evoked dendritic 

mitochondrial fission burst utilizes mechanisms conserved with other cell types.

Mitochondrial fission selectively occurs at sites of cytosolic calcium elevation

Because the cLTP fission burst was dependent on activation of NMDARs (Fig. 1F-H), which 

are Ca2+-permeable, we predicted that fission occurs selectively at sites of elevated dendritic 

Ca2+. To test this, we adapted a glutamate photolysis protocol, which is known to induce 

LTP via postsynaptic Ca2+ influx (Chang et al., 2017; Fu et al., 2017; Sinnen et al., 2017), 

and targeted several spines along a single parent dendrite in cells expressing GCaMP6f and 

MitoDsRed (Fig. 3A,E). Dendritic GCaMP6f intensity increased and decayed after each 

laser pulse and returned to baseline at the end of the train (Fig. 3B), similar to spine 

GCaMP6f during single-spine photolysis (Chang et al., 2017), and also was restricted to 

dendritic branches near the sites of glutamate photolysis in every cell imaged (Fig. 3C-D, 

ΔF/Funstim: −0.139, ΔF/Fstim: 0.866, n = 13 cells/8 cs/3 cultures, p < 0.0001). Furthermore, 

mitochondria within dendritic branches experiencing an increase in GCaMP6f ΔF/F (Fig. 

3C-D) underwent ~15-fold more fission events (Fig. 3E-G, 0.044 ± 0.017 events/μm) than in 

control branches (0.003 ± 0.002 events/μm). This fission increase occurred soon after the 

stimulation (pinteraction = 0.011, p1.5 = 0.0003), similar to the cLTP fission burst (Fig. 1G).

We asked whether the change in dendritic Ca2+ is a predictor of fission. Because the density 

of fission events was low and the total dendrite length analyzable in this assay was restricted 

by the spread of Ca2+ elevation following photolysis, which varied cell to cell, we excluded 

regions that did not have a fission event immediately after stimulation (Fig. 3H, gray 

circles). In regions that had a fission event after the train (Fig. 3H, blue circles), GCaMP6f 

ΔF/F and fission events/μm were tightly correlated (Spearman r = 0.655, p = 0.034), and 

ΔF/F was a significant predictor of fission (R2 = 0.546, p = 0.009). Thus, our results suggest 

that NMDAR activation during LTP induction initiates the mitochondrial fission machinery 

through a Ca2+-dependent mechanism.

CaMKII and Drp1 phosphorylation are required for mitochondrial fission burst

We next asked how cytosolic Ca2+ fluctuations are conveyed to the mitochondrial fission 

machinery. CaMKII is an essential kinase for LTP (Lisman et al., 2012) and was recently 

suggested to decrease mitochondrial length by phosphorylating Drp1 at serine 616 in 
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cardiomyocytes (Xu et al., 2016). To test the role of CaMKII, we treated cells expressing 

GFP and MitoDsRed with the specific inhibitor of CaMKII, KN-93. KN-93 (10 μM, 1-2 hr) 

abolished the fission burst (Fig. 4A, 93: 0.006 ± 0.002 events/μm, 92: 0.015 ± 0.003, n93 = 9 

cells/4 coverslips/4 cultures, n92 = 13/4/4, pdrugs = 0.044, p2.5 < 0.005) and the fission 

change by ~90% (Fig. 4B, 93: 0.001 ± 0.002 Δ events/μm, 92: 0.009 ± 0.002, p = 0.013) 

compared to the inactive form, KN-92 (10 μM, 1-2 hr), suggesting that the cLTP fission 

burst requires CaMKII activation. Because the role of CaMKII in regulating neuronal 

mitochondrial fission is essentially untested, we also asked whether CaMKII is capable of 

regulating dendritic mitochondrial length at baseline, outside the context of LTP. We 

expressed GFP, or GFP-tagged wild-type (WT), constitutively active (T286D; CA), or 

dominant negative (K42M; DN) variants of CaMKII (Fig. S4). WT CaMKII did not affect 

mitochondrial length compared to cells expressing GFP alone (Fig. 4C, median ± 95% CI - 

GFP: 1.524 ± 0.181 μm, WT: 1.653 ± 0.005, nGFP = 1241 mitochondria/4 cells/3 

coverslips/3 cultures, nWT = 4369/9/5/3, pANOVA < 0.0001, pWT = 0.174). However, CA 

CaMKII decreased mitochondrial length (1.188 ± 0.026 μm, nCA = 7910/20/5/3, pCA < 

0.0001), and DN CaMKII increased length (1.756 ± 0.077, nDN = 6453/16/5/3, pDN = 

0.049), compared to WT CaMKII, suggesting that CaMKII is dynamically involved in 

regulating neuronal mitochondrial length over a range of activity levels.

We then asked whether Drp1 phosphorylation at Ser616, a possible substrate for CaMKII 

based on previous studies, was required for the cLTP fission burst. We expressed phospho-

null (S616A; inactive) and phospho-mimetic (S616D; active) variants of GFPDrp1, similar 

to previous reports (Fig. 4D) (Cho et al., 2014). Compared to WT Drp1 (Fig. 4E, Drp1: 

0.013 ± 0.002 events/μm, nDrp1 = 6 cells/2 coverslips/2 cultures), phospho-null Drp1 

suppressed the fission burst by ~69% (S616A: 0.004 ± 0.002, nS616A = 6/3/2, pgroups < 

0.0001, pS616A = 0.0003), while the S616D mutant enhanced the fission burst by ~54% 

(S616D: 0.020 ± 0.006, nS616DD = 5/2/2, pS616D = 0.007). Baseline fission rate was ~3.5-

fold higher in the S616D neurons (Fig. 4F, S616D: 0.007 ± 0.002 events/μm, pANOVA = 

0.027, pS616D = 0.041), as expected from a hyperactive mutant, but no different in the 

S616A group (S616A: 0.001 ± 0.001, pS616A = 0.951), compared to neurons expressing WT 

Drp1 (Drp1: 0.002 ± 0.0005). Lastly, the S616A mutant produced a robust and statistically-

trending ~82% reduction in the fission change compared to WT Drp1, consistent with the 

fission burst data (Fig. 4G, Drp1: 0.011 ± 0.002 Δ events/μm, S616A: 0.002 ± 0.001, S616D: 

0.014 ± 0.005, pANOVA = 0.127). Together, these data suggest that CaMKII activation and 

Drp1 phosphorylation at Ser616 are required for the cLTP fission burst.

Dendritic mitochondrial fission is required for spine structural LTP

The cLTP fission burst (Fig. 1G) preceded dendritic spine sLTP (Fig. 1D-E), suggesting it 

may be a prerequisite for LTP expression. We tested this by transfecting cells with mem-

mCherry and either GFPDrp1 or GFPDrp1DN (Fig. 5A) and determined that spines in 

GFPDrp1 cells underwent sLTP (Fig. 5B, ncLTP = 518 spines/10 cells/6 coverslips/5 

cultures, n+APV = 133/4/3/3, pinteraction < 0.0001). Although spines in DN Drp1 cells also 

underwent sLTP (Fig. 5B, ncLTP = 267/6/6/6, n+APV = 571/15/8/6, pinteraction < 0.0001), the 

final percent change in spine volume >50 mins after cLTP stimulation was reduced by 

~60%, compared to cells expressing WT Drp1 (Fig. 5C, Drp1: 11.050 ± 1.356 %, DN: 4.564 
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± 1.391, pinteraction = 0.056, pexpression = 0.008, pcLTP = 0.001). These findings suggest that 

fission contributes substantially to dendritic spine structural remodeling.

To determine whether fission is required for the amplification of synaptic AMPARs, we 

immunocytochemically labeled GluA2 and Homer1, a postsynaptic scaffolding protein (Fig. 

S5A). Among untransfected cells, those that received cLTP stimulation had ~30% greater 

surface synaptic AMPAR intensity (Fig. 5D, 2907 ± 110.3 AU, ncLTP = 498 synapses/≥17 

cells/9 coverslips/3 cultures) than unstimulated cells (2160 ± 85.5, nunstim = 476/≥16/9/3, 

pANOVA < 0.0001, punstim < 0.0001) or +APV-stimulated controls (2362 ± 106, n+APV = 286/

≥8/5/3, p+APV = 0.002). Similarly, within the GFPDrp1 group, cLTP-stimulated neurons had 

~45% greater AMPAR intensity (Fig. 5E, 2704 ± 157.6, ncLTP = 249/6/3/2) than 

unstimulated (1878 ± 61.6, nunstim = 546/9/4/2, pANOVA < 0.0001, punstim < 0.0001) or 

+APV-stimulated cells (1771 ± 96, n+APV = 134/2/2/2, p+APV < 0.0001). However, DN 

Drp1 eliminated the difference in AMPAR staining intensity (Fig. 5F). Within this group, 

cLTP-stimulated cells did not have greater staining intensity (2394 ± 175.6 AU, ncLTP = 

217/11/6/3) than unstimulated (2020 ± 105.7 AU, nunstim = 231/7/5/3, pANOVA = 0.028, 

punstim = 0.129) or +APV-stimulated cells (2537 ± 133, n+APV = 181/6/3/3, p+APV = 0.767), 

suggesting that mitochondrial fission is required for the increase in surface synaptic 

AMPARs during LTP.

To assess synaptic AMPARs before and after stimulation within the same spine, we imaged 

SEP-AMPARs after Drp1 knockdown, which suppressed the cLTP fission burst (Figs. S3G, 

2D). Surface AMPAR trafficking (Fig. 5G) was significantly impaired by Drp1 miR 

compared to controls (Fig. S5K, nmiR = 562 spines/13 cells/3 coverslips/2 cultures, ncontrol = 

711/9/3/2, pinteraction < 0.0001, pexpression < 0.0001, ptime < 0.0001). Drp1 miR reduced the 

percent change of SEP-AMPARs immediately after stimulation by ~59% (Fig. 5H, control: 

4.353 ± 0.665, miR: 1.781 ± 0.554, p = 0.003), as well as the final percent increase by ~36% 

(Fig. 5I, control: 11.168 ± 1.024, miR: 7.176 ± 0.957, p = 0.005). We also tested whether 

Drp1 knockdown would impair spine sLTP by using mem-mRuby (Fig. S5B). Drp1 miR 

significantly reduced dendritic spine growth to ~57% of controls (Fig. 5J, cont52.5: 1.409 

± 0.035, miR52.5: 1.175 ± 0.028, ncontrol = 607 spines/9 cells/2 coverslips/2 cultures, nmiR = 

494 spines/7 cells/2 coverslips/2 cultures, pinteraction < 0.0001, pexpression < 0.0001, ptime 

<0.0001). Thus, these data confirm the role of Drp1-dependent mitochondrial fission in 

dendritic spine growth and surface AMPAR trafficking during LTP.

Since we found Dyn2 to be required for the cLTP fission burst, we asked whether its 

function was similarly required for sLTP. We expressed mem-mCherry and WT or DN Dyn2 

(Fig. S5C). DN Dyn2 prevented dendritic spine growth compared to WT Dyn2 (Fig. S5D, 

nDN = 414 spines/9 cells/5 coverslips/3 cultures, nDyn2 = 331/9/4/3, pinteraction < 0.0001, 

pexpression < 0.0001, ptime < 0.0001) and also suppressed the final percent change (Fig. S5E, 

Dyn2: 7.535 ± 1.535, DN: −3.735 ± 2.736, p = 0.0004). It should be noted that these results 

may not be due to the effect of DN Dyn2 on the cLTP fission burst alone (Fig. 2H-I), since 

Dyn2 plays numerous roles in membrane trafficking and the same mutant was previously 

observed to reduce dendritic spine membrane dynamics (Jaskolski et al., 2009) and AMPAR 

endocytosis (Carroll et al., 1999). Additionally, in the same cells in which acute Mdivi-1 

treatment attenuated the cLTP fission burst (Fig. S2F-G), Mdivi-1 also suppressed spine 
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growth (Fig. S5F, nMdivi-1 = 724 spines/16 cells/6 coverslips/5 cultures, nDMSO = 

963/21/6/5, pinteraction = 0.067, pdrugs < 0.0001, ptime < 0.0001) and the final percent change 

in spine size by ~59% (Fig. S5G, Mdivi-1: 3.769 ± 1.314, DMSO: 9.258 ± 1.433, p = 

0.005), compared to controls. To determine whether our findings were due to gross changes 

to dendritic spines at baseline, we measured spine density and baseline spine size. Spine 

density was not different between cells expressing DN Drp1 (Fig. S5H, 3.64 ± 0.22 spines/

μm, n = 15 cells/11 coverslips/4 cultures) or WT Drp1 (3.71 ± 0.46 spines/μm, n = 11/7/3, p 

= 0.887). Furthermore, DN Drp1 barely altered baseline spine area (Fig. S5I-J, ~5% 

difference, 0.675 ± 0.009 μm2, n = 838 spines/21 cells/14 coverslips/6 cultures) compared to 

WT Drp1 (0.712 ± 0.009 μm2, n = 651/14/9/5, p = 0.016), suggesting that there were no 

robust alterations to spines at baseline. Taken together, these experiments demonstrate that 

dendritic mitochondrial fission is required for dendritic spine growth and surface AMPAR 

trafficking during LTP.

Mitochondrial fission is required for electrophysiological LTP in hippocampal slices

Having determined that mitochondrial fission is necessary for sLTP in culture, we asked 

whether fission is required for LTP in brain slices. To test whether LTP induction is 

associated with alteration of mitochondrial morphology, we utilized a transgenic mouse line 

that expresses MitoEYFP in forebrain neurons driven by a CaMKII promoter 

(Chandrasekaran et al., 2006), and prepared acute hippocampal slices. We recorded 

AMPAR-mediated field excitatory postsynaptic potentials (fEPSPs) in hippocampal area 

CA1 before and after high-frequency stimulation (HFS) of Schaffer collaterals (Fig. 6A). 

HFS of slices bathed in normal ACSF produced potentiation lasting at least 35 minutes 

(LTP), which was prevented by APV in the ACSF (+APV) (Fig. 6B, nLTP = 4 slices, n+APV 

= 4 slices, pinteraction < 0.0001, pdrug < 0.0001, ptime < 0.0001). HFS-dependent elevation of 

the fEPSP slope amplitude (Fig. 6C, 211.7 ± 20.21%, pinteraction < 0.0001, pLTP < 0.0001) 

was also prevented by APV (Fig. 6C, +APV: 107.4 ± 4.78, p+APV > 0.9999, pLTPvAPV < 

0.0001). Recording was halted at 35 minutes, to preserve slice health for imaging, and the 

slices were fixed and cleared (Susaki et al., 2014). Mitochondrial length in CA1 stratum 

radiatum (Fig. 6D) of LTP slices were ~10% shorter than in +APV slices (Fig. 6E, LTPlength: 

1.556 ± 0.029 μm, LTPnorm 94.48 ± 2.55%, +APVlength: 1.679 ± 0.036, +APVnorm: 105.5 

± 3.25, p = 0.0396). Since decreased mitochondrial length is indicative of increased fission 

(Chandra et al., 2017; Kim et al., 2016; Xu et al., 2016), this suggests that LTP induction 

promotes fission in slices.

We next tested whether fission is required for LTP expression in slices. We prepared acute 

hippocampal slices from WT mice injected with AAV-Cre-GFP and AAV-Cre-YFPDrp1 into 

CA1 of one hippocampus and AAV-Cre-YFPDrp1DN into the other. Only slices with visible 

expression in CA1 alone were used for assessing synaptic transmission. We recorded 

fEPSPs in CA1 before and after HFS (Fig. 6F), which produced LTP lasting at least 60 

minutes in both groups (Fig. 6G). However, HFS produced only mild LTP in DN Drp1 slices 

(144.63 ± 10.7%, pinteraction < 0.0001, pDN = 0.029), but robust LTP in WT Drp1 slices 

(247.7 ± 21.78, pDrp1 < 0.0001). Strikingly, DN Drp1 reduced the magnitude of LTP to 

~70% of controls (Fig. 6H, pexpression < 0.0001).
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To determine whether this effect was due to impaired intrinsic electrophysiological 

properties of CA1 neurons, we performed whole-cell patch clamp recordings (Fig. S6A). We 

found no difference between WT or DN Drp1 cells in a battery of assays measuring 

membrane resistance (Fig. S6B, Drp1: 135.2 ± 11.63 MΩ, DN: 148.8 ± 8.47, nDrp1 = 7 

slices/4 mice, nDN = 10 slices/6 mice, p = 0.476), capacitance (Fig. S6C, Drp1: 69.83 ± 7.76 

pF, DN: 58.31 ± 4.71, p = 0.476), resting membrane potential (Fig. S6D, Drp1: −59.06 

± 2.16 mV, DN: −59.36 ± 3.15, p = 0.610), action potential threshold (Fig. S6E-F, Drp1: 

−48.88 ± 6.87 mV, DN: −45.94 ± 1.25, p = 0.610), input resistance (Fig. S6G, Drp1: 178.2 

± 28.58 MΩ, DN: 243.6 ± 27.17, p = 0.171), or maximum firing rate (Fig. S6H-I, Drp1: 10.5 

± 3.57 Hz, DN: 10 ± 2.02, p = 0.867). To determine whether the effect on LTP was instead 

due to impaired basal synaptic transmission, we applied a range of stimulation intensities in 

WT and DN Drp1-infected slices and quantified the AMPAR-component of the postsynaptic 

responses, which were indistinguishable between the two groups (Fig. S6J). Indeed, there 

was no difference in the postsynaptic response between the two groups at a stimulation 

intensity that produced a fiber volley amplitude of ~0.2 mV (Fig. 6I, Drp1: 0.065 ± 0.015 

mV/ms, DN: 0.088 ± 0.025, nDrp1 = 8 slices/6 animals, nDN = 9/7, p = 0.448). As such, 

suppressing mitochondrial fission for 2-3 weeks in vivo does not impair basal synaptic 

transmission or intrinsic electrophysiological properties of CA1 neurons. Taken together, 

these data suggest that postsynaptic mitochondrial fission is required for 

electrophysiological LTP of CA3-CA1 synapses.

LTP induction increases dendritic mitochondrial calcium transients (mCaTs)

Mitochondria are important Ca2+ buffering organelles (Rizzuto et al., 2012), and early 

evidence suggested that activity of the mitochondrial Ca2+ uniporter (MCU) in the 

hippocampus is enhanced during HFS-LTP (Stanton and Schanne, 1986). Mitochondrial 

matrix Ca2+ serves many functions that could in turn support LTP such as ATP synthesis, 

ROS generation, or calcium-induced Ca2+ release (Llorente-Folch et al., 2015; Rizzuto et 

al., 2012). Therefore, we asked whether dendritic mitochondrial fission in the context of LTP 

induction could regulate the ability of mitochondria to buffer Ca2+ (Fig. 6J). To determine 

whether mitochondrial matrix Ca2+ is elevated during LTP induction, we transfected neurons 

with MitoRGECO, a genetically-encoded red fluorescent matrix Ca2+ sensor, and GFP (Fig. 

7A). Dendritic mitochondria typically had stable matrix Ca2+ at baseline but nearly all 

mitochondria (87.9 ± 0.05%, data not shown) exhibited transient elevations of mitochondrial 

Ca2+, hereby referred to as mCaTs, following cLTP stimulation (Fig. 7B-C, G, cLTPbase: 

0.004 ± 0.001 Hz, cLTPstim: 0.010 ± 0.0005, ncLTP = 247 mitochondria/9 cells/9 coverslips/5 

cultures, pinteraction = 0.005, pcLTP < 0.0001), which was prevented by APV (Fig. 7D-G, 

+APVbase: 0.002 ± 0.001 Hz, +APVstim: 0.004 ± 0.001, n+APV = 76/7/7/5, p+APV = 0.742, 

pcLTPvAPV < 0.0001). When mCaTs did occur even in the presence of APV, the amplitude 

(Fig. S7A, ΔF/F cLTP: 2.337 ± 0.146, ΔF/F+APV: 2.156 ± 0.162, pinteraction = 0.864, 

pcLTPvAPV = 0.968), duration (Fig. S7A, cLTPstim: 21.929 ± 0.766 s, +APVstim: 19.78 

± 1.69, pinteraction = 0.409, pcLTPvAPV = 0.754), and area under the curve – a proxy for Ca2+ 

influx (Fig. S7A, cLTPstim: 32.908 ± 30.832 ((ΔF/F)*s), +APVstim: 24.172 ± 3.578, 

pinteraction = 0.964, pcLTPvAPV = 0.999) – were unaffected, suggesting that mCaTs have a 

characteristic shape. To our knowledge, these data identify for the first time that dendritic 

mitochondria experience mCaTs during NDMAR-dependent LTP induction.
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Dendritic mitochondrial fission is required for cLTP-evoked mCaTs

Although an increase in matrix Ca2+ precedes mitochondrial fission (Chakrabarti et al., 

2018; Cho et al., 2017), the effect of fission on mitochondrial Ca2+ handling remains 

understudied. We tested whether preventing mitochondrial fission would impact the cLTP-

evoked dendritic mCaTs by expressing MitoRGECO and GFP-tagged WT (Fig. 8A-C) or 

DN Drp1 (Fig. 8D-F). DN Drp1-expressing neurons experienced a cLTP-evoked increase in 

dendritic mCaT frequency (Fig. 8G, DNbase: 0.001 ± 0.0003 Hz, DNstim: 0.007 ± 0.0003, 

nDN = 271 mitochondria/8 cells/8 coverslips/4 cultures, pinteraction < 0.0001, pDN < 0.0001) 

as did neurons expressing WT Drp1 (Fig. 8G, Drp1base: 0.001 ± 0.0003, Drp1stim: 0.012 

± 0.0003, nDrp1 = 345/9/9/4, pDrp1 < 0.0001). Furthermore, the percent mitochondria 

exhibiting cLTP-evoked mCaTs (94.6 ± 0.02, data not shown) in neurons expressing Drp1 

was similar to neurons expressing GFP alone, as was mCaT frequency (pGFPvDrp1 = 0.1045). 

However, compared to WT Drp1, DN Drp1 decreased the cLTP-evoked mCaT frequency by 

~42% (Fig. 8G, pDrp1vDN < 0.0001), amplitude by ~32% (ΔF/FDrp1: 2.193 ± 0.079, ΔF/FDN: 

1.494 ± 0.072, pinteraction = 0.42, pstim = 0.006, pDrp1vDN < 0.0001), duration by ~27% 

(Drp1: 25.866 ± 0.625 s, DN: 18.968 ± 0.739, pinteraction = 0.071, pstim = 0.0001, pDrp1vDN < 

0.0001), and integrated area by ~52% (Drp1: 32.024 ± 1.467 ((ΔF/F)*s), DN: 15.422 

± 0.949, pinteraction = 0.129, pstim = 0.004, pDrp1vDN < 0.0001). Taken together, these data 

suggest that dendritic mitochondrial fission, in addition to being required for structural and 

electrophysiological LTP, is required for dendritic mitochondrial Ca2+ handling during LTP 

induction.

DISCUSSION

Several mitochondrial functions including ATP synthesis and Ca2+ handling are particularly 

important for synaptic transmission, and the demand for these functions is likely elevated 

during LTP (Harris et al., 2012). We observed that during LTP induction, dendritic 

mitochondria underwent a transient ~10-fold increase in the rate of fission events, which was 

dependent on cytosolic Ca2+, CaMKII, actin, Drp1 phosphorylation and function, and also 

Dyn2. LTP induction also prompted transient elevations of mitochondrial matrix Ca2+ 

(mCaTs), which were dependent on fission. Furthermore, preventing mitochondrial fission 

impaired structural and electrophysiological LTP in cultured neurons and acute hippocampal 

slices, respectively. Thus, a rapid burst of dendritic mitochondrial fission during LTP 

induction is required for LTP expression (Fig. 8H).

As delineated in a variety of non-neuronal cell types, mitochondrial fission requires Drp1 

and actin polymerization downstream of cytosolic Ca2+ elevation (Pagliuso et al., 2017), and 

in this respect, fission in hippocampal dendrites is canonical. In addition, consistent with 

recent results in COS-7 and HeLa cells (Lee et al., 2016), interfering with Dyn2 blocked the 

fission burst, thereby implicating Dyn2 in neuronal fission for the first time. Because Dyn2 

is the only dynamin required for neuronal development (Ferguson and De Camilli, 2012), 

and since mitochondrial fission is also required for development (Ishihara et al., 2009; 

Wakabayashi et al., 2009), it will be important in future studies to determine whether the 

essential function of Dyn2 during development is in fission, endocytosis, or both. 

Furthermore, the core mitochondrial fission machinery is complex but widely conserved, 
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which raises the questions as to how and when fission molecules are recruited and activated 

in dendrites of different neuronal subtypes, and in which physiological and pathological 

contexts these may be involved in addition to LTP.

Elevating cytosolic Ca2+ via glutamate photolysis was sufficient to trigger fission in the local 

dendritic area. In a search for the cytosolic messenger responsible for conveying this Ca2+ 

signal to fission proteins, we tested the role of CaMKII, a kinase necessary for LTP (Lisman 

et al., 2012). CaMKII regulates actin dynamics during LTP (Okamoto et al., 2009), and actin 

is required for fission (Hatch et al., 2014). Furthermore, CaMKII may promote fission in 

neurons and cardiomyocytes by increasing Drp1 phosphorylation at Ser616 and its 

translocation to mitochondria (Godoy et al., 2014; Xu et al., 2016). However, in C. elegans 
neurons, Unc-43 – a homologue of CaMKII – can phosphorylate Drp1 Ser637, as well as 

other residues, to suppress its function (Jiang et al., 2015), suggesting the need for further 

investigation. We found that the LTP fission burst required CaMKII activation and 

phosphorylation of Drp1 Ser616. This suggests that Ca2+ influx through NMDARs activates 

CaMKII, which then activates the mitochondrial fission machinery to cause the fission burst. 

We also found that at baseline, manipulating CaMKII activity states changes mitochondrial 

length, strengthening the conclusion that CaMKII is capable of regulating dendritic 

mitochondrial shape and dynamics. Therefore, our findings not only reveal an unusually 

acute activation of fission during LTP induction, but also delineate a novel mechanism by 

which neuronal activity controls mitochondrial fission rate.

Mitochondrial fission is important for synapse formation and maintenance over long periods 

(Ishihara et al., 2009; Li et al., 2004), but whether postsynaptic fission more acutely 

regulates synapse function has been unclear. Our relatively brief periods of suppressing 

fission had no effect on spine density, intrinsic electrophysiological properties, or basal 

transmission. However, fission was required for each classic aspect of LTP expression: 

dendritic spine growth, surface AMPAR trafficking, and potentiation of synaptic 

transmission. The lack of effect on basal transmission emphasizes the unforeseen and acute 

role of mitochondrial fission during LTP induction.

Several mechanisms could explain how an increase in fission may support LTP (Fig. 8H). 

First, LTP requires increased ATP synthesis (Kimura et al., 2012; Wieraszko, 1982), and 

Drp1 knockout reduces ATP synthesis (Oettinghaus et al., 2016; Shields et al., 2015), 

presumably by decreasing fission. Second, LTP may require an increase in ROS generation 

by dendritic mitochondria (Fu et al., 2017), perhaps to modulate spine actin dynamics 

(D'Ambrosi et al., 2014), and preventing fission decreases ROS generation in certain 

contexts (Hung et al., 2017; Kim et al., 2016; Qi et al., 2013). Third, fission could support 

LTP by modulating mitochondrial handling of dendritic Ca2+. In physiological contexts, 

dendritic Ca2+ transients reflect the interplay of synaptic and dendritic NMDARs, voltage-

gated Ca2+ channels, back-propagating action potentials, and intracellular Ca2+ sources 

(Higley and Sabatini, 2008; Linden, 1999). The temporal and spatial summation of synaptic 

inputs can thus result in supralinear Ca2+ increases over large extents of the dendrite 

(Dudman et al., 2007), linking active inputs with local plasticity (Carter et al., 2007; Major 

et al., 2008). LTP requires calcium-induced Ca2+ release (CICR) from internal stores, and 

the role of dendritic ER Ca2+ stores in plasticity has been extensively investigated 
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(Padamsey et al., 2018). However, mitochondria are also Ca2+ buffering organelles that 

participate in CICR (Ichas et al., 1997; Padamsey et al., 2018; Rizzuto et al., 2012), yet their 

role in LTP remains poorly understood.

Mitochondria permit Ca2+ into their matrix via the MCU (Rizzuto et al., 2012). Matrix Ca2+ 

can bind inorganic phosphate (Bielawski and Lehninger, 1966), can remain free to regulate 

metabolism, or can be released into the cytosol (Rizzuto et al., 2012). Interestingly, 

postsynaptic MCU activity is elevated during HFS-induced LTP induction in hippocampus 

(Stanton and Schanne, 1986), and inhibiting postsynaptic MCU impairs LTP of dorsal horn 

neurons (Kim et al., 2011). Consistent with this, we found that LTP induction prompts 

transient elevations of dendritic mitochondrial Ca2+. Mitochondrial Ca2+ promotes ATP 

synthesis by activating several tricarboxylic acid cycle enzymes (Llorente-Folch et al., 

2015), increases matrix ROS generation via the electron transport chain (Gorlach et al., 

2015; Llorente-Folch et al., 2015), and may regulate CICR by transiently activating the 

mitochondrial permeability transition pore (Mnatsakanyan et al., 2017). Interestingly, these 

functions are similarly regulated by both mitochondrial fission and matrix Ca2+, and 

consistent with this, we found that prohibiting mitochondrial fission suppresses 

mitochondrial Ca2+ handling. These data are consistent with previous findings in non-

neuronal cells that smaller mitochondria tend to buffer Ca2+ faster whereas larger 

mitochondria have smaller amplitude and duration of evoked mitochondrial Ca2+ elevations 

(Bianchi et al., 2006; Szabadkai et al., 2004), though Drp1 knockout increases mitochondrial 

Ca2+ handling in macrophages (Wang et al., 2017), suggesting the need for further study. 

Taken together, it is possible that mitochondrial fission is required for LTP because it 

modulates mitochondrial Ca2+, which in turn regulates one or more mitochondrial metabolic 

functions (Fig. 8H).

Additionally, because mitochondrial ATP synthesis, ROS generation, and Ca2+ handling are 

all interrelated and have bidirectional relationships with mitochondrial dynamics (Mishra 

and Chan, 2016; Szabadkai et al., 2006), it is important to consider the role of dendritic 

mitochondria in LTP and memory formation more broadly. Memory formation may require a 

combination of input-specific synaptic activation as well as a generalized elevation in local 

or global excitability of a dendrite or neuron, which would reduce the threshold for LTP 

induction (Lisman et al., 2018; Rogerson et al., 2014). As such, one possibility consistent 

with our results is that dendritic mitochondrial fission increases mitochondrial Ca2+ 

handling, thereby enhancing overall mitochondrial bioenergetic function and also regulating 

cytosolic Ca2+ patterns, both of which could not only maintain LTP at the activated synapse, 

but could also reduce the threshold for LTP at neighboring synapses on the same parent 

dendrite. In sum, there are diverse means by which mitochondrial fission could alter the 

threshold for plasticity at active synapses.

Given these considerations, it is tempting to speculate that local interaction of dendritic 

signaling with nearby mitochondria supports plasticity at appropriately activated synapses in 
vivo. Furthermore, clinically, missense mutations of Drp1 or Dyn2 (Bitoun et al., 2005; 

Flippo and Strack, 2017), and loss of function mutations of mitochondrial fission factor Mff 

(Koch et al., 2016), are associated with developmental delay, cognitive impairment, seizures, 

and other symptoms related to altered synaptic plasticity. Therefore, our results not only 
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suggest an essential role for dendritic mitochondrial fission in synaptic plasticity in 

physiological contexts, but also raise the important possibility that impaired mitochondrial 

fission plays a causal role in synaptic and cognitive deficits seen in neuropsychiatric 

diseases.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Thomas A. Blanpied (TBlanpied@som.umaryland.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experimental protocols were approved by the University of Maryland School of 

Medicine Institutional Animal Care and Use Committee.

Primary neuronal culture—Dissociated hippocampal neurons from embryonic day 18 

Sprague Dawley rats (both male and female) were prepared and plated on cleaned 18mm 

coverslips (Warner) as previously described (Frost et al., 2010). Briefly, coverslips were 

coated beforehand overnight at 37°C with poly-L-lysine (Sigma). Hippocampi were isolated, 

dissociated in trypsin and triturated, and cells were plated at 50k cells/coverslip in 

Neurobasal medium (Sigma) containing B27 (Gibco), glutaMAX1 (Gibco), 5% fetal bovine 

serum (Hyclone), and 1 μg/ml gentamycin (Cambrex). 24 hours later, the initial plating 

media was replaced with culture media lacking serum. Culture media supplemented with 

FUDR (10 μM) was added 1 week after plating to inhibit proliferation of non-neuronal cells. 

Cells were incubated at 37°C and 5% CO2.

Acute hippocampal slices—Standard methods were used to prepare 400 μm-thick 

transverse hippocampal slices from 6-8-week-old mice (both male and female) as described 

previously (Cai et al., 2013). WT C57BL/6J or CaMKIIα-mitoEYFP (Chandrasekaran et al., 

2006) mice were used. For field recordings, dissection was done in ice-cold artificial 

cerebrospinal fluid (ACSF) containing the following (in mM): 120 NaCl, 3 KCl, 1 

NaH2PO4, 2 MgSO4, 2.5 CaCl2, 25 NaHCO3, and 20 glucose, bubbled with 95% O2/5% 

CO2. Slices were allowed to recover for a minimum of 1 hour at room temperature (20–

22°C). For whole-cell recordings, d issection was performed in cold N-methyl-D-glucamine 

ACSF (NMDG-ACSF) containing (in mM) 92 NMDG, 2.5 KCl, 1.25 NaH2PO4 30 

NaHCO3, 20 HEPES, 25 glucose, 0.5 CaCl2, 10 MgSO4 ·7H2O and bubbled with carbogen 

(95% O2-5% CO2). Slices recovered for approximately 10 minutes in NMDG-ACSF at 

32°C. Slices were then transferred to ACSF containing (in mM) 120 NaCl, 3 KCl, 1.0 

NaH2PO4, 1.5 MgSO4 ·7H2O, 2.5 CaCl2, 25 NaHCO3, and 20 glucose and bubbled with 

carbogen (95% O2-5% CO2) and recovered for one hour at 20–22°C.

METHOD DETAILS

Transfections—For most experiments, cells were transfected at DIV 17-19 using 

Lipofectamine 2000 (Invitrogen), with 0.5 μg/μL of DNA per plasmid, and imaged 4 days 
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later. For 10-day knockdown experiments, cells were transfected at DIV 11-13 and imaged 

10 days later.

Reagents

Drugs and chemical compounds (in μM): D,L-APV (APV, 200, Sigma), picrotoxin (PTX, 

50, Sigma), tetrodotoxin (TTX, 0.5, Millipore), strychnine (STR, 1, Sigma), glycine (Gly, 

400, Sigma), Jasplakinolide (Jasp, 0.5, Invitrogen), Latrunculin A (Lat A, 10, Sigma), 

KN-93 (10, Millipore), KN-92 (10, Millipore), Mdivi-1 (10, Sigma), and CGP52432 (2, 

Tocris). For reagents solubilized in DMSO (Sigma), the final amount of DMSO was ≤0.1% 

by volume. MNI-Glutamate (Tocris) was prepared to a final concentration of 2 mM from 

single-use stock aliquots.

Antibodies: Primary: anti-Drp1 (rabbit, D6C7, CST, 1:50), anti-Homer1 (rabbit, Synaptic 

Systems,1:500), Anti-GluA2 (mouse, Millipore MAB397, 1:100). Secondary: Ax647 

(Jackson Immuno) and Atto565 (Hypermol) conjugated goat or donkey anti-rabbit or anti-

mouse secondary antibodies (1:200) were used.

Expression constructs: We thank the following individuals for donating published plasmid 

and virus constructs. GFP-Drp1, Mito-DsRed, and MitoRGeco were gifts from H. Higgs. 

GFP-Drp1DN was a gift from S. Strack. GFP-Dyn2 and GFP-Dyn2DN were gifts from P. 

Welling via P. De Camilli. SEP-GluA1 and SEP-GluA2 were gifts from R. Huganir. We 

thank T. Kristian for generously donating transgenic CaMKII-Mito-eYFP mice. GFP::Drp1-

miRNA and GFP::Drp1-controlRNA were gifts from M.Lobo. AAV-Cre-YFPDrp1, AAV-

Cre-YFPDrp1DN, and AAV-MitoDsRed were designed by R. Chandra and M. Lobo as 

previously described (Chandra et al., 2017). Briefly, Drp1DN (a gift from M. Karbowski) 

was PCR amplified and an EYFP tag was added to an AAV-DIO vector. Finally, virus 

packaging for AAV2-DIO-Drp1DN-EYFP (i.e. AAV-Cre-YFPDrp1DN) was performed as 

previously described (Chandra et al., 2015; Prasad et al., 2011). AAV2-Cre-GFP was 

purchased from UNC Vector Core by M. Lobo. Mito-DsRed vector was a gift from N.G. 

Larsson, and was similarly PCR amplified and cloned into a non-Cre dependent AAV vector.

Subcloning and mutagenesis: mCherry::Drp1-miRNA and mCherry::Drp1-controlRNA 

were generated from the original GFP:: variants (target sequences underlined below: 5’-3’) 

using in vitro assembly (IVA) (Garcia-Nafria et al., 2016).

miRNA –

TGCTGGATGAACCGAAGAATAAGTTCGTTTTGGCCACTGACTGACGAACTT

ATTTCGGTTCATC

Control –

TGCTGGTAGTTGTACTCCAGCTTGTGGTTTTGGCCACTGACTGACCACAAG

CTAGTACAACTAC

Briefly, the RNA-containing vector was PCR amplified using the following forward and 

reverse primers:
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FW – GCCGTCGATCGTTTAAAGGGAG

REV – GGTTTTAAAGCCTGCTTTTTTGTACAAACT

mCherry DNA was PCR amplified using the following forward and reverse primers (5’-3’):

FW – GCAGGCTTTAAAACCATGGTGAGCAAGGGCGAGGA

REV – TAAACGATCGACGGCTACTTGTACAGCTCGTCCATGCC

PCR was performed using KAPA HiFi DNA polymerase (Kapa Biosystems). PCR reaction 

was treated with Dpn1 (New England Biolabs; NEB) enzyme to digest any original vector. 

0.8% agarose gel electrophoresis was performed followed by gel extraction using a Gel 

DNA Recovery Kit (Zymo Research). The purified vector and insert were mixed together at 

a 1:1 molar ratio and transformed into NEB5α cells (NEB).

GFP-Drp1-S616A and -S616D were designed from GFP-Drp1 via site-directed mutagenesis 

using a commercially-available kit (Q5, NEB). Primers used were:

S616A-FW – TATGCCAGCAgctCCACAAAAAGGC

S616A-REV – ATTGGAATTGGTTTTGATTTTTC

S616D-FW – TATGCCAGCAgatCCACAAAAAGGC

S616D-REV – ATTGGAATTGGTTTTGATTTTTC

All subcloning was confirmed by sequencing.

Chemical LTP induction protocol—A protocol to chemically prompt activation of 

synaptic NMDARs to increase synaptic strength reliably in hippocampal cultures (cLTP) 

was refined (Araki et al., 2015; Liao et al., 1995). Briefly, neurons were transfected at 

DIV17-19, incubated in 200 μM APV 24 hrs later, and imaged 3 days later. Cells were 

preincubated for 1-4 hrs in extracellular solution containing 200 μM APV, 0.5 μM TTX, 1 

μM STR, and 50 μM PTX. In structural LTP and mitochondrial fission experiments, 3 

frames (5-minute interval = 1/300 Hz) were collected in basal solution, 3 frames after 

APV/Mg2+ withdrawal and simultaneous addition of 400 μM glycine, and 8 frames after 

wash-out. The negative control for cLTP stimulation was stimulation in the presence of APV 

(referred to in the text as +APV). In the mitochondrial fission/re-fusion experiment, 

following the 8 washout-frames, an additional 4 frames (15-minute interval) were collected. 

For Homer1-GluA2 immunocytochemistry experiments, cells were in each solution for the 

same amount of time and fixation was performed at the end of the wash-out period. In 

mitochondrial Ca2+ imaging experiments, 300 frames (100 ms exposure) were collected in 

basal solution, followed by 1800 frames in the stimulation solution.

Immunocytochemistry—Cells were fixed with 4% paraformaldehyde and 4% sucrose 

(PFA/Sucrose) in phosphate-buffered saline (PBS, pH 7.4) for 10 min at room temperature 

(RT), followed by three 10-min washes with 100 mM glycine in PBS (PBS/Gly). Cells were 

then permeabilized and blocked using 0.1% BSA and 5-10% donkey or goat serum in 

PBS/Gly with 0.1% Triton X-100, followed by incubation with primary antibody (3 hrs RT, 

or 4 °C overnight) and secondary antibodies (1 hr RT) that were diluted in blocking buffer 
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(without triton for secondary antibody solution). Coverslips were either imaged immediately 

or mounted onto slides using DABCO (Sigma) dissolved in Perma-Fluor (Thermo) for 

imaging the next day. To label surface synaptic AMPARs, a recently reported protocol (Wu 

et al., 2017) was followed. Briefly, neurons were fixed in PFA/Sucrose for 15 min on ice and 

immunostaining for GluA2 was performed without permeabilization. Following thorough 

washing in PBS/Gly, neurons were permeabilized and immunostained for Homer1. 

Secondary antibody labeling of both primary antibodies was then performed simultaneously.

Tissue Clearing—Tissue clearing was performed on hippocampal slices that were fixed in 

4% PFA using a modified CUBIC approach (Susaki et al., 2014). Briefly, slices were placed 

in modified CUBIC Reagent-1A – 10%wt Triton, 5%wt NNNN-tetrakis (2-HP) 

ethylenediamine, 10%wt urea, and 1/200 volume 5 M NaCl (all Sigma) – that was diluted to 

50% in dH2O, and gently shaken for 24 hrs at 37°C. The slices were then transferred and 

shaken in 100% Reagent-1A for another 24 - 48 hrs. Slices were then stored in Reagent-1A 

at 4°C prior to imaging.

Confocal microscopy

Cultured hippocampal neurons: Imaging was performed on two confocal microscopes. 

Data represented in Figures 1, S1A,E, 2B-C, S2, 5A-F, and S5A,H-J, were collected using a 

spinning disk CSU-22 confocal system (Andor, Yokogawa) and Zyla4.2 sCMOS camera 

(Andor), mounted onto an Olympus IX-81 inverted microscope. A 60x 1.42 NA oil-

immersion objective (Olympus) was used for imaging, yielding a final effective pixel size of 

108.3 nm. Laser illumination was provided using an Andor Laser Combiner (Andor), 

emission filters (Semrock), and motorized filter wheel (Sutter). To control for non-

homogeneous illumination of the field-of-view in quantitative co-localization experiments, 

images were acquired from the same camera region. Data in Figures S1 B-D, 2A,D-I, S3, 3, 

4, S4, 5G-J,S5B-G,K, 7, S7, and 8 were collected using an Andor Dragonfly spinning disk 

confocal system, which had a measured pixel size of 103.31 nm. Andor Borealis uniform 

illumination technology with the Dragonfly permitted quantitative co-localization 

experiments from the entire 2048 × 2048-pixel sCMOS field of view. For fission and 

structural LTP experiments, maximum intensity projections were acquired from 0.5 μm-step 

z-stacks of 7 planes (live cells) or 13 planes (fixed cells), using a piezoelectric z-focus 

device (Prior) to autofocus to the center plane, and 200 ms camera exposure per channel. For 

mitochondrial Ca2+ imaging experiments, a single z plane was imaged using continuous 

focus, 2×2 binning, and 100 ms camera exposure in the 561 nm excitation channel, with 300 

baseline frames and 1800 post-stimulation frames. Before and after each timelapse, a 7-

plane two-channel z-stack was acquired. Acquisition was controlled by iQ3.2 software 

(Andor). Live-cell imaging was performed in extracellular solution containing the following 

(in mM): NaCl (150), KCl (3), MgCl2 (1), CaCl2 (2), HEPES (10), D-glucose (10), pH 7.4, 

with temperature controlled by an objective collar heater (Bioptechs) set to 37 °C. For long-

term imaging in mitochondrial fission/re-fusion experiments a customized Tokai-Hit CO2, 

temperature, and humidity-controlled chamber (Tokai Hit, STR-WELSX-IX3) was used.

Fixed and cleared acute hippocampal slices: Imaging for Fig. 6A,D was performed using 

an ORCA Flash4.0 sCMOS camera (Hamamatsu) mounted on a Nikon CSU-W1 spinning 
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disc confocal microscope system (Nikon) in the University of Maryland School of Medicine 

Confocal Core Facility. Low magnification images were acquired using a 4x air (0.2 NA, 20 

mm WD), whereas high magnification imaging was performed with a 60x water-immersion 

(1.2 NA, 0.31 mm WD) objective with an effective pixel size of 108.3 nm that was loaned to 

us by W.J. Lederer. Slices were placed on glass-bottom 35 mm dishes (MatTek, 

#P35G-1.5-14-C) in CUBIC Reagent-1A. 100-μm z-stacks were collected using a 0.25 μm 

z-step size and 300 ms exposure with the 25 μm pinhole. The beginning of the z-stack was 

defined as ~75 μm from the bottom of the slice to avoid quantifying mitochondrial length in 

layers damaged during slicing. 3 stacks were collected per slice and the average 

mitochondrial length from the 3 regions was compared between groups.

Glutamate photolysis—Photolysis was performed using the Andor Dragonfly and 

FRAPPA systems. MNI-glutamate was kept protected from ambient light and was applied (2 

mM) to coverslips only after finding cells that displayed spontaneous activity in the presence 

of TTX. A 60 second train of 500 μs, 405 nm laser pulses at 1 Hz was used for photolysis, 

similar to reported protocols (Chang et al., 2017; Fu et al., 2017; Sinnen et al., 2017). 

Images were acquired as a combination of z-stacks for both MitoDsRed and GCaMP6f, and 

single-plane time-series for GCaMP6f alone, using a piezoelectric center z autofocus device, 

with 50 ms camera exposure.

Stereotactic injections—Injections were performed as previously described (Chandra et 

al., 2017). Briefly, mice were anesthetized using 4% isoflurane in a small induction 

chamber. After the initial induction, isoflurane was maintained at 1% for the remainder of 

the surgery. Animals were placed in a stereotaxic instrument and their skull was exposed. 

33-gauge Hamilton syringe needles were used to inject 0.6 μl of: AAV-MitoDsRed, AAV-

Cre-GFP, and either AAV-Cre-YFPDrp1 or AAV-Cre-YFPDrp1DN bilaterally into area CA1 

of hippocampus (in relation to bregma: anterior/posterior, −2.5 mm; medial/lateral, ±1.5 

mm; dorsal/ventral, −1.3 mm; 10° angle). Mice were then returned to the vivarium for 2-3 

weeks to allow for recovery and maximal virus expression.

Acute slice electrophysiology

Field EPSP recordings: Standard methods were used to prepare 400μm-thick transverse 

hippocampal slices from 6-8-week-old mice as described previously (Cai et al., 2013; 

Kallarackal et al., 2013). Briefly, dissection was done in ice-cold artificial cerebrospinal 

fluid (ACSF) containing the following (in mM): 120 NaCl, 3 KCl, 1 NaH2PO4, 2 MgSO4, 

2.5 CaCl2, 25 NaHCO3, and 20 glucose, bubbled with 95% O2/5% CO2. Slices were allowed 

to recover for a minimum of 1 hour at room temperature (20–22°C). Slices were then 

examined, using a fluorescence microscope, for the expression and accuracy of the viral 

injections. Only slices that displayed virus expression in CA1 alone were used in the study. 

Next, slices were transferred to a submersion-type recording chamber and perfused with 

ACSF. The CA2/CA3 region was then removed to sever reciprocal connections and prevent 

spontaneous epileptiform discharge. Picrotoxin (100μM) and CGP52432 (2μM) were 

included during recording to block GABAA and GABAB receptors, respectively.
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Extracellular recording of local field excitatory postsynaptic potentials (fEPSPs) was 

performed to assess the synaptic strength of Schaffer collateral connections (SC-CA1). 

Recording pipettes containing ACSF (3–5 MΩ) were placed 100–150μm from the concentric 

bipolar tungsten stimulating electrodes in the stratum radiatum to record SC-CA1 responses. 

fEPSPs were recorded using n.p.i. (NPI) amplifiers amplified 1000x, filtered at 3 kHz, and 

digitized at 10 kHz.

Basal transmission was assessed by delivering stimuli (100 μs; 0.05 Hz) of increasing 

intensity to assess synaptic transmission over a broad range of responses. The amplitude of 

the fiber volley (FV) was used as an indicator of stimulus intensity and normalization of a 

response to its FV allowed for direct comparison from different stimuli. Six consecutive 

responses were averaged and the initial slope of the first 1.8-2 ms was used an indicator of 

the strength of the AMPA receptor-mediated component of the evoked response.

Stimulus intensity was then set at 150% of threshold intensity, resulting in a fEPSP of 0.1– 

0.2 mV. Responses were binned into minute averages and fEPSPs were elicited for a >30 

min baseline period to ensure stable responses prior to the induction of LTP using a high 

frequency stimulation protocol (HFS; 4 trains of 100 pulses delivered at 100 Hz; 1 min inter-

train interval). Stimulation was then resumed at 0.05 Hz for the duration of the experiment.

Whole-cell recordings: Hippocampal dissection was performed in cold N-methyl-D-

glucamine artificial cerebrospinal fluid (NMDG-ACSF) containing (in mM) 92 NMDG, 2.5 

KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 0.5 CaCl2, 10 MgSO4 ·7H2O and 

bubbled with carbogen (95% O2-5% CO2). Slices recovered for approximately 10 minutes in 

NMDG-ACSF at 32. Slices were then transferred to ACSF containing (in mM) 120 NaCl, 3 

KCl, 1.0 NaH2PO4, 1.5 MgSO4 ·7H2O, 2.5 CaCl2, 25 NaHCO3, and 20 glucose and bubbled 

with carbogen (95% O2-5% CO2) and recovered for one hour at 20–22°C. They were then 

transferred to a submersion-type chamber for recording and superfused at 20–22°C (flow 

rate 0.5–1 ml/min).

Cells were visualized under differential interference contrast using a 60x water immersion 

objective (Nikon Eclipse E600FN). Infected CA1 cells were identified by their expression of 

YFP.

Whole-cell current clamp recordings were obtained using an Axopatch 200B amplifier 

(Axon Instruments, Union City, CA) and digitized with a Digidata 1440 analog-digital 

converter (Instrutech, Elmont, NY). Patch pipettes were pulled to resistances of 3-8MΩ. 

Patch pipettes were filled with a solution containing 130mM K-gluconate, 5mM KCl, 2mM 

MgCl2-6H2O, 10mM HEPES, 4 mM Mg-ATP, 0.3mM Na2-GTP, 10mM Na2-

phosphocreatine, and 1mM EGTA. The extracellular solution consisted of ASCF and 50μM 

picrotoxin. Input resistance was calculated by delivering a series of hyperpolarizing current 

steps to pyramidal neurons (−50 pA for approximately 500ms) and measuring the voltage 

deflection. The maximum firing rate of neurons was determined by delivering increasing 

depolarizing current steps and calculating the maximum frequency at which the cells could 

fire faithfully. Action potential threshold was measured by delivering a ramp of depolarizing 

current to cells, and the voltage at which the first action potential fired was recorded.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental design and quantification—Experiments were performed with the 

investigators blinded to experimental conditions (e.g. expression construct, stimulation, 

inhibitor, animal, etc.). The blind was not broken until data analysis was complete.

Mitochondrial length and dendrite length were measured using Mytoe (Lihavainen et al., 

2012), and ImageJ plugin NeuronJ (Meijering et al., 2004), respectively. In all experiments, 

secondary to quaternary dendrites were analyzed because primary dendrites have too high 

mitochondrial density to be spatially resolved, whereas much higher-order dendrites had too 

scarce mitochondria. Dendritic spine density was performed by counting the number of 

spines and dividing by the length of dendrite. This was done in ImageJ by a second 

investigator who was blinded to the experimental conditions. To compare basal spine size, 

spine area was measured using automated threshold-based integrated morphometry analysis 

in MetaMorph (Molecular Devices). Here, area was used in lieu of intensity in order to 

control for differences in fluorescent protein expression levels between cells. To compare 

structural changes during LTP, spine volume, area, and surface AMPAR data were analyzed 

using ImageJ and custom-written MetaMorph journals and Matlab (MathWorks) scripts. 

Briefly, drift and movement were first corrected for using the ImageJ plugin StackReg 

(Thevenaz et al., 1998). Then, regions of interest (ROIs) around spines were blindly 

selected, and background-subtracted integrated intensity of membrane-mCherry, membrane-

mRuby, or SEP-GluA1,2 fluorescence was measured using automated MetaMorph journals. 

Only spines that remained within the ROI for the duration of imaging were used. Post hoc, 

data were normalized to the average of the first three baseline frames within each ROI using 

Matlab. Baseline subtraction using a negative control was performed in Prism (GraphPad) to 

account for mem-mCherry and -mRuby photobleaching.

Mitochondrial fission events were counted frame by frame using ImageJ, while blinded, 

similar to previous strategies (Ji et al., 2015; Li et al., 2004). The number of fission events 

was normalized to the dendrite length in which fission was analyzed, which range ranged 

from 3000-16000 μm per group in cLTP experiments. The change in fission events was 

calculated by subtracting the average of the number of fission events in two baseline points 

from the point immediately after stimulation, during which the burst of fission occurred. 

When baseline fission is reported, the bar graphs represent the average fission of the first 

two baseline points, analyzed from the first three baseline frames. In glutamate photolysis 

experiments, the length of dendrite analyzed was less, ~1000 μm per group, since only 

regions exhibiting an increase in GCaMP6f ΔF/F could be used and because a randomly-

selected dendritic segment of a similar length was selected from the same cell as a negative 

control. The distance between sites of mitochondrial fission and dendritic spines on the same 

dendrite branch that had undergone LTP was measured by first identifying single point ROIs 

at the dendritic shaft base of structurally potentiated spines in ImageJ while blinded to the 

mitochondrial signal. Then, mitochondrial fission events were identified as above and 

another single point ROI was used to label the fission spot, and point-to-point distance was 

measured using the line tool. An upper limit for the distance was set at 50 μm and only the 

nearest mitochondrial fission site to a given potentiated spine was reported. For 
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mitochondrial re-fusion, cLTP fission burst events were identified and the timecourse of re-

fusion of these fission events was determined.

For Drp1 immunocytochemistry quantification using ImageJ, ROIs were drawn while 

visualizing GFP fluorescence and blinded to Ax647 fluorescence, which was measured. 

Surface synaptic AMPAR intensity was quantified in MetaMorph. ROIs were drawn using 

automated thresholding of Homer1 to demarcate the synapse while blinded to GluA2 data. 

Then, the average GluA2 intensity within a Homer1 mask-defined ROI was measured.

For analysis of GCaMP6f intensity, ROIs were drawn around thresholded masks of averaged 

images using custom-written automated MetaMorph journals. ΔF/F was calculated in Matlab 

as (Fend – Fbeginning)/Fbeginning, where Fend was measured from the averaged image of the 

last 200 frames after stimulation and Fbeginning was measured from the averaged image of 

the first 200 frames before stimulation. The color map was made using ImageJ.

For electrophysiological LTP experiments, fEPSP slope values were averaged and quantified 

over a 3 min period preceding HFS, and a 3 min period at the end of the manipulation. 

fEPSP values were quantified relative to the average value of the 10-minute baseline period 

immediately preceding the first manipulation. To analyze the AMPAR-mediated responses, 

the window was fixed in the initial rising phase of the response, 2–5 ms after its initiation. 

Mitochondrial length in the hippocampal slice LTP experiment was normalized to the pooled 

average of the mean mitochondrial lengths from each slice in both groups. Slices in which 

APV treatment failed to return the fEPSP slope to baseline (defined by at least less than 10% 

increase from the baseline average) were excluded from analysis. All LTP recordings and 

slice imaging were performed by separate investigators who were blinded to experimental 

conditions.

Analysis of mitochondrial Ca2+ was performed as follows. First, an average intensity 

projection of the baseline frames was created, followed by background subtraction in 

ImageJ. Next, an intensity-based mask of individual mitochondria was automatically created 

in MetaMorph. Average intensity values within mitochondrial regions defined by this mask 

were then collected from the Mito-RGECO timeseries in MetaMorph and underwent 

background subtraction based on a background region in Matlab. ΔF/F (i.e. (F- F0)/F0) was 

then calculated in Matlab, in which F was defined as the average intensity value and F0 was 

iteratively calculated every 600 frames from the average of the smallest 5 average intensity 

values, to account for photobleaching. Traces with excessive noise or large ΔF/F values were 

filtered out. Events from the remaining sweeps were detected in Clampfit (Molecular 

Devices) by hand while blinded, using Threshold Search. These data were then compiled in 

Matlab prior to statistical analysis in Prism.

Statistics

Statistics for all experiments were performed using GraphPad Prism and all figures were 

prepared using Microsoft PowerPoint. Most statistical details of experiments – including n, 

what n represents, dispersion and precision measures, etc. – can be found in the Results 

section. Significance was defined as p < 0.05 and all p values are reported. Statistical tests 

used are described here to avoid redundancy in the text. Briefly, column statistics were first 
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performed and a D’Agostino-Pearson omnibus normality test was used to determine whether 

the sample values were likely from a Gaussian distribution. If so, the appropriate parametric 

test without assuming equal variance was used, and if not, the appropriate non-parametric 

test was used. Pearson and Spearman analyses were performed for correlations and are 

reported in the main text. For analysis of two groups, either a parametric t-test with Welch’s 

correction or a non-parametric Mann-Whitney test was performed. For analysis of two 

groups in the photolysis experiment, a paired t-test was used since data in the control and 

experimental groups were both acquired from the same cell, simultaneously. For analysis of 

distributions, a Kolmogorov-Smirnov test was used. For analysis of three or more groups 

across one factor, One-way ANOVA (either ordinary or Kruskal-Wallis) was performed, 

with a post hoc Dunn’s test only if significant. The reported post hoc value is with respect to 

the mentioned control. For comparison of two or more factors (e.g. time and stimulation, 

expression construct and time, etc.), a Two-way ANOVA was performed, and post hoc test 

(either Sidak, Dunnett, or Tukey, as recommended) for multiple comparisons was performed 

only if the interaction p-value and/or the p-value of the factor of interest were significant. 

For Two-way ANOVA, several p-values are clearly reported in the main text for each 

experiment including for the interaction, factor of interest, and post hoc comparison.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. cLTP stimulation increases dendritic mitochondrial fission.
A) Representative images of pyramidal neuron expressing GFP and MitoDsRed. Scale bar: 

50 μm. B) Total mitochondrial length and total dendrite length are correlated across many 

different cell sizes. Each gray circle represents one cell; black line is linear regression. C-E) 
cLTP stimulation increases dendritic spine volume and surface AMPARs. (C) Representative 

spines (yellow arrows). Scale bar: 5 μm. (D) Group spine volume and (E) surface AMPAR 

data. F-H) cLTP stimulation induces a rapid and large burst of dendritic mitochondrial 

fission, which is dependent on NMDAR activation. (F) Top: cLTP stimulation induces 

dendritic mitochondrial fission (white arrowheads) before spine growth (yellow arrows). 
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Bottom: APV treatment prevents fission burst. Scale bar: 5 μm. G,H) (G) Time-series and 

(H) change from baseline fission events per micron of dendrite. Data represented as mean ± 

SEM. *: p<0.05, **: p<0.005, ***: p<0.0005. Also see Figure S1.
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Figure 2. Molecular mechanisms underlying cLTP fission burst.
A) Top: Growing Drp1 puncta (yellow arrows) are found at sites of cLTP-evoked dendritic 

mitochondrial fission (white arrowheads) in cultured hippocampal neurons. Bottom: 
Drp1DN puncta on dendritic mitochondria are not associated with fission sites. Scale bar: 5 

μm. Time in seconds. B-D) cLTP fission burst is Drp1-dependent. (B) Time-series and (C) 

change from baseline fission events per micron of dendrite in neurons expressing WT or DN 

Drp1. (D) Change from baseline in neurons expressing control or Drp1 miRNA. E,F) Actin 

dynamics contribute to cLTP fission burst. G-I) cLTP fission burst is Dyn2-dependent. (G) 

Representative images of dendrites, spines, and mitochondria in neurons expressing WT or 
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DN Dyn2. Data represented as mean ± SEM. ns: p>0.05, *: p<0.05, **: p<0.005, ***: 

p<0.0005. Also see Figures S2 and S3.
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Figure 3. Cytosolic calcium elevation triggers mitochondrial fission.
A) Representative dendrites from cultured hippocampal neuron expressing GCaMP6f. Blue 

circles: stimulated spines. Scale bar: 10 μm. B) Representative time-series illustrating 

transient increase in dendrite GCaMP6f intensity following multi-spine glutamate 

photolysis. C) Color map illustrating spatial proximity of increase in GCaMP6f ΔF/F to 

stimulated spines. D) Glutamate photolysis only causes an increase in GCaMP6f ΔF/F in 

dendrites nearby stimulated spines, compared to unstimulated branches of the same cell. 

Each point represents an individual dendritic region. E-H) Mitochondrial fission selectively 

increases at sites of local cytosolic calcium elevation. (E) Representative image of 
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MitoDsRed within same neuron. Yellow inset: mitochondrion in GCaMP6f ΔF/F < 0 region. 

Cyan inset: mitochondria in GCaMP6f ΔF/F > 0. (F) Timeseries of insets in E. Fission 

events (white arrowheads). Scale bar: 5 μm. (G) Timecourse of mitochondrial fission events 

following photolysis train in stimulated and unstimulated region. Data represented as mean 

± SEM. (H) Dendritic GCaMP6f ΔF/F is correlated with, and is predictive of, dendritic 

mitochondrial fission. Each point represents an individual dendritic region. Open gray 

circles: regions with zero fission events. Blue circles: regions with at least one fission event. 

*: p<0.05, ***: p<0.0005.

Divakaruni et al. Page 33

Neuron. Author manuscript; available in PMC 2019 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. CaMKII and Drp1 phosphorylation are required for cLTP fission burst.
A-B) CaMKII activation is required for cLTP fission burst. Data represented as mean ± 

SEM. C) CaMKII activity level controls baseline mitochondrial length. Data represented as 

median ± 95% CI. D-G) Drp1 Ser616 phosphorylation is required for the cLTP fission burst. 

(D) Representative timeseries of cLTP fission burst (white arrowheads) in neurons 

expressing MitoDsRed and GFP-tagged WT, S616A (phospho-null), or S616D (phospho-

mimetic) Drp1 variants. Scale bar: 5 μm. (E) Fission burst is prevented by Drp1 S616A. (F) 

Baseline fission rate is enhanced by S616D. (G) Fission change from baseline among the 

three groups. Data represented as mean ± SEM. ns: p>0.05, *: p<0.05, **: p<0.005, ***: 

p<0.0005. Also see Figure S4.
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Figure 5. Dendritic mitochondrial fission is required for structural LTP.
A-C) Dendritic spine growth after cLTP stimulation is impaired in neurons expressing 

GFPDrp1DN. (A) Representative dendrites illustrating dendritic spine growth after 

stimulation (yellow arrows). Scale bar: 5 μm. Time in minutes. (B) Spine volume timeseries 

and (C) final percent change in spine volume are impaired by Drp1DN. D-I) Mitochondrial 

fission is required for increasing surface synaptic AMPARs during LTP. (D-F) GFPDrp1DN 

prevents increase in surface synaptic AMPARs - immunocytochemistry. (G-I) Drp1 miRNA 

(miR) prevents increase in surface AMPARs – SEP-AMPARs. (G) Representative dendrites 

and timeseries from neurons expressing control (cont) or Drp1 miRNA. Scale bar: 5 μm. 
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Time in minutes. (H) Initial and (I) final change in surface AMPARs are impaired. J) Drp1 

miR prevents dendritic spine growth after cLTP stimulation. Data represented as mean ± 

SEM. ns: p>0.05, **: p<0.005, ***: p<0.0005. Also see Figure S5.

Divakaruni et al. Page 36

Neuron. Author manuscript; available in PMC 2019 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Dendritic mitochondrial fission is required for electrophysiological LTP.
A-E) HFS of Schaffer collaterals produces shorter mitochondria in CA1 stratum radiatum in 

acute hippocampal slices. (A) Representative image of cleared acute hippocampal slice from 

MitoEYFP transgenic mouse with schematic of stimulation paradigm. Yellow box: example 

imaging region. Scale bar: 500 μm. (B-C) HFS produces robust NMDAR-dependent LTP. 

(D) Example of CA1 mitochondria in slices after HFS in normal ACSF (left) and +APV 

(right). Scale bar: 10 μm. (E) HFS produces shorter mitochondria in CA1 dependent on 

NMDAR activation. F-H) Preventing dendritic mitochondrial fission with DN Drp1 

suppresses HFS-LTP in hippocampal slices. (F) Left: Diagram of electrophysiology 
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experiment design in hippocampal slice infected with YFPDrp1DN. Right: Example traces 

illustrating LTP of CA1 fEPSPs in slices expressing Drp1 or Drp1DN. (G) Group data 

showing the effect of DN Drp1 on HFS of CA1 fEPSPs over time. (H) Drp1DN impairs 

HFS LTP of Schaffer collateral-CA1 synapses. (I) Basal AMPAR synaptic transmission is 

not impacted by infecting slices with Drp1DN. J) Model. Solid boxes, black lines: findings 

of the current study. Dashed boxes, gray lines: proposed mechanisms. Data represented as 

mean ± SEM. ns: p>0.05, *: p<0.05, ***: p<0.0005. Also see Figure S6.
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Figure 7. cLTP stimulation increases the frequency of mitochondrial calcium transients 
(mCaTs).
A) Representative images of cLTP-stimulated cultured hippocampal neuron expressing GFP 

and MitoRGECO. Scale bar: 25 μm. B) Representative timeseries of single dendritic 

mitochondrion depicting two cLTP-evoked mCaTs. Scale bar: 2 μm. C) Representative ΔF/F 

traces from dendritic mitochondria depicting cLTP-evoked mCaTs. D) Representative image 

of +APV-stimulated cultured hippocampal neuron. Scale bar: 25 μm. E) Representative 

timeseries (Scale bar: 4 μm) and F) ΔF/F traces of individual dendritic mitochondria 

showing no mCaTs following stimulation. G) cLTP stimulation causes an NMDAR-

dependent increase in dendritic mCaT frequency. Data represented as mean ± SEM. ns: 

p>0.05, ***: p<0.0005. Also see Figure S7.
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Figure 8. cLTP-evoked dendritic mCaTs require mitochondrial fission.
A,D) Representative image of cLTP-stimulated cultured hippocampal neuron expressing 

MitoRGECO and (A) GFP Drp1 or (D) Drp1DN. Scale bar: 25 μm. B,E) Representative 

timeseries of single dendritic mitochondrion depicting cLTP-evoked mCaTs in (B) GFPDrp1 

or (E) Drp1DN neurons. Scale bar: 2.5 μm. C,F) Representative ΔF/F traces from dendritic 

mitochondria depicting cLTP-evoked mCaTs in (C) GFPDrp1 or (F) Drp1DN neurons. G) 
cLTP-evoked mCaT frequency, amplitude, duration, and integrated area require dendritic 

mitochondrial fission. H) Potential mechanisms by which dendritic mitochondrial fission 

and mCaTs may regulate LTP. Solid boxes, black lines: findings of the current study. Dashed 
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boxes, gray lines: proposed mechanisms. Data represented as mean ± SEM. ns: p>0.05, *: 

p<0.05, **: p<0.005, ***: p<0.0005.
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