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ORIGINAL ARTICLE

Neuroﬁlament subunits are integral components of synapses
and modulate neurotransmission and behavior in vivo
A Yuan1,2,9, H Sershen2,3,9, Veeranna1,2,9, BS Basavarajappa4,5, A Kumar1,2, A Hashim3, M Berg1, J-H Lee1,2, Y Sato1,10, MV Rao1,2,
PS Mohan1, V Dyakin1, J-P Julien6, VM-Y Lee7 and RA Nixon1,2,8
Synaptic roles for neuroﬁlament (NF) proteins have rarely been considered. Here, we establish all four NF subunits as integral
resident proteins of synapses. Compared with the population in axons, NF subunits isolated from synapses have distinctive
stoichiometry and phosphorylation state, and respond differently to perturbations in vivo. Completely eliminating NF proteins from
brain by genetically deleting three subunits (α-internexin, NFH and NFL) markedly depresses hippocampal long-term potentiation
induction without detectably altering synapse morphology. Deletion of NFM in mice, but not the deletion of any other NF subunit,
ampliﬁes dopamine D1-receptor-mediated motor responses to cocaine while redistributing postsynaptic D1-receptors from
endosomes to plasma membrane, consistent with a speciﬁc modulatory role of NFM in D1-receptor recycling. These results identify
a distinct pool of synaptic NF subunits and establish their key role in neurotransmission in vivo, suggesting potential novel
inﬂuences of NF proteins in psychiatric as well as neurological states.
Molecular Psychiatry (2015) 20, 986–994; doi:10.1038/mp.2015.45; published online 14 April 2015

INTRODUCTION
Neuroﬁlaments (NFs), the intermediate ﬁlaments of mature
neurons, are among the most abundant proteins in brain. NFs
expand the calibers of large myelinated axons to support nerve
conduction1,2 and support dendrites of large motoneurons.3,4
Unlike the intermediate ﬁlaments of other cell types, central
nervous system (CNS) NFs are hetero-polymers composed of NFL,
NFM, NFH and α-internexin.5,6 NFM, NFL and NFH subunits also
differ from most other intermediate ﬁlament proteins in being
regulated by phosphorylation at many sites by multiple protein
kinases.7 The complex hetero-polymeric structure and dynamically
changing phosphate topography of NF proteins suggest that they
might serve additional biological roles beyond static structural
support of axon caliber.8,9 Notably, NF proteins have been
reported to be altered in certain neuropsychiatric states although
a mechanistic understanding of their involvement is lacking.
Synapses have long been considered to be degradative sites for
NF reaching terminals by axonal transport. A functional role for NF
proteins within synapses, however, has rarely been considered
although scattered observations hint at this possibility.8,9 For
example, NF subunits can be transported to synaptic terminals in
oligomeric form, including hetero-dimers.10 Individual NF subunits
or their fragments have been detected in synaptic fractions and
bound to speciﬁc isolated synaptic proteins7 although contamination by axonal NF has not been excluded.11 A splice variant of the
NMDA receptor subunit NR1 has been reported to bind speciﬁcally
through its cytoplasmic C-terminal domain to the NFL subunit
1

in vitro and in non-neuronal cells transfected with NF proteins.8
Evidence is lacking, however, for a direct interaction between NFL
and NR1 in brain. NFM was shown to bind via its C-terminus to the
third cytoplasmic loop of the dopamine D1 receptor (D1R) in vitro
when both proteins were co-transfected in non-neuronal cells,
which lowered D1R cell surface occupancy and sensitivity of the
cells to D1R agonists.9 D1R is a primary site of action of stimulant
drugs like cocaine and amphetamine and, interestingly, chronic
exposure to drugs of abuse in humans12 and in animal models of
drug addiction13,14 selectively lowers levels of NF proteins and
alters their phosphorylation states. Cocaine administration also
activates extracellular signal-regulated kinase (ERK), a known NF
protein kinase,15 by promoting its phosphorylation,16–18 which is
coupled to increased NF phosphorylation.12,16 The functional
signiﬁcance of these cytoskeletal changes and their implications
for synaptic function remain unclear.
In this study, we used multiple independent approaches to
establish that all four NF subunits of the mature CNS are integral
proteins of synapses, particularly the postsynaptic area. This
synaptic population can be distinguished from NFs within the
axonal cytoskeleton, thus excluding the possibility of artifactual NF
contamination as a basis for their presence in synapses. We further
observed that eliminating NF proteins from the CNS profoundly
disrupts synaptic plasticity without altering the structural integrity
of synapses. Finally, using a large panel of genetic mouse models
in which individual NF subunits were selectively deleted, we
establish in vivo a speciﬁc functional role of postsynaptic NFM
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subunits in modulating D1 receptor-mediated behavior. Our
ﬁndings indicate that distinctive pools of NF proteins within
synapses perform roles in neurotransmission quite different from
the conventional role of NF in axons. Thus, they provide insight
into the functional signiﬁcance of selective NF subunit alterations
observed in certain neuropsychiatric disorders, in addition to the
better known alterations associated with neurodegenerative
diseases.19–23
MATERIALS AND METHODS
Generation of transgenic animals, drugs and antibodies
Please see Supplemental Information.

Analytical methods
Our published methods were used for all the procedures. Please see
Supplemental Information.

RESULTS
Identiﬁcation of a unique population of NF proteins within
synapses
Although NF subunits have diverse ligands, including several
structural and receptor proteins enriched in synaptic
terminals,8,9,24,25 it is not known whether or not NF proteins are
actually stable constituents of synapses or simply axonal NF
contaminants. To resolve this issue, we applied multiple complementary analytical approaches, beginning with investigations
of NF subunits in synapses using immunogold electron microscopy. We ﬁrst performed quantitative immunogold analyses on
NFM in synaptic terminals of mouse striatum with monoclonal
anti-NFM RMO44 using a post-embedding labeling procedure. In
analyses of 4100 digitized micrographs using Bioquant software,
we quantiﬁed the densities of gold particles contained within the
cytoplasm of presynaptic or postsynaptic bouton areas, respectively, identiﬁed by clear synaptic vesicles or a postsynaptic
density, and separately analyzed the dendrites adjacent to
synaptic terminals. To assess non-speciﬁc labeling, we analyzed
grids incubated without primary antibodies or with primary
antibody pre-absorbed as a negative control (Figures 1e and f)
and, as a second negative control, we also compared immunogold
labeling over synaptic mitochondria, which should lack speciﬁc
labeling. Comparisons of gold particles per unit area for these
morphological structures (Figures 1a–d) revealed a signiﬁcant
NFM enrichment in postsynaptic bouton areas compared with
preterminal dendritic areas or presynaptic terminals. Immunogold
particle density for NFM in postsynaptic boutons was eightfold
higher (P o 0.0001, Mann-Whitney test) than that associated with
mitochondria and fourfold greater than that in adjacent preterminal regions of dendrites (P o0.0001, Mann-Whitney test).
NFM immunogold density in presynaptic terminals, while fourfold
higher than non-speciﬁc mitochondrial labeling (Po 0.0001,
Mann-Whitney test) was much lower than that in adjacent axon
preterminal regions, contrasting with the NFM enrichment in
postsynaptic boutons relative to preterminal dendritic areas.
We then conﬁrmed NFM enrichment in postsynaptic boutons
by double-immunoﬂuorescence analysis of primary cortical
neurons derived from wild-type C57BL/6J mice at E17.5 days.
Neurons (21 DIV) immunostained with mouse mAb RMO-44 or
anti-NFM rabbit polyclonal antibody displayed concentrations of
NFM immunoﬂuorescence that colocalized with the postsynaptic
marker, PSD95, identiﬁed by the monoclonal antibody from
Sigma, and were apposed to presynaptic terminals labeled with
antibodies to synaptophysin (monoclonal, Sigma) or synapsin I
(polyclonal, Sigma) (Figures 1g and i). NFM immunoﬂuorescence
in the postsynaptic terminal was stronger than in the preterminal
dendrite. We could observe short 10 nm ﬁlaments in occasional
© 2015 Macmillan Publishers Limited

synapses, which in some cases, were linearly decorated by gold
particles after reaction with anti-NFM antibody in immunoelectron
microscopy analyses (Figures 1j and p). The images indicate that at
least some synaptic NF subunits exist in polymerized form. Finally,
we also conﬁrmed that the immuno-gold labeling of NFM was a
150 kDa intact subunit and not the degradation products of this
subunit by immunoblot analysis, which showed that full-length
NFM is the major NFM-related protein species of synaptosomes
(Supplementary Figure S1).
We also performed pre-embedding immunogold EM labeling to
investigate the presence of all four NF subunits in synapses of WT
mouse striatum (Supplementary Figures S2a and e) and hippocampus (Supplementary Figures S2f and h). With each antibody,
we analyzed, as negative controls, brain sections from mice
lacking all NF proteins through knockout of α-internexin, NFH and
NFL (triple IHL-TKO mice, described in detail in Figure 3) to assess
the speciﬁc binding of antibodies to each NF subunit (Supplementary Figure S2c and d). Under the conditions used in our
labeling studies, morphometric analyses showed that each NF
subunit antibody negligibly labeled IHL-TKO striatum (Figures 2c
and d) or hippocampus (not shown) in contrast to the strong
decoration of the abundant NFs in myelinated axons of WT mice,
which served as a positive control (Supplementary Figure S2a and
b). Morphometric analysis of gold particles associated with each of
the four NF subunits, NFM (Supplementary Figure S2e), NFL
(Supplementary Figure S2f), NFH (Supplementary Figure S2g) and
α-internexin (Supplementary Figure S2h) showed signiﬁcantly
higher labeling density in wild-type than in IHL-TKO mice
(Supplementary Figure S2i) (Po0.0001, Mann-Whitney test, mean ±
s.e.m., n = 10–26). Similar to NFM labeling, more labeling of NFL,
NFH and α-internexin was seen in postsynaptic areas than in
presynaptic areas. To further establish the identity of NF assemblies
in synapses, we performed immuno-gold double-labeling of NFL
with NFM or NFL with NFH. The labeling of two subunits was clearly
aligned along single ﬁlaments or associated with a loose
ﬁlamentous web within the postsynaptic bouton (Figures 2a and g).
In further conﬁrmation of the immunoelectron microscopy
results, western blot proﬁles of fractions from 30% Optiprep
gradients demonstrated that all four NF subunits co-fractionate in
signiﬁcant quantities with vesicular fractions containing the
synaptosomal marker PSD95 (Figure 2h, fractions 9–14). Supporting the uniqueness of the NF subunit assemblies in synaptosomes,
the ratio of α-internexin to NFL in synaptosomes (Supplementary
Figure S3) from striatal tissue was signiﬁcantly higher than that in
Triton-insoluble NF fractions (Po 0.05, n = 3, Student’s t-test)
(Figure 2i). Moreover, we observed a signiﬁcant difference in
phosphorylation states of the long C-terminal tails of synaptic
NFM and NFH compared with their counterparts in the total tissue
(mainly axonal) NF population, as evidenced by signiﬁcantly
less phosphorylation of NFM (P o 0.01, n = 3, Student’s t-test)
(Figure 2j) and greater phosphorylation of NFH (P o0.01, n = 3,
Student’s t-test) (Figure 2k). We conﬁrmed that the same pattern
exists in hippocampal synaptosomes (Figures 2l and n).
When NFM was deleted from mice, the proportion of NFH
relative to NFL increased 107% in the synaptic pool compared
with the total pool (P = 0.05, n = 3, Student’s t-test), while the NFH
to α-internexin ratio showed a similar though non-signiﬁcant
trend (P = 0.16, Student’s t-test, n = 3)(Figures 2o and q). Moreover,
in the absence of NFM, phosphorylation of synaptic NFH increased
relative to that of total (mainly axonal) NF (P = 0.02, n = 3, Student’s
t-test). These results indicate a differential effect of NFM loss on
axonal and synaptic NF pools.
Elimination of NFs impairs hippocampal long-term potentiation
(LTP) induction
IHL-TKO mice were further characterized and used to investigate
the importance of NF proteins for synaptic function. In the
Molecular Psychiatry (2015), 986 – 994
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Figure 1. Presence of NFM proteins in synapses and 10 nm NF polymers in synapses. Post-embedding EM using anti-NFM antibody (RMO-44)
(a) shows immunogold decoration of presynaptic (a, 'Pre', arrows) and postsynaptic regions (a, 'Post', arrowheads). Mitochondria (Mito), as a
background control, exhibit little or no labeling. (b) Morphometry of NFM-gold particles shows eightfold more immunogold in postsynaptic
regions (Po0.0001) per unit area than in mitochondria and fourfold more than in preterminal dendrites where the presence of NFM is
established (P o0.0001). Gold particles in the presynaptic region are fourfold more numerous than in mitochondria. Stars indicate a
statistically signiﬁcant difference compared with mitochondria. (c, d) Two examples illustrating the greater immunogold labeling in
postsynaptic regions than in presynaptic regions ('Pre', arrows and 'Post', arrowheads). Negative controls without primary antibody (e) or with
primary antibody pre-absorbed (f) show negligible labeling. Arrow points to a dendrite in (e) and arrowheads to synapses in (e, f). Doubleimmunolabeled primary neurons show colocalization of NFM and the postsynaptic marker, PSD95 (g). A focal region of strong NFM
immunoﬂuorescence is apposed to a region containing strong immunoﬂuorescence for presynaptic markers synaptophysin (h) or synapsin I
(i). Although not abundant, NF structures could be visualized in synapses of human (j) and mouse brain (k). The presence of 9–10 nm
ﬁlaments was previously reported in dendritic spines of mouse brain prepared by rapid-freezing technique (Landis and Reese,29 reproduced
by permission) (l). Linear structures in the synapse were also decorated by anti-NFM antibody visualized by immunogold labeling (m–p).
Arrows point to 10nm ﬁlaments. n and p show higher magniﬁcations of m and o, respectively. Scale bar, 100 nm in a; 50 nm in c, d; 200 nm in
e, f and 5 μm in g–i; 100 nm in j, k, l, m and o; 50 nm in n and p.
Molecular Psychiatry (2015), 986 – 994
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Figure 2. Distinct NF populations in synapses and axons. Ultrastructural colocalization of NFL and NFH (a, b, c) or NFL with NFM (d, e, f) on the
same NF or on a ﬁlamentous web within the postsynaptic terminal by pre-embedding (a) or post-embedding immunoelectron microscopy
(b–g). Paraformaldehyde-ﬁxed samples were incubated with mouse anti-NFL or rabbit anti-NFH or NFM antibodies and probed with goat antimouse IgG and goat anti-rabbit IgG conjugated to 15 and 10 nm gold beads. a shows an enlarged spine containing NF decorated by both NFL
(arrowheads) and NFH (arrows). b shows a ﬁlament decorated by only NFH (arrows). d shows a ﬁlament decorated by both NFL (arrowheads)
and NFM (arrows). f shows two linear structures decorated by NFM (arrows) and one of them is in close contact with a vesicle (arrow). d shows
a NF decorated by both NFL (arrowhead) and NFM (arrows) in an axon. Scale bars, 200nm in a; 100nm in b, c, d, e, g; 50nm in f. Pre,
presynaptic terminal; Post, postsynaptic terminal. Western blot proﬁles of fractions 1–18 from 0 to 30% Optiprep gradient separation of
hippocampal post-nuclear supernatant showing NF proteins are associated with synaptosomes (j). (j) Ponceau S stain and immunoblots
stained with corresponding antibodies. Total NF (mainly axonal) and synaptosomal NF were isolated from striatum (i, j, k) or hippocampus (l,
m, n) and quantiﬁed after immunoblotting with corresponding antibodies. (i) Relative ratios of α-internexin to NFL in fractions of total NF and
synaptosomal NF. (j) Relative ratio of phosphorylated NFM (RMO55) to total NFM(RMO44) in total NF and synaptosomal NF. (k) Relative ratio of
phosphorylated NFH (SMI31) to non-phosphorylated NFH (SMI33) in total NF and synaptosomal NF. (l) Relative ratios of α-internexin to NFL in
fractions of total NF and synaptosomal NF. (m) Relative ratio of phosphorylated NFM (RMO55) to total NFM(RMO44) in total NF and
synaptosomal NF. (n) Relative ratio of phosphorylated NFH (SMI31) to non-phosphorylated NFH (SMI33) in total NF and synaptosomal NF. (o)
Proportion of NFH relative to NFL increased in the synaptic pool compared with the total pool in striatum of MKO mice. (p) Proportion of NFH
relative to α-internexin increased in the synaptic pool compared with the total pool in striatum of MKO mice. (q) Relative ratio of
phosphorylated NFH (SMI31) to non-phosphorylated NFH (SMI33) in total NF and synaptosomal NF from striatum of MKO mice. ANT, αinternexin; PSD95, postsynaptic density protein 95; WT, wild-type; TKO, α-internexin, NFH and NFL triple knockout mice. IHL-TKO, α-internexin,
NFH and NFL triple knockout mice. t-NF, total NF; s-NF, synaptic NF; MKO, NFM knockout mice.

absence of the three subunits from these mice, NFM was also
undetectable in the CNS (Figures 3a and b), including in synaptosomal preparations from hippocampus (Figure 3c). Despite the
complete absence of NF, CNS neurons maintain normal structural
© 2015 Macmillan Publishers Limited

appearance with no evident neurodegenerative changes (Figures
3d and g). In electrophysiological studies, we determined the
input/output responses of ﬁeld excitatory postsynaptic potential
(FEPSP) in the Schaffer collateral pathway of the hippocampal
Molecular Psychiatry (2015), 986 – 994
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Figure 3. Construction and characterization of NF triple knockout homozygous mice and impaired CA1 long-term potentiation (LTP) in IHL-TKO
mice. NF triple knockout homozygous mice were generated by cross-breeding α-internexin knockout mice with NFH knockout mice and then
with NFL knockout mice. (a) Southern blot analysis of genomic tail DNA digested with enzymes and hybridized with 32P-labeled probes.
Targeted disruption of all three genes was conﬁrmed. (b) Western blot analysis of CNS and PNS nerve extracts of the triple knockout mice.
Protein extracts prepared from optic nerves, corpus callosum, spinal cord and sciatic nerve were separated on a 10% SDS polyacrylamide gel
and transferred to nitrocellulose membrane. Membranes were probed with different antibodies. Absence of the three proteins was conﬁrmed
with corresponding antibodies. Note that NFM was undetectable in optic nerves, corpus callosum, and spinal cord and limited (3% of normal
level) in sciatic nerves. (c) NFM was also undetectable in isolated hippocampal synaptosomes from TKO mice compared with wild-type mice.
There was no neurodegeneration of synapses in the brain of TKO mice (e, g) compared with wild-type mice (d, f). OPN, optic nerve; CC, corpus
callosum; SC, spinal cord; SN, sciatic nerve. TKO, α-internexin, NFH and NFL triple knockout mice. (h) A summary graph showing the ﬁeld input/
output relationship for WT (light blue) and IHL-TKO (pink) mice. (i) A time course of the average of the ﬁeld excitatory postsynaptic potentials
(FEPSP) slopes from slices obtained from WT and IHL-TKO mice. The fEPSP slopes were normalized to the average value during the 10 min prior
to stimulation in each experiment. An arrow shows the time of tetanic stimulation (4 pulses at 100 Hz with bursts repeated at 5 Hz, and each
tetanus including 3 10-burst trains separated by 15 s). (j) A combined plot of the averages of fEPSP slopes at several time points. Each point is
the mean ± s.e.m. (n = 5 mice per group, 12 slices per group). Two-way analysis of variance with Bonferroni’s post hoc test; ***Po0.001. Scale
bars, 500 nm in d, e, f, and 200 nm in g.

slices prepared from control and IHL-TKO animals. Increasing
stimulus intensity evoked robust input/output responses of fEPSP
in wild-type (WT) mice, whereas the fEPSP slope was signiﬁcantly
reduced in IHL-TKO mice (Figure 3h). Before tetanic stimulations,
the baseline fEPSP was recorded in 60-s intervals for 10 min with
stimulation at an intensity equivalent to about 35% of the
maximum evoked response. The tetanic stimulation26,27 evoked a
typical LTP of fEPSP in slices from WT mice. These responses were
stable over 120 min. However, tetanic stimulation evoked a
signiﬁcantly reduced fEPSP slopes in IHL-TKO slices (n = 12 slices
per 5 mice per group, Po0.001, two-way analysis of variance with
Molecular Psychiatry (2015), 986 – 994

Bonferroni’s post hoc test) (Figures 3i and j). NF proteins are,
therefore, required for synaptic plasticity. Consistent with this result,
IHL-TKO mice showed social interaction deﬁcits using the 5-trial
social memory test (Supplementary Figure S4), indicating that mice
lacking NF proteins failed to develop normal social memory.
NFM speciﬁcally inﬂuences dopamine D1R-mediated behavior
in vivo
We evaluated the effect of genetically deleting the NFM subunit
on a classic D1 receptor-mediated behavior—locomotor activity
© 2015 Macmillan Publishers Limited
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Figure 4. Enhancement of cocaine-induced locomotor activity in MKO mice. Mice given a saline injection on day 1 followed by cocaine
(25 mg kg − 1, s.c.) on days 2–4 were analyzed for locomotor activity during 90 min after each injection. Sensitization occurred in both MKO and
wild-type controls after repeated injection as evidenced by higher activity after the second cocaine injection compared with the ﬁrst cocaine
injection (a). Statistical analyses of the pooled data from 24 MKO and 66 wild-type controls indicate faster onset of activity (the ﬁrst 10 min)
with the second compared with the ﬁrst cocaine injection both in MKO (582 ± 132 vs 1636 ± 349, n = 24, P = 0.0024, Mann-Whitney Test) and in
wild-type controls (237 ± 29 vs 536 ± 78, n = 66, P = 0.0002, Mann-Whitney test). Data are presented as mean ± s.e.m., n = 24-66. Wild-type,
open square; MKO, ﬁlled square. Locomotor activity was two to threefold higher than wild-type control levels (Po 0.0001, Mann-Whitney test)
in MKO mice. Dependence of increased locomotor responses in MKO mice on dopamine D1 receptor activation (b). Mice injected with
4 mg kg − 1 amphetamine on days 1–3 were divided into two groups: one treated with 0.5 mg kg − 1 D1 receptor antagonist SCH23390 30 min
before amphetamine and the second given saline vehicle. On day 9 (6- day abstinence), each group of mice was challenged with 1 mg kg − 1
amphetamine (no SCH23390 given) and locomotor activity was measured during a 90-min interval immediately after injection. MKO mice (no
SCH23390, ﬁlled square) show more sensitization compared with wild-type (no SCH23390, open diamond). These sensitization responses were
completely blocked by SCH23390-treatment in MKO (open square) and wild-type mice (ﬁlled diamond). Measurements are mean ± s.e.m. from
at least 8 animals for each group. (c) Enhanced cocaine-induced locomotor activity after deletion of NFM, but not NFL, NFH or α-internexin,
from mice. Mice given a saline injection on day 1 followed by cocaine (25 mg kg − 1, s.c.) on days 2–4 were analyzed for locomotor activity
during 90 min after each injection. Locomotor activity was threefold higher than wild-type control levels (Po 0.0001, Mann-Whitney test) in
mice lacking NFM but not signiﬁcantly altered in mice lacking NFL, NFH or α-internexin or containing one gene copy of NFM. Stars indicate a
statistically signiﬁcant difference compared with WT controls. Measurements are mean ± s.e.m. from at least 8 animals for each group. NFM
depletion leads to recycling of the D1 receptor from endosomes (ES) to plasma membrane (PM) in response to cocaine administration (d).
PM-enriched and ES-enriched fractions of mouse striata were isolated following subcutaneous injections of cocaine (25 mg kg − 1 per day) or
saline for 7 days. Analysis of SCH23390 binding to synaptic membranes or ESs showed increased D1R localization in striatal synaptosomal PM
vs ES in response to cocaine in MKO mice (d). Measurements are mean ± s.d. (n = 5, P = 0.0448, Student’s t-test). sal, saline; coc, cocaine.
Ultrastructural colocalization of D1R and NFM in the postsynaptic terminal by post-embedding immunogold electron microscopy (e–h).
Paraformaldehyde-ﬁxed samples were incubated with mouse anti-D1R and rabbit anti-NFM antibodies and probed with goat anti-mouse IgG
and goat anti-rabbit IgG conjugated to 10 and 15 nm gold beads. D1R (arrows) was located both on the PM and inside postsynaptic terminal
whereas NFM (arrowheads) was mainly inside the postsynaptic terminal and some in close contact with D1R (e, f). Co-immunoprecipitation of
NFM and endosome markers (EEA1 and Rho B) with D1R from mouse synaptosomal preparations (i). EEA1, early endosome antigen 1; RhoB,
Rho-related GTP-binding protein RhoB; B, bound; UB, unbound.

response to cocaine administration. Baseline locomotor activity,
calculated as total ambulatory counts over 14 h of nighttime
activity in 30- min segments, was 33% higher in MKO mice than
in WT controls (25217 ± 3058 vs 18861 ± 3525, n = 10, P = 0.19,
© 2015 Macmillan Publishers Limited

Student’s t-test). To achieve sensitization to cocaine, we then
injected the mice with saline on day 1 followed by daily cocaine
injections (25 mg kg − 1) for 3 days. Activity measurements over the
ﬁrst 90 min after each administration showed that the repeated
Molecular Psychiatry (2015), 986 – 994
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Figure 5. Model of D1R-containing endosomes anchored on NFM-containing cytoskeletal assemblies. On the basis of collective ﬁndings on NF
scaffolding functions and our D1R data on NF subunit null mice, we propose a model by which NFM acts in synaptic terminals to anchor D1Rcontaining endosomes formed after agonist-induced internalization of membrane D1R. Retention of D1R in a readily available internal pool
within the synapse would favor desensitization to D1R stimulation: in the absence of NFM, the greater recycling back to the plasma
membrane surface would favor hypersensitivity to D1R agonists, as observed in our in vivo studies.

injections induced sensitization in both mouse groups, as
evidenced by higher activity after the second cocaine injection
compared with the ﬁrst cocaine injection (Figure 4a). We obtained
similar results after injecting amphetamine, another dopaminereleasing drug (Figure 4b). In analyses of the pooled data from 24
MKO and 66 WT controls, onset of a motor response was faster
(within the ﬁrst 10 min) after the second cocaine injection than
after the ﬁrst injection in both MKO (582 ± 132 vs 1636 ± 349,
n = 24, P = 0.0024, Mann-Whitney test) and WT controls (237 ± 29
vs 536 ± 78, n = 66, P = 0.0002, Mann-Whitney test). Additional WT
and MKO mice were later studied and the pooled data from 59
MKO and 157 WT mice showed a signiﬁcantly higher locomotor
activity in MKO mice than WT controls after cocaine injection on
days 2, 3 and 4 (P o 0.0001, Mann-Whitney test) (Figure 4a). We
showed that these enhanced responses to stimulant drugs in MKO
mice were D1R-mediated by measuring stimulant drug responses
in the presence of the speciﬁc D1R antagonist SCH-23390. On days
1–3, MKO and WT mice received 4 mg kg − 1 amphetamine; half of
each group was also treated with 0.5 mg kg − 1 SCH-23390 for
30 min before amphetamine. On day 9 (6-day abstinence), mice
were challenged with 1 mg kg − 1 amphetamine (no SCH-23390
given). In the absence of SCH-23390, MKO mice exhibited a higher
degree of sensitization than WT controls; however, in SCH-23390treated MKO and WT mice, the sensitization responses were
markedly attenuated to the same low level (Figure 4b).
To determine whether or not these enhanced cocaine
responses were selective for NFM among the four CNS NF
subunits, we also analyzed mice lacking either NFH, NFL or
α-internexin.5 In contrast to MKO mice, these three mouse lines
exhibited normal responses to cocaine (Figure 4c). Replacing half
the normal level of NFM in MKO (MKO ± ) mice by cross-breeding
them with wild-type mice restored normal cocaine responses
(Figure 4c), indicating that the effect on D1R-mediated locomotor
behavior was related to NFM (Supplementary Figure S5) and could
be achieved at half the normal NFM gene dosage.
In mice receiving daily cocaine injections for 7 days, p-ERK
immunoreactivity was stronger in neurons of MKO mice than in
WT controls (Supplementary Figure S6). High-performance liquid
chromatography-electrochemical detection of dopamine, serotonin and their metabolites revealed no differences in levels
between WT and MKO mice (Supplementary Figure S7), thus
Molecular Psychiatry (2015), 986 – 994

excluding a change in biogenic amine levels as an explanation for
the enhancement of cocaine-induced locomotor activity in MKO
mice. In addition, total D1R levels in striatum, determined by
quantitative immunoblot analysis, were not signiﬁcantly affected
by NFM deletion (Supplementary Figure S8). To investigate this
relationship in neurons in vivo in the context of cocaine
sensitization, we isolated striata from 12 MKO and 12 WT mice
injected daily for 7 days with saline or cocaine to induce sensitization and assesses D1R distribution within plasma membrane
(PM)-enriched and endosome (ES)-enriched subcellular fractions.
Western blot analyses of the PM marker ATPase or the ES marker
EEA1 conﬁrmed the substantial enrichment of PMs and ESs,
respectively (Supplementary Figure S9). As predicted, cocaine
treatment caused more D1R to shift from ESs to PMs in MKO mice
as demonstrated by SCH ligand binding (P o0.05, Student’s t-test)
(Figure 4d). To further establish the relationship of D1R-positive
ESs to NFM, we performed immuno-gold double labeling of D1R
and NFM, which demonstrated co-localization of D1R and NFM in
postsynaptic boutons (Figures 4e and h). Moreover, in synaptosomal fractions, we could show that co-immunoprecipitation of
NFM and endosomal markers also pulls down D1R further
indicating in vivo interaction between NFM and D1R-containing
ESs (Figure 4i).
DISCUSSION
Although NF proteins have been detected in synaptic fractions
and bound to synaptic proteins in vitro,7 they are usually
considered to be axonal NF contaminants and their presence,
let alone their possible function, in synapses has been
controversial.11,28 Using multiple independent approaches, we
have shown unequivocally for the ﬁrst time that a unique
population of NF proteins is present and functional in synapses
and relatively abundant in the postsynaptic area relative to
terminal dendritic branches. NF proteins within the synapses not
only exhibit different relative subunit ratios than the ones in
axons, but they are also differently phosphorylated, indicating that
NF proteins in synapses may serve different functions from those
in axons. The relatively high proportions of α-internexin and
lowered phosphorylation state of NFM in synaptic NF assemblies
© 2015 Macmillan Publishers Limited
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would be expected to confer greater plasticity to the cytoskeleton
and allow increased interaction with binding partners.
Although NF proteins are present in both pre- and postsynaptic
areas, 10nm NF polymers are not abundant in synaptic areas
compared with myelinated axons, estimated by conventional
electron microscopy. Using a rapid-freezing technique, Landis and
Reese29 described infrequent 9–10 nm ﬁlaments in dendritic
spines of mouse brain (Figure 1l) but interpreted these structures
as actin ﬁlaments because of their periodicity. NF also co-isolated
with PSD30 but have generally been regarded as contaminants.11
The infrequency of conventional long intermediate-sized polymers
in synapses indicates that most NF subunits in synapses are
probably in the form of oligomeric structures (protoﬁlaments or
protoﬁbrils). Consistent with this interpretation, transport of NFM
in non-ﬁlamentous, but oligomeric form, has been reported
in vivo.10,31 It is also possible that NF polymers in synapses are
more susceptible than axonal NF to disassembly and/or degradation. Our ﬁndings that NF proteins within the synapses contain
more α-internexin and a less phosphorylated form of NFM support
the notion that NF proteins within the synaptic cytoskeleton
network are in a relatively immature state as in developing
neurons, making the cytoskeletal structure more dynamic and
susceptible to disassembly. Because NFL and NFM monomers are
inefﬁciently transported along axons,5,10 NF proteins in synapses
are at least oligomeric in form and can be transported as such at
least in axons, providing one possible basis for their postsynaptic
location. It is also possible that NF proteins in postsynaptic
boutons are synthesized locally because mRNAs of NFL32,33 and αinternexin34 together with mRNAs of β-actin35 and tubulin34 were
reported to be present in dendrites and polyribosomes are
preferentially localized under the base of dendritic spines.36
Furthermore, brain-derived neurotrophic factor-induced synaptic
plasticity from hippocampal slices is blocked by inhibitors of
protein synthesis and Schaffer-collateral CA1 synapses that were
isolated from their pre- and postsynaptic cell bodies still exhibited
protein synthesis-dependent plasticity, suggesting a local dendritic source of protein synthesis.37 In this regard, evidence
indicates that NF proteins identiﬁed in nerve terminals isolated
from squid brain are generated by local protein synthesis.38
Therefore, by either mechanism, assembly states and ratios of NF
subunits could be regulated by the local concentration and
phosphorylation of individual subunits. In our triple knockout mice
lacking α-internexin, NFH and NFL, or a second mouse line lacking
α-internexin, NFH and NFM (not shown), the content of NFM or
NFL proteins in the CNS, respectively, is negligible suggesting that
single subunits are unlikely to be a functional form of NF proteins
in synapses. Collectively, our data suggest that a platform
minimally of oligomeric NF assemblies or short 10 nm NF
polymers may be needed for function at synapses.
Our gene deletion studies demonstrated for the ﬁrst time that
lack of NFM leads to changes of D1R-mediated LTP and D1Rmediated behavior. Our ﬁndings are consistent with a model
(Figure 5) in which NFM, within a synaptic cytoskeletal structure,
anchors D1R-containing ESs within synapses, thereby establishing
a reservoir of receptors available for rapid recycling to the synaptic
PM following dopamine agonist stimulation. Without NFM,
recycling back to the surface is accentuated favoring hypersensitivity to D1R agonists. NFM is one of two NF subunits with
exceptionally long carboxyl-terminal tail domains, but it seems to
play a much more important role than its larger counterpart, NFH,
in regulating the structure and function of NFs in axons.5,10 The
diversity of roles for NFM in neuronal function is consistent with its
complex regulation by phosphorylation, which involves secondmessenger-regulated kinase regulation of up to 36 sites on the
head domain and 12 sites on the C-terminal tail of human NFM,
which are regulated by at least four potential proline-directed
kinases and multiple protein phosphatases.39–41 The D1 receptor
has been shown to interact with the C-terminal tail of NFM and it
© 2015 Macmillan Publishers Limited

will be important for future studies to address the role of
phosphorylation of this domain in regulating D1R binding.
Our demonstrations of NFM involvement in D1R-mediated LTP
and D1R-mediated behavior provide evidence that a unique
population of NF assemblies is functional in synapses and that the
observed effects on synaptic function are not a result of abnormal
transport or abnormal effects on nerve conduction or axonal
diameter. Only deletion of NFM but not other NF subunits
markedly exaggerated D1R-mediated response to cocaine, even
though deletions of NFL or NFH markedly alter caliber and
conduction or conduction, respectively. Besides NFM, it might be
predicted that α-internexin, NFH and NFL also have speciﬁc
functions in synapses because deletion of all NFs has profound
effects on synaptic plasticity and social memory. Supporting this
view, our further observations also indicate that NFL selectively
inﬂuences glutamate receptor function (Veeranna/Basavarajappa
et al. unpublished data). Moreover, depressed hippocampal LTP
induction is also NF subunit-selective: maintenance of LTP is
deﬁcient in NFH-null mice while basal neurotransmission and
induction of LTP are normal in NFM-null mice (not shown).
Binding of NFM to D1R has been previously shown in nonneuronal cells of epithelial origin, although both NFM and D1R
were overexpressed and foreign to these cultured human
embryonic kidney cells.8,9 Our study demonstrates in vivo functional signiﬁcance of this molecular interaction at synapses. These
ﬁndings strongly support the view that NF proteins are integral
components of synapses, providing insight into the causes and
functional signiﬁcance of NF subunit alterations observed in
neuropsychiatric diseases.21–23,42,43
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