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Models of relapse have demonstrated that neuroadaptations in reward circuits following cocaine self-administration (SA) underlie
reinstatement of drug-seeking. Dysregulation of the pathway from the prelimbic (PrL) cortex to the nucleus accumbens is implicated in
reinstatement. A single BDNF infusion into the PrL cortex following a final cocaine SA session results in attenuation of reinstatement of
cocaine-seeking. Inhibiting BDNF’s receptor, TrkB, ERK/MAP kinase activation, or NMDA receptors blocks this attenuating effect, indicating
that the interaction between glutamate-mediated synaptic activity and TrkB signaling is imperative to BDNF’s suppressive effect on drug-
seeking. Src family kinases (SFKs) are involved in both NMDA-mediated activation of TrkB- and TrkB-mediated tyrosine phosphorylation of
NMDA receptors. We hypothesized that infusion of the SFK inhibitor, PP2, into the PrL cortex prior to a BDNF infusion, immediately after
the end of the last cocaine SA session, would block BDNF’s ability to suppress reinstatement of cocaine-seeking in rats with a cocaine SA
history. PP2, but not the negative control, PP3, blocked BDNF’s suppressive effect on context-induced relapse after 1 week of abstinence
and cue-induced reinstatement after extinction. As previously reported, infusion of BDNF into the PrL cortex blocked cocaine SA-induced
dephosphorylation of ERK, GluN2A, and GluN2B-containing receptors. Inhibition of SFKs using PP2 blocked BDNF-mediated
phosphorylation of GluN2A, GluN2B, and ERK. These data indicate that SFK activity is necessary for BDNF-mediated suppression of
cocaine-seeking and reversal of cocaine-induced dephosphorylation of key phosphoproteins in the prefrontal cortex related to synaptic
plasticity.
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INTRODUCTION

Cocaine addiction is a prevalent neuropsychiatric disorder
that imposes especially high societal costs owing to its
chronic relapsing nature. For this reason, relapse prevention
is a particularly relevant target for treatment. The dorsal
medial prefrontal cortex, particularly the prelimbic (PrL)
subregion, is the origin of the cortico-accumbens pathway to
the nucleus accumbens core (NAcc) that has been implicated
in reinstatement of drug-seeking in preclinical studies
(Berglind et al, 2007; Go et al, 2016; McFarland and
Kalivas, 2001; McFarland et al, 2003; Whitfield et al, 2011).
Cocaine self-administration (SA) results in a transient period
of dephosphorylation of a number of proteins associated
with neuronal plasticity, including ERK, CREB, and NMDA
receptor subunits, GluN2A and GluN2B. Reversing the

dephosphorylation of these proteins with a single intra-PrL
microinfusion of brain-derived neurotrophic factor (BDNF)
immediately after a final session of cocaine SA results in a
subsequent suppression of relapse to cocaine-seeking for up
to 4 weeks post infusion (Berglind et al, 2007; Go et al, 2016;
Whitfield et al, 2011) and normalizes cocaine-induced
alterations in glutamate neurotransmitter levels in NAcc
(Berglind et al, 2009). A single BDNF infusion had no effect
on food-seeking in a similar paradigm, indicating the
specificity of BDNF’s effects (Berglind et al, 2007). Interven-
tion with a BDNF infusion immediately after cocaine SA is
critical in preventing the cocaine-induced dephosphorylation
of these proteins because their levels normalize within 24 h
and a later infusion of BDNF does not suppress cocaine-
seeking (Berglind et al, 2007; Whitfield et al, 2011).
The precise molecular events that underlie BDNF’s

suppressive effects on relapse are only partially known. The
high affinity BDNF receptor, tropomyosin kinase receptor B
(TrkB), is expressed in rat cortex on the cell bodies and
apical dendrites of pyramidal cells, as well as interneurons
(Cellerino et al, 1996). Blocking activation of the TrkB
receptor locally in the PrL cortex or its downstream target,
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extracellular signal-regulated kinase (ERK), prevents BDNF’s
suppression of cocaine-seeking (Whitfield et al, 2011).
Furthermore, NMDA receptor antagonists not only block
the ability of BDNF to phosphorylate the NMDA receptor
subunits, GluN2A and GluN2B, but also prevent BDNF’s
suppression of cocaine-seeking (Go et al, 2016). We sought
to understand how BDNF-induced TrkB activation and
NMDA receptor subunit activation both underlie BDNF’s
suppressive effect on cocaine-seeking.
A main link between these two receptors is mediated by src

family kinases (SFKs). The SFKs, Fyn and Src, are highly
expressed in neurons and have emerged as essential
regulators of synaptic transmission specifically through
tyrosine phosphorylation of the NMDA receptor subunits,
GluN2B and GluN2A, respectively, to positively modulate
synaptic transmission (Salter and Kalia, 2004; Ohnishi et al,
2011). Furthermore, TrkB-induced activation results in a
feed forward activation of SFKs and a feedback enhancement
of TrkB phosphorylation (Huang and McNamara, 2010).
Thus, in this study, we investigated whether inhibition of
SFKs using a non-selective SFK inhibitor, PP2 (Hanke et al,
1996), would block both the ability of BDNF to phosphor-
ylate ERK, GluN2A, and GluN2B and BDNF’s suppression of
cocaine-seeking. Our results indicate that SFK activation is
critical for BDNF’s suppressive effects on cocaine-seeking,
likely through SFK-mediated GluN2A, GluN2B, and ERK
activation.

MATERIALS AND METHODS

See Supplementary Information for complete methodological
details of previously published procedures.

Experimental Design

Figure 1a illustrates the behavioral paradigm used in
Experiment 1 to determine the effect that SFK inhibition
has on the ability of BDNF to suppress cocaine-seeking.
Immediately following the last cocaine SA session, the PrL
cortex of rats was infused bilaterally with the active SFK
inhibitor, PP2, or its negative control, PP3, followed by an
infusion of either BDNF or PBS. Rats were then returned to
their home cages for 6 days of forced abstinence, following
which they underwent a post-abstinence relapse test under
extinction conditions. Animals then continued with extinc-
tion to criterion and underwent a cue-induced reinstatement
test. Figure 1b displays the design used in Experiment 2 to
determine the effects of SFK inhibition during early
abstinence on the ability of an intra-PrL BDNF microinfu-
sion to block cocaine SA-induced dephosphorylation of ERK,
GluN2A, and GluN2B. All rats in Experiment 2, including
yoked-saline control rats, were decapitated 2 h after the
intracranial (i.c.) infusions at the end of cocaine SA and
tissue punches from the PrL cortex were processed for
phosphoprotein analysis.

Subjects and Surgical Procedures

Male Sprague Dawley Rats (Charles River Laboratories,
Wilmington, MA) weighing 275–325 g, were singly housed
upon arrival in a temperature and humidity controlled
vivarium in a room on a 12–12 reverse light/dark cycle. They

had ad libitum access to standard rat chow (Harlan,
Indianapolis, IN) and water. All experiments were conducted
during the dark cycle and approved by the IACUC of the
Medical University of South Carolina. Prior to surgery, rats
were anesthetized, the left jugular veins were catheterized,
and the PrL cortex was cannulated bilaterally as previously
described (Berglind et al, 2007; Go et al, 2016). The
antibiotic, cephazolin (10 mg/0.1 ml; 0.1 ml i.v.) and the
anti-bacterial solution, taurolidine-citrate-saline (0.05 ml i.v.)
were injected post surgery and for 5 days of recovery.

Cocaine SA

Rats were trained to self-administer cocaine on a FR1
schedule during 2 h sessions for 12–14 days as previously
described (Go et al, 2016). In brief, following recovery, rats
were food restricted to ⩽ 20 mg of chow one day prior to and
during SA training. Rats were trained to press the active lever
to self-administer cocaine hydrochloride (0.2 mg/infusion;
NIDA, Research Triangle Park, NC) paired with a light and
tone cue complex. Pressing the inactive lever had no
programmed consequences. For rats in Experiment 2
(Figure 1b), a sender-receiver paradigm was used whereupon
following receipt of a cocaine infusion in a sender animal, a
corresponding receiver animal was infused with an equal
volume of 0.9% saline.

Intracranial Drugs and Microinfusions in the PrL Cortex

Rats were habituated to an infusion room and their stylets
manipulated after the last three SA sessions. On the day
before the last SA session, a stylet (Plastics One, Roanoke,
VA) that extended 1 mm beyond the implanted cannula was
inserted. The PrL cortex of rats was infused bilaterally
immediately following their final SA session. Ten mM stock
solutions of the selective SFK inhibitor, 4-amino-5-(chlor-
ophenyl)-7-(t-butyl)pyrazolo[3,4-D]pyrimidine (PP2) and its
negative control, 4-amino-7-phenylpiryrazol[3,4-D]pyrimi-
dine (PP3) (Tocris Bioscience-BioTechne) were prepared in
100% DMSO and diluted using double-filtered 1xPBS to
10 μM in a final concentration of 0.1% DMSO. Animals were
infused with 10 μM of either PP2 (1.5 ng/0.5 μl per side, or
PP3 (1.05 ng/0.5 μl per side) based on previous studies that
demonstrated that intra-striatal infusion of 1.5 ng of PP2
bilaterally into the dorsal striatum was sufficient to suppress
drug-seeking (Wang et al, 2007, 2010). Twenty min following
the first i.c. infusion, rats were infused with either BDNF
(0.75 μg/μl/side R&D Systems, Inc) or 10 mM PBS vehicle as
previously described (Go et al, 2016).

Post-Abstinence Relapse Test, Extinction, and
Cue-Induced Reinstatement

Following the final SA session and i.c. drug infusions, the
rats in Experiment 1 were returned to the vivarium and
underwent 6 days of abstinence in their home cages followed
by a post-abstinence (PA) relapse test under extinction
conditions as described (Go et al, 2016). After at least 6 days
of additional extinction training to a criterion of less than 25
active lever presses for 2 consecutive days, rats underwent a
cue-induced reinstatement test in which an active lever press
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resulted in presentation of the previously drug-paired cue
complex, but no drug infusion.

Extractions and Histology

Brains from Experiment 1 were sectioned coronally at 40 μm
in a cryostat and then Nissl-stained to verify cannula
placements. In Experiment 2, bilateral, tissue punches were
taken from the PrL cortex (approximately AP 2.5–4.5) in a
cryostat using a 3 mm diameter biopsy punch (Braintree
Scientific). Placements were verified and recorded during
dissection and sections were taken anterior to and through
the extent of the punch for Nissl staining and mapping.
Punches were then stored at − 80 °C until processed.

Tissue Processing

Punches from all experimental groups were processed
simultaneously as previously described (Go et al, 2016; Sun
et al, 2013).

Wes Immunoassay

The Wes capillary electrophoresis system (Protein Simple-
BioTechne, San Jose, CA) was used for all protein
quantitation. Sample aliquots were thawed and diluted to
0.8 μg/μl for all phosphoprotein targets and 0.4 μg/μl for all
total protein targets using ¾ 0.1x Sample Buffer and ¼ 4×
Master Mix (1:1 mix of 40 mM DTT and 10 × Sample
Buffer) according to supplier instructions. Samples were
denatured at 95 °C for 5 min (ERK) or 70 °C for 10 min

(GluN2A, GluN2B). Primary phosphoprotein antisera were
loaded into 25-well plates as follows: pERK (1 : 12.5, Cell
Signaling Technology), pGluN2A-Y1325 (1 : 12.5, Abcam),
pGluN2B-Y1472 (1 : 12.5, Sigma-Aldrich). Calnexin (Enzo
Life Sciences) was multiplexed with all phosphoprotein
targets at a concentration of 1 : 2000. Total protein antisera
were: ERK (1 : 100, Cell Signaling Technology) multiplexed
with 1 : 1000 calnexin, GluN2A (1 : 50, Millipore) multi-
plexed with 1 : 2000 calnexin, and GluN2B (1 : 250, BD
Biosciences) multiplexed with 1 : 250 calnexin. Supplier
secondary antibodies were used as instructed (anti-rabbit,
Protein Simple) for all protein targets with the exception of
total GluN2B. In this case, supplier anti-mouse secondary
was mixed 50 : 50 with anti-rabbit secondary to accommo-
date the two primary antisera. Each experimental group was
equally represented in all plates. Analysis of the area under
the curve of electropherogram peaks was performed with
Compass software (Protein Simple) using the Dropped Lines
analysis function (pGluN2A) or Gaussian distribution (all
other proteins) of the luminol-peroxidase signal in the
capillaries. Analysis was done by taking the normalized
phosphoprotein (phosphor-protein target/corresponding
multiplexed calnexin) to the total protein (also normalized
to the corresponding multiplexed calnexin).

Statistical Analysis

All statistical analyses were performed using GraphPad
PRISM 7 software (La Jolla, CA). For experiment one, two-
way ANOVAs were performed followed by a priori planned

Figure 1 (a) Experiment 1 design. Rats receive either the SFK inhibitor, PP2, or its negative control, PP3, 20 min prior to a BDNF or PBS infusion
immediately after the final self-administration session. Rats then underwent abstinence, a post-abstinence (PA) test, extinction, and a cue induced
reinstatement test. (b) Experiment 2 timeline for analysis of phosphoprotein expression. Rats were decapitated 2 h after intracranial infusions immediately after
the last cocaine self-administration session. (c) Schematic depiction of cannula placements in the PrL cortex in Experiment 1 (closed circles). Animals with
placements outside the area of interest were excluded. Open circles show the area included in tissue punches that were processed for phosphoprotein
analysis in Experiment 2.
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Student-Neman-Keuls (SNK) pairwise comparison tests if
significant main effects or interactions were observed.
Grubb’s test was used to determine statistical outliers
(n= 1) that were removed from all analyses. Statistical
significance was set at po0.05. For experiment two, three-
way ANOVA analyses were performed followed by a priori
planned SNK tests. All data are graphically represented as the
mean ± SEM.

RESULTS

SFK Inhibition Blocks BDNF-Induced Suppression of
Cocaine-Seeking

The timeline for Experiment 1 is depicted in Figure 1a.
Cannula placements for Experiment 1 are shown in
Figure 1c. Cocaine SA data during the final 12 days when
all rats reached criterion are depicted in Supplementary
Figure 1A. The starting number of rats was 48. Rats with
placements outside the target region were excluded from
mapping and analysis (n= 6). Two rats were excluded due to
lost head caps and four rats died due to surgical complica-
tions (final n= 8–9/group). There were no significant
differences in active lever presses among groups throughout
cocaine SA (Supplementary Figure 1A) or during the last 3-
days of cocaine SA, prior to i.c. infusions (F(1,29)= 0.638,
p= 0.43, Figure 2a). Following cocaine SA for 12–14 days,
rats received an i.c. infusion of either PP2 or PP3 followed by
either BDNF or PBS. Following 6 days of home cage
abstinence, a two-way ANOVA revealed a significant effect

of i.c treatment #1 (PP2 or PP3) (F(1,29)= 10.29, p= 0.0033)
and a significant effect of i.c. treatment #2 (PBS or BDNF)
(F(1,29)= 7.099, p= 0.0125 Figure 2b) on non-reinforced
active lever presses during the PA test. Planned SNK
multiple comparison tests revealed that an i.c. infusion of
BDNF significantly reduced active lever presses during the
PA test when preceded by an infusion of PP3 (PP3-PBS vs
PP3-BDNF). An infusion of PP2 prior to a BDNF infusion
prevented the BDNF-induced reduction of active lever
presses in comparison to PP3-infused rats (PP3-BDNF vs
PP2-BDNF). In addition, rats that were infused with PP2
prior to BDNF showed no significant decrease in active lever
presses in comparison to their PP2-PBS controls (PP2-PBS vs
PP2-BDNF). Furthermore, there was no difference between
the PP3-PBS and PP2-PBS groups, indicating that PP2 by
itself did not alter cocaine- seeking in the PA test.
There were no differences between groups during the last

2d of extinction as shown by a two-way ANOVA
(F(1,29)= 2.075, p= 0.1604, Supplementary Figure S1C). Full
extinction curves are shown in Figure 2c (active levers) and
Supplementary Figure S1D (inactive levers). Following
extinction, a two-way ANOVA revealed a significant
interaction between i.c. treatment #1 (PP2 or PP3) and i.c.
treatment #2 (PBS or BDNF) (F(1,29)= 7.590. p= 0.0100) in a
cue-induced reinstatement test (Figure 2d). SNK multiple
comparison tests revealed that there was a significant
decrease in active lever pressing following BDNF treatment
when preceded by PP3 (PP3-PBS vs PP3-BDNF). Infusion of
PP2 prior to BDNF prevented the BDNF-induced reduction
of active lever presses in the cue-induced reinstatement test

Figure 2 Self-administration, extinction, and relapse data. (a) There were no significant differences in active lever presses during SA among the rats that
were subsequently assigned to one of four intracranial infusion groups. (b) Following 1 week of abstinence, rats that received PP3-BDNF pressed significantly
less (**po0.01) than rats that received PP3-PBS during a PA test. Rats that received PP2-BDNF pressed significantly more than animals that received PP3-
BDNF (^^po0.01). (c) Following the PA test (extinction day 1), rats that received PP3-BDNF pressed significantly less than other infusions groups on
extinction day 2 only (^^vs. PP3-BDNF; ##vs. PP2-PBS; ***vs. PP3-PBS). (d) Following extinction to criteria, rats that received PP3-BDNF pressed significantly
less (**po0.01) than rats that received PP3-PBS. Rats that received PP2-BDNF pressed significantly more than animals that received PP3-BDNF (^^po0.01).
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(PP3-BDNF vs PP2-BDNF). There was no difference in the
active lever presses between PP2-PBS vs PP2-BDNF and
there was no difference between PP3-PBS and PP2-PBS,
indicating that PP2 by itself when infused into PrL cortex
immediately after cocaine SA had no effect on cue-induced
reinstatement.

SFK Inhibition Prevents BDNF-Mediated Increases in
Phosphoproteins in the PrL Cortex

In Experiment 2 (Figure 1b), animals were trained to self-
administer cocaine as in Experiment 1 with added yoked-
saline controls for all i.c. infusion groups (n= 64). There
were no differences between groups in lever pressing
behavior during SA (Supplementary Figure S1B). Two rats
were excluded due to failed catheters at the end of SA
training, one rat was excluded because of a lost head cap, and
eight rats were excluded owing to missed cannula place-
ments. The experimental design estimated a higher surgical
fail rate than was observed. Therefore, tissue from four rats
(one per group) was not run for phosphoprotein analysis
owing to a lack of space and ability to represent all eight
experimental groups on one Wes plate. The final number per
group was 6.

SFK inhibition blocks BDNF effects on pERK. A three-
way, mixed factor ANOVA of pERK/tERK expression
revealed no significant three-way interaction between saline
vs cocaine, PP3 vs PP2, and PBS vs BDNF (F(1,40)= 0.001,
p= 0.9762). There were main effects for all three variables
tested (Saline vs Cocaine, PP3 vs PP2, PBS vs BDNF;
po0.0001). Because the simple main effect of i.v. drug was
not complicated by higher level interactions, this main effect
indicates that cocaine treatment significantly reduced ERK
phosphorylation compared to yoked-saline controls (saline
vs cocaine F(1,40)= 32.36, po0.0001). Pre-planned SNK

multiple comparison tests (Figure 3) revealed that this main
effect was driven by significant differences for all i.c. infusion
groups PP3-PBS, PP2-PBS, PP3-BDNF by i.v. treatment
(saline vs cocaine) except for PP2-BDNF. There was a
significant interaction between PP3 vs PP2 and PBS vs BDNF
(F(1,40)= 32.36, po0.0001) in addition to the main effects of
each variable indicating that the change in BDNF’s effect
compared with PBS depends on the pretreatment of PP3 or
PP2. Pre-planned SNK multiple comparison tests (Figure 3)
revealed that PP3 did not prevent BDNF-mediated induction
of pERK (Saline-PP3-PBS vs Saline-PP3-BDNF and Cocaine-
PP3-PBS vs Cocaine-PP3-BDNF). However, infusion of PP2
prior to BDNF blocked BDNF-mediated ERK phosphoryla-
tion in both the saline and the cocaine treatment groups
(Saline-PP3-BDNF vs Saline-PP2-BDNF and Cocaine-PP3-
BDNF vs Cocaine-PP2-BDNF). There were no significant
BDNF-mediated increases in pERK in comparison with PBS
controls when rats were pre-treated with PP2 (Saline-PP2-
PBS vs Saline-PP2-BDNF and Cocaine-PP2-PBS vs Cocaine-
PP2-BDNF). Finally, there was no effect of PP2 infusion
alone on pERK expression, indicating that inhibition of SFKs
alone is not sufficient to cause ERK dephosphorylation 2 h
later (Saline-PP3-PBS vs Saline-PP2-PBS and Cocaine-PP3-
PBS vs Cocaine-PP2-PBS). The ratio of total ERK to calnexin
did not differ among groups (Supplementary Figure 2A).

SFK inhibition blocks BDNF effects on pGluN2A. We
examined the Y1325 phosphorylation site on the NMDA
receptor subunit, GluN2A, because Y1325 phosphorylation
increases NMDA channel open time probability (Cellerino
et al, 1996; Taniguchi et al, 2009). Furthermore, we have
previously observed that cocaine SA dephosphorylates
Y1325-GluN2A (Go et al, 2016). A three-way ANOVA
revealed no significant interaction between treatment #1
(Saline vs Cocaine) and treatment #2 (PP3 vs PP2) and
treatment #3 (PBS vs BDNF) for pGluN2A (pGluN2a:

Figure 3 Effect of PP2 infusion on BDNF’s ability to induce pERK in cocaine or yoked-saline groups. (a) Cocaine SA reduced pERK (PP3-PBS-cocaine vs
PP3-PBS-saline, **po0.01). In the presence of the SFK-inactive analogue, PP3, BDNF increased pERK in the yoked-saline group (PP3-PBS vs PP3-BDNF,
***po0.001) and prevented the suppression of pERK in cocaine SA rats (PP3-PBS vs PP3-BDNF, ####po0.0001). PP2 blocked BDNFs ability to increase
pERK in yoked-saline rats (PP2-BDNF vs PP3-BDNF ^^^po0.001) and in cocaine SA rats (PP2-BDNF vs PP3-BDNF $$po0.01). pERK levels were
significantly less in PP2-PBS rats treated with cocaine vs yoked-saline (PP2-PBS-Sal vs PP2-PBS-Coc ++po0.01). (b) Representative electropherogram traces
for each group are shown on the right of (a).
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F(1,40)= 0.2828, p= 0.5978). However, there were significant
effects for all treatments. The significant main effect of i.v.
drug (treatment #1) indicates that cocaine treatment
significantly altered Y1325-GluN2A phosphorylation (treat-
ment #1-Saline v Cocaine, F(1,40)= 22.59, po0.0001). Pre-
planned SNK multiple comparison tests (Figure 4a) showed
that an infusion of PP3 or PP2 when followed by PBS had no
effect on cocaine-induced dephosphorylation of pGluN2A
2 h following the end of cocaine SA (Saline-PP3-PBS vs
Cocaine-PP3-PBS and Saline-PP2-PBS vs Cocaine-PP2-PBS).
However, there was no difference in BDNF-mediated
GluN2A phosphorylation in the absence of PP2-mediated
SFK inhibition between the i.v. drug groups (Saline-PP3-
BDNF vs Cocaine-PP3-BDNF) which is consistent with
previous analyses (Go et al, 2016). In the presence of PP2,
there was no difference between i.v. drug groups infused with
BDNF (Saline-PP2-BDNF vs Cocaine-PP2-BDNF). There
was a significant interaction between treatment #2

(PP3 vs PP2) and #3 (PBS vs BDNF) (F(1,40)= 17.15,
po0.0002). Pre-planned SNK multiple comparison tests
showed that PP3 did not prevent BDNF-mediated induction
of Y1325-pGluN2A in the yoked-saline (Saline-PP3-PBS vs
Saline-PP3-BDNF) or cocaine self-administering (Cocaine-
PP3-PBS vs Cocaine-PP3-BDNF) groups. However, infusion
of PP2 blocked BDNF-mediated pGluN2A phosphorylation
in both the yoked-saline and the cocaine treatment groups
(Saline-PP3-BDNF vs Saline-PP2-BDNF and Cocaine-PP3-
BDNF vs Cocaine-PP2-BDNF). There was no difference in
pGluN2A levels when the rats were pre-treated with PP2
and BDNF vs PP2 and PBS in yoked-saline-treated rats
(Saline-PP2-PBS vs Saline-PP2-BDNF) or in cocaine self-
administering rats (Cocaine-PP2-PBS vs Cocaine-PP2-
BDNF). Finally, there was no difference between rats infused
with PP2 and PBS vs PP3 and PBS on pGluN2A expression
in yoked-saline-treated rats (Saline-PP3-PBS vs Saline-PP2-
PBS) or cocaine self-administering rats (Cocaine-PP3-PBS vs

Figure 4 Effect of PP2 infusion on BDNF’s ability to induce pGluN2A and pGluN2B in cocaine or yoked-saline groups. (a) Cocaine SA reduced pGluN2A
(PP3-PBS-cocaine vs PP3-PBS-Saline, *po0.05). In the presence of PP3, BDNF increased basal pGluN2A in the yoked-saline group (PP3-PBS vs PP3-BDNF,
*po0.05) and prevented the suppression of pGluN2A in cocaine SA rats (PP3-PBS vs PP3-BDNF, ####po0.0001). PP2 blocked BDNFs ability to increase
pGluN2A in yoked-saline rats (PP2-BDNF vs PP3-BDNF ^^po0.01) and in cocaine SA rats (PP2-BDNF vs PP3-BDNF $$$$po0.0001). pGluN2A levels were
significantly less in PP2-PBS rats treated with cocaine vs yoked-saline (PP2-PBS-Sal vs PP2-PBS-Coc +po0.05). (b) Representative electropherogram traces for
each group are shown. (c) Cocaine SA reduced pGluN2B (PP3-PBS-cocaine vs PP3-PBS-saline, **po0.01). In the presence of PP3, BDNF increased basal
pGluN2B in the yoked-saline group (PP3-PBS vs PP3-BDNF, ***po0.001) and prevented the suppression of pGluN2A in cocaine SA rats (PP3-PBS vs
PP3-BDNF, ####po0.0001). PP2 blocked BDNFs ability to increase pGluN2A in yoked-saline rats (PP2-BDNF vs PP3-BDNF ^^po0.01) and in cocaine SA
rats (PP2-BDNF vs PP3-BDNF $$$po0.001). pGluN2B levels were significantly less in PP2-PBS rats treated with cocaine vs yoked-saline (PP2-PBS-Sal vs
PP2-PBS-Coc +po0.05). (d) Representative electropherogram traces for each group are shown.
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Cocaine-PP2-PBS), indicating that inhibition of SFKs
immediately after cocaine SA does not cause pGluN2A
dephosphorylation 2 h later. The ratio of total GluN2A to
calnexin did not differ among groups (Supplementary
Figure 2B).

SFK inhibition blocks BDNF effects on pGluN2B. The
Y1472 phosphorylation site of the GluN2B subunit has been
shown to suppress internalization of NMDA receptors and
increase their surface expression (Carreño et al, 2011; Huang
and McNamara, 2010). Also we have previously observed that
this site is dysregulated 2 h after the end of cocaine SA (Go
et al, 2016; Sun et al, 2013). A three-way ANOVA revealed no
significant interaction between treatment #1 (saline vs
cocaine), treatment #2 (PP3 vs PP2), and treatment #3 (PBS
vs BDNF) for pGluN2B (pGluN2B: F(1,40)= 0.3762,
p= 0.5431). However, there were significant main effects for
all treatments. The significant main effect of saline vs
cocaine indicates that cocaine treatment significantly altered
GluN2B-Y1472 phosphorylation (treatment #1: F(1,1)= 26.29,
po0.0001). A pre-planned SNK multiple comparison test
(Figure 4c) showed that an infusion of PP3 or PP2 followed by
a PBS infusion had no effect on cocaine-induced depho-
sphorylation of p-GluN2B in the PrL cortex 2 h after the end
of cocaine SA (Saline-PP3-PBS vs Cocaine-PP3-PBS) or
yoked-saline treatment (Saline-PP2-PBS vs Cocaine-PP2-
PBS). There was no significant difference in pGluN2B levels
between Saline-PP3-BDNF vs Cocaine-PP3-BDNF groups or
the Saline-PP2-BDNF vs Cocaine-PP2-BDNF groups. There
was a significant interaction between treatment #2 and #3
(PP3 vs PP2, PBS vs BDNF; F(1,40)= 21.09, po0.0001). A pre-
planned SNK multiple comparison test (Figure 4c) showed
PP3 did not prevent BDNF-mediated induction of pGluN2B
in yoked-saline (Saline-PP3-PBS vs Saline-PP3-BDNF) or
cocaine self-administering (Cocaine-PP3-PBS vs Cocaine-
PP3-BDNF) groups. However, infusion of PP2 prior to BDNF
blocked BDNF-mediated pGluN2B phosphorylation in both
the saline and the cocaine treatment groups (Saline-PP3-
BDNF vs Saline-PP2-BDNF and Cocaine-PP3-BDNF vs
Cocaine-PP2-BDNF). There were no significant difference in
pGluN2B levels when the rats were pre-treated with PP2 and
BDNF vs PP2 and PBS in yoked-saline-treated rats (Saline-
PP2-PBS vs Saline-PP2-BDNF) or in cocaine self-administ-
ering rats (Cocaine-PP2-PBS vs Cocaine-PP2-BDNF). Finally,
there was no difference between rats infused with PP2 and
PBS vs PP3 and PBS on pGluN2B levels in yoked-saline-
treated rats (Saline-PP3-PBS vs Saline-PP2-PBS) or cocaine
self-administering rats (Cocaine-PP3-PBS vs Cocaine-PP2-
PBS), indicating that inhibition of SFKs immediately after
cocaine SA does not cause pGluN2B dephosphorylation 2 h
later. The ratio of total GluN2B to calnexin did not differ
among groups (Supplementary Figure 2C).

DISCUSSION

SFK Inhibition Prevents BDNF’s Suppressive Effects on
Cocaine-Seeking

Intra-PrL infusion of a non-selective SFK inhibitor prior to
BDNF blocked BDNF’s suppressive effects on cocaine-
seeking. SFKs serve as points of convergence linking TrkB
and NMDA receptors (Salter and Kalia, 2004). Binding of

BDNF to TrkB activates SFKs, leading to tyrosine phosphor-
ylation of GluN2A and GluN2B (Iwasaki et al, 1998; Tezuka
et al, 1999; Goebel-Goody et al, 2009; Huang and
McNamara, 2010). In addition, although the mechanism is
unknown, SFK activation has a positive feedback on TrkB,
fully activating it. Conversely, SFK inhibition reduces TrkB
phosphorylation and glutamate release from cortical neurons
(Huang and McNamara, 2010; Zhang et al, 2012). TrkB-
activation of GluN2A and GluN2B in the PrL cortex is
essential to BDNF’s suppressive effects on cocaine-seeking.
The critical nature of this interaction was demonstrated after
an intra-PrL infusion of a selective GluN2A or a GluN2B
antagonist before a BDNF infusion blocks the suppressive
effect of BDNF on subsequent cocaine-seeking. These data
indicate that activation of GluN subunits is essential for
BDNF-mediated behavioral effects, with SFKs as the likely
link between the TrkB/NMDA receptor systems (Go et al,
2016). TrkB/SFK interactions also underlie acquisition of
spatial memory in tasks mediated by NMDA receptors in the
hippocampus (Mizuno et al, 2003). PP2-induced inhibition
of SFKs in the dorsal hippocampus suppresses context-
induced reinstatement of cocaine-seeking (Xie et al, 2013)
and contributes to reconsolidation of cocaine-related mem-
ories (Wells et al, 2015), likely through mediation of GluN2B
and GluN2A subunit phosphorylation, respectively. Simi-
larly, inhibition of SFKs by PP2 infusion into the dorsal
striatum (but not the ventral striatum) disrupted maladaptive
alcohol-mediated GluN2B phosphorylation and reinstate-
ment of alcohol-seeking (Wang et al, 2010). These studies
indicate that SFKs contribute to drug-seeking in specific
brain regions at the time of reinstatement. In contrast, our
data indicate the importance of SFK activation in the PrL
cortex during early withdrawal from cocaine SA on the
ability of BDNF to suppress subsequent cocaine-seeking
1–3 weeks later. PP2 by itself had no effect on reinstatment
when administered immediately after cocaine SA, likely
because the GluN2A and GluN2B-containing NMDA
receptors in the PrL cortex are dephosphorylated and
inactivated by cocaine at that time (Go et al, 2016).

SFK Inhibition Blocks BDNF’s Ability to Prevent
Cocaine-Induced ERK Dephosphorylation

BDNF’s suppressive effects on cocaine-seeking depend on
both TrkB and ERK activation. Blocking ERK activation with
a MEK inhibitor prevents BDNF’s attenuation of subsequent
cocaine-seeking, indicating the importance of preventing
cocaine-induced deactivation of ERK during early with-
drawal (Whitfield et al, 2011). Our data indicate that
BDNF-mediated phosphorylation of ERK depends on SFK
activation. BDNF-induced TrkB activation results in dimer-
ization and autophosphorylation of intracellular tyrosine
residues in the receptor that results in activation of SFKs.
PP2 also prevents glutamate-induced ERK phosphorylation
in neuronal cultures; however, this inhibition was mediated
indirectly by PKA (Poddar et al, 2016). We hypothesized that
SFKs would be essential for BDNF-mediated suppression of
cocaine-seeking primarily because early withdrawal from
cocaine SA results in activation of STEP, a key regulator of
SFK family members, SFK substrates, and ERK (Baum et al,
2010; Sun et al, 2013). STEP dephosphorylates Fyn, GluN2A-
Y1325, and GluN2B-Y1472 (Tian et al, 2016). Further,
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inhibition of STEP activity with a relatively selective
inhibitor, TC-2153, immediately after cocaine SA suppresses
cocaine-seeking by activating ERK (Siemsen et al, 2017).
These data indicate that BDNF-mediated ERK phosphoryla-
tion during early withdrawal is crucial for suppression of
cocaine-seeking.

SFK Inhibition Blocks BDNF’s Ability to Prevent
Cocaine-Induced GluN Dephosphorylation

By augmenting SFK-mediated tyrosine phosphorylation of
GluN2A/B, BDNF-induced TrkB stimulation enhances
NMDA receptor function (Iwasaki et al, 1998; Levine et al,
1998; Lin et al, 1999). The SFK, Fyn, phosphorylates GluN2B
at Y1472, suppressing internalization and enhancing synap-
tic activity and LTP (Carreño et al, 2011; Huang and
McNamara, 2010). In turn, GluN2B activation directly
regulates the ERK MAP kinase pathway (Krapivinsky et al,
2003). During early withdrawal from cocaine SA, the
GluN2B-Y1472 residue in the PrL cortex is dephosphory-
lated in comparison to yoked-saline controls. Preventing
phosphorylation of this residue prior to a BDNF infusion
blocks BDNF’s suppressive effects (Go et al, 2016). In
addition, the SFK, Src, phosphorylates GluN2A at Y1325,
potentiating NMDA receptor currents and increasing open
channel probability (Taniguchi et al, 2009). Phosphorylation
of this residue is also downregulated during early withdrawal
from cocaine and blocking BDNF-induced phosphorylation
of this receptor prevents BDNF’s suppressive effects (Go
et al, 2016). Our data indicate that by nonselectively
inhibiting SFKs, BDNF’s ability to induce phosphorylation
of GluN subunits is inhibited. SFK activity is crucial because
NMDA receptor subunit phosphorylation contributes to
sustained ERK activation following TrKB activation
(Matsumoto et al, 2008). One possible mechanism for this
effect is release of Zn2+ from glutamatergic terminals that
can induce ERK phosphorylation via NMDA receptors. This
Zn2+ induced ERK activation is accompanied by a

corresponding deactivation of STEP (Poddar et al, 2016).
In addition, Zn2+ can stimulate the residues in TrkB that
cause autophosphorylation resulting in activation of
downstream pathways including ERK, an effect that is
SFK-dependent (Huang and McNamara, 2010).
Taken together these data indicate that SFKs mediate

mutual activation loops between NMDA receptors and TrkB
receptors (Figure 5). BDNF-induced stimulation of TrkB
activates SFKs. SFKs further activate TrKB and phosphor-
ylate their associated substrates including NMDA
receptors. NMDA receptor activation results in increased
extracellular Zn2+ entry into the cell, causing further Zn2+

induced transactivation of TrkB and ERK phosphorylation,
also resulting in deactivation of STEP. The deactivation of
STEP, which is hyperactivated during early withdrawal from
cocaine SA, results in less dephosphorylation of all of these
key residues, specifically GluN2A, GluN2B, ERK, and Fyn.
Which SFK family members are deregulated during early
cocaine abstinence is a subject of future studies.
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