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Abstract

Background: Synapsins are encoded by SYN I, SYN II, and SYN III, and they regulate neurotransmitter release by maintaining 
a reserve pool of synaptic vesicles.
Methods: Presynaptic dopamine responses to cocaine were examined by microdialysis, and postsynaptic responses were 
evaluated to various dopamine receptor agonists in the open field with SynI/SynII/SynIII triple knockout mice.
Results: Triple knockout mice showed enhanced spontaneous locomotion in a novel environment and were hyper-responsive 
to indirect and direct D1 and D2 dopamine agonists. Triple knockout animals appeared sensitized to cocaine upon first 
open field exposure; sensitization developed across days in wild-type controls. When mutants were preexposed to a novel 
environment before injection, cocaine-stimulated locomotion was reduced and behavioral sensitization retarded. Baseline 
dopamine turnover was enhanced in mutants and novel open field exposure increased their striatal dopamine synthesis 
rates. As KCl-depolarization stimulated comparable dopamine release in both genotypes, their readily releasable pools 
appeared indistinguishable. Similarly, cocaine-induced hyperlocomotion was indifferent to blockade of newly synthesized 
dopamine and depletion of releasable dopamine pools. Extracellular dopamine release was similar in wild-type and triple 
knockout mice preexposed to the open field and given cocaine or placed immediately into the arena following injection. 
Since motor effects to novelty and psychostimulants depend upon frontocortical-striatal inputs, we inhibited triple knockout 
medial frontal cortex with GABA agonists. Locomotion was transiently increased in cocaine-injected mutants, while their 
supersensitive cocaine response to novelty was lost.
Conclusions: These results reveal presynaptic dopamine release is not indicative of agonist-induced triple knockout 
hyperlocomotion. Instead, their novelty response occurs primarily through postsynaptic mechanisms and network effects.
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Introduction
Synapsins are a family of phosphoproteins associated with syn-
aptic vesicle trafficking (Hilfiker et al., 1999; Bykhovskaia, 2011; 
Song and Augustine, 2015). In mammals, synapsins are encoded 
by SYN I, SYN II, and SYN III. Alternative splicing produces 2 
isoforms each for SYN I and II (a-b) and 6 isoforms (a-f) for SYN 
III (Südhof et al., 1989; Porton et al., 1999). Synapsins participate 
in developmental processes that include synapse, lamellipodial, 
and neurite formation and axon differentiation (Ferreira et al., 
1998; Feng et al., 2002). Importantly, synapsins regulate neuro-
transmitter release by maintaining a reserve pool of synaptic 
vesicles through their binding to synaptic vesicles and clus-
tering these vesicles within the reserve pool (Greengard et al., 
1993). Neuronal activity is thought to disrupt vesicle clustering 
through activity-dependent phosphorylation of synapsins, 
thereby mobilizing vesicles into a readily releasable pool at 
exocytosis sites. Consistent with this model, deletion of Syn 
I or II as well as disruption of all 3 Syn genes (triple knockout 
[TKO]) in mice decreases the clustering of synaptic vesicles at 
hippocampal synapses and reduces the rate of mobilization of 
synaptic vesicles from the reserve pool (Li et al., 1995; Gitler et 
al., 2004).

Beyond presynaptic actions at glutamatergic and GABAergic 
synapses (Terada et al., 1999; Gitler et al., 2004), synapsins are 
involved at other stages of synaptic vesicle trafficking. For in-
stance, synapsins have been implicated in synchronizing fusion 
of both glutamatergic and GABAergic vesicles with the plasma 
membrane (Hilfiker et al., 1999; Humeau et al., 2001; Song and 
Augustine, 2015) as well as in inhibiting fusion of vesicles con-
taining dopamine (DA) (Kile et al., 2010) and regulating synaptic 
vesicle endocytosis (Evergren et al., 2004). With respect to mono-
amines, voltammetry studies reveal that electrically stimulated 
DA release is increased in TKO compared with wild-type mice 
in vitro and in vivo in anesthetized animals (Kile et al., 2010). 
Although serotonin levels are increased under both conditions, 
they are not distinguished between genotypes. However, when 
cocaine is injected, the electrically stimulated striatal DA release 
is reduced in TKOs relative to their wild-type controls (Venton 
et al., 2006). Hence, the DA pool mobilized by cocaine appears 
to be deficient in anesthetized TKO mice. We have examined 
both pre- and postsynaptic responses to DA agonists in freely 
moving TKO animals. We find spontaneous locomotor activities 
in a novel open field are enhanced in TKO mice, and these mu-
tants are more responsive to DA agonists than wild-type con-
trols. Although synapsin loss has been ascribed primarily to 
presynaptic mechanisms, our microdialysis and pharmacology 
studies indicate that postsynaptic responses are important and 
that neural input from the frontal cortex to striatum medi-
ates the enhanced locomotor responses of TKO mice in a novel 
environment.

Methods

Subjects

Adult male and female wild-type and TKO mice were obtained 
from Dr Paul Greengard (Rockefeller University, New York). 
C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) served 
as wild-type controls in some studies since the Syn wild-type 
mice had been extensively backcrossed to this strain. Animals 
were housed 3 to 5 mice per cage on a 14:10-hour-light/-dark 
cycle (lights on at 7:00 am) in a humidity- and temperature-
controlled room with chow and water provided ad libitum. 
Behavioral testing occurred between 10:00 am and 3:00 pm, and 
microdialysis studies were conducted between 10:00 am and 5:00 
pm. All experiments were conducted with an approved animal 
protocol from the Duke University Institutional Animal Care and 
Use Committee. A summary of experiments is provided in Table 
1. Assignment to experiments was dependent upon results from 
the preceding experiment and receipt of the mice. The experi-
menter was blinded to the genotype of the mice in all experi-
ments but reconstituted and injected the drugs.

Drugs and Injections

Quinpirole, SKF-81297, d-amphetamine, cocaine, and α-methyl-
para-tyrosine methyl ester HCl (Sigma-Aldrich, St. Louis, MO) 
were dissolved in saline. NSD-1015 (RBI-Sigma, Natick, MA) was 
administered in distilled water. Apomorphine (Sigma-Aldrich) 
was solubilized in saline with 0.2% ascorbic acid. Reserpine 
(Sigma-Aldrich) was predissolved in a drop of citric acid and di-
luted to volume with sterile water. All drugs were injected at 5 
mL/kg (i.p.). To avoid handling-induced seizures, mice were lifted 
by the tail, allowed to grip the top edge of the home cage wall 
with its hind paws, and injected. For intracranial microinjec-
tions, muscimol and baclofen (Sigma-Aldrich) were dissolved 
in artificial cerebrospinal fluid (aCSF; CMA Microdialysis, Krista, 
Sweden). Ketamine (100 mg/mL, Henry Schein, Melville, NY) and 
xylazine (10 mg/mL, Akom Inc., Decatur, IL) were used in surgery, 
and pentobarbital (100 mg/kg, Sigma-Aldrich) was for perfusion 
with phosphate-buffered saline and 4% paraformaldehyde.

Open Field Activity

The open field (42 × 42 × 20 cm; Omnitech Inc., Columbus, OH) 
was illuminated at 340 lux (Pogorelov et al., 2005). Horizontal 
and vertical activities were monitored by infrared diodes inter-
faced to a computer running Fusion software (Omnitech) and 
expressed as the distance traveled or vertical activity (beam-
breaks) over 5-minute intervals or as total distance over 60 or 
100 minutes.

Significance Statement
Synapsins (SYNI, SYNII, and SYNIII) are a family of genes whose protein products regulate neurotransmitter release by maintaining 
a reserve pool of synaptic vesicles in presynaptic neurons. We have analyzed effects of deleting all 3 synaptic genes in mice 
according to their pre- and postsynaptic dopamine responses to cocaine. Surprisingly, we find that presynaptic dopamine se-
cretion to cocaine in triple synapsin knockout mice is largely similar to that of wild-type controls. However, their responses to 
various dopamine receptor agonists are enhanced in behavioral assays when the mice are exposed to a novel environment. This 
augmented behavioral response to novelty appears to occur primarily through postsynaptic mechanisms and neural network 
effects.
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To evaluate spontaneous activity, mice were placed into 
the open field for 60 minutes. Mice received acute injections of 
amphetamine, cocaine, apomorphine, SKF-81297, or quinpirole 
and were placed immediately into the open field. Mice were 
pretreated with α-methyl-para-tyrosine or reserpine at 2 or 24 
hours, respectively, before open field testing with cocaine. In 
experiments where mice were tested repeatedly with different 
drugs (Table 1), the doses were assigned in an order such that 
the initial vehicle group received the highest dose, the lower 
dose group received a higher dose, etc. Cocaine sensitization 
was conducted with 2 different protocols using separate co-
horts. In one experiment, animals were given vehicle or co-
caine and placed immediately into the open field. In a second 
study, mice were preexposed to the open field for 60 minutes, 
injected with vehicle or cocaine, and returned immediately to 
the open field for 60 minutes. Injections occurred over 5 con-
secutive days with a 5-day hiatus, followed by a challenge on 
day 11 where all groups received the same cocaine dose as on 
day 1. Locomotor responses to cocaine were analyzed for days 
1, 5, and 11.

Apomorphine-Induced Stereotypy and Climbing

Apomorphine-induced behavior was evaluated in wire-mesh 
cylinders (30 cm high, 12 cm diameter, 1 cm mesh size) on a 
Plexiglas surface with the top covered. Naïve animals were 
habituated to the cylinders for 30 minutes. The next day they 
were given 0, 1, or 3 mg/kg apomorphine and placed immedi-
ately into the cylinders. A blinded observer scored behaviors 
over 5 consecutive 1-minute intervals at 10, 35, and 60 minutes 
postinjection. Mice were observed for absence (0) or presence 
(1) of climbing (4 paws on the mesh), oral stereotypies (licking, 
gnawing), and immobility. The total score (maximum of 15) rep-
resented the sum over all intervals for each behavior.

Tissue Levels of DA and Its Metabolites and DA 
Synthesis Rate

Brain DA and its metabolites were measured as described 
(Pogorelov et al., 2005). Briefly, within 30 to 40 seconds wild-
type or TKO mice were removed individually from their home 
cages, transported to an adjacent room, and euthanized by 
cervical dislocation and decapitation. Brains were removed 
rapidly, placed ventral side-up onto a cold metal block, and 
the dorsal and ventral striatum and frontal cortex were dis-
sected and frozen in liquid nitrogen. Subsequently, samples 
were weighed, thawed, and sonicated in an ice-cold 0.1 M HCl-
0.1 mM sodium metabisulfate solution with 33 to 100 ng/mL 
3,4-dihydroxybenzylamine (Bioanalytical Systems Inc., West 
Lafayette, IN) as an internal standard. After centrifugation at 
10 000 × g for 10 minutes at 4°C, samples were filtered through 
0.22-μm filters (Millipore, Bedford, MA). Ten µL of filtrate was in-
jected onto the high-pressure liquid chromatograph.

For determination of DA synthesis rates, animals were 
given 100 mg/kg NSD-1015 and placed immediately into the 
open field. After 40 minutes, mice were euthanized, and the 
frontal cortex and dorsal and ventral striata were dissected on 
ice. Samples were homogenized as described above, and L-3,4-
dihydroxyphenylalanine contents were determined by high-
pressure liquid chromatography.

Microdialysis

Mice were anesthetized with ketamine/xylazine and a CMA-7 
guide cannula was implanted into the right striatum (AP: +0.5, 
L: +1.9, DV: −2.2; relative to bregma). Five days later, a CMA-7 
microdialysis probe (Cuprophane, 6 kDa cut-off, 0.24 mm o.d., 
2-mm membrane length; CMA Microdialysis) was inserted into 
the guide. The next day probes were perfused at 1.7 µL/min with 
aCSF (in mM: 147 NaCl, 2.7 KCl, 1.2 CaCl2, and 0.85 MgCl2) and 

Table 1.  Cohorts of Mice Used in the Pharmacology and Microdialysis Experiments

Cohort Genotype 0 wk 1 wk 4 wk 8 wk

1 WT/TKO Open field 
(no drugs)

Open field 
amphetamine

Open field 
apomorphine 
quinpirole 
SKF-81297

Open field 
reserpine

2 WT/TKO Open field 
cocaine

Open field 
quinpirole 
SKF-81297

Open field 
αMPT

 

3 WT/TKO NPE 
cocaine 
sensitization

   

4 WT/TKO PE 
cocaine 
sensitization

   

5 WT/TKO Surgical cannula 
implantation

Home cage 
microdialysis

  

6 WT/TKO Surgical cannula 
implantation

Open field 
microdialysis

  

7 WT/TKO Surgical cannula 
implantation

FC injection 
baclofen/muscimol 
open field 
cocaine

  

αMPT, α-methyl-para-tyrosine-methyl ester HCl; FC, frontal cortex; NPE, non-preexposure to the open field; PE, preexposure to the open field; TKO, triple knockout; WT, 

wild type. 
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equilibrated for 3 to 5 hours before collecting baseline samples. 
Microdialysis samples were collected at 20-minute intervals into 
0.5-mL polypropylene tubes containing a 16-µL mixture of 1 mM 
oxalic acid, 100 mM acetic acid, and 3 mM l-cysteine. The first 
3 samples were collected in the home cage as baseline. In one 
experiment, mice were injected with 20 mg/kg cocaine in the 
home cage and samples were collected over 140 minutes. The 
next day, 60 mM KCl was perfused through the probe. In a sep-
arate study, 1 group (non-preexposed) received 20 mg/kg cocaine 
and was placed immediately into the open field. Another group 
(preexposed) was placed into the open field, and three 20-minute 
samples were collected 60 minutes before the cocaine injection, 
after which 5 additional samples were collected in the open field.

Chromatography

Samples were analyzed by high-pressure liquid chromatog-
raphy with electrochemical detection using an Alexys mono-
amine analyzer (Antec, Palm Bay, FL). The apparatus consisted 
of a DECADE II detector coupled to a VT-03 flow cell (Antec). 
DA was separated at 50 µL/min on a C18 reverse-phase 1 × 50 
mm column (3-µm particle size, ALF-105; Antec) using a mo-
bile phase (50 mM phosphoric acid, 0.1 mM EDTA, 8 mM KCl, 
11% methanol, and 500 mg/mL 1-octane sulfonic acid sodium 
salt, pH 6.0) with the detector set at +0.3 volts. DA metabolites 
were separated on a different 1 × 150 mm column (ALF-115, 3 µm; 
Antec) with a mobile phase containing 50 mM phosphoric acid, 
10 mM citric acid, 0.1 mM EDTA, 8 mM KCl, 10% methanol, and 
500 mg/mL 1-octane sulfonic acid sodium salt, pH 3.25, and de-
tected at +0.62 V. Chromatograms were analyzed using Clarity 
software (DataApex, Prague, Czech Republic), with a signal-to-
noise ratio of 3 as the limit of detection.

Frontal Cortex Microinjections

Stainless-steel bilateral guide cannulae (PlasticsOne, Roanoke, 
VA) were implanted over the medial frontal cortex (AP + 1.2, 
L ± 0.25, V −0.5; relative to bregma) under ketamine/xylazine an-
esthesia. Mice were housed in individual cages and acclimated 
to the test room for 5 days. On day 6, the guides were replaced 
by hand with double injection cannulae that extended 0.7 mm 
below the guide. They were connected to FEP tubing (0.1 mm 
i.d.; Eicom USA, San Diego, CA) and two 2-μL Hamilton syringes 
(Reno, NV). The mouse was returned to its home cage while 0.3 
µL of a muscimol/baclofen cocktail (200 ng each) was infused 
over 2 minutes. The injectors remained in place for 2 additional 
minutes before removal. Three minutes later, the animal was 
administered vehicle or cocaine and placed into the open field 
for 100 minutes. After experiments, some mice were anesthe-
tized with pentobarbital and perfused with phosphate-buffered 
saline and 4% paraformaldehyde. Their brains were stained with 
hematoxylin-eosin to determine cannulae placement. Other 
animals were anesthetized with pentobarbital, and 0.3 µL tolui-
dine blue was injected through cannulae into the cortex. Their 
brains were dissected 15 minutes later, frozen on dry ice, and 
fresh-cut to determine the dye location in the cortex.

Statistical Analyses

The results are presented as means and SEM. All analyses were 
performed with the Statistical Package for the Social Sciences, 
version 22.0 (IBM, Armonk, NY). A t test was used for genotype 
comparisons. Two-way ANOVA examined the between subjects 
effects of genotype and drug doses. Repeated-measures 

ANOVA (RMANOVA) assessed within-subjects effects of time 
within the same animals in the open field and microdialysis 
studies; the between-subjects tests determined genotype or 
treatment effects. Bonferroni corrected pair-wise tests were 
used for posthoc comparisons. A P < 0.05 was considered stat-
istically significant.

Results

Novelty Induces Transient Hyperactivity in TKO Mice

In the open field, locomotor activities over the first 15 minutes 
were higher (Ps ≤ 0.034) in naïve TKO than wild-type mice (Figure 
1A). Subsequently, locomotion was similar between genotypes, 
suggesting the initial activity increase was due to enhanced nov-
elty responses in TKO animals. In contrast, rearing was similar 
between genotypes (Figure 1B), except at 40 minutes (P = 0.045), 
when it was lower in mutants. The augmented locomotion in TKO 
mice suggests DA neurotransmission may be enhanced initially, 
but this activity habituates to wild-type levels (see Fornaguera and 
Schwarting, 1999).

TKO Mice Are Hyper-Responsive to 
Psychostimulants

To examine the role of DA in TKO hyperlocomotion, acute re-
sponses to psychostimulants were assessed. Amphetamine ele-
vates extracellular DA through a variety of mechanisms, and it 
increased locomotion in both genotypes (Figure 1C). This effect 
was dose-dependent and more robust in TKO than wild-type 
mice at 2 mg/kg amphetamine and relative to vehicle (Ps < 0.001).

Cocaine, which increases extracellular DA levels by blocking 
both DA uptake and mobilization of the synapsin-dependent 
reserve pool (Venton et al., 2006), produced effects similar to 
those of amphetamine. Cocaine dose-dependently stimulated 
locomotion (Figure 1D), with 20 mg/kg significantly increasing 
activity, compared with wild-type mice at the same dose 
(P = 0.001) and to both genotypes at the other doses (Ps ≤ 0.014). 
Hence, TKO animals appear hyper-responsive to drugs that in-
crease extracellular DA.

Effects of a Mixed D1R/D2R Agonist

The enhanced TKO responsiveness to psychostimulants may be due 
to presynaptic and/or postsynaptic mechanisms. Parenthetically, D1 
receptors (D1Rs) are localized on postsynaptic, whereas D2 recep-
tors (D2Rs) are present on presynaptic DA neurons as autoreceptors 
and on postsynaptic neurons. The mixed DA receptor agonist, apo-
morphine, stimulates D1Rs and D2Rs. At all doses examined (0.5–3 
mg/kg), apomorphine inhibited open field locomotion in wild-type 
mice relative to vehicle (Ps ≤ 0.003) (Figure 2A). By contrast, only 0.5 mg/
kg reduced activity in TKO animals (P = 0.034). At 0.5 and 1 mg/kg, TKO 
mice were more active than wild-type controls (Ps ≤ 0.010).

As an index of postsynaptic DA receptor activation, climbing 
behavior and oral stereotypies were evaluated. While apo-
morphine produced dose-dependent increases in climbing be-
havior, it did so equally well in both genotypes (Table 2). TKO 
mice displayed more gnawing relative to wild-type controls at 3 
mg/kg apomorphine (P < 0.001). Since gnawing is mediated pri-
marily through postsynaptic DA receptors, it appears that these 
receptors may be supersensitive in the mutants. However, from 
this experiment it is unclear whether D1Rs, D2Rs, or both are 
supersensitive. In contrast, at the same dose, TKO mice engaged 
in less licking behavior (P < 0.001) but were more immobile than 
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wild-type controls (Ps < 0.001). Since this enhanced immobility oc-
curred at the end of the test session, it suggests a decline in DA 
receptor responsiveness, which likely occurred also in the initial 
open field study (see Figure 1A).

Both D1Rs and D2Rs Contribute to TKO Responses

More selective DA receptor agonists were used to examine the 
contributions of D1Rs and D2Rs to locomotion. SKF-81297, a 

selective D1R agonist, produced a dose-dependent increase in 
locomotion in both genotypes, with TKO mice responding more 
robustly (P < 0.001) than wild-type controls (Figure 2B).

Quinpirole, a D2R/D3R agonist, produced a dose-dependent 
decrease in locomotion in both genotypes (Figure 2C). However, 
only 0.5 mg/kg quinpirole reduced activity in TKO mice 
(P = 0.010), whereas all doses dramatically depressed locomo-
tion in wild-type controls (Ps < 0.001). Collectively, these data 
show that mutants are more responsive to D1R agonists and 

Figure 1.  Open field responses of wild-type (WT) and triple knockout (TKO) mice to novelty and indirect dopamine (DA) agonists. (A) Distance traveled in a novel en-

vironment by naïve WT and TKO mice. Repeated-measures ANOVA (RMANOVA) for locomotion detected a significant effect of time [F(11,352) = 39.381, P < 0.001] and a 

significant time by genotype interaction [F(11,352) = 7.141, P < 0.001]. (B) Rearing activity in the open field by the same mice. RMANOVA for rearing observed a signifi-

cant effect of time [F(11,352) = 15.787, P < 0.001] and a time by genotype interaction [F(11,352) = 3.737, P < 0.001], n = 16–18 mice/genotype. (C) Effect of D-amphetamine 

on total distance traveled. ANOVA for locomotion revealed significant effects of genotype [F(1,40) = 12.265, P < 0.001] and dose [F(2,40) = 19.740, P < 0.001], and a signifi-

cant genotype by dose interaction [F(2,40) = 5.694, P = 0.007]. One-way ANOVA with WT or TKO data indicated a significant effect of dose [F(2,19) = 13.909, P < 0.001 and 

F(2,21) = 13.848, P < 0.001, respectively], n = 7–8 mice/genotype/dose. (D) Effect of cocaine on total distance traveled. ANOVA for locomotion noted significant effects of 

genotype [F(1,58) = 9.372, P = 0.003] and dose [F(2,58) = 21.448, P < 0.001], and a significant genotype by dose interaction [F(2,58) = 5.587, P = 0.006]. One-way ANOVA for WT 

or TKO data indicated a significant effect of dose [F(2,28) = 5.525, P = 0.020 and F(2,30) = 17.85, P < 0.001, respectively], n = 7–14 mice/genotype/dose. *P < 0.05, vs WT mice; 

^P < 0.05, vs vehicle.
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are subsensitive to presynaptic D2R stimulation (see Jeziorski 
and White, 1989).

Habituation to Novelty Abrogates Sensitized 
Responses to Cocaine in TKO Mice

Because acute responses to indirect and direct D1R agonists were 
more robust while D2R appeared less sensitive in TKO than in wild-
type mice, we asked whether repeated administration of cocaine 
would further augment their activities. Parenthetically, repeated 
exposure to psychostimulants leads to a progressive enhance-
ment in responsiveness or behavioral sensitization resulting in 
increased DA release, activation of D1Rs, and subsensitivity of D2 
autoreceptors on DA cell bodies (Wolf, 1998). Wild-type and TKO 
mice were administered cocaine and placed immediately into the 
open field for 5 consecutive days; saline was given as a control. A 
cocaine challenge was provided on day 11 to all groups.

Cocaine stimulated locomotion in both genotypes on days 
1 and 5 relative to their saline controls (Ps < 0.001); however, 

cocaine responses were more robust in TKO than wild-type mice 
on both days (Ps ≤ 0.003) (Figure 3A). Wild-type animals given co-
caine repeatedly showed progressively increased locomotion on 
days 5 and 11 compared with day 1 (Ps ≤ 0.024). Although TKO 
mice administered cocaine repeatedly had higher activities on 
day 5 than day 1 (P = 0.015), sensitization was not evident at chal-
lenge. On day 11, locomotor activities were higher in wild-type 
mice that received repeated cocaine injections across days com-
pared with wild-type controls given cocaine only at challenge 
(P = 0.012), further supporting behavioral sensitization for this 
group. By contrast, at cocaine challenge locomotion in TKO mice 
that received saline repeatedly did not differ significantly from 
mutants or wild-type animals given cocaine throughout the ex-
periment (Figure 3A). Together, these results show that cocaine 
sensitization is evident in wild-type mice across acquisition 
days and at cocaine challenge, while expression of sensitization 
is blunted in TKO animals.

Since cocaine responses at challenge in TKO mice that received 
saline repeatedly did not reach quite the same levels as mutants 

Table 2.  Apomorphine-Induced Stereotypies in Climbing Cylinders

Apomorphinea 0 mg/kg 1 mg/kg  3 mg/kg

Genotype WT  TKO  WT  TKO  WT  TKO

Climbingb 2.30 ± 0.94 3.10 ± 1.05 4.4 ± 1.75 7.0 ± 1.98 8.20 ± 1.63 7.30 ± 1.30
Gnawingc 0.60 ± 0.19 0.50 ± 0.18 0.3 ± 0.21  1.2 ± 0.80  0.09 ± 0.09  6.20 ± 1.20f,g

Lickingd 0.00 ± 0.00 0.00 ± 0.00 0.6 ± 0.42  0.0 ± 0.00  1.81 ± 0.72g  0.27 ± 0.19f

Immobilitye 0.05 ± 0.05 4.93 ± 1.17 4.6 ± 1.50  7.1 ± 0.43  1.40 ± 0.50 4.00 ± 0.55
n 17 16 10 10  11 11

Abbreviations: TKO, triple knockout; WT, wild type. 
aThe results are presented as means and SEMs for the total stereotypy scores over the 60-minute observation period.
bANOVA for climbing found only a significant effect of dose [F(2,69) = 7.3, P < 0.001].
cANOVA for gnawing observed significant effects of genotype [F(1,69) = 27.2, P < 0.001] and dose [F(2,69) = 14.2, P < 0.001] and for the genotype by dose interaction 

[F(2,69) = 19.2, P < 0.001].
dANOVA for licking noted significant effects of genotype [F(1,69) = 8.0, P = 0.006] and dose [F(2,69) = 6.5, P = 0.003] and for the genotype by dose interaction [F(2,69) = 3.5, 

P = 0.036].
eANOVA for immobility reported significant effects of genotype [F(1,69) = 22.34, P < 0.001] and dose [F(2,69) = 8.856, P < 0.001].
fP < 0.05, vs wild-type mice.
gP < 0.05, vs 0 and 1 mg/kg apomorphine within genotype.

Figure 2.  Effects of direct dopamine (DA) receptor agonists on open field activities of wild-type (WT) and triple knockout (TKO) mice. (A) Apomorphine effects on loco-

motor activity. ANOVA demonstrated significant effects of genotype [F(1,80) = 38.015, P < 0.001] and dose [F(3,80) = 12.017, P < 0.001] and a significant genotype by dose 

interaction [F(3,80) = 6.004, P < 0.001], n = 9–11 mice/genotype/dose. (B) Effects of SKF81297 on locomotion. ANOVA found the effects of genotype [F(1,50) = 16.302, P < 0.001] 

and dose [F(2,50) = 10.342, P < 0.001] to be significant. One-way ANOVA on WT and TKO data indicated a significant effect of dose [F(2,24) = 5.901, P = 0.008 and F(2,26) = 5.505, 

P = 0.010, respectively], n = 7–13 mice/genotype/dose. (C) Effects of quinpirole on locomotion. ANOVA discerned the effects of genotype [F(1,72) = 24.772, P < 0.001] and 

dose [F(3,72) = 8.421, P < 0.001] to be significant. One-way ANOVA run on separately with the WT or TKO data indicated a significant effect of dose [F(3,31) = 23.054, P < 0.001 

and F(3,31) = 3.385, P = 0.027, respectively], n = 7–15 mice/genotype/dose. *P < 0.05, vs WT mice; ^P < 0.05, vs vehicle.
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given cocaine throughout, it is possible that habituation to the 
open field before cocaine challenge may have mitigated the drug 
response in the saline-treated mice. To examine this possibility, 
mice were preexposed to the open field for 60 minutes prior to co-
caine injection each day. Locomotor activities in wild-type and TKO 
mice were similar on days 1 and 5 and at cocaine challenge (day 11) 
(Figure 3B). When the data were examined within genotype, loco-
motion in wild-type animals was increased on day 5 and at cocaine 
challenge (day 11) relative to day 1 (Ps ≤ 0.019). By comparison, while 
in TKO mice locomotion increased across days, the changes were 
not significant. Hence, sensitization was less evident in TKO ani-
mals. Thus, novelty appears to play a critical role in determining the 
enhanced cocaine responses in TKO mice.

Cocaine-Induced DA Release Is Reduced in TKO Mice 
in a Familiar Environment

To better understand the role of DA in these behavioral studies, 
striatal extracellular levels of DA were monitored in freely moving 
mice in their home cages. Baseline DA levels were higher in TKO 
than in wild-type mice [wild type: 4.72 ± 1.20 pg, TKO: 9.51 ± 1.47 
pg; n = 15–17 mice/genotype; t(1,30) = −2.47, P = 0.019], suggesting 
a basis for their transient novelty-induced hyperlocomotion in 
the initial open field study (see Figure 1A). To determine whether 
cocaine could alter DA levels in this familiar environment, mice 
were injected with saline or 20 mg/kg cocaine. Because base-
line DA levels were different between genotypes, the data were 
normalized as percent change from 100 at time 0. No genotype 
differences in DA levels were observed following saline injection 
(Figure 4A). Cocaine stimulated striatal DA release in both geno-
types; however, normalized levels were lower in TKO than wild-
type mice at 20 to 60 and 140 minutes postinjection (Ps ≤ 0.017). 
Parenthetically, in a voltammetry study, DA responses to cocaine 
were also decreased in TKO mice (Venton et al., 2006). To determine 

whether the reduced cocaine response in TKO mice was due to 
compromised vesicular release, 60 mM KCl was infused into the 
microdialysis probe. DA levels were elevated to similar extents in 
both genotypes (Figure 4B). Thus, the releasable pool of DA in vivo 
appears similar in both genotypes, even though cocaine responses 
in TKO mice are blunted in the familiar environment.

No Genotype Differences in Cocaine-Induced DA 
Release in a Novel Environment

Since locomotor responses to cocaine were robust in TKO ani-
mals in a novel environment (see Figures 1D and 3A), we ex-
pected DA levels would be increased by novelty and decreased 
with open field preexposure. In the preexposure condition prior 
to cocaine injection, no significant genotype differences were 
observed in DA responses to the novel environment (Figure 4C). 
Following cocaine injection, elevations in extracellular DA were 
not different between genotypes in either the preexposure or 
non-preexposure paradigms (Figure 4D). Hence, extracellular DA 
responses to cocaine are undifferentiated between genotypes 
and are insensitive to environmental novelty.

Because cocaine was more potent in stimulating locomo-
tion in TKO mice in the non-preexposure than the preexposure 
conditions (Figure 3), it was surprising that DA levels were not 
higher in non-preexposed cocaine-treated mice. However, base-
line locomotion in the preexposure condition was higher in 
TKO than wild-type animals (P = 0.046) (Figure 4E). Following 
cocaine injection, locomotor activities were similar under the 
preexposure and non-preexposure conditions for wild-type ani-
mals. By comparison, locomotion in non-preexposed TKO mice 
was higher than that in the non-preexposed wild-type and 
preexposed TKO groups (Ps ≤ 0.035). Together, these findings re-
veal that DA release is not indicative of genotypic differences in 
open field locomotion.

Figure 3.  Locomotor sensitization to cocaine in wild-type (WT) and triple knockout (TKO) mice. (A) WT and TKO mice were injected with saline (Sal) or cocaine 

(Coc) and placed immediately into the open field for 5 consecutive days. On day 11, all mice received a 15-mg/kg Coc challenge. This panel displays locomotion for 

days 1, 5, and 11. An omnibus repeated-measures ANOVA (RMANOVA) revealed a significant within-subject effect of time [F(2,66) = 15.370, P < 0.001]; the time by dose 

[F(2,66) = 13.740, P < 0.001] and time by dose by genotype [F(2,66) = 5.179, P = 0.008] interactions were significant. The between-subject effects of genotype [F(1,33) = 45.273, 

P < 0.001] and dose [F(1,33) = 74.673, P < 0.001] and the genotype by dose interaction [F(1,33) = 14.791, P < 0.001] were also significant. RMANOVA within WT mice indicated 

a significant effect of time [F(2,34) = 18.761, P < 0.001] and dose [F(1,17) = 21.664, P < 0.001], and the time by dose interaction [F(2,34) = 4.319, P = 0.021]. RMANOVA within 

TKO mice indicated significant effects of time [F(2,32) = 5.877, P = 0.007) and dose [F(1,16) = 51.053, P < 0.001], and the time by dose interaction [F(2,32) = 9.771, P < 0.001], 

n = 8–10 mice/genotype/treatment. (B) In a second sensitization study, mice were preexposed to the open field for 60 minutes and then administered Sal or Coc for 5 

consecutive days, followed by a cocaine challenge on day 11. This panel displays locomotion for days 1, 5, and 11. An omnibus RMANOVA revealed a significant effect of 

time [F(2,36) = 15.290, P < 0.001]. Separate RMANOVA within genotype revealed significant effects of time for WT [F(2,18) = 11.336, P < 0.001] and TKO mice [F(2,18) = 5.479, 

P = 0.014], n = 10 mice/genotype/treatment. *P < 0.05, WT_Coc vs TKO_Coc group within day; ̂ P < 0.05, compared with vehicle within days (1 and 5) and genotype; ‡P < 0.05, 

Coc groups vs day 1 Coc within genotypes; #P < 0.05, vehicle day 1 vs day 11 Coc within genotype.
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DA Synthesis Is Increased in Striata of TKO Mice ex 
Vivo

Since basal levels of extracellular DA were higher in mutant 
than wild-type mice, we examined whether their tissue DA 
levels were altered. High-pressure liquid chromatography with 
electrochemical detection analyses revealed that tissue levels 
of DA were similar between genotypes (Table 3). However, the 
(3,4-hihydroxyphenylacetic acid + homovanillic acid)/DA turn-
over ratio was augmented in dorsal striata of TKO mice [wild 
type: 0.122 ± 0.005, TKO: 0.146 ± 0.007; n = 13 mice/genotype; 
t(1,24) = −2.55, P = 0.017].

Because turnover tissue levels of DA were enhanced in 
mutants, ex vivo synthesis rates were monitored with NSD-
1015 to block conversion of L-3,4-dihydroxyphenylalanine 
to DA. Mice were pretreated with this compound, exposed 
to the open field, and then euthanized. Synthesis rates of 

L-3,4-dihydroxyphenylalanine were increased in the dorsal 
striata of TKO compared with wild-type animals [t(1,10) = −3.46, 
P = 0.006] (Table 4). Hence, exposure to the open field increases 
striatal DA synthesis and turnover, which may compensate for 
possible depletion of the releasable DA pool during the novelty-
enhanced locomotion in TKO mice.

Locomotion Is Indifferent to Blockade of Newly 
Synthesized DA and Depletion of Releasable DA 
Pools

To examine the functional consequences of altered DA synthesis 
and turnover, we determined whether disruption of the vesicular or 
newly synthesized pool of DA would exert a greater effect on open 
field activity in TKO than wild-type mice. α-Methyl-para-tyrosine 
blocks the rate-limiting synthesis of DA at tyrosine hydroxylase 
and thereby depletes the “releasable” pool of DA (Glowinski, 1973). 

Figure 4.  Microdialysis of dopamine (DA) in the home cage and open field. (A) Wild-type (WT) and triple knockout (TKO) mice were injected (arrow) with saline 

(Sal) or cocaine (Coc) in the home cage. Repeated-measures ANOVA (RMANOVA) detected significant main effects of time [F(7,196) = 25.283, P < 0.001] and treatment 

[F(1,28) = 20.430, P < 0.001] as well as the time by treatment [F(7,196) = 18.693, P < 0.001] and time by treatment by genotype [F(7,196) = 3.072, P = 0.004] interactions, n = 5–6 

mice/genotype for Sal and n = 9–12 mice/genotype for Coc. *P < 0.05, vs WT; ^P < 0.05, vs vehicle within genotype. (B) Local perfusion into the striatum with 60 mM KCl 

through the microdialysis probe. Three 20-minute samples with artificial cerebrospinal fluid (aCSF) were collected and are presented as the mean baseline (BASAL). 

Subsequently, 2 KCl samples were collected at 20-minute intervals (KCl) and then conditions were returned to aCSF for two 20-minute intervals (aCSF), n = 7–8 mice/

genotype. (C–E) DA levels were examined into 2 separate procedures. In first, mice were preexposed (PE) to the open field for 60 minutes, administered cocaine (Coc), 

and returned immediately to the open field for 100 minutes. In a second procedure (non-preexposure or NPE), mice were injected with Coc and placed immediately 

into the open field. (C) PE procedure at 0 to 60 minutes depicting percent change from baseline DA levels. No significant effects of time or genotype were discerned. (D) 

Comparison of percent change from baseline DA levels for cocaine postinjected mice (arrow) in the PE and NPE procedures. Note, to compare both experiments, the PE 

group at 60 minutes was assigned “0 min” in this panel. RMANOVA reported a significant effect of time [F(5,115) = 41.852, P < 0.001], but no other main effects or inter-

actions were observed. (E) Locomotor activity in open field in the same mice as in panels C and D. In PE condition, a paired t test revealed higher overall pre-injection 

(basal) activity in TKO mice [t(1,12) = −2.224, P = 0.046]. For post-Coc activities, an ANOVA indicated significant effects of the exposure condition [F(1,23) = 7.208, P = 0.013] 

and the exposure condition by genotype interaction [F(1,23) = 7.927, P = 0.010], n = 6–8 mice/genotype. *P < 0.05, WT-PE vs TKO_PE at baseline; ‡P < 0.05, WT_NPE vs TKO-

NPE after Coc; §P < 0.05, TKO_PE vs TKO-NPE after Coc.
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By comparison, reserpine blocks uptake of monoamines from the 
cytosol into secretory vesicles and prevents exocytosis (Varoqui 
and Erickson, 1997). We found that while cocaine-stimulated loco-
motion was decreased by reserpine in a dose-dependent manner 
(Ps ≤ 0.050), it was not altered by α-methyl-para-tyrosine in either 
genotype relative to their respective vehicle control (Figure 5A). 
Notably, locomotor activities of TKO mice were always higher than 
wild-type controls in response to vehicle, α-methyl-para-tyrosine, 
and 1 mg/kg reserpine (Ps ≤ 0.042), except with 5 mg/kg reserpine, 
where there was virtually no cocaine-induced locomotion. When 
expressed as a percent change from 100, motor activities in both 
genotypes were similarly affected by reserpine and were not al-
tered by α-methyl-para-tyrosine relative to vehicle (Figure 5B). 
Thus, TKO mice are not more sensitive to reserpine or α-methyl-
para-tyrosine than wild-type mice.

Frontal Cortex Modulates Cocaine-Stimulated 
Hyperlocomotion in TKO Mice

While loss of synapsins is well-known to affect presynaptic 
physiology (Gitler et al., 2004; Venton et al., 2006; Kile et al., 2010), 
our findings indicate that DA-mediated postsynaptic responses 
are aberrant in TKO mice. Because motor activity is mediated by 
the indirect and direct pathways that converge on the frontal 
cortex (Kaji, 2001), it is possible that input from the frontal 
cortex to striatum is responsible for the increased cocaine re-
sponses of TKO mice. To test this hypothesis, we temporarily in-
hibited the medial frontal cortex with GABAA (muscimol) and 
GABAB (baclofen) agonists. Naïve TKO mice were microinjected 
with vehicle or muscimol/baclofen into frontal cortex, adminis-
tered 20 mg/kg cocaine 5 minutes later, and placed immediately 
into the open field. While cocaine briefly increased locomotion 
in the muscimol/baclofen group, activity was lower than in 
saline-microinjected mice at 20 to 55 minutes and 70 minutes 
(Ps ≤ 0.043) (Figure 5C). Hence, disruption of the frontocortical-
striatal circuit abrogated the cocaine stimulatory response in 

TKO mice in a fashion similar to preexposure to the open field. 
This result suggests that neural input from the frontal cortex 
to striatum mediates the enhanced locomotor responses of TKO 
mice in a novel environment.

Discussion

SYN polymorphisms have been linked to neuropsychiatric condi-
tions as disparate as schizophrenia (Chen et al., 2004; Lachman et 
al., 2005), autism (Fassio et al., 2011; Corradi et al., 2014), and epi-
lepsy (Garcia et al., 2004; Fassio et al., 2011). This broad association 
stems from the ubiquitous presynaptic expression of synapsins 
throughout brain so that perturbation of SYN genes yields an ex-
citatory/inhibitory imbalance in synaptic networks (Gitler et al., 
2004; Farisello et al., 2013; Lignani et al., 2013). Here, we report that 
locomotor responses of TKO mice are supersensitive to direct and 
indirect DA agonists due to modulation by environmental novelty.

Deletion of single Syn genes produces open field hyperactivity 
in naïve mice (Corradi et al., 2008; Dyck et al., 2009; Porton et al., 
2010). Similarly, we found TKO mice were hyperactive relative to 
wild-type controls, but only over the first 15 minutes in the open 
field. This transient novelty response suggests that the stress of 
open field exposure may lead to a short-term increase in DA re-
lease. Indeed, novelty can produce a transient enhancement in 
striatal DA release measured by voltammetry (Rebec et al., 1997). 
Psychostimulant-induced open field hyperlocomotion depends 
on stimulation of postsynaptic DA receptors in the basal ganglia 
through increased DA release (Conti et al., 1997). Since TKO mice 
were much more responsive to psychostimulants than wild-
type mice, we reasoned their responses may reflect alterations 
in pre- and/or postsynaptic mechanisms.

The functions of D1Rs and D2Rs can be assessed by adminis-
tration of direct DA agonists, which produce well-characterized 
behavioral endpoints. Although D2Rs reside both on pre-
synaptic DA neurons and postsynaptic cells, D2R stimulation 
usually inhibits locomotor activity through presynaptic D2 
autoreceptors (Martin and Bendesky, 1984). Low doses of apo-
morphine decrease locomotion, while higher doses increase 
activity through actions on postsynaptic DA receptors (Kelly 
et al., 1975). In our study, apomorphine depressed locomotion 
in wild-type mice across doses. In contrast, TKO motor activ-
ities were affected only at 0.5 mg/kg apomorphine, suggesting 
that presynaptic D2Rs in TKO mice are subsensitive. This effect 
was confirmed with quinpirole, a D2/D3R agonist. This drug de-
pressed TKO motor activity only at the highest dose, whereas 
all doses suppressed wild-type responses, supporting a role 
for D2 autoreceptor activity (see Jackson et al., 1989). By con-
trast, responses to a selective D1 agonist (SKF 81297) were aug-
mented in TKO mice, revealing an enhanced stimulation of 
postsynaptic D1Rs. Combined stimulation of postsynaptic D1R/

Table 3.  Brain Tissue Levels of DA and Metabolites in WT and TKO Mice

 DA DOPAC HVA

FC DS VS FC DS VS FC DS VS

WT  0.03 18.17  8.31  0.02  0.94  0.92  0.02  1.31  0.65
±0.004 ±0.727 ±0.541 ±0.009 ±0.053 ±0.038 ±0.001 ±0.114 ±0.041

TKO  0.04 18.12  7.95  0.01  1.02  0.90  0.04a  1.61  0.75
±0.007 ±1.004 ±0.387 ±0.002 ±0.071 ±0.051 ±0.005 ±0.119 ±0.042

Abbreviations: FC, frontal cortex; DA, dopamine; DS, dorsal striatum; TKO, triple knockout; VS, ventral striatum; WT, wild type.

The results are presented as means and SEMs for tissue levels (ng/mg wet-tissue weight); n = 13 mice/genotype.
aP < 0.05, vs WT mice (2-tailed t test).

Table 4.  Brain Tissue Levels of l-DOPA in WT and TKO Mice After the 
Open Field

 FC  DS  VS

WT 0.15 1.02 1.03
±0.094 ±0.050 ±0.045

TKO 0.16 1.50a 1.08
±0.103 ±0.132 ±0.059

Abbreviations: FC, frontal cortex; DS, dorsal striatum; TKO, triple knockout; VS, 

ventral striatum; WT, wild type.

The results are presented as means and SEMs for tissue levels (ng/mg wet-

tissue weight); n = 6 mice/genotype.
aP < 0.05, vs WT mice (2-tailed t test).
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D2Rs produces both climbing and stereotypies in mice (Geter-
Douglass et al., 1997). In our study, apomorphine stimulated 
climbing to similar extents in both genotypes; however, it pro-
duced more gnawing in TKO mice, suggestive of postsynaptic DA 
receptor supersensitivity.

Cocaine can serve as an indirect DA receptor agonist. During 
repeated cocaine administration, locomotion in TKO mice was 
significantly higher than in wild-type controls. By contrast, at 
challenge cocaine responses in vehicle-treated mutants were 
similar to sensitized wild-type mice. This result suggests that 
long-term habituation to the open field may attenuate some 
effects of novelty stress and mitigate cocaine responses. We 
examined this possibility by preexposing mice to the open 
field before administering cocaine in a sensitization paradigm. 
One hour of open field preexposure rendered the TKO cocaine-
stimulated activity indistinguishable from that of wild-type 
controls, both across days and in response to cocaine challenge 
on day 11. Because novelty stress augments DA activities, we 
examined whether presynaptic DA function was altered in TKO 
mice during novelty exposure.

Few changes in tissue DA levels were observed in TKO mice 
in a familiar environment (home cage); the only significant 

differences were elevated homovanillic acid in frontal cortex and 
increased metabolites/DA contents in striatum. The latter metric 
suggests elevated release and metabolism (turnover) of DA in 
TKO mice. This possibility was supported by increased extracel-
lular levels of striatal DA in TKO mice in the home cage. DA levels 
measured by microdialysis depend on neural activities of DA 
neurons (Arbuthnott et al., 1990). Thus, enhanced basal DA levels 
in TKO mice should reflect increased incidences of DA transients 
(Wightman et al., 2007). Kile and colleagues (2010) reported that 
TKO neurons release more DA that wild-type neurons in response 
to brief striatal electrical stimulation. It has been proposed that 
loss of synapsins enhances the mobility of reserve pool vesicles, 
thereby increasing their redistribution to the readily releasable 
vesicle pool (Brenes et al., 2015). If this occurs in DA neurons, it 
should yield greater DA release. Alternatively, increased basal DA 
levels in TKO animals may reflect enhanced DA population ac-
tivity or augmented excitability of DA neurons, resulting in higher 
bursting activity (Chiappalone et al., 2009). While the first pos-
sibility has not been studied, the latter mechanism is unlikely 
because it should produce large increases in extracellular DA fol-
lowing blockade of DA transporters (Floresco et al., 2003). However, 
cocaine treatment of TKO mice yielded the opposite effect.

Figure 5.  Effects of monoamine depletion and microinjection of a muscimol/baclofen mixture into the medial frontal cortex on cocaine-induced locomotor activity. (A) 

Cocaine (20 mg/kg) was administered to all mice pretreated with vehicle (Veh: n = 13–14 mice/genotype), 1 or 5 mg/kg reserpine (Res1, Res5: n = 4–6 mice/genotype), or 

250 mg/kg α-methyl-para-tyrosine (αMPT: n = 8–9 mice/genotype). In the reserpine experiment, ANOVA determined the effects of genotype [F(1,42) = 9.280, P = 0.004] and 

dose [F(2,42) = 15.279, P < 0.001] were significant. In the αMPT experiment, there were significant effects only of genotype [F(1,40) = 16.627, P < 0.001]. (B) Percent change in 

total distance traveled relative to that for vehicle. In the reserpine experiment, there was a significant effect of dose [F(2,42) = 14.258, P < 0.001]; no significant effects were 

observed in the αMPT experiment. *P < 0.05, vs wild type (WT); ^P < 0.05, vs vehicle. (C) Naïve triple knockout (TKO) mice were microinjected into the frontal cortex with 

artificial cerebrospinal fluid (aCSF) or a muscimol/baclofen (MuscBac) mixture, and 5 minutes later they were given 20 mg/kg cocaine (arrow) and were placed imme-

diately into the open field. Repeated-measures ANOVA (RMANOVA) revealed the main effects of time [F(19,361) = 2.837, P < 0.001] and treatment [F(1,19) = 6.385, P = 0.021] 

and the time by treatment interaction [F(19,361) = 1.858, P = 0.016] to be significant, n = 10–11 mice/group; *P < 0.05, vs the aCSF group.
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Since D2 autoreceptors appear subsensitive in TKO mice 
while basal DA release is augmented with Km values for DA 
uptake similar between genotypes (Kile et al., 2010), cocaine 
may be expected to release greater amounts of DA in TKO mice. 
However, we found cocaine-stimulated DA release was lower in 
TKO than wild-type striatum in the home cage. This result con-
curs with reports that cocaine has a lower potency for releasing 
DA from striatal TKO slices (Kile et al., 2010) or from anesthetized 
TKO mice (Venton et al., 2006). In contrast, DA release evoked 
by high K+ was similar between genotypes. Hence, the reservoir 
pool of DA may be reduced in TKO animals (as for GABAergic and 
glutamatergic synaptic vesicles; Terada et al., 1999; Gitler et al., 
2004, 2008), so that this pool is unable to supply sufficient DA to 
the ready-releasable pool (see Pieribone et al., 1995) to maintain 
DA release during cocaine exposure.

The striking differences in cocaine-induced locomotion of 
TKO mice in the non-preexposure and preexposure conditions 
indicate that environmental novelty is an important factor in 
their cocaine response. The stress associated with preexposure 
may cause a rapid release and depletion of the ready-releasable 
DA store, thereby rendering cocaine less efficacious. Surprisingly, 
in the preexposure condition, novelty-induced DA release in un-
treated TKO mice was similar to wild-type controls. Additionally, 
cocaine-stimulated locomotion in preexposed TKO mice was 
blunted relative to non-preexposed TKO mice, despite both 
groups showing similar levels of DA release. Of note, a limita-
tion of microdialysis is that it reflects integral neuronal activity 
over minutes; hence, this time resolution may miss transient 
spikes in DA release in response to novelty. Nevertheless, the 
increased DA synthesis rates during novelty exposure may 
provide additional DA for release, thereby masking a potential 
decline in extracellular DA levels caused by depletion of the 
ready-releasable pool.

Further dissection of presynaptic mechanisms via 
pharmacological interrogation of reserpine-sensitive or the 
ready-releasable (i.e., α-methyl-para-tyrosine) pools of neuro-
transmitters revealed that the sensitivities of these pools to 
disruption was similar between genotypes. Thus, presynaptic 
pools of DA do not appear to contribute to the differences in 
cocaine-stimulated locomotion in TKO compared with wild-
type mice. Together, changes in the presynaptic DA system 
cannot explain the hyper-responsiveness of TKO mice to co-
caine or the blunting of cocaine-evoked locomotion in the 
preexposure condition. Postsynaptic mechanisms were exam-
ined next. Although supersensitive postsynaptic DA receptors 
can contribute to increased TKO cocaine responses, this cannot 
account for the abrupt blunting of the cocaine response by 
preexposure to the open field. Alterations in DA receptor sen-
sitivity that produce changes in behavior usually occur over 
prolonged periods of time (Direnfeld et al., 1978; Jeziorski and 
White, 1989; Hu and White, 1992) rather than within 60 minutes. 
Another postsynaptic mechanism relates to the regulation of DA 
receptor function by afferent systems in the basal ganglia.

The basal ganglia contain parallel D1R- and D2R-containing cir-
cuits linking the thalamus and cerebral cortex. In these circuits, 
dopaminergic responses are modulated through glutamatergic 
and GABAergic neurotransmission, both of which are abnormal in 
synapsin-deficient mice (Terada et al., 1999; Gitler et al., 2004). The 
frontal cortex provides massive glutamatergic inputs both to the 
striatum (Divac et al., 1977) and the ventral tegmentum (Carr and 
Sesack, 2000), where DA nerve terminals and cell bodies reside, re-
spectively. These inputs have been implicated in different behav-
ioral outcomes. First, striatal microinjections of ionotropic (Thanos 
et al., 1992) or metabotropic (Kim and Vezina, 1997) glutamate 

receptor agonists potentiate locomotor activity. Second, disrup-
tion of this input by lesions of the frontal cortex, which decrease 
levels of glutamate in the ventral striatum, block expression of 
cocaine-induced behavioral sensitization (Pierce et al., 1998). Third, 
strengthening of the glutamatergic input to the ventral striatum 
contributes to relapse to cocaine-seeking (Luis et al., 2017). Finally, 
changes in glutamate receptor function have been proposed as a 
common mechanism for the effects of both psychostimulants and 
stress on mesolimbic DA neurons (Fitzgerald et al., 1996), with the 
stress of novelty-strengthening excitatory synapses on nucleus 
accumbens neurons (Rothwell et al., 2011).

A prominent phenotype of TKO mice is overt seizures 
evoked by sensory stimulation (Gitler et al., 2004). Although 
we did not observe overt seizures, handling can induce 
electroencephalographic seizures without visible effects in Syn 
mutants (Etholm et al., 2011). Notably, in animal models of gen-
eralized epilepsy, cortical electro-encephalographic seizures are 
associated with increased glutamate efflux in striatum (Kovács 
et al., 2003; Crick et al., 2014), and electrical kindling of the pre-
frontal cortex produces sensitized locomotor responses to co-
caine (Schenk and Snow, 1994). Hence, in the non-preexposure 
condition, the novelty-stimulating effects may be due to ab-
normal neural input from the frontal cortex to the striatum. 
To test this hypothesis, we inhibited the prefrontal cortex with 
GABA agonists. This treatment caused cocaine-stimulated loco-
motion in TKO mice to be lower than the saline-microinjected 
mutants. The effect is reminiscent of the reduced stimulatory 
effect of cocaine in TKO mice after open field preexposure. Such 
an effect may underlie the heightened cocaine responses of 
non-preexposed TKO mice where the initial hyperlocomotion 
in TKO mice can result from increased excitatory glutamatergic 
input from frontal cortex. Following dissipation of the novelty 
stress-induced cortical activation, responses of postsynaptic 
striatal neurons to DA may decrease due to the decline in cortical 
glutamatergic input. This decrement in excitatory tone could be 
promoted by the high rate of synaptic depression at excitatory 
synapses in TKO mice (Gitler et al., 2004). Thus, the protracted 
stress of novelty in TKO mice may attenuate glutamatergic exci-
tation of striatal neurons, which may decrease psychostimulant 
responses (see Pulvirenti et al., 1989; Tzschentke and Schmidt, 
1998) and reduce activity in the open field and climbing tests.

Synapsins control many presynaptic responses (Greengard et 
al., 1993; Li et al., 1995; Ferreira et al., 1998; Gitler et al., 2004; Kile 
et al., 2010; Song and Augustine, 2015). These effects have been 
ascribed to functional consequences. For instance, Syn I and Syn 
II KO mice engage in increased exploratory activity and are defi-
cient in social behavior; both these mutants and Syn III KO ani-
mals are deficient in novel object recognition memory and fear 
conditioning (Corradi et al., 2008; Dyck et al., 2009; Porton et al., 
2010; Greco et al., 2013). Impaired spatial memory is observed in 
Syn II KO (Corradi et al., 2008) and TKO mice (Gitler et al., 2004). 
In humans polymorphisms in SYN genes are associated with 
schizophrenia (Porton et al., 2004; Chen et al., 2004; Lachman et 
al., 2005), bipolar disorder (Vawter et al., 2002), autism (Fassio et 
al., 2011; Corradi et al., 2014), and epilepsy (Garcia et al., 2004; 
Fassio et al., 2011). We found that deletion of Syn I/II/III renders 
mice more responsive to psychostimulants. While synapsin dys-
function has been ascribed to presynaptic disturbances, we find 
that DA receptor responses are aberrant at both presynaptic and 
postsynaptic sites. Hence, synapsins regulate neurotransmission 
not only through direct effects on neurotransmitter release, but 
also secondarily through widespread network effects that exert 
pervasive roles on behavior. In this way, synapsin dysfunction 
may contribute to diverse neuropsychiatric conditions.



464  |  International Journal of Neuropsychopharmacology, 2019

Funding

This work was supported in part by a grant from the Singapore 
Ministry of Education (2015-T1-001-069) (G.J.A.) and a grant 
from the National Alliance for Research on Schizophrenia and 
Depression as well as unrestricted funds (W.C.W.). Some of the 
equipment used in the behavioral testing was purchased with a 
grant from the North Carolina Biotechnology Center.

Acknowledgments

We thank Jiechun Zhou for breeding the mice at Duke University.

Statement of Interest

Drs Pogorelov, Kao, and Augustine have no conflicts of interest to 
declare in relation to this manuscript. Dr Wetsel has no conflict 
of interest to declare in relation to this manuscript; however, 
he does receive royalties from the National Institutes of Health 
for making antisera to the protein kinase C isoforms and has 
research funds from Rugen Holdings (Cayman) for preclinical 
studies related to obsessive-compulsive disorder and autism.

References
Arbuthnott GW, Fairbrother IS, Butcher SP (1990) Brain 

microdialysis studies on the control of dopamine release and 
metabolism in vivo. J Neurosci Methods 34:73–81.

Brenes O, Giachello CN, Corradi AM, Ghirardi M, Montarolo PG (2015) 
Synapsin knockdown is associated with decreased neurite out-
growth, functional synaptogenesis impairment, and fast high-
frequency neurotransmitter release. J Neurosci Res 93:1492–1506.

Bykhovskaia M (2011) Synapsin regulation of vesicle organiza-
tion and functional pools. Semin Cell Dev Biol 22:387–392.

Carr DB, Sesack SR (2000) Projections from the rat prefrontal 
cortex to the ventral tegmental area: target specificity in the 
synaptic associations with mesoaccumbens and mesocortical 
neurons. J Neurosci 20:3864–3873.

Chen Q, He G, Qin W, Chen QY, Zhao XZ, Duan SW, Liu XM, Feng 
GY, Xu YF, St Clair D, Li M, Wang JH, Xing YL, Shi JG, He L (2004) 
Family-based association study of synapsin II and schizo-
phrenia. Am J Hum Genet 75:873–877.

Chiappalone M, Casagrande S, Tedesco M, Valtorta F, Baldelli 
P, Martinoia S, Benfenati F (2009) Opposite changes in 
glutamatergic and GABAergic transmission underlie the dif-
fuse hyperexcitability of synapsin I-deficient cortical net-
works. Cereb Cortex 19:1422–1439.

Conti LH, Segal DS, Kuczenski R (1997) Maintenance of amphetamine-
induced stereotypy and locomotion requires ongoing dopamine 
receptor activation. Psychopharmacology (Berl) 130:183–188.

Corradi A, Zanardi A, Giacomini C, Onofri F, Valtorta F, Zoli M, 
Benfenati F (2008) Synapsin-I- and synapsin-II-null mice dis-
play an increased age-dependent cognitive impairment. J Cell 
Sci 121:3042–3051.

Corradi A, Fadda M, Piton A, Patry L, Marte A, Rossi P, Cadieux-
Dion M, Gauthier J, Lapointe L, Mottron L, Valtorta F, Rouleau 
GA, Fassio A, Benfenati F, Cossette P (2014) SYN2 is an autism 
predisposing gene: loss-of-function mutations alter synaptic 
vesicle cycling and axon outgrowth. Hum Mol Genet 23:90–103.

Crick EW, Osorio I, Frei M, Mayer AP, Lunte CE (2014) Correlation 
of 3-mercaptopropionic acid induced seizures and changes 
in striatal neurotransmitters monitored by microdialysis. Eur 
J Pharm Sci 57:25–33.

Direnfeld L, Spero L, Marotta J, Seeman P (1978) The L-dopa on-off ef-
fect in Parkinson disease: treatment by transient drug withdrawal 
and dopamine receptor resensitization. Ann Neurol 4:573–575.

Divac I, Fonnum F, Storm-Mathisen J (1977) High affinity uptake 
of glutamate in terminals of corticostriatal axons. Nature 
266:377–378.

Dyck BA, Skoblenick KJ, Castellano JM, Ki K, Thomas N, Mishra RK 
(2009) Behavioral abnormalities in synapsin II knockout mice 
implicate a causal factor in schizophrenia. Synapse 63:662–672.

Etholm L, Lindén H, Eken T, Heggelund P (2011) 
Electroencephalographic characterization of seizure activity in 
the synapsin I/II double knockout mouse. Brain Res 1383:270–288.

Evergren E, Tomilin N, Vasylieva E, Sergeeva V, Bloom O, Gad H, 
Capani F, Shupliakov O (2004) A pre-embedding immunogold 
approach for detection of synaptic endocytic proteins in situ. 
J Neurosci Methods 135:169–174.

Farisello P, Boido D, Nieus T, Medrihan L, Cesca F, Valtorta F, 
Baldelli P, Benfenati F (2013) Synaptic and extrasynaptic origin 
of the excitation/inhibition imbalance in the hippocampus of 
synapsin I/II/III knockout mice. Cereb Cortex 23:581–593.

Fassio A, et al. (2011) SYN1 loss-of-function mutations in autism 
and partial epilepsy cause impaired synaptic function. Hum 
Mol Genet 20:2297–2307.

Ferreira A, Chin LS, Li L, Lanier LM, Kosik KS, Greengard P (1998) 
Distinct roles of synapsin I and synapsin II during neuronal 
development. Mol Med 4:22–28.

Feng J, Chi P, Blanpied TA, Xu Y, Magarinos AM, Ferreira A, 
Takahashi RH, Kao HT, McEwen BS, Ryan TA, Augustine GJ, 
Greengard P (2002) Regulation of neurotransmitter release by 
synapsin III. J Neurosci 22:4372–4380.

Fitzgerald LW, Ortiz J, Hamedani AG, Nestler EJ (1996) Drugs 
of abuse and stress increase the expression of GluR1 and 
NMDAR1 glutamate receptor subunits in the rat ventral teg-
mental area: common adaptations among cross-sensitizing 
agents. J Neurosci 16:274–282.

Floresco SB, West AR, Ash B, Moore H, Grace AA (2003) Afferent modu-
lation of dopamine neuron firing differentially regulates tonic and 
phasic dopamine transmission. Nat Neurosci 6:968–973.

Fornaguera J, Schwarting RK (1999) Early behavioral changes 
after nigro-striatal system damage can serve as predictors 
of striatal dopamine depletion. Prog Neuropsychopharmacol 
Biol Psychiatry 23:1353–1368.

Garcia CC, Blair HJ, Seager M, Coulthard A, Tennant S, Buddles 
M, Curtis A, Goodship JA (2004) Identification of a mutation 
in synapsin I, a synaptic vesicle protein, in a family with epi-
lepsy. J Med Genet 41:183–186.

Geter-Douglass B, Katz JL, Alling K, Acri JB, Witkin JM (1997) Char-
acterization of unconditioned behavioral effects of dopamine 
D3/D2 receptor agonists. J Pharmacol Exp Ther 283:7–15.

Gitler D, Takagishi Y, Feng J, Ren Y, Rodriguiz RM, Wetsel WC, 
Greengard P, Augustine GJ (2004) Different presynaptic roles 
of synapsins at excitatory and inhibitory synapses. J Neurosci 
24:11368–11380.

Gitler D, Cheng Q, Greengard P, Augustine GJ (2008) Synapsin IIa 
controls the reserve pool of glutamatergic synaptic vesicles. J 
Neurosci 28:10835–10843.

Glowinski J (1973) Some characteristics of the ‘functional’ and 
‘main storage’ compartments in central catecholaminergic 
neurons. Brain Res 62:489–493.

Greco B, Managò F, Tucci V, Kao HT, Valtorta F, Benfenati F 
(2013) Autism-related behavioral abnormalities in synapsin 
knockout mice. Behav Brain Res 251:65–74.

Greengard P, Valtorta F, Czernik AJ, Benfenati F (1993) Synaptic 
vesicle phosphoproteins and regulation of synaptic function. 
Science 259:780–785.



Pogorelov et al.  |  465

Hilfiker S, Pieribone VA, Czernik AJ, Kao HT, Augustine GJ, 
Greengard P (1999) Synapsins as regulators of neurotrans-
mitter release. Philos Trans R Soc Lond B Biol Sci 354:269–279.

Hu XT, White FJ (1992) Repeated D1 dopamine receptor agonist ad-
ministration prevents the development of both D1 and D2 stri-
atal receptor supersensitivity following denervation. Synapse 
10:206–216.

Humeau Y, Doussau F, Vitiello F, Greengard P, Benfenati F, Poulain 
B (2001) Synapsin controls both reserve and releasable syn-
aptic vesicle pools during neuronal activity and short-term 
plasticity in Aplysia. J Neurosci 21:4195–4206.

Jackson DM, Ross SB, Edwards SR (1989) Dopamine D2 agonist-
induced behavioural depression is reversed by dopamine D1 
agonists. J Neural Transm 75:213–220.

Jeziorski M, White FJ (1989) Dopamine agonists at repeated 
“autoreceptor-selective” doses: effects upon the sensitivity of 
A10 dopamine autoreceptors. Synapse 4:267–280.

Kaji R (2001) Basal ganglia as a sensory gating devise for motor 
control. J Med Invest 48:142–146.

Kelly PH, Miller RJ, Neumeyer JL (1975) Effect of aporphine alkal-
oids on central dopamine receptors. Br J Pharmacol 52:271P.

Kile BM, Guillot TS, Venton BJ, Wetsel WC, Augustine GJ, 
Wightman RM (2010) Synapsins differentially control dopa-
mine and serotonin release. J Neurosci 30:9762–9770.

Kim JH, Vezina P (1997) Activation of metabotropic glutamate 
receptors in the rat nucleus accumbens increases locomotor 
activity in a dopamine-dependent manner. J Pharmacol Exp 
Ther 283:962–968.

Kovács A, Mihály A, Komáromi A, Gyengési E, Szente M, Weiczner 
R, Krisztin- éva B, Szabó G, Telegdy G (2003) Seizure, neuro-
transmitter release, and gene expression are closely related 
in the striatum of 4-aminopyridine-treated rats. Epilepsy Res 
55:117–129.

Lachman HM, Stopkova P, Rafael MA, Saito T (2005) Association 
of schizophrenia in African Americans to polymorphism in 
synapsin III gene. Psychiatr Genet 15:127–132.

Li L, Chin LS, Shupliakov O, Brodin L, Sihra TS, Hvalby O, Jensen 
V, Zheng D, McNamara JO, Greengard P (1995) Impairment of 
synaptic vesicle clustering and of synaptic transmission, and 
increased seizure propensity, in synapsin I-deficient mice. 
Proc Natl Acad Sci U S A 92:9235–9239.

Lignani G, Raimondi A, Ferrea E, Rocchi A, Paonessa F, Cesca F, Orlando M, 
Tkatch T, Valtorta F, Cossette P, Baldelli P, Benfenati F (2013) Epilepto-
genic Q555X SYN1 mutant triggers imbalances in release dynamics 
and short-term plasticity. Hum Mol Genet 22:2186–2199.

Luís C, Cannella N, Spanagel R, Köhr G (2017) Persistent strength-
ening of the prefrontal cortex - nucleus accumbens pathway 
during incubation of cocaine-seeking behavior. Neurobiol 
Learn Mem 138:281–290.

Martin GE, Bendesky RJ (1984) Mouse locomotor activity: an in 
vivo test for dopamine autoreceptor activation. J Pharmacol 
Exp Ther 229:706–711.

Pierce RC, Reeder DC, Hicks J, Morgan ZR, Kalivas PW (1998) 
Ibotenic acid lesions of the dorsal prefrontal cortex disrupt 
the expression of behavioral sensitization to cocaine. Neuro-
science 82:1103–1114.

Pieribone VA, Shupliakov O, Brodin L, Hilfiker-Rothenfluh S, 
Czernik AJ, Greengard P (1995) Distinct pools of synaptic 
vesicles in neurotransmitter release. Nature 375:493–497.

Pogorelov VM, Rodriguiz RM, Insco ML, Caron MG, Wetsel 
WC (2005) Novelty seeking and stereotypic activation 
of behavior in mice with disruption of the Dat1 gene. 
Neuropsychopharmacology 30:1818–1831.

Porton B, Kao HT, Greengard P (1999) Characterization of tran-
scripts from the synapsin III gene locus. J Neurochem 
73:2266–2271.

Porton B, Ferreira A, DeLisi LE, Kao HT (2004) A rare poly-
morphism affects a mitogen-activated protein kinase site 
in synapsin III: possible relationship to schizophrenia. Biol 
Psychiatry 55:118–125.

Porton B, Rodriguiz RM, Phillips LE, Gilbert JW 4th, Feng J, 
Greengard P, Kao HT, Wetsel WC (2010) Mice lacking synapsin 
III show abnormalities in explicit memory and conditioned 
fear. Genes Brain Behav 9:257–268.

Pulvirenti L, Swerdlow NR, Koob GF (1989) Microinjection of a 
glutamate antagonist into the nucleus accumbens reduces 
psychostimulant locomotion in rats. Neurosci Lett 103:213–218.

Rebec GV, Grabner CP, Johnson M, Pierce RC, Bardo MT (1997) 
Transient increases in catecholaminergic activity in medial 
prefrontal cortex and nucleus accumbens shell during nov-
elty. Neuroscience 76:707–714.

Rothwell PE, Kourrich S, Thomas MJ (2011) Environmental nov-
elty causes stress-like adaptations at nucleus accumbens 
synapses: implications for studying addiction-related plasti-
city. Neuropharmacology 61:1152–1159.

Schenk S, Snow S (1994) Sensitization to cocaine’s motor 
activating properties produced by electrical kindling of the 
medial prefrontal cortex but not of the hippocampus. Brain 
Res 659:17–22.

Song SH, Augustine GJ (2015) Synapsin isoforms and synaptic 
vesicle trafficking. Mol Cells 38:936–940.

Südhof TC, Czernik AJ, Kao HT, Takei K, Johnston PA, Horiuchi 
A, Kanazir SD, Wagner MA, Perin MS, De Camilli P (1989) 
Synapsins: mosaics of shared and individual domains 
in a family of synaptic vesicle phosphoproteins. Science 
245:1474–1480.

Terada S, Tsujimoto T, Takei Y, Takahashi T, Hirokawa N (1999) 
Impairment of inhibitory synaptic transmission in mice 
lacking synapsin I. J Cell Biol 145:1039–1048.

Thanos PK, Jhamandas K, Beninger RJ (1992) N-methyl-D-aspartate uni-
laterally injected into the dorsal striatum of rats produces contra-
lateral circling: antagonism by 2-amino-7-phosphonoheptanoic 
acid and cis-flupenthixol. Brain Res 589:55–61.

Tzschentke TM, Schmidt WJ (1998) Discrete quinolinic acid le-
sions of the rat prelimbic medial prefrontal cortex affect 
cocaine- and MK-801-, but not morphine- and amphetamine-
induced reward and psychomotor activation as measured 
with the place preference conditioning paradigm. Behav 
Brain Res 97:115–127.

Varoqui H, Erickson JD (1997) Vesicular neurotransmitter trans-
porters. Potential sites for the regulation of synaptic function. 
Mol Neurobiol 15:165–191.

Vawter MP, Thatcher L, Usen N, Hyde TM, Kleinman JE, Freed WJ 
(2002) Reduction of synapsin in the hippocampus of patients with 
bipolar disorder and schizophrenia. Mol Psychiatry 7:571–578.

Venton BJ, Seipel AT, Phillips PE, Wetsel WC, Gitler D, Greengard 
P, Augustine GJ, Wightman RM (2006) Cocaine increases dopa-
mine release by mobilization of a synapsin-dependent re-
serve pool. J Neurosci 26:3206–3209.

Wightman RM, Heien ML, Wassum KM, Sombers LA, Aragona BJ, 
Khan AS, Ariansen JL, Cheer JF, Phillips PE, Carelli RM (2007) 
Dopamine release is heterogeneous within microenvironments 
of the rat nucleus accumbens. Eur J Neurosci 26:2046–2054.

Wolf ME (1998) The role of excitatory amino acids in behavioral 
sensitization to psychomotor stimulants. Prog Neurobiol 
54:679–720.


