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Local protein synthesis and its activity-dependent modulation via dopamine receptor stimula-
tion play an important role in synaptic plasticity – allowing synapses to respond dynamically
to changes in their activity patterns. We describe here the metabolic labeling, enrichment,
and MS-based identification of candidate proteins specifically translated in intact hippocampal
neuropil sections upon treatment with the selective D1/D5 receptor agonist SKF81297. Us-
ing the noncanonical amino acid azidohomoalanine and click chemistry, we identified over
300 newly synthesized proteins specific to dendrites and axons. Candidates specific for the
SKF81297-treated samples were predominantly involved in protein synthesis and synapse-
specific functions. Furthermore, we demonstrate a dendrite-specific increase in proteins syn-
thesis upon application of SKF81297. This study provides the first snapshot in the dynamics of
the dopaminergic hippocampal neuropil proteome.
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1 Introduction

Information storage in the nervous system occurs, at least in
part, by altering the strength of synaptic connections. Many
studies have shown that both long-term behavioral memories
and synaptic plasticity require new protein synthesis (see [1]).
Unlike most cells, neurons possess the capacity to synthesize
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proteins in compartments remote from the cell body. Follow-
ing the discovery of polyribosomes at or near synapses [2]
and the demonstration of synaptic plasticity that requires lo-
cal translation [3,4] many additional studies have shown that
local translation near synapses is coupled to ongoing synap-
tic transmission [5,6] and plasticity [7]. While there are many
examples of plasticity that require protein synthesis, the iden-
tification of specific proteins that are synthesized, particularly
in dendrites, is thus far limited to a few proteins such as Arc [8]
and CAMKII� [9].

Neuromodulators play a key role in controlling informa-
tion flow among brain areas [10]. The axons of dopamin-
ergic neurons project to the hippocampus [11] and release
dopamine (DA) after animals are exposed to a novel environ-
ment [12]. In addition, a number of studies have indicated that
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DA plays an important role in hippocampus-dependent learn-
ing [13,14]. In addition, stimulation of D1-like dopaminergic
receptors has been reported to be necessary and sufficient for
long-term plasticity at synapses [15–19], which is a protein
synthesis-dependent process. Previous work by Smith and
colleagues [20] demonstrated an increase in dendritic protein
synthesis after the application of a D1/D5 dopamine recep-
tor agonist, SKF81297. They also observed the upregulation
in surface expression of GluA1, an AMPA receptor subunit.
This, in turn, resulted in an increased frequency of miniature
excitatory postsynaptic currents (mEPSCs, or minis), which
are able to regulate local protein synthesis [5].

In order to discover the proteomic response proximal to
an inducing event, a method for the pulse labeling of newly
synthesized proteins is required. Although radioactive amino
acids can, in principle, be used for this purpose, practically
speaking the recovery of labeled proteins from gels and their
subsequent identification via MS is not an option since it
would contaminate not only the mass spectrometer but also
the environment through the exhausts of the vacuum system.
We have therefore developed a nonradioactive method for
the labeling, visualization, and identification of newly syn-
thesized proteins using noncanonical amino acids [21–23].
Bioorthogonal noncanonical amino acid tagging (BONCAT)
makes use of methionine derivatives that are functionalized
with either an azide (azidohomoalanine, AHA) or alkyne
group (homopropargylglycine, HPG). Bath application of
the amino acids to cells or tissues results in their uptake and
subsequent charging onto methionyl tRNAs via the cell’s
own methionyl tRNA synthetase. During protein synthesis,
AHA or HPG are incorporated into proteins and can then
be tagged with an alkyne- or azide-bearing molecule using a
copper-catalyzed reaction [23–26]. Tagged newly synthesized
proteins can be purified and subsequently identified using
MS [21, 22] or visualized in situ [23, 27] when a fluorescent
tag is used. The visualization of newly synthesized proteins
using the above technique is referred to as fluorescent
noncanonical amino acid tagging, or FUNCAT [21]. In this
study, we examined the proteins that are rapidly synthesized
in the dendrites of the hippocampus under control and
dopamine-stimulated conditions. Using BONCAT, we
purified and enriched over 300 newly synthesized proteins.

2 Materials and methods

2.1 Reagents

All reagents were ACS grade and purchased from Sigma
Aldrich (Germany) unless noted otherwise. SKF81297 was
purchased from Tocris Bioscience and used at a final con-
centration of 40 �M in BONCAT experiments and 25–75 �M
in FUNCAT experiments. Triazole ligand (Tris[(1-benzyl-1H-
1,2,3-triazol-4-yl)methyl]amine) was purchased from Sigma
and used at a stock concentration of 200 mM in DMSO
(Sigma Aldrich). The following primary antibodies (Ab)

were used: mouse anti-Bassoon mAb (clone SAP7F407; WB
1:1000; StressGen Biotechnologies), rabbit anti-Piccolo 44a
pAb (WB 1:2000; Leibniz Institute for Neurobiology [28]),
mouse anti-Pan-Cadherin mAb (clone CH-19; WB 1:1000,
Sigma-Aldrich), mouse anti-ß-actin mAb (clone AC-15; WB
1:2000; Sigma Aldrich), rabbit antibiotin pAb (WB 1:10 000;
Bethyl Laboratories Inc), mouse anti-CaM Kinase II mAB
(clone 6G9; WB 1:1000; Thermo Scientific Pierce Antibod-
ies), mouse anti-FMRP mAb (WB 1:1000; Chemicon Interna-
tional), rabbit anti-Homer 1 pAb (WB 1:1000; Synaptic Sys-
tems), mouse anti-MAP2 mAb (WB 1:1000; Sigma-Aldrich).
The following secondary antibodies were used at a dilution
of 1:10 000 for WB: HRP-conjugated antirabbit Ab, HRP-
conjugated antimouse Ab, HRP-conjugated antiguinea pig
Ab (all Jackson Immuno Research), and antirabbit Alexa 488
Ab (IF: 1:1000; Invitrogen).

2.2 Organic synthesis

AHA was prepared as described previously [29,30]. TexasRed-
PEO2-Alkyne and biotin-PEO-propargylamide were prepared
as described before [21, 23]. The disulfide biotin alkyne tag
(DST-alkyne) was prepared according to a recently published
protocol [31].

2.3 Preparation and maintenance of cultured

neurons

Dissociated hippocampal neurons were prepared and main-
tained as previously described [32]. Briefly, hippocampi from
postnatal day 0 to 2 rat pups (strain Sprague-Dawley) were
dissected out and dissociated by either trypsin or papain and
plated at a density of 40 000 cells/cm2 onto poly-D-lysine-
coated glass-bottom Petri dishes (Mattek). Cultures were
maintained in Neurobasal A medium containing B-27 and
Glutamax supplements (Invitrogen) at 37�C for 18–24 days
before use.

2.4 Visualization of new protein synthesis

via FUNCAT

Monitoring of SKF81297-dependent protein synthesis in dis-
sociated hippocampal neurons was done as described previ-
ously [23]. Briefly, growth medium was removed from neu-
ronal cultures and replaced with methionine-free Hibernate
A (HibA) medium (BrainBits LLC) for 30 min to deplete
endogenous methionine. For AHA labeling, HibA was sup-
plemented with 2 mM AHA in the presence or absence of
25–75 �M SKF 81297. After incubation at 37�C, 5% CO2

for 1 h, cells were incubated in HibA supplemented with 2
mM methionine for 10 min and subsequently washed with
chilled PBS-MC (1 mM MgCl2, 0.1 mM CaCl2 in PBS pH
= 7.4) on ice followed by immediate fixation with chilled
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4% paraformaldehyde, 4% sucrose in PBS-MC for 20 min at
room temperature (RT).

For copper-catalyzed azide-alkyne cycloaddition (CuAAC),
in order to avoid copper bromide-derived precipitates, TCEP
(tris(2-carboxyethyl)phosphine) in combination with copper
sulfate was used to generate the Cu(I) catalyst during the
CuAAC reaction. Briefly, a CuAAC reaction mix composed
of 200 �M triazole ligand (stock solution dissolved at 200
mM in DMSO), 2 �M fluorescent alkyne tag, 400 �M TCEP,
and 200 �M CuSO4 was mixed in PBS (pH 7.6) with vigor-
ous vortexing after addition of each reagent. Hippocampal
primary cultures were incubated overnight at 20�C with the
CuAAC reaction mix in a humid box under gentle agitation.
Following incubation, cells were washed three times for 10
min each at RT with 1% Tween-20, 0.5 mM EDTA in 1× PBS
pH 7.4 followed by three rinses with 1× PBS pH 7.4 prior
to immunostaining with rabbit polyclonal anti-MAP2 anti-
body (1:1000, Chemicon) and antirabbit Alexa 488 secondary
antibody (1:1000, Invitrogen) using standard conditions.

2.5 Microdissected slices

Hippocampal slices (500 �m thick) were prepared from adult
male (Sprague Dawley) rats, as previously described [33]. Den-
drites were physically separated from the cell bodies by a tran-
section along the border between the stratum pyrimidale and
stratum radiatum in the CA1 region of the hippocampus [3].
We made three additional cuts to generate mini slices that
include the synaptic neuropil of stratum radiatum in area
CA1, but do not include principal cell bodies. Dendritic slices
were recovered on artificial cerebrospinal fluid (aCSF) for 2 h
prior to noncanonical amino acid incubation and SKF81297
stimulation. In some experiments the isotopic amino acid,
13C6-arginine (13C6-Arg) was used as an additional validation
for new protein synthesis.

2.6 Sample preparation and processing for MS and

Western blot analyses

For samples to be processed via MS we used a disulfide
tag (DST)-alkyne probe for the click reaction. Briefly, AHA-
labeled microdissected and transectioned slices were homog-
enized in PBS pH 7.6 with protease inhibitors without EDTA
(“PI w/o EDTA”; Roche). Benzonase (Sigma) and SDS (1%
final concentration) were added. Samples were boiled for 5
min, then cooled before they were centrifuged at 3000 rpm
at 4�C for 5 min. The resulting supernatants were treated
with �-mercaptoethanol (2% final concentration) for 1 h in
the dark at RT. The proteins were acetone precipitated and
the resulting pellet resuspended in PBS pH 7.6 with PI w/o
EDTA, 0.1% SDS, and 0.05% Triton X-100. The CuAAC reac-
tion, consisting of 200 �M triazole ligand, 25 �M DST-alkyne
probe, 10 �g/mL Cu(I) bromide suspension, was incubated
at 4�C overnight under agitation. The CuAAC reaction was
centrifuged at 3000 rpm at 4�C for 5 min and the super-

natant was desalted using PD-10 columns (GE Healthcare)
and eluted in 0.05% SDS in PBS pH 7.6. A dot blot analysis
was performed to determine the newly synthesized protein
concentration for the NeutrAvidin purification. The desalted
samples were then boiled for 8 min and cooled to RT. In
the meantime, the NeutrAvidin resin (Pierce/Thermo) was
washed three times with PBS pH 7.6. To the cooled, desalted
sample PBS pH 7.6 containing PI w/o EDTA were added to
achieve a final concentration of 0.05% SDS and 1% Nonidet
P-40. The sample was then applied to the washed NeutrA-
vidin slurry and incubated at RT with agitation for 2 h. After
binding reaction was complete, the NeutrAvidin beads were
washed twice with 1% NP-40 in PBS pH 7.6, twice with PBS
pH 7.6, and once with 50 mM ammonium bicarbonate. The
bound proteins were released via reduction by twice incubat-
ing the beads with 1% �-mercaptoethanol in 50 mM ammo-
nium bicarbonate for 30 min in the dark under agitation. The
proteins were lyophilized to 100–150 �L final volume and
methanol/chloroform precipitated. The protein pellet was re-
suspended in 8 M urea in 100 mM Tris-HCl pH 8.5. Samples
were prepared for MS as described by Dieterich et al. [22]. Af-
ter trypsin digestion, samples were desalted using an HPLC
coupled to a reverse-phase resin peptide macrotrap column
(Microm Bioresources, Auburn, CA, USA). MS/MS was per-
formed on an LTQ-FT instrument (Thermo Fisher Scientific)
using standard conditions. The MS analysis was performed
as described by Bell et al. [34].

For Western blot analysis of particular proteins microdis-
sected and transectioned slices were homogenized and lysed
as described above. Lysates were diluted to 0.1% SDS, 0.2%
Triton X-100 in PBS, pH 7.8 w/o EDTA before addition of
200 �M triazole ligand, 50 �M biotin-PEO-propargylamide
tag, and 10 �g/mL Cu (I) bromide. The reaction was allowed
to proceed overnight at 4�C under constant agitation, and ex-
cess reagents were removed by gel filtration through PD-10
columns (GE Healthcare). Identical sample concentrations
were calculated based on amido black protein concentration
assay and rechecked via silver stained gels [35]. Adjusted
clicked protein samples were purified on NeutrAvidin affin-
ity resin (Pierce/Thermo). After extensive washing in incu-
bation buffer, followed by washes in 1% Nonidet P-40 as well
as 0.05% SDS in PBS, proteins were eluted from the resins
with SDS sample buffer supplemented with 10 mM biotin.

2.7 Bioinformatics processing and criteria

The RAW files were converted to mgf files using
ReAdW4Mascot2 (http://peptide.nist.gov/metric). Spectra
were searched using SEQUEST on a Sorcerer computer
(Sage-N Research). Spectra were searched against the IPI
rat database (v. 3.71, 39 611 rat entries plus 262 contaminant
entries appended to an equal number of decoy sequences con-
structed as described in Cox and Mann, Nat Biotech, 2008,
26, 1367–72). Precursor mass tolerance was 10 ppm and frag-
ment ion tolerance was 1.0 Da. Carboxyamidomethylation
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of Cys (+57.021) was set as a fixed modification. Oxidation
of Met (+15.995), Met to AHA (−4.986), DST-tagged Met
(+195.076), heavy labeled Arg (+6.020), heavy labeled Pro
(+5.017), and carbamylation of peptide N-terminus (+43.006)
were set as variable modifications. Search results were an-
alyzed with PeptideProphet and ProteinProphet and then
loaded into Scaffold (v. 3.00.06, Proteome Software, Portland,
Oregon, USA) to validate MS/MS identifications.

After this processing, we evaluated our data using two
different sets of criteria: (i) 80% peptide and protein proba-
bilities, and at least one peptide for each protein identifica-
tion (0.3% protein FDR (false discovery rate), <0.1% peptide
FDR); and (ii) 90% peptide and 95% protein probabilities
and at least two peptides for each protein identification (0%
protein and peptide FDR). This allowed us to assess both
medium and high stringency data sets.

A total of three independent experimental sets (both
SKF81297 treatment and vehicle control) were processed
via MS/MS. Ultimately, we only included proteins on the
candidate lists (“SKF81297,” “control,” and “common”) that
were present in at least two sample groups. To iden-
tify these proteins, we examined the low-confidence pro-
tein lists and the high-confidence protein lists within
themselves, and also the low and high lists to one an-
other. The two programs Scaffold and Cytoscape [36] were
used for comparison and visualization of the data sets,
GOEAST (Gene Ontology Enrichment Analysis Software
Toolkit; http://omicslab.genetics.ac.cn/GOEAST/) for gene
ontology (GO) assessment. For systematic pathway analy-
sis, we used Ingenuity IPA Software. In-house developed
scripts were used to compare the three candidate lists with
a database of the neuropil transcriptome [37], and with Syn-
Prot (www.synprot.de), a proteomics database derived from
detergent-resistant synaptic junctions fractions [38]. SynProt
currently contains 2133 nonredundant entries of rat, mouse,
and some human proteins, which have been manually ex-
tracted from 12 proteomic studies and verified for synaptic
subcellular localization. Note that this database contains not
only PSD scaffold proteins but also everything that is bio-
chemically or morphologically associated with synaptic junc-
tions (extracellular matrix, presynaptic cytomatrix of the active
zone, glial endfeet, etc.).

3 Results

3.1 Visualization of newly synthesized proteins

in hippocampal neurons

To study the dopaminergic hippocampal subproteome, we
first visualized the newly synthesized proteome using FUN-
CAT. We examined whether a change in newly synthesized
proteins could be detected in dendrites after stimulation of
D1-like dopaminergic receptors. Primary hippocampal cul-
tures were first incubated with methionine-free media for 30
min and then incubated with AHA for 1 h, with and without
the D1/D5-agonist SKF81297 (25–75 �M). This incubation

Figure 1. SKF81297 stimulation produced an increase in newly
synthesized proteins in the distal dendrites. (A) Representative
images from dissociated hippocampal cultures (DIV 21) incubated
with 2 mM AHA in HibA for 1 h (control) and stimulated with
40 �M SKF81297 (SKF treated). Following the click reaction to
visualize newly synthesized proteins (labeled TRA) immunostain-
ing for MAP2 was conducted to visualize the dendrites (blue
signal). Below each set of images a straightened representative
dendrite is shown for each condition. Scale bar = 10 �m. (B)
Summary graph showing the effects of dopamine agonist stimu-
lation on new protein synthesis detected with FUNCAT. Dissoci-
ated hippocampal cultures were incubated with different concen-
trations (25 �M, 50 �M, 75�M) of the dopamine receptor agonist
SKF81297 for 1 h in 2 mM AHA in HibA. The data were analyzed
by binning 40 micron segments of the dendrite as a function
of distance from the cell body. Treatment of neurons with 75 �M
SKF81297 resulted in a significant enhancement of the newly syn-
thesized protein signal in all dendritic segments greater than 40
microns from the cell body. * denotes p < 0.05.

was immediately chased with a methionine incubation for
10 min to terminate the charging of AHA onto tRNAs. Then,
the neurons were immediately fixed, tagged with a fluorescent
probe (see Section 2), and immunostained for MAP2, a den-
dritic protein marker. In dissociated hippocampal cultures
treated with the D1/D5-agonist, there was a concentration-
dependent 25–60% increase in FUNCAT fluorescence in the
distal dendrites (Fig. 1).
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Figure 2. Microdissection of a dendritic segment from an acute
hippocampal slice. (A) Acute hippocampal slices of 500 �m thick-
ness, isolated from Sprague-Dawley rats (P24–26), were microdis-
sected in order to obtain CA1 tissue enriched in synaptic neuropil
(outlined in red; stratum radiatum) and de-enriched for principal
cell bodies (outlined in green; stratum pyramidale). Scale bar =
1 mm. (B) Cartoon depicting the dimensions and dendritic orien-
tation of a typical microdissected slice.

3.2 Identification of newly synthesized proteins in

hippocampal neurons

To determine the proteins that are synthesized in the neu-
ropil, we microdissected acute hippocampal slices to obtain
sections of the neuropil from area CA1 (Fig. 2). After re-
covery in aCSF for 2 h, the dendritic slices were incubated
with 4 mM AHA and 4 mM 13C6-Arg in aCSF with or with-
out 40 �M SKF81297 for 2.5 h before they were harvested
and flash-frozen until further processing. Newly synthesized

proteins were tagged and affinity-purified, as previously de-
scribed [21, 22] with the following modification: newly syn-
thesized proteins were tagged with a DST-alkyne probe [31]
in order to facilitate their reduction and release from the Neu-
trAvidin column using �-mercaptoethanol. Released proteins
were then digested with trypsin to generate the peptides for
proteomic analysis via MS/MS (Fig. 3). We conducted three
biological replicates of the experimental (dopamine-agonist
SKF81297-treated) and four biological replicates of the con-
trol (vehicle-treated) group.

3.3 The hippocampal dopaminergic subproteome

Across the three complete data sets that we acquired and an-
alyzed, we identified a total of 891 unique proteins (Spectrum
Report, Supporting Information Table S1; Protein Table, Sup-
porting Information Table S2) spanning a multitude of differ-
ent GO categories of biological processes, molecular function,
and cellular compartments (see Supporting Information Ta-
ble S9). Six hundred and sixteen proteins were common to
both the vehicle and D1/D5-agonist-treated samples; there
were 175 proteins that were unique to the vehicle group and
100 proteins that were unique to the agonist-treated sample
(Fig. 4A; Supporting Information Table S2). Four hundred
forty-nine of these proteins are associated with a synaptic lo-
calization as derived from SynProt, a comprehensive synapse-
associated protein database. In the SKF81297 group 38/100
proteins, and from the vehicle group 53/175 proteins, and
from the common group 358/616 candidate proteins have an
association with synapses (Supporting Information Table S3,
Fig. 4B). Since the neuropil sections from area CA1 contain
also astrocytes and interneurons, we refined our candidate
list for specifically dendritically and axonally synthesized pro-
teins by using a neuropil transcriptome database [37]. Out
of a total of 2550 transcripts potentially translated in hip-
pocampal neurites, we found 224 candidate proteins in both
groups (Supporting Information Table S4), 30 proteins in the
D1-agonist-treated group (Supporting Information Table S5),
and 57 in the vehicle-treated group (Supporting Information
Table S6, Fig. 4C). For our subsequent analyses on the hip-
pocampal dopaminergic proteome, we considered only these
neuropil transcriptome-filtered candidates. Taken together,
all candidate proteins span 276 GO categories for biological
processes, 129 GO categories for cellular compartments, and
86 categories for molecular function (Supporting Informa-
tion Table S10). Interestingly, candidate proteins unique to
the SKF81297-treated sample belonged to GO categories spe-
cific for synaptic localization (synapse, synaptosome, synapse
part) and protein transport, signaling, and synaptic trans-
mission processes (Fig. 5A,B, Supporting Information Ta-
ble S11), whereas vehicle-treated candidate proteins did not
show synapse-specific association (Fig. 5C, Supporting Infor-
mation Table S12).

Using ingenuity, we analyzed the protein networks that
are represented by the hits we obtained for both D1/D5-
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Figure 3. Scheme of workflow for BONCAT experiments. Acute hippocampal slices were prepared and microdissected neuropil sections
cut. Mini slices were incubated in 4 mM AHA in the presence or absence of the dopamine receptor agonist for 2.5 h. Then slices were
homogenized and cells were lysed. The click reaction was carried out (see Section 2) and biotin-conjugated proteins were affinity purified,
eluted from the column with �-mercaptoethanol, and then trypsinized. Trypsinized peptides were analyzed via LC-MS/MS and then proteins
and protein networks were analyzed using a variety of software packages.

agonist- and vehicle-treated samples in more detail. In addi-
tion to standard housekeeping proteins, such as those found
in glycolysis, there were a number of proteins associated with
synaptic plasticity such as gephyrin [39], CaMKIIa [40], Cal-
nexin [41], PSD95 [42], Kalirin [43], and several glutamate
receptors. A candidate protein that was identified in pre-
vious work [20], GluR1, was also present in this data as
a protein that was expressed in both conditions, but with
greater sequence coverage in the agonist-treated sample. No-
tably, protein networks involved in cellular assembly and
organization, nervous system development and function,
cell-to-cell signaling and interaction were well represented
by the candidates identified in the SKF81297-treated sam-
ples but not among the candidates from the vehicle-treated
samples (Fig. 4A). Here, the presynaptic protein Munc13–1
(UNC13A [44]), Rabphilin3A (RPH3A, [45]), the voltage-gated
potassium channel subunit beta-1 (KCNAB1, [46]), Ras and

Rab interactor 1 (RIN1, [47]), and cell adhesion molecule1
(CADM1, [48]) were present in the D1-agonist-treated but not
in the control samples. In addition, we identified many ribo-
somal subunits specifically in the D1/D5 agonist-treated sam-
ple, including the 40S ribosomal protein S25 (RPS25, [49]),
rho guanine nucleotide exchange factor 2 (ARHGEF2, [50]),
splicing factor, arginine/serine-rich 1 (SRSF1, [51]), chromo-
some segregation 1-like protein (CSE1L, [52]), RAN [53]), Im-
portin5 (IPO5, [54]), Adenosylhomocysteinase (AHCY, [55]),
60S ribosomal protein L13a (RPL13A, [56]) as represented
in protein network depicted in Fig. 4B. This, along with
the identification of some translation elongation and initi-
ation factors, suggests that dopamine signaling enhances the
translational capacity of dendrites, consistent with data we
obtained using FUNCAT (Fig. 1). Though cytoskeletal pro-
teins are widely abundant, we noticed a marked increase in
the number of identified structural proteins, perhaps to ac-
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Figure 4. Venn diagram summary of three complete MudPIT ex-
periments. (A) The two circles represent the 891 unique proteins
that were found in the three experiments. The 175 proteins that
were found solely in the control group are represented in green,
the 100 proteins unique to the SKF81297-stimulated group in ma-
genta, and the 616 proteins found in both groups in gray. (B)
A total of 449 candidate proteins of the three experiments as
shown in the overlap area of all candidates (blue circle) with the
database SynProt (see main text; orange circle) can be assigned
to a synaptic localization or association. (C) The two circles repre-
sent the candidates after filtering using a transcriptome database
of the hippocampal neuropil mRNAs. Thirty proteins were found
solely in the D1-agonist-treated group (magenta circle), 57 pro-
teins were found in the control group only (green circle). The
remainder 224 proteins were found in both groups (gray overlap
area).

Figure 5. Gene ontology analysis of the dopaminergic hippocam-
pal subproteome. (A,B) Pie charts depicting the representations
of the two GO categories biological processes (A) and cellular
compartments (B) for the candidates of the SKF81297-treated
samples. (C) Vehicle-treated candidates, although larger in total
number, can be attributed only to a single GO category (cellular
compartment) with four GO subcategories. Numbers in brackets
indicate the number of candidate proteins within the GO subcat-
egory.

commodate an increase in the number of synaptic contacts
induced by the stimulation of the D1/D5 receptors [20]. Ad-
ditional proteins that we observed were from the presynaptic
terminal or for cell adhesion. Consistent with the GO analysis,
proteins characteristic of the vehicle-treated sample in-
clude proteasome-associated proteins (Fig. 7), such as
PSMD12 [57], PSMA1 [58], PSMB5 [59], PSMC3 [60], the
presenilin-1 associated protein MTCH1 [61], and �-Synuclein
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(SNCA, [62]). The complete list of identified protein networks
for both the D1-agonist and vehicle-treated dendritically syn-
thesized subproteomes can be found in Supporting Informa-
tion Tables S7 and S8.

In the last set of experiments, we validated a subset of
newly synthesized protein candidates using Western blots.
Samples were prepared as above for the proteomic analysis
with the following modifications: following purification but
prior to trypsin treatment, the proteins were precipitated for
Western blot analysis. Using this approach, we confirmed
the presence of newly synthesized MAP2, CAMKII�, �-
actin, and Pan-Cadherin. Furthermore, we identified Homer
1 as newly synthesized (Fig. 8). A number of other pro-
teins were specific to SKF81297 stimulation, such as PKA
and CREB, both to be expected due to the D1-like recep-
tors’ role in the cAMP pathway. Interestingly, there were also
proteins involved in synaptic plasticity, such as the presy-
naptic proteins bassoon and piccolo as well as those in-
volved in protein translation, Eef1/2 and Eif4b/e (data not
shown).

4 Discussion

In this study, we paired the FUNCAT and BONCAT tech-
niques with dopaminergic stimulation to examine whether
dopamine can modulate the hippocampal proteome. Both
techniques introduce the small bioorthogonal azide handle
into nascent proteins using the cell’s own protein synthe-
sis machinery. This metabolic labeling enabled us to visual-

ize D1/D5 dopamine receptor agonist-dependent global pro-
teome alterations in primary hippocampal neurons when
using a fluorescent alkyne tag. In addition, we specifically
identified dendritically synthesized proteins in hippocampal
neuropil sections via the use of an affinity tag to enrich and
affinity purify newly synthesized proteins prior to tandem MS
analysis. Consistent with previous work [20], we observed an
upregulation in protein translation upon the activation of
the D1/D5 dopaminergic receptors in hippocampal primary
neurons (Fig. 1). Moreover, we isolated the hippocampal neu-
ropil subproteome by using microdissected acute hippocam-
pal slices. Using BONCAT, we identified a total of 891 unique
proteins in the neuropil layer of which 50% have a synap-
tic association. As these neuropil sections contain not only
neuronal processes but also astrocytes and the somata of in-
terneurons, we filtered our candidate lists using a recently
published neuropil transcriptome database [7] to focus only
on candidates originating from dendrites and axons. Inter-
estingly, the remaining candidates of the D1/D5 dopamine
receptor agonist-treated group show a remarked association
with synaptic localization and function compared to the can-
didate list unique to the control (unstimulated) group. In
agreement with previously published work [20], we found
GluA1 among the identified candidates as well as compo-
nents of the translation machinery demonstrating the den-
dritic protein synthesis-dependent response of dopaminer-
gic signaling. This study is the first proteomic snapshot into
the neurite-specific contribution to the overall neuronal pro-
teome. Over 300 candidate proteins were synthesized over
the courseof 2.5 h in dendrites and axons, emphasizing the

�Figure 6. Protein networks represented by the candidate proteins identified in the SKF81297-treated samples. (A) Protein network involved
in cellular assembly and organization, nervous system development and function, cell-to-cell signaling and interaction consisting of the
following molecules: ATPase, Ca2+ transporting, plasma membrane 2 (ATP2B2); ATPase, H+ transporting, lysosomal 38 kDa, V0 subunit
d1 (ATP6V0D1); atypical protein kinase C; bassoon (BSN); Ca2 ATPase; calcium channel, voltage-dependent 2/� subunit 1 (CACNA2D1); cell
adhesion molecule 1 (CADM1); cell adhesion molecule 3 (CADM3); discs, large homolog 1 (Drosophila) (DLG1); discs, large homolog 2
(Drosophila) (DLG2); glycogen synthase kinase 3 � (GSK3); H+-exporting ATPase; hippocalcin (HPCA); potassium voltage-gated channel,
shaker-related subfamily, B member 1 (KCNAB1); potassium voltage-gated channel, shaker-related subfamily, B member 2 (KCNAB2);
potassium large conductance calcium-activated channel, subfamily M, � member 1 (KCNMA1); microtubule-associated protein 1A (MAP1A);
microtubule-associated protein � (Mapt); N-type calcium channel; phosphofructokinase, liver, (PFKL); protein tyrosine phosphatase, receptor
type, f polypeptide (PTPRF) interacting protein (liprin), � 3, (PPFIA3); Ppp2c; PRKAC; protein kinase, cAMP-dependent, regulatory, type
II, B (PRKAR2B); RAB2A, member RAS oncogene family (RAB2A); regulating synaptic membrane exocytosis 1 (Rims1); Ras and Rab
interactor 1 (RIN1); rabphilin 3A homolog (mouse) (RPH3A); SERCA; synaptosomal-associated protein, 25 kDa (SNAP25); syntaxin 1A (brain)
(STX1A); synaptic vesicle glycoprotein 2B (SV2B); unc-13 homolog A (Caenorhabditis elegans) (UNC13A). (B) Protein network involved
in protein synthesis, cellular assembly and organization, genetic disorder: 19S proteasome; 26S proteasome; 60S ribosomal subunit;
adenosylhomocysteinase (AHCY); angiotensin II receptor type 1; ADP-ribosylation factor 2 (Arf2); ADP-ribosylation factor 3 (ARF3); Arf;
Rho/Rac guanine nucleotide exchange factor (GEF) 2 (ARHGEF2); Cdc2; CSE1; chromosome segregation 1-like (yeast) (CSE1L); DEAD (Asp-
Glu-Ala-Asp) box polypeptide 3, X-linked (DDX3X); dynein, cytoplasmic 1, heavy chain 1 (DYNC1H1); eukaryotic translation elongation
factor 1 � (EEF1G); eukaryotic translation initiation factor 4A2 (EIF4A2); Eif4g; ribosomal protein L7A pseudogene (Gm5619/Gm5845);
heterogeneous nuclear ribonucleoprotein D (AU-rich element RNA binding protein 1, 37 kDa) (HNRNPD); importin 5 (IPO5); Mapk; mediator;
RAN, member RAS oncogene family (RAN); ribosomal proteins RPL4; RPL13; RPL15; RPL17; RPL19; RPL24; RPL35; RPL13A; RPL18A;
RPS8; RPS25; serine/arginine-rich splicing factor 1 (SRSF1); tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, �

polypeptide (YWHAG). Icons in gray, molecules present in both SKF81297- and vehicle-treated samples; icons in magenta, proteins present
in SKF81297-treated samples only; icons in white, molecules not identified in either sample.
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Figure 7. Protein network represented by the candidate proteins identified in the vehicle-treated samples: 19S proteasome; 20S proteasome;
26S proteasome; actin, � 1, skeletal muscle (ACTA1); ADCY; caspase; coactosin-like 1 (dictyostelium) (COTL1); catenin (cadherin-associated
protein), B 1, 88 kDa (CTNNB1); cytochrome c; FSH; guanine nucleotide binding protein (G protein), � 11 (Gq class) (GNA11); guanine
nucleotide binding protein (G protein), q polypeptide (GNAQ); GTPASE; Ikb; Lh; matrin 3 (MATR3); mitochondrial carrier 1 (MTCH1);
proteasome (prosome, macropain) subunit, alpha type 1 (PSMA1), B type 5 (PSMB5), ATPase, 3 (PSMC3), non-ATPase 1 (PSMD1); non-
ATPase 2 (PSMD2), non-ATPase 3 (PSMD3), non-ATPase 12 (PSMD12); PSMD; RAB3 GTPase activating protein subunit 2 (noncatalytic)
(RAB3GAP2); Rnr; ribosomal protein S7 (RPS7); ribosomal protein S8 (RPS8); synuclein, alpha (non-A4 component of amyloid precursor)
(SNCA); SRC; Tgf B; ubiquitin; ubiquitin-specific peptidase 5 (isopeptidase T) (USP5); vEGF. Icons in gray, molecules present in both vehicle-
and SKF81297-treated samples; icons in green, proteins present in vehicle-treated samples only; icons in white, molecules not identified
in either sample.

importance of immediate translational responses in both den-
drites and axons. Finally, we also provide a series of new
candidates that were separate from the previously identi-
fied PKA/cAMP pathway that is implicated in D1-like re-
ceptor signaling. Notably, presynaptic proteins, cell adhesion
molecules, and constituents of the protein synthesis machin-
ery were readily synthesized upon stimulation of D1/D5 re-
ceptors.

In summary, the candidates that we have identified provide
greater insight into the wide range of proteins that are poten-
tially involved not only in the maintenance of late long-term
potentiation (L-LTP), but also possibly integral to dopamin-
ergic signaling and the treatment of neurodegenerative
disease. Future experiments will be aided by the use of

neuron-specific tagging methods [63] in which a mutant
methionyl-tRNA synthetase is expressed in pyramidal neu-
rons. In addition, as other agonists, such as BDNF [3]
and DHPG [4] have been shown to elicit protein-synthesis-
dependent changes at synapses, it will be interesting to com-
pare these proteomes with the SKF81297 proteome to identify
common and distinct plasticity proteins.
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Figure 8. Validation of newly synthesized candidate proteins via
Western blot analysis. Newly synthesized proteins were isolated
from dendritic segments incubated with aCSF and 4 mM AHA ±
SKF81297 stimulation (40 �M) or ± anisomycin (40 �M) for 2.5
h and then Western blot analysis was conducted. (A) Western
blot analysis using an antibiotin antibody to detect newly synthe-
sized proteins that successfully incorporated AHA. In the lanes
shown IN = 1% input; SUP = 1% supernatant; ELU = 10% of
the eluate; BDS = 10% beads (after elution). In the AHA-treated
samples, the majority of the newly synthesized proteins were de-
tected in the eluate and very little signal was left on the beads. In
experiments in which anisomycin was included, there was much
less biotinylated signal present in the entire blot, and the amount
of biotinylated protein present in the eluate was substantially
reduced. (B) Following elution of biotinylated proteins, Western
blot analysis for individual proteins of interest was conducted.
Clear evidence for newly synthesized MAP2, CAMKII�, �-actin,
Pan-Cadherin, and Homer 1 was obtained. MAP2, CAMKII�, �-
actin, and protocadherin were candidates identified by MS. FMRP
served as a negative control.
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