Neurobiology of Disease

The Journal of Neuroscience, September 25,2013 - 33(39):15567—15577 « 15567

The Ability of BDNF to Modify Neurogenesis and
Depressive-Like Behaviors Is Dependent upon
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Brain-derived neurotrophic factor (BDNF) is a potent regulator of neuronal activity, neurogenesis, and depressive-like behaviors; how-
ever, downstream effectors by which BDNF exerts these varying actions remain to be determined. Here we reveal that BDNF induces
long-lasting enhancements in the efficacy of synaptic inhibition by stabilizing y2 subunit-containing GABA , receptors (GABA ,Rs) at the
cell surface, leading to persistent reductions in neuronal excitability. This effect is dependent upon enhanced phosphorylation of ty-
rosines 365 and 367 (Y365/7) in the GABA ,R y2 subunit as revealed using mice in which these residues have been mutated to phenyala-
nines (Y365/7F). Heterozygotes for this mutation exhibit an antidepressant-like phenotype, as shown using behavioral-despair models of
depression. In addition, heterozygous Y365/7F mice show increased levels of hippocampal neurogenesis, which has been strongly
connected with antidepressant action. Both the antidepressant phenotype and the increased neurogenesis seen in these mice are insen-
sitive to further modulation by BDNF, which produces robust antidepressant-like activity and neurogenesis in wild-type mice. Collec-
tively, our results suggest a critical role for GABA R y2 subunit Y365/7 phosphorylation and function in regulating the effects of BDNF.

Introduction
GABA , receptors (GABA ,Rs) are ligand-gated Cl ~ channels that
mediate the majority of fast synaptic inhibition in the brain (for
review, see Sieghart, 2006). These receptors are heteropentamers
assembled from four major subunit classes: al-6, B1-3 y1-3,
and 8, with the majority of synaptic benzodiazepine-sensitive
GABA ,Rs being assembled from al, 82, and y2 subunits (for
review, see Sieghart, 2006).

While deficits in the activity of GABA ,Rs are accepted to con-
tribute to epilepsy and anxiety, experimental evidence now sug-
gests that GABAergic deficits are central to depressive disorders.
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Clinical studies from depressed patients show reductions in the
level of GABA 4R expression in the prefrontal cortex (PFC; Feigh-
ner et al., 1983; Petty et al., 1995; Earnheart et al., 2007; Kalueff
and Nutt, 2007; Maguire and Mody, 2008; Klumpers et al., 2010).
A key mechanistic insight into the role that GABA,Rs play in
depression comes from the study of heterozygous y2 subunit
knock-out mice, which show a depressive-like phenotype and
reduced levels of hippocampal neurogenesis (Earnheart et al.,
2007; Luscher et al., 2011a; Song et al., 2012).

It is well established that the efficacy of synaptic inhibition
relies upon the accumulation of y2-containing GABA ,Rs at post-
synaptic sites, a process that is determined by rates of exocytosis
and endocytosis (for review, see Vithlani et al., 2011). Tyrosine
residues 365 and 367 (Y365/7) within the intracellular domain of
the y2 subunit play a key role in facilitating endocytosis of
GABA,Rs as they bind with nanomolar affinity to the clathrin
adaptor protein-2 (AP2), a central component in the formation
of endocytic vesicles (Kittler et al., 2008; Tretter et al., 2009).
Phosphorylation of Y365/7 by Src family kinases decreases affin-
ity of the y2 subunit for AP2 and slows receptor endocytosis, a
process that can be mimicked by their mutation to phenylalanine
residues (Jurd et al., 2010). Thus Y365/7 phosphorylation en-
hances the stability of GABA ,Rs at the cell surface and the efficacy
of synaptic inhibition (Kittler et al., 2008; Tretter et al., 2009).

The first messengers that regulate phosphorylation of Y365/7
remain to be identified. One attractive molecule is brain-derived



15568 + J. Neurosci., September 25,2013 - 33(39):15567-15577

neurotrophic factor (BDNF), which exerts pleiotrophic effects on
neuronal activity mediated by multiple effectors downstream of
TrKB receptors. BDNF is known to exert region-specific events
on depressive-like behaviors in rodents with potent antidepres-
sant actions being seen in the hippocampus, but prodepressant
effects in the nucleus accumbens. In addition to regulating
depressive-like behaviors, BDNF also exerts potent effects on ap-
petite, anxiety, cognition, and reward (Huang and Reichardt,
2001; Waterhouse and Xu, 2009). Studies in culture and brain
slices have revealed that GABA R phosphorylation, cell-surface
number, and miniature inhibitory synaptic currents (mIPSCs)
are modulated by BDNF (Jacob et al., 2008). However, the signif-
icance of this modulation in determining neuronal excitability,
depressive-like behaviors, and neurogenesis remains unknown.

Here we demonstrate that BDNF enhances the phosphoryla-
tion of Y365/7 in the y2 subunit, leading to persistent increases in
the cell-surface accumulation of GABA,Rs and the efficacy of
synaptic inhibition. Using Y365/7F mice (mice in which tyrosine
residues Y365/7 have been mutated to phenyalanines), we reveal
that phosphorylation of Y365/7 determines the excitability of the
PFC, increases hippocampal neurogenesis, reduces depressive-
like behaviors, and blocks the therapeutic actions of BDNF. Our
results suggest that phosphorylation of GABA,R 2 mediates
both the antidepressant efficacy of BDNF and its regulation of
neurogenesis.

Materials and Methods

Housing and handling of animals. All procedures were performed in ac-
cordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals, and were approved by Tufts University and
the Institutional Animal Care and Use Committee. Two-to-four-month-
old male Y365/7F mice (Tretter et al., 2009) were group-housed with
wild-type (WT) littermate controls in a temperature-controlled facility
with a 12 h light/dark cycle and fed standard rodent chow and water ad
libitum. Before any behavioral testing, animals were brought to the test-
ing room and allowed to acclimatize for 30 min.

Acute PFC slices. Preparation of acute PFC slices was performed as
described previously (Svenningsson et al., 2002). Briefly, animals were
deeply anesthetized with isoflurane and then decapitated at the second
cervical vertebrae. Brains were carefully removed from the skull and
rinsed in ice-cold ACSF equilibrated with 95% O, and 5% CO, to yield a
pH of 7.4. The PFC was then cut into 350 pwm slices using a Leica
VT1000S vibratome and allowed to recover in ACSF under constant
oxygenation for 1 h at 32°C before experimentation.

Biotinylation and immunoblotting. Biotinylation of cell-surface proteins
was performed as previously described (Terunuma et al., 2008). Briefly, PFC
slices were either analyzed untreated or following treatment with 100 ng/ml
BDNF (or vehicle) for 2 h at 32°C. Slices were chilled to 4°C and incubated
for 30 min with 1 mg/ml sulfosuccinimidyl-2-(biotinamido)ethyl-1,3"-
dithiopropionate (Pierce) to label surface fractions. Excess biotin was re-
moved by washing three times in ice-cold ACSF and biotinylated proteins
were pulled down by incubating detergent-soluble extracts with Neutravidin
(Pierce) overnight at 4°C. Bound material was subjected to SDS-PAGE, fol-
lowed by immunoblotting with antibodies and visualized by ECL (Pierce).
Blots were then quantified using the CCD-based FujiFilm LAS 3000 system
and MultiGauge software.

Electrophysiology. Synaptic currents and spontaneous action potentials
were recorded from layer V medial PFC pyramidal neurons from 2—4-
month-old mice as described previously (Chen et al., 2006; Kittler et al.,
2008; Tretter et al., 2009; Yuen et al., 2011). PFC slices were placed in a
perfusion chamber attached to the fixed stage of an upright microscope
(Olympus) and submerged in continuously flowing oxygenated ACSF
containing the following (in mwm): 130 NaCl, 26 NaHCO,, 3 KCl, 5
MgCl,, 1.25 NaH,PO,, 1 CaCl,, 10 glucose, pH 7.4, 300 mOsm. CNQX
(20 um) and p(-)-2-amino-5-phosphonopentanoic acid (D-APV; 50 um)
were added in IPSC recordings; bicuculline (10 um) and p-APV were
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added in EPSC recordings. TTX (0.5 um) was added in miniature synap-
tic current recordings. Cells were visualized with a 40 X water-immersion
lens and illuminated with near-infrared (IR) light, and the image was
detected with an IR-sensitive CCD camera. A Multiclamp 700A amplifier
was used for these recordings. Tight seals (2-10 G()) from visualized
pyramidal neurons were obtained by applying negative pressure. The
membrane was disrupted with additional suction, and the whole-cell
configuration was obtained. Membrane potential was held at —70 mV
during synaptic current recordings. Evoked currents were generated with
a pulse from a stimulation isolation unit controlled by a 548 pulse gen-
erator (Astro Med). A bipolar stimulating electrode (FHC) was posi-
tioned ~100 um from the neuron under recording.

For eIPSC or mIPSC recording, internal solution contained the fol-
lowing (in mm): 100 CsCl, 30 N-methyl-p-glucamine, 4 NaCl, 10 HEPES,
1 MgCl,, 5 EGTA, 2.2 QX314, 12 phosphocreatine, 5 MgATP, 0.2
Na;GTP, 0.1 leupeptin. For mEPSC recording, internal solution con-
tained the following (in mm): 130 Cs-methanesulfonate, 10 CsCl, 4 NaCl,
10 HEPES, 1 MgCl,, 5 EGTA, 2.2 QX-314, 12 phosphocreatine, 5
MgATP, 0.2 Na;GTP, 0.1 leupeptin, pH 7.2-7.3, 265-270 mOsm.

To record the spontaneous action potential (sAP), we used a modified
ACSF that slightly elevated basal neuronal activity (in mm: 130 NaCl, 26
NaHCO;, 2 CaCl,, 0.5 MgCl,, 3.5 KCI, 10 glucose, 1.25 NaH,PO,),
which more closely mimics the ionic composition of brain interstitial
fluid in situ (1.0-1.2 mm Ca*", 1 mm Mg2+, and 3.5 mm K *; Sanchez-
Vives and McCormick, 2000; Maffei et al., 2004). sAP was induced and
recorded in the whole-cell current-clamp mode with the internal solu-
tion containing the following (in mm): 20 KCI, 100 K-gluconate, 10
HEPES, 4 MgATP, 0.5 Na,GTP, and 10 phosphocreatine (Maffei and
Turrigiano, 2008). The interspike membrane potential was —60 mV ei-
ther without a holding current or with a small (<50 pA) adjusting cur-
rent (positive DC).

Data analyses were performed with Clampfit (Axon) and Kaleida-
graph (Albeck Software).

Cannula implantation. Cannula implantation surgeries were per-
formed to target the cerebral ventricles using one site [anteroposterior,
—1.0 mm; mediolateral, +1.0 mm (left side); dorsoventral, —2.0 mm;
Paxinos and Franklin, 2001]. Animals were deeply anesthetized via intra-
peritoneal injection with a mixture of a ketamine (120 mg/kg) and xyla-
zine (10 mg/kg) and placed into a stereotaxic frame. A small burr hole
was drilled for the cannula according to stereotaxic coordinates, along
with an additional hole for an anchoring screw. Mice were singly housed
following surgery and were allowed to recover for 1 week before infusion
and testing. For the infusion, mice were scruffed so that the cannula
could be inserted, and then allowed to move freely in a small enclosure
while the infusion took place (0.1 wl/min for 10 min).

Forced-swim task. The task arena consisted of a cylinder (25 cm high, 25
cm diameter) containing 20 cm (height) of water at a temperature of 23—
25°C. Animals were placed in the arena and allowed to swim freely for 10
min. Animals typically display very fast swimming for the initial 1-2 min,
followed by increasing immobility. The animals were video recorded and
movements were digitized from above. Immobility was automatically scored
using Ethovision (Noldus Information Technology). Immobile time used
for statistical analysis was measured during the last 4 min of the task.

Tail-suspension test. The apparatus for the tail suspension test was
composed of a horizontal wooden bar located inside a white plastic
box (40 X 46 X 40 cm) ~35 cm above the floor. Each mouse was
suspended by its tail from the bar by adhesive tape placed 1-1.5 cm
from the tip of the tail. Each mouse was video recorded for 6 min (360
s) followed by digitizing and automated scoring using Ethovision
(Noldus Information Technology). When mice where observed to
climb their tails a total of 10% or more of the total time, they were
eliminated from further analyses.

Open-field test. The open-field apparatus was based on that used in
the European Mouse Phenotyping Resource of Standardized Screens
(Brown et al., 2005). Animals were assessed for 30 min and video re-
corded from above for scoring with Ethovision (Noldus Information
Technology).

Immunohistochemistry. Animals were transcardially perfused with a
periodate-lysine-paraformaldehyde solution. Forty-micrometer-thick sec-
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endocytosis (Kittler etal., 2008; Tretter etal.,
2009). In line with this, BDNF-induced in-
crease in the levels of y2 subunit-containing
GABA,Rs at the cell surface was accompa-
nied by an increase in phosphorylation of
the y2 subunit at Y365/7 to 225.2 = 18.5%
of vehicle-treated control (p < 0.01,n =6
mice; Fig. 1A), as measured using a
phospho-specific antibody directed against
tyrosine 367 (pY367; Brandon et al., 2001;
Tretter et al., 2009).

To further examine the role that BDNF
plays in modulating plasma membrane lev-
els of GABA ,Rs we used mice in which these
residues were mutated to phenylalanines
(Y365/7F). In common with their phos-
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Figure 1.

pY367 antibodies. Statistical significance was determined using the Student’s ¢ test.

tions were stained free-floating with anti-doublecortin (anti-Dcx, rabbit;
Cell Signaling Technology) and with DAPI for fluorescent staining experi-
ments (Life Technologies, Invitrogen). Fluorescent images were taken with a
60X objective on a Nikon confocal microscope and were quantified using
MetaMorph. For quantification of the total number of cells per granule cell
layer (GCL), images were taken in a series of every eighth section (320 wm
interval) spanning the entire hippocampus. The number of Dcx-positive
cells was then estimated by multiplying the total number of cells by eight.

Statistical analysis. Data expressed are mean * SE and the statistical
significance of differences in mean values was assessed by paired and
unpaired t test, or two-way ANOVA with a post hoc Student-Newman—
Keuls multiple-comparison test, as appropriate.

Results

BDNF enhances the cell-surface stability of GABA ,Rs by
stimulating phosphorylation of the y2 subunit at Y365/7

To examine the role that BDNF plays in regulating the functional
expression of GABA,Rs, our experiments focused on the PFC, the
activity of which is strongly linked to depression in humans and
depressive-like behaviors in rodents. Acute PFCslices prepared from
WT mice were treated with 100 ng/ml BDNF (or vehicle) for 2 h at
32°C and the effects on 2 subunit cell-surface expression measured
via biotinylation coupled with immunoblotting. Under these condi-
tions, BDNF significantly increased the cell-surface levels of y2
subunit-containing GABA,Rs to 179.0 = 17.5% of vehicle-treated
control (p < 0.01, n = 6 mice; Fig. 1A). Cell-surface fractions were
essentially free of actin, verifying the validity of the biotinylation
assay. We have previously shown that the cell-surface stability of
GABARs and their accumulation at inhibitory synapses is en-
hanced via phosphorylation of Y365/7 within the intracellular do-
main of the y2 subunit, which drastically reduces the affinity of
GABA,Rs for the u2 adaptin of the AP2 complex to slow receptor

BDNF enhances GABA,R 2 subunit Y365/7 phosphorylation and cell-surface stability. A, PFCslices from C57BL/6
mice treated with either vehicle (—) or 100 ng/ml BDNF (+) for 2 h at 32°C were labeled with 1 mg/ml sulfosuccinimidyl-2-
(biotinamido)ethyl-1,3'-dithiopropionate and detergent-soluble extracts purified on avidin. Surface and 10% of input (Total)
fractions were then analyzed by immunoblotting with 2 and pY367 antibodies. In addition, membranes were probed with actin
to assess the validity of the biotinylation assay. Surface and phosphorylated -y2 levels were normalized to input. B, PFCslices from
WT and Y365/7F mice were subject to biotinylation and analyzed by immunoblotting with 2 and GluR1 antibodies as above.
Surface levels of GABA,R and AMPA-receptor subunits were normalized to input. C, PFC slices from Y365/7 mice were subject to
BDNF treatment followed by biotinylation and then analyzed by immunoblotting as detailed above. Surface 2 levels were
normalized to input. D, PFC slices were subject to BDNF treatment as above and then SDS-soluble extracts immunoblotted with
total and phospho-specific (pS408/9) 83 antibodies. Phosphorylated (33 levels were normalized to total levels. £, 350 um
hippocampal slices from WT and BDNF “'*/CamK-Cre mice were subject to biotinylation and then blotted with 2 antibodies and

While homozygotes for this mutation
die in utero, heterozygotes for the Y365/7F
mutation are viable. As determined using
biotinylation, cell-surface levels of 2
subunit-containing GABA,Rs was signifi-
cantly increased in Y365/7F mice to 155.5 =
17.5% of WT control (p < 0.01, n = 5-6
mice; Fig. 1B), while the cell-surface levels of
GluR1 subunit-containing AMPA receptors
were similar between genotypes (Fig. 1B). In
contrast to WT mice, BDNF did not signif-
icantly modify the cell-surface expression of
the y2 subunit in Y365/7F mice (Fig. 1C).
However, the ability of BDNF to modulate
the phosphorylation of serines 408 and 409 (S408/9) in the GABA ,R
receptor 33 subunit, previously identified substrates of this neu-
rotrophin (Jovanovic et al., 2004; Porcher et al., 2011), was not com-
promised upon mutation of Y365/7 (Fig. 1D). This suggests that
Y365/7F mutation does not induce a generalized loss in the efficacy
of BDNF-dependent signaling. As a means of independently assess-
ing the significance of BDNF as a determinant of the phosphoryla-
tion and membrane trafficking of GABA ,Rs, we used mice that have
postnatal deficits in BDNF expression in the forebrain (BDNF ™"/
CamKCre; Rios et al., 2006). Compared with WT mice, BDNF Ly
CamKCre mice exhibited a significant decrease in y2 subunit cell-
surface levels (67.5 * 10.5% of WT control, p < 0.01, n = 7 mice)
and phosphorylation at Y365/7 (45.6 * 18.5% of WT control, p <
0.01, n = 7 mice) within the PFC (Fig. 1E).

Collectively, our results suggest that the ability of BDNF to
modulate GABA R cell-surface stability is dependent on Y365/7
in the receptor 2 subunit.

BDNF enhances synaptic inhibition by blocking endocytosis of y2
subunit-containing GABA ,Rs

To examine the significance of our biochemical studies, we mea-
sured the effects of BDNF on mIPSCs in layer V of medial PFC
pyramidal neurons. As shown in Figure 2, BDNF treatment (100
ng/ml, 2 h) significantly increased mIPSC amplitude (control:
27.3 £ 1.6 pA, n = 14 neurons; BDNF: 34.9 £ 1.7 pA, n = 14
neurons, p < 0.05) and frequency (control: 1.9 = 0.1 Hz, n = 14
neurons; BDNF: 3.0 = 0.3 Hz, n = 14 neurons; p < 0.05). This
result suggests that BDNF may act to potentiate inhibitory trans-
mission via both a postsynaptic mechanism affecting the number
and/or activity of GABA,Rs (indicated by the increase in
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mIPSC amplitude) and a presynaptic
mechanism that modifies GABA release
(indicated by the increase in mIPSC
frequency).

As BDNF acted to increase phosphoryla-
tion of Y365/7 in the GABA,R 72 subunit
(Fig. 1A), a post-translation covalent modi-
fication accepted to slow receptor endocyto-
sis (Kittler et al., 2008), we sought to
determine whether the effects of BDNF on
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mIPSC amplitude are mediated via altera-
tions in GABA R endocytosis. To do so,
we treated PFC slices from WT mice
with membrane-permeable YECL pep-
tide (TAT-YECL) that blocks binding of the
AP2-pu2 adaptin to the GABA,R 2 sub-
unit, and has been established to specifically
modulate receptor endocytosis and mIPSC
but not mEPSC amplitude (Kittler et al.,
2008). Thus we compared the effects of
TAT-YECL on mIPSC properties when ap-
plied to PFCslices alone and in combination
with BDNF. TAT-YECL-pep (20 uMm, 1 h)
caused a significant increase (p < 0.05) in
mIPSC amplitude similar to that seen with
BDNF (Fig. 2; TAT-YECL, 33.8 = 2.1 pA,
n = 6 neurons). However TAT-YECL oc-
cluded the effects of BDNF on mIPSC am-
plitude (Fig. 2; TAT-YECL plus BDNF,
35.2 £ 2.3 pA, n = 6 neurons). In contrast to this, TAT-YECL had
minimal effects on mIPSC frequency when applied alone and BDNF
significantly increased (p < 0.05) mIPSC frequency in the presence
of this peptide (Fig. 2; TAT-YECL, 2.26 * 0.2 Hz, n = 6; TAT-YECL
plus BDNF, 3.29 = 0.3 Hz, n = 6 neurons).

Together these results suggest that the ability of BDNF to
increase the amplitude of mIPSCs is mediated via a reduction in
the endocytosis of y2 subunit-containing GABA 4R subtypes.
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BDNF modulation of mIPSC amplitude is dependent on

v2 Y365/7

Given that the ability of BDNF to modulate the cell-surface
stability of GABA,Rs is dependent on Y365/7 in the receptor
v2 subunit, we assessed the role that these residues play in
mediating the effects of BDNF on mIPSCs. To do so, we com-
pared the properties of mIPSCs in WT and Y365/7F mice. The
amplitude of mIPSCs was selectively enhanced (p < 0.05) in
the PFC of Y365/7F mice (Fig. 3; WT: 21.2 = 1.2 pA, n = 11
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BDNF modulation of mIPSCamplitude is lost in Y365/7 mice. A-D, Cumulative distribution plots and representative traces of mIPSCs in PFC neurons from WT versus Y365/7F

mice untreated (control) or treated with 100 ng/ml BDNF for 2 h at 32°C. Scale bars: 20 pA, 5 s. E, Bar graphs show the mIPSC amplitude or frequency in control versus BDNF-treated PFC
pyramidal neurons from either WT or Y365/7F mice. F, Bar graph shows percentage change induced by BDNF in mIPSC amplitude and frequency between genotypes.

neurons; Y365/7F: 27.0 £ 0.9 pA, n = 10 neurons), while
mIPSC frequency was similar (Fig. 3; WT: 1.8 = 0.3 Hz,n =11
neurons; Y365/7F: 2.1 = 0.2 Hz, n = 10 neurons). These re-
sults are similar to observations published in CA3 pyramidal
neurons from Y365/7F male mice that have elevated mIPSC
amplitudes, which correlate with increases in the size and
number of inhibitory synapses (Tretter et al., 2009).

Next, the ability of BDNF to modulate mIPSC properties
was compared between genotypes. This revealed that the abil-
ity of BDNF to increase mIPSC amplitude was significantly
impaired (p < 0.05) in Y365/7F mice (Fig. 4, WT:27.6 * 6.6%
increase, n = 8 neurons; Y365/7F: 5.8 = 5.1% increase, n = 8
neurons). In contrast, the ability of BDNF to increase mIPSC
frequency was not influenced by mutation of Y365/7 (Fig. 4;

WT: 84.8 = 28.2% increase, n = 8 neurons; Y365/7F: 88.7 =
28.5% increase, n = 8 neurons).

To ascertain whether excitatory synaptic transmission was
modified in Y365/7F mice, the properties of mEPSCs under
basal conditions and in the presence of BDNF were compared
between genotypes. mEPSC amplitude and frequency were
comparable in WT and Y365/7F mice (Fig. 5; WT: 12.6 = 0.6
PA,2.3 £0.2Hz,n = 5neurons; Y365/7F: 11.7 = 0.4 pA, 2.0 £
0.2 Hz, n = 5 neurons). Moreover, the ability of BDNF to
modulate mEPSC frequency was also similar between strains
(Fig. 5).

These results suggest that BDNF exerts its actions on mIPSC
amplitude by stimulating the phosphorylation of Y365/7 in the
GABA R y2 subunit, thereby increasing the number of receptors
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Y365/7 phosphorylation affects the overall
excitability of cortical circuits, the frequency C 104
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neurons from WT and Y365/7F mice. Mod-
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2004) was used. Spontaneous firing under 107 21
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the circuit excitability changes induced by 51 |
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rons. As shown in Figure 6, the firing rate of il
sAP was significantly reduced (p < 0.05) in O Eon BDNF Con  BDNF 0

Y365/7F mice, compared with WT controls WT 365/7F Con _BDNF' Con _ BDNF
(WT:2.0 * 0.2 Hz, n = 8 neurons; Y365/7F: wT sy
0.7 = 0.1 Hz, n = 8 neurons). The coeffi-
cient of variability (SD/mean) associated
with sAP firing rates was modestly increased
in Y365/7F mice (WT: 0.32, n = 8 neurons;
Y365/7: 0.38, n = 8, neurons), consistent
with the expectation from enhanced synap-
tic inhibition. We further compared the ef- A 12 B
fect of BDNF treatment on sAP in PFC
neurons from WT and Y365/7F mice. As 1.04
shown in Figure 7, BDNF had little effect on
firing rate of SAP in WT mice (control: 2.1
0.3 Hz, n = 5 neurons; BDNF: 2.4 = 0.3 Hz,
n = 7 neurons), but significantly increased
(p < 0.05) the sAP frequency in Y365/7F
mutants (control: 0.8 = 0.1 Hz, n = 5 neu-
rons; BDNF: 1.9 = 0.3 Hz, n = 7 neurons).
These studies reveal that BDNF-
dependent phosphorylation of the GAB,R 0 : . .
v2 subunit at Y365/7 diminishes the ACSF- 200 300 400 500
induced increase in sAPs of cortical net- Stimulation intensity (1A)
works by potentiating synaptic inhibition. c
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Figure 5. mEPSCs and their modulation by BDNF are not altered of Y365/7F mice. A, B, Representative traces of mESPCs in PFC
pyramidal neurons from WT versus Y365/7F mice untreated (control) or treated with 100 ng/ml BDNF for 2 hat 32°C. Scale bars: 10 pA, 2s.
C, D, Bar graphs showing the mEPSCamplitude (C) or frequency (D) in control versus BDNF-treated PFC pyramidal neurons from either WT
or Y365/7F mice (*p << 0.05).
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impact that the Y365/7F mutation has on "f
validated models of depression. We did 4

this by comparing the immobility time of

Y365/F mice and WT littermate controls VJMJ \ J;‘

in the forced-swim task (FST) and the tail- wT Y365/7F
suspension test (TST). In the FST, we

found that, compared with WT controls, Figure6.  Inhibitory driveisincreased in the PFC of Y365/7F mice. A, Summarized input— output curves of GABA,R elPSCs evoked by a
series of stimulus intensities in PFC pyramidal neurons from WT versus Y365/7F mice. B, Representative traces of elPSCs in PFC pyramidal
neurons from WT versus Y365/7F mice. Scale bars: 100 pA, 100 ms. C, Representative spontaneous firing recordings of PFC pyramidal
neurons from WTversus Y365/7F mice. Scale bars: 20mV, 2s. D, Bar graph showing sAP frequency in PFC pyramidal neurons from either WT
or Y365/7F mice (*p << 0.05).

Firing rate (Hz)

Y365/7F mice had an increased latency to
the first immobile episode (Fig. 84; WT:
74.71 = 4.49s; Y365/7F: 110.57 £ 14.96s;
p = 0.041, n = 10 mice per group) as well
as decreased time spent immobile during
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17.67s; WT BDNF: 102.02 * 13.76s; p =
0.001, n = 8 mice per group) compared
with vehicle-treated WT controls. In com-
parison, BDNF treatment did not signifi-
cantly affect TST measures in Y365/7F mice
compared with vehicle-treated Y365/7F
controls (Fig. 8E).

These results suggest that Y365/7 in
GABA R 72 subunit are important deter-
minants of depressive-like behaviors and
also contribute to the antidepressant effi-
cacy of BDNF.

|200A

2sec

Basal hippocampal neurogenesis and
BDNF-dependent neurogenesis are
dependent on y2 Y365/7

GABA R y2 subunit expression levels and
BDNF are both determinants of neuro-
genesis. Therefore we compared the levels
of basal and BDNF-induced neurogenesis
in the dentate gyrus of WT and Y365/7F
mice using Dcx staining. As illustrated in
Figure 9A, there appeared to be a consid-
erable increase in the number of Dcx-
positive cells throughout the dentate
gyrus of Y365/7F mice, compared with
WT littermate controls. To quantify this,

Con BDNF Con

Figure 7.

BDNF-treated PFC pyramidal neurons from either WT or Y365/7F mice (*p << 0.05).

the last 4 min of the test (Fig. 84; WT: 166.20 * 7.26s; Y365/7F:
142.00 = 3.86s; p = 0.007, n = 10 mice per group). Similar to the
FST, Y365/7F mice in the TST showed an increase in latency to
immobility (Fig. 8B; WT: 58.41 * 3.88s; Y365/7F: 76.67 * 5.81s;
p = 0.015, n = 18 mice per group) and a decrease in total immo-
bility compared with WT controls (Fig. 8B; WT: 157.27 * 8.04s;
Y365/7F: 126.78 = 12.31s; p = 0.046, n = 18 mice per group). In
contrast to these differences in depressive-like behaviors, we
found no difference in distance traveled (Fig. 8C) or average
speed (Fig. 8D) between Y365/7F mice and WT littermate con-
trols using the open-field test (OFT). In addition, both strains
showed similar levels of habituation in response to the novel
environment of the open field.

To assess whether Y365/7 contribute to the antidepressant
efficacy of BDNF, we implanted WT and Y365/7F mice with in-
tracerebroventricular cannulae to facilitate infusion of BDNF (or
vehicle) directly into the brain. The effect of BDNF (0.1 wl/min;
10 min) on depressive-like behaviors using the TST was then
measured 5 d later (Hoshaw et al., 2005). Similar to our observa-
tions comparing depressive-like behaviors in untreated WT and
Y365/7F mice, in the TST we found that vehicle-treated Y365/7F
mice showed an increased latency to immobility (Fig. 8E; WT
vehicle: 25.54 + 6.01s; Y365/7F vehicle: 58.02 = 8.47s; p = 0.006,
n = 8 mice per group) and reduced total time spent immobile
(Fig. 8E; WT vehicle: 187.52 = 17.67s; Y365/7F vehicle: 129.28 +
12.04s; p = 0.017, n = 8 mice per group) compared with vehicle-
treated WT controls. WT mice treated with BDNF showed a sig-
nificant increase in latency to immobility (Fig. 8E; WT vehicle:
25.54 = 6.01s; WT BDNEF: 68.40 £ 7.05s; p < 0.001, n = 8 mice
per group) and total immobility (Fig. 8E; WT vehicle: 187.52 =

ACSF-induced increase in sAPs of cortical circuits and their modulation by BDNF is modified in Y365/7F mice. 4, B,
Representative spontaneous firing recordings in PFC pyramidal neurons from WT versus Y365/7F mice untreated (control) or
treated with 100 ng/ml BDNF for 2 h at 32°C. Scale bars: 20 mV, 2 s. C, D, Bar graph showing sAP frequency in control versus

BDNF we costained hippocampal sections with
Dcx and the nuclear marker DAPI to de-
termine the percentage of Dcx-positive
cells in hippocampal sections from WT
and Y365/7F mice that had been treated
with either vehicle or BDNF by infusion
into the cerebral ventricles as above (Fig.
9B). We found a significant increase in the percentage of Dcx-
positive cells in Y365/7F mice compared with WT controls
treated with vehicle (Fig. 9C; WT vehicle: 8.82 * 1.56; Y365/7F
vehicle: 22.46 * 2.31; p < 0.001, n = 8 mice). BDNF infusion
increased the percentage of Dcx-positive cells in WT mice com-
pared with vehicle (Fig. 9C; WT vehicle: 8.82 = 1.56; WT BDNF:
20.02 £ 2.42; p < 0.001, n = 8 mice), but failed to produce a
further increase in the percentage of Dcx-positive cells in the
Y365/7F mutants (Fig. 9C). Similarly, stereological examination
of the total number of Dcx-positive cells in the GCL revealed a
significant increase in Y365/7F mice compared with WT controls
treated with vehicle (Fig. 9C; WT vehicle: 3421.57 = 642.49;
Y365/7F vehicle: 7826.32 = 1495.80; p = 0.016, n = 8 mice).
BDNF infusion resulted in a significant increase in the total num-
ber of Dex-positive cells in the GCL in WT mice (Fig. 9C; WT
vehicle: 3421.57 * 642.49; WT BDNF: 7011.06 * 1375.17; p =
0.045, n = 8, mice), but failed to produce a further increase in the
total Dcx-positive cells in the GCL of Y365/7F mutants (Fig. 9C).

This experiment reveals Y365/7F mutation leads to an en-
hancement in hippocampal neurogenesis that cannot be further
modulated by BDNF. Therefore, in correlation with mediating
the antidepressant efficacy of BDNF, Y365/7 are also key deter-
minants of BDNF effects on neurogenesis.

Discussion

BDNF plays a central role in regulating neuronal activity and
modifications in BDNF-dependent signaling are strongly impli-
cated in a range of pathologies, including depression (Huang and
Reichardt, 2001; Waterhouse and Xu, 2009). To determine how
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Figure8. Depression-related behaviors and the antidepressant efficacy of BONF are reduced in Y365/7F mice. 4, Latency to immobility and total immobility in the FSTin WT and Y365/F mice. B,

Latency toimmobility and totalimmobility in the TSTin WT and Y365/F mice. €, D, Distance and speed traveled of WT and Y365/F mice in the open field. £, Latency to immobility and total immobility

in the TST in WT and Y365/F mice treated with either vehicle control or BDNF.

BDNF exerts its effects on neuronal activity, we examined its
effects on synaptic inhibition mediated by y2 subunit-containing
GABARs, deficits of which are also believed to contribute to
depression. Our initial studies focused on the PFC, an area of the
brain critical in regulating mood in humans and rodents.
Sustained treatment of PFC slices with BDNF increased the
phosphorylation of Y365/7 in the y2 subunit, previously identi-
fied substrates of Fyn and other Src-like kinases, which are inti-
mately associated with GABA,Rs (Brandon et al., 2001; Jurd et
al., 2010) and accepted downstream effectors of BDNF (Lu, 2003;
Numakawa et al., 2010). In parallel, increased cell-surface expres-
sion of y2 subunit-containing GABA sRs was also evident follow-
ing BDNF treatment. Next, using mice heterozygous for the
Y365/7F mutation, we determined whether the effects of BDNF
on cell-surface accumulation of the GABA,R 72 subunit are di-
rectly dependent upon Y365/7. These animals exhibited en-
hanced cell-surface levels of the y2 subunit in the PFC, an effect
that was insensitive to further potentiation by BDNFE. To inde-
pendently corroborate these studies, we used mice with reduced
levels of BDNF expression in the forebrain (Rios et al., 2006).
These animals showed reduced cell-surface expression of the
GABA,R 72 subunit in the PFC that was accompanied by de-
creased Y365/7 phosphorylation. Therefore BDNF acts to en-
hance the cell-surface stability of GABA,Rs by stimulating the
phosphorylation of Y365/7 in the receptor y2 subunit to slow
their endocytosis. This is consistent with our studies in cultured
neurons, which have revealed that BDNF acts to increase the
cell-surface accumulation of GABA 4Rs by slowing their endocy-

tosis (Jovanovic et al., 2004; Hewitt and Bains, 2006; Porcher et
al,, 2011).

BDNF-induced increase in GABA,R 2 subunit phosphory-
lation and subsequent cell-surface accumulation was accompa-
nied by an enhancement in the amplitude and frequency of
mIPSCs in PFC neurons, events that principally arise from the
activation of y2 subunit-containing GABA,Rs (Essrich et al.,
1998; Jacob et al., 2008; Luscher et al., 2011b). Thus BDNF in-
duces an increase in the functional expression of y2 subunit-
containing GABA 4R subtypes. Y365/7 within the y2 subunit play
a critical role in regulating GABA 4R endocytosis as they mediate
nanomolar affinity binding to AP2, which is ablated upon their
phosphorylation and/or their mutation to phenylanine residues
(Kittler et al., 2008). Significantly, the ability of BDNF to poten-
tiate mIPSC amplitude was prevented by a peptide that abolishes
the binding of the GABA 4R y2 subunit to AP2. To assess whether
the effects of BDNF on mIPSC amplitude are directly dependent
on Y365/7, we compared mIPSC properties in WT and Y365/F
knock-in mice. Consistent with increased cell-surface accumula-
tion of y2 subunit-containing GABA ,Rs, mIPSC amplitude, but
not frequency, was increased in Y365/7F mice. To determine
whether this increase in mIPSC amplitude affects the efficacy of
synaptic inhibition, input—output relationships for eIPSCs were
compared between genotypes. This revealed a significant increase
in inhibitory drive in Y365/7F mice, which correlated with a re-
duction in the ACSF-induced increase in sAPs of the PFC. Inter-
estingly, while BDNF had minimal efficacy on the ACSF-induced
increase in sAPs of the PFC in WT mice, BDNF significantly
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In the majority of these papers, the effects
of short-term application of BDNF (5-10
min, 50-100 ng/ml) on mIPSC properties
were measured in cultured neurons (4—15
DIV cortical, cerebellar, or hippocampal),
or in brain slices from immature mice/
rats. In contrast, we assessed the effects of
treating cortical slices from 2—4-month-
old mice with BDNF for 2 h on mIPSC
and IPSCs. Using this protocol, we estab-
lish that the ability of BDNF to increase
mIPSC and IPSC amplitude, but not their
frequency, is critically dependent on
Y365/7 in the y2 subunit. The reasons for
the discrepancies between our results and
those that show reductions in mIPSC am-
plitude may reside in the time of exposure
to BDNF (5-10 min vs 2 h). Alternatively
they may reflect differences in BDNF sig-
naling and/or GABA 4R structure between
cultured neurons/immature brain slices
compared with those seen in cortical slices
from adult mice. Finally while PFC neu-
rons in 2-3-month-old slices fired sAPs,
their excitability was not enhanced by
BDNF. In contrast, BDNF increases the
excitability of cultured neurons (Desai et
al,, 1999). Presumably these differing ef-
fects of BDNF reflect distinctions in the
intrinsic properties of neurons in culture
and those in mature brain slices.
Modifications in the expression levels

of y2 subunit-containing GABA,Rs are
% - | correlated with a depression-like pheno-
E 25 * 8 type (Earnheart et al., 2007; Luscher et al.,
22 5 =8 2011a). Using the FST and TST, we as-
$8 0 sessed whether the enhanced functional
- % 10 © 4000{ expression of these receptors on the
= m & 68 } plasma membrane in the PFC of Y365/7F
mice affects depressive-like behaviors.
0 -+ BDNF & -+ -~ + BDNF Y365/7F mice had significant reductions

WT Y365/7F WT Y365/7F

Figure 9.

the GCL (right).

increased this in the Y365/7F mutants. Presumably, this en-
hanced effect of BDNF reflects modified activity and/or synchro-
nization of cortical circuits in the mutant mice due to enhanced
synaptic inhibition.

Collectively our biochemical and electrophysiological studies
suggest that BDNF acts to increase mIPSC amplitude by stimu-
lating phosphorylation of Y365/7 in the GABA 4R 2 and thereby
enhancing the cell-surface/synaptic accumulation of these recep-
tor subtypes. This mechanism appears to be a key determinant for
the excitability of the PFC.

In previous studies, BDNF has been shown to potentiate
and/or reduce mIPSC amplitude (Briinig et al., 2001; Cheng and
Yeh, 2003; Mizoguchi et al., 2003; Wardle and Poo, 2003; Jo-
vanovic et al., 2004; Hewitt and Bains, 2006; Pattwell et al., 2012).

Basal hippocampal neurogenesis is elevated and insensitive to further modulation by BDNF in Y365/7F mice. 4,
Representative images of immunohistochemistry for Dcx in the dentate gyrus of the hippocampus in WT and Y365/7F mice. B,
Representative images of immunofluorescent staining of Dcx in vehicle and BDNF-treated WT and Y365/F mice. €, Quantification
of the percentage of Dex-positive cells divided by the total DAPI-labeled nuclei (left) and the total number of Dex-positive cells in

in immobility in both the FST and TST
compared with WT controls, suggesting
an antidepressant-like phenotype. In con-
trast, mutation of Y365/7 did not affect
their behavior in the OFT, consistent with
published studies revealing that male
Y365/7F mice do not exhibit any gross
behavioral deficits with regards to anxi-
olysis or motor coordination (Tretter et al., 2009). From this
study, we can conclude that increasing the number of func-
tional 2 subunit-containing GABA,R subtypes on the cell
surface in the PFC leads to a reduction in depressive-like be-
havior. Collectively, our results, together with those of Earn-
heart and colleagues (Earnheart et al., 2007), suggest that the
expression levels of y2 subunit-containing GABA ,Rs and the
efficacy of fast synaptic inhibition are critical determinants of
depressive-like behaviors.

We also tested the role that BDNF-dependent phosphoryla-
tion of the GABA 4R 2 subunit at Y365/7 plays in mediating the
antidepressant efficacy of this neurotrophin. BDNF induced a
significant reduction in depressive-like behaviors in WT mice,
but was without effect in Y365/7F mutants under the same con-
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ditions. The mechanism by which BDNF exerts its antidepressant
activity is controversial but its ability to potentiate hippocampal
neurogenesis is believed to be of significance (Scharfman et al.,
2005). In addition, the expression levels of y2 subunit-containing
GABA ,Rs have also shown to be of significance in determining
hippocampal neurogenesis (Earnheartetal., 2007). Therefore, we
examined basal and BDNF-dependent hippocampal neurogen-
esis in Y365/7F knock-in mice. Under basal conditions, the level
of hippocampal neurogenesis was significantly increased in
Y365/7F mice compared with WT controls. While BDNF pro-
duced a significant increase in hippocampal neurogenesis in WT
mice, this effect was lost in the Y365/7F mutants. Thus Y365/7 are
key determinants in mediating the antidepressant efficacy of
BDNF and its ability to potentiate neurogenesis.

In summary, our correlated results reveal a critical role for
BDNF-dependent phosphorylation of Y365/7 in the GABA 4R y2
subunit in determining the efficacy of synaptic inhibition, the
activity of the PFC, and the expression of depressive-like behav-
iors. Moreover, Y365/7 are among the first molecular substrates
linking the antidepressant efficacy of BDNF with its ability to
potentiate hippocampal neurogenesis.
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