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Transcription of Bdnf is controlled by multiple promoters, which
drive expression of multiple transcripts encoding for the same
protein. Promoter IV contributes significantly to activity-
dependent brain-derived neurotrophic factor (BDNF) transcription.
We have generated promoter IV mutant mice (BDNF-KIV) by
inserting a GFP-STOP cassette within the Bdnf exon IV locus. This
genetic manipulation results in disruption of promoter IV-
mediated Bdnf expression. BDNF-KIV animals exhibited significant
deficits in GABAergic interneurons in the prefrontal cortex (PFC),
particularly those expressing parvalbumin, a subtype implicated in
executive function and schizophrenia. Moreover, disruption of
promoter IV-driven Bdnf transcription impaired inhibitory but not
excitatory synaptic transmission recorded from layer V pyramidal
neurons in the PFC. The attenuation of GABAergic inputs resulted
in an aberrant appearance of spike-timing-dependent synaptic
potentiation (STDP) in PFC slices derived from BDNF-KIV, but not
wild-type littermates. These results demonstrate the importance of
promoter IV-dependent Bdnf transcription in GABAergic function
and reveal an unexpected regulation of STDP in the PFC by BDNF.

activity-dependent � GABAergic interneuron � knockout mice �
parvalbumin � cortical inhibition

Brain-derived neurotrophic factor (BDNF) is a key player in
synaptic plasticity and cognitive function. Additionally, im-

pairments in BDNF signaling have been associated with numer-
ous neurological and neuropsychiatric disorders (1, 2). One of
the numerous functions of BDNF in the brain is the regulation
of GABAergic interneurons in the cerebral cortex (3). Among
GABAergic neurons, the BDNF receptor TrkB is more abun-
dantly expressed in parvalbumin (PV)-positive cells than in
calbindin (CB)- or calretinin (CR)-positive cells (4). In mice that
overexpress BDNF, the maturation of PV interneurons is accel-
erated (5, 6), whereas BDNF or TrkB deletion reduces the
number of cortical PV interneurons (7, 8). Two major types of
PV interneurons, the basket cells and the chandelier cells,
innervate the somatic and axon initial segments, respectively, of
a large number of pyramidal cells. Both cell types exert powerful
negative control over pyramidal cells by firing high-frequency,
nonadapting (fast-spiking) action potentials (7). These unique
features allow PV interneurons to synchronize firing of a net-
work of excitatory neurons (3). PV interneurons also control
phasing of excitatory neuron action potentials, thereby influ-
encing spike-timing-dependent (STDP) forms of plasticity (8).
Both neuronal synchronization and STDP in the prefrontal
cortex (PFC) have been implicated in ‘‘executive functions,’’
such as working memory, rule learning, and planning (9).
Although substantial evidence suggests that BDNF regulates the
development and/or function of PV interneurons, the mode(s) by
which BDNF elicits such regulation remains unclear.

Transcription of the mouse Bdnf gene is controlled by at least
9 distinct promoters (Fig. S1 A); each drives the expression of a
small, untranslated exon spliced onto a common, final exon
(exon IX) with 2 polyadenylation sites (10, 11). Thus, the use of
alternative promoters and different polyadenylation sites results
in the production of at least 18 unique Bdnf transcripts, which
encode the identical pre-pro-BDNF protein. This complex
genomic organization allows for precise temporal and stimulus-
specific regulation. Although the exact reasons for such a
multitude of transcripts is not fully understood, an intriguing idea
is that some promoters maintain a basal level of BDNF expres-
sion necessary for neuronal survival and differentiation, whereas
others mediate activity-dependent BDNF expression involved in
synapse development and plasticity (1). In vitro evidence has
shown that depolarization of cultured cortical neurons by ap-
plication of high K� selectively enhances expression of exon IV
via Ca2�-dependent mechanisms (12, 13). In vivo experiments
have further demonstrated that transcription from promoters I
and IV is most robustly regulated by neuronal activity induced
by kainic acid (KA) seizures and fear conditioning (13–15).
Moreover, sensory inputs to the visual and barrel cortices appear
to preferentially stimulate expression of exon IV-containing
BDNF transcripts (16, 17).

Despite a large body of literature demonstrating a strong corre-
lation between neuronal activity, BDNF gene transcription, and
cognitive function (1, 18), the functional consequences of disrupting
activity-dependent BDNF gene expression in vivo remain un-
known. We sought to directly address this issue by generating mice
in which promoter IV-driven BDNF transcription is selectively
disrupted. We inserted a GFP-STOP cassette within the exon IV
locus, thereby halting the translation of BDNF protein derived from
exon IV transcript without direct disruption of promoter IV
activity. In these mice, activity-dependent BDNF expression in the
prefrontal cortex is severely inhibited. Mutant animals exhibit a
striking reduction in the number of PV interneurons as well as
impaired inhibitory but not excitatory synaptic transmission in the
PFC and dramatically altered STDP. Our results have identified a
specific role for BDNF promoter IV in GABAergic transmission
and cortical STDP.
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Results
Disruption of Promoter IV-Driven Expression of BDNF Transcripts and
Protein. BDNF promoter IV is best known for its role in
mediating activity-dependent BDNF transcription (13). We gen-
erated promoter IV-specific knockout mice (BDNF-KIV) to
investigate the functional role of transcription from this pro-
moter. To avoid a compensatory increase of BDNF transcription
from other promoters, we avoided a direct knockout of exon IV,
but instead inserted the GFP gene followed by multiple stop
codons into the exon IV locus (Fig. 1 and Fig. S1 A). In these
mice, neuronal activity leads to production of GFP protein in lieu
of BDNF. This particular design does not interfere with pro-
moter IV-mediated transcription per se, but it does prevent
translation of BDNF protein from exon IV. To determine
whether our design effectively disrupted promoter IV-driven
BDNF expression, we analyzed whether KA failed to induce
exon IV transcript levels in BDNF-KIV. KA has been demon-
strated to robustly elevate levels of BDNF IV transcript in many
brain regions (14). Quantitative analyses of all transcripts by
using real-time RT-PCR revealed a marked increase in exon
IV-IX transcripts in the frontal cortex (FC) of wild-type mice
(WT), but these transcripts are not detected in BDNF-KIV 3 h
after KA administration (Fig. 2A Upper). In contrast, exon
IV-GFP primers detected a dramatic increase in newly gener-
ated, exon IV-GFP transcript in BDNF-KIV but not in WT (Fig.

2A Lower). GFP knockin at the exon IV locus did not alter
transcription from any of the alternative promoters tested (Fig.
S1B). This included promoter IV itself (Fig. 2 A), where an
IV-GFP transcript was produced instead of the IV-IX transcript
in the BDNF-KIV brain.

Fig. 1. Generation of BDNF-KIV mice. (A) Strategy to generate promoter
IV-specific knockin mice (BDNF-KIV). The targeting construct contained se-
quences corresponding to Bdnf promoter, exon IV, GFP, and a neomycin
cassette (Neo) driven by a PGK promoter in the antisense orientation. The
recombinant genome generates an mRNA that translates GFP in lieu of BDNF
protein. EcoRV cleavage sites, the positions of the 5� and 3� probes for
Southern blot analysis, and locations of genotyping primers as well as splicing
donor sites (SD) and splicing acceptor sites (SA) are shown. (B) Southern blot
analysis of EcoRV digests of genomic DNA prepared from the F1 generation of
mice. For the WT allele, both 5� and 3� probes detected a 9.9-kb fragment. For
the BDNF-KIV allele, the 5� probe detected 4.8-kb fragments, and the 3� probe
detected 7.8-kb fragments. (C) PCR analysis of genomic DNA. A 563-bp frag-
ment and a 528-bp fragment were amplified from genomic DNA isolated from
WT and mutant mice, respectively. KIV indicates BDNF-KIV�/� mice; HT, BDNF-
KIV�/� mice.
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Fig. 2. Blockade of promoter IV expression of BDNF mRNA and protein. (A)
Kainic acid (KA) induces promoter IV-driven transcription in WT and KIV.
Quantitative RT-PCR was performed to analyze mRNA expression levels in the
FC 3 h after KA administration. (Upper) Representative agarose gels showing
the RT-PCR results. (Lower) Quantitative PCR results. KA-induced increases in
transcript levels were obtained by normalizing to the mean value of saline
(Sal) controls. KA treatment leads to increased levels of IV-IX transcripts in WT
mice, and to IV-GFP transcripts in KIV mice. No IV-IX transcripts were detected
in BDNF-KIV mice. (n � 3 each genotype). In this and all other figures, error
bars are SEM. Unless indicated otherwise, Student’s t test was used. **, P �
0.01. (B) ELISA quantification showing BDNF protein levels in cortical neurons
cultured for 7 days after a 3-h treatment with high K� (25 mM). Note that the
K�-induced increase in BDNF protein is abolished in cortical neurons derived
from KIV mice (*, P � 0.649). (C) Western blot showing BDNF (Lower) and GFP
(Upper) FC protein levels 6 h after vehicle or KA administration. NC indicates
negative control; BDNF�/� brain. PC indicates positive control; recombinant
BDNF. Note that KA enhanced GFP expression in BDNF-KIV but not in WT mice,
and it enhanced expression of BDNF expression in WT mice but not KIV mice.
(D) Inhibition of KA-induced expression of BDNF protein in FC of BDNF-KIV in
vivo. ELISA was used to measure BDNF protein levels from FC 6 h after vehicle
or KA administration (i.p.) (n � 3 pairs of brains). KA induced less increase in
BDNF protein in KIV (P � 0.123). (E) Immunohistochemical staining of BDNF
protein in mPFC before and 6 h after KA administration. KO indicates PFC
section from BDNF�/� mice as a negative control. Immunoreactive signals in
the boxed area were quantified (Lower Right). Note that the increase in BDNF
protein in mPFC is significantly attenuated in BDNF-KIV (n � 3). KA induced no
increase in BDNF protein in KIV (P � 0.208).
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To test whether insertion of the GFP-STOP cassette prevents
the promoter IV-driven expression of BDNF protein, we per-
formed biochemical analyses in cultured neurons. Cortical neu-
rons from WT and BDNF-KIV were cultured in serum-free
medium for 7 days. Cells were treated with high K� (25 mM) and
harvested 3 h later for detection of BDNF protein by ELISA.
BDNF protein levels dramatically increased in cortical cultures
from WT (Fig. 2B). In contrast, treatment with high K� failed
to enhance BDNF protein expression in cultured cortical neu-
rons derived from BDNF-KIV (Fig. 2B). These results are
consistent with previous data showing that high K� selectively
increases expression of BDNF exon IV transcript in cultured
cortical neurons (13).

Next, we determined whether KA-induced expression of
BDNF protein is impaired in vivo. It has been shown that BDNF
mRNA is highly expressed in the FC of rodents, monkeys, and
humans (19–21), and that this expression is largely mediated by
promoters I and IV (14, 22). Western blotting revealed an
increase in the expression of GFP (27 kDa) in the cortex 6 h after
administration of KA to BDNF-KIV (Fig. 2C). In WT, BDNF
(14 kDa) but not GFP was detected (Fig. 2C). These results were
confirmed by using quantitative ELISA, which revealed that KA
dramatically increased BDNF protein levels in WT (422%, P �
0.01) but not in BDNF-KIV (131%, P � 0.123; Fig. 2D). The
basal level of BDNF protein in the BDNF-KIV cortex appeared
to decrease, but it did not reach statistical significance compared
with WT (KIV/WT � 58.6%, P � 0.0558; Fig. 2D).

We next used immunohistochemistry to determine the distri-
bution of BDNF protein in sections from the forebrain. Under
basal conditions, a BDNF-specific antibody detected moderate
levels of BDNF immunoreactivity in sections from PFC areas in
both WT and BDNF-KIV, but not in BDNF null (BDNF�/�)
mice (Fig. 2E Upper Right). Treatment with KA for 6 h induced
a widespread increase in BDNF protein in WT (Fig. 2E Upper).
In contrast, levels of BDNF did not increase significantly after
KA administration in the BDNF-KIV (Fig. 2E Lower). Semi-
quantitative analysis of scanned images revealed a significant
increase in BDNF immunoreactivity in medial PFC (mPFC) in
WT, but not in BDNF-KIV (Fig. 2E Lower Right). Hence,
insertion of GFP into exon IV significantly decreased activity-
dependent expression of BDNF protein in the mPFC.

Regulation of GABAergic Function in mPFC. Anatomical and histo-
logical examinations did not show obvious abnormalities in the
BDNF-KIV brains (Fig. S2). A major function of cortical BDNF
is developmental and functional regulation of GABAergic in-
terneurons (3). We performed a series of immunofluorescence
stainings to examine whether elimination of promoter IV-
mediated BDNF transcription affects GABAergic interneurons.
We initially focused on parvalbumin (PV)-positive, fast-spiking
interneurons in the mPFC (Fig. 3A), because these neurons are
believed to be a major target of BDNF regulation (4). The
number of PV interneurons, as revealed by an antibody against
PV, was significantly reduced (Fig. 3B). Quantitative analysis of
mPFC sections showed a 66.6% reduction in the number of PV
interneurons in the mPFC of BDNF-KIV (Fig. 3C). However, it
is unclear which of the 2 PV interneuron subtypes, basket or
chandelier, was affected in the BDNF-KIV. Moreover, there was
no decrease in the number of PV interneurons in the adjacent
motor cortex (MC) of the same sections (Fig. 3 B and D). The
total number of GABAergic interneurons in the mPFC, as
determined by GAD67 expression, remained the same between
genotypes (Fig. 3C). Furthermore, there was a small decrease
(13%) in the number of calbindin (CB)-positive interneurons
(Fig. S3 A and C) and an increase in calretinin (CR)-positive
interneurons (Fig. S3 B and C) in BDNF-KIV mPFC. Because
a majority of the GABAergic neurons in the cortex are PV
interneurons, and only a small fraction of cortical interneurons

are CR cells (�17%) (23), reduction in PV interneurons in
mPFC represents a major cellular phenotype of the BDNF-KIV.
It should be noted that because additional markers that specif-
ically label PV interneurons in the mouse are lacking, we were
unable to definitively determine whether promoter IV-derived
BDNF regulates the survival, and hence the decrease in the
number of PV-positive GABAergic interneurons or, rather, the
level of PV expression.

To assess the impact of the change in GABAergic interneu-
rons on excitatory neurons, we performed whole-cell recordings
of layer V pyramidal cells, based on their morphology and firing
properties, in acute mPFC slices. Sequential depolarization steps
induced an increase in the number of action potentials with
adaptive properties characteristic of pyramidal neurons in both
BDNF-KIV and WT mice (Fig. S4). Resting membrane poten-
tial, latency to action potential firing, as well as action potential
threshold and amplitude were not different between genotypes

A

B

C D

Fig. 3. Reduction of PV interneurons in the PFC. (A) Schematic diagram
showing the locations of mPFC and motor cortex (MC) where the GABAergic
neurons were analyzed. Areas of MC and mPFC shown in B are highlighted by
the rectangular boxes. (B) Examples of immunostaining of PV and GAD67 in
mPFC and MC (bregma, 2.0 mm). Arrows denote example cells immunoposi-
tive for GAD67 but immunonegative for PV. (C and D) Quantitative analysis of
the number of PV-positive and GAD67-positive neurons in PFC and MC. There
was a significant reduction in the number of PV-positive neurons in the mPFC
(**, P � 0.01), but not in the MC (P � 0.912), of BDNF-KIV, compared with
littermate WT mice. There was no difference in GAD67-positive neurons both
in the PFC (P � 0.524) and the MC (P � 0.281). n � 5 pairs of mice, each with
10 sections.
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(Table S1). Moreover, voltage-clamp recordings revealed no
change in the amplitude and frequency of spontaneous excita-
tory postsynaptic currents (sEPSCs) (Fig. 4 A and B). We next
analyzed the properties of spontaneous inhibitory postsynaptic
currents (sIPSCs) in layer V pyramidal neurons. In contrast to
sEPSCs, both amplitude and frequency of sIPSCs, which were
recorded in the presence of the AMPA receptor antagonist
6,7-dinitroquinoxaline-2,3-dione (DNQX) and NMDA receptor
antagonist amino-5-phosphonovaleric acid (APV), were mark-
edly reduced in all neurons from mutant mPFC slices (Fig. 4 C
and D). The mean amplitude of sIPSCs was 33.4 � 4.1 pA in
BDNF-KIV neurons but 51.3 � 5.6 pA in WT controls (P � 0.05,
Fig. 4D Left). The mean sIPSC frequency in BDNF-KIV was
reduced to about half of the WT value (WT: 19.0 � 3.8 Hz; KIV:
8.9 � 1.3 Hz; P � 0.05; Fig. 5D Right). Glutamate receptor
function, as revealed by rise time and decay times, was not
affected by genotype. These results, along with the immunohis-
tochemistry data, suggest that ablation of promoter IV-driven
BDNF expression alters the number of PV-positive interneu-
rons, which could lead to the observed impairment of functional
GABAergic inputs to layer V pyramidal neurons in the mPFC.

Deficits in Spike-Timing-Dependent Potentiation in mPFC. GABAer-
gic inhibition has been shown to suppress STDP in the mPFC,
and this effect is thought to be important for mPFC-mediated
cognitive function (8). To determine the functional consequence
of impairment in GABAergic transmission in the mPFC of
BDNF-KIV, we induced STDP by repeated pairings of extra-
cellular stimulation of presynaptic glutamatergic input (i.e., layer
II/III) with a single postsynaptic action potential evoked by
current injection to layer V pyramidal neurons. In adult WT,
STDP was not induced by this repetitive pairing protocol (Fig.
5A). Mean slope at 30 min after applying the pairing protocol was
112% � 6% (Fig. 5C). However, in BDNF-KIV littermates,
which exhibited a partial reduction in GABAergic transmission
(Fig. 4D), pairing of presynaptic stimulation with subsequent
postsynaptic action potential resulted in robust potentiation of
synaptic strength that lasted longer than 30 min (mean slope
161% � 24% of baseline; Fig. 5 B and C).

Because BDNF has been shown to enhance NMDA currents

in cultured hippocampal neurons (24), we tested whether the
unmasking of spike-timing-induced long-term potentiation was
due to enhanced NMDA receptor function. When NMDA
receptor-mediated synaptic currents were pharmacologically
isolated in BDNF-KIV, the amplitude and current-voltage re-
lationship of the evoked synaptic currents were not different
from those evoked in WT (Fig. S5A). In addition, action
potential waveform evoked by the pairing protocol was similar in
both genotypes, indicating that the action potential amplitude
and threshold were not altered by genetic elimination of pro-
moter IV-mediated BDNF transcription (Fig. S5B). Further-
more, a reduction in GABAergic transmission by bicuculline also
unmasked STDP in WT slices, mimicking the effect of promoter
IV mutation (Fig. S5 C and D). Statistical analysis indicates a
significant difference in STDP with (Fig. S5D) and without (Fig.
5D, open circles) bicuculline treatment in WT slices. Thus,
promoter IV-mediated BDNF transcription, through regulation
of GABAergic inhibition, elicits profound effects on STDP in
the mPFC.

Discussion
Since the discovery that Bdnf expression is regulated by multiple
promoters (10, 11), the most extensive efforts to characterize the
mechanisms regulating Bdnf transcription have been directed
toward promoter IV because of its significant contribution to
activity-dependent transcription of Bdnf (1, 18). Despite exten-
sive characterization of the molecular mechanisms underlying
promoter IV-driven transcription, specific functions for BDNF
derived from transcription of promoter IV remains elusive
because of a lack of tools with which to selectively inhibit
promoter IV-driven BDNF expression. By inserting a GFP-
STOP cassette within the BDNF exon IV locus, we have
generated a knockin line of mice in which promoter IV-driven
Bdnf transcription is selectively blocked. Using this line of
animals, we have made a number of interesting observations. We
revealed changes in the number of GABAergic interneurons,
particularly those expressing PV, in the mPFC of BDNF-KIV
animals. We also showed a selective decrease in GABAergic but
not glutamatergic synaptic transmission, leading to an abnormal
appearance of STDP in layer V pyramidal neurons in the mPFC.

A B

C D

Fig. 4. Impairment of GABAergic inhibition in mPFC layer V neurons in BDNF-KIV. (A and C) Sample voltage-clamp recordings of sEPSCs (A) and sIPSCs (C) in
a layer V pyramidal neuron in an mPFC slice taken from a WT or BDNF-KIV animal. (Scale bars: 50 pA, 200 ms.) In C, recordings were performed in the presence
of DNQX and APV. Representative average trace of (A) sEPSC (scale bars: 10 mV, 4 ms) or (C) sIPSC (scale bars: 20 mV, 4 ms) recorded from mPFC slices isolated
from WT and BDNF-KIV mice (Inset). (B and D) Amplitude (Left) and frequency (Right) of sEPSCs (B) and sIPSCs (D) in layer V pyramidal neurons from BDNF-KIV
slices, compared with those from WT littermates. WT and KIV exhibit similar sEPSC amplitude (P � 0.27) and frequency (P � 0.85).
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Although it remains possible that BDNF regulates PV interneu-
rons indirectly, our results underscore the importance of pro-
moter IV-driven Bdnf expression in regulation of GABAergic
transmission and cortical synaptic plasticity.

BDNF-KIV mice exhibited impairments in GABAergic trans-
mission as well as STDP in the mPFC. These changes are most
likely due to the deficits in PV interneurons, because a decrease
in IPSCs cannot be caused by an increase in CR cells, and the
small decrease in CB cell numbers is less likely to reduce IPSCs
significantly. Several lines of evidence suggest that promoter
IV-driven BDNF expression controls the development of PV
interneurons, as opposed to eliciting rapid modulation of
GABAergic synaptic transmission. Overexpression of BDNF in
transgenic mice promotes PV interneuron maturation, resulting
in precocious development of visual acuity and an earlier
termination of the critical period in the visual cortex (6).
Conversely, deletion of Bdnf in mice (BDNF�/�) results in a
marked decrease in PV interneurons and a small decrease in CB
interneurons in visual, barrel, and prefrontal cortices (25–27).
Further, acute application of BDNF generally inhibits rather
than enhances GABAergic transmission in various brain regions
(28). Interestingly, we found that it is the promoter IV-driven
expression of Bdnf, rather than BDNF per se, that is important

for the development of PV interneurons. We also showed that
disruption of promoter IV activity attenuated IPSCs. Thus,
promoter IV-dependent Bdnf gene expression is more likely to
facilitate formation of neuronal circuits by controlling develop-
ment of GABAergic interneurons, with a minimal role in acute
suppression of GABAergic transmission.

The reduction in PV-positive cell counts observed in BDNF-
KIV mPFC could be due to a loss of PV interneurons or a
decrease in PV expression. Several studies support the latter
interpretation. BDNF�/� mice exhibit significantly lower num-
bers of PV-immunoreactive interneurons at postnatal day (P)15
but not at P28, suggesting a developmental delay rather than
death of these neurons (25). If the PV-expressing cells in WT
mice account for approximately half of the total GABAergic
neurons, and they are reduced by one third in BDNF-KIV (Fig.
3C), there should be a one-sixth reduction of total GABAergic
cells. The reduction in total GABAergic neurons in BDNF-KIV
that we saw was small and did not reach statistically significant
levels, suggesting that the difference in PV� cells is due to
decreased expression of PV. However, to firmly distinguish
between the two possibilities, we would need an additional
marker that specifically labels PV interneurons. A selective
reduction in PV signal but not the other PV markers would
suggest a selective decrease in PV expression. Kv3.1 is the only
marker that has been reported as specific for rat PV interneu-
rons. Unfortunately, antibodies against rat Kv3.1 did not work
well in our hands to detect mouse PV interneurons.

Spike-timing-dependent plasticity gradually diminishes in
mPFC as a result of developmental strengthening of GABAA

receptor-mediated inhibition (8, 29). In young mPFC slices
(P14–P23), pairing presynaptic stimulation of layer II/III with
postsynaptic firing of a layer V pyramidal neuron results in
robust STDP (8). In contrast, adult mPFC slices exhibit little
STDP, but inhibition of GABAergic transmission by bicuculline
can unmask it (Fig. S5D). Nicotine, which promotes PFC-
mediated cognitive functions, increases the threshold for STDP
by enhancing GABAergic transmission (8). We now show that a
consequence of reduced sIPSCs in the mPFC of BDNF-KIV is
to relieve the constraint imposed by GABA-mediated transmis-
sion to allow STDP. Thus, promoter IV-driven BDNF expression
may influence PFC-mediated behaviors through GABAergic
‘‘gating’’ of STDP.

Promoter IV-driven BDNF expression is important for both
long-term development of neuronal circuits as well as synaptic
plasticity in the adult. Ongoing spontaneous neuronal activity
during development is very likely a major factor that drives
promoter IV-dependent BDNF expression. Consequently, lower
‘‘baseline levels’’ of BDNF could result from reduced BDNF
expression driven by spontaneous activity. Thus, it is likely that
blockade of promoter IV-driven Bdnf transcription may have
both acute and chronic consequences. The impairment in PV
interneuron development may result in reduced sIPSCs, because
these phenotypes can be observed without acute enhancement of
activity. Deficits in GABAergic transmission are likely to be the
main reason for an abnormal appearance of STDP. Given that
fear memory extinction may induce BDNF-IV transcription, it is
conceivable that this acute expression of BDNF may also be
involved in the memory extinction process. Future studies should
address these possibilities. In summary, these results provide new
insights into the role of BDNF promoter IV in GABAergic
function and STDP in the PFC. The BDNF-KIV mice may be a
useful model to study the function of activity-dependent BDNF
expression in other brain regions. Finally, our findings may have
implications in psychiatric diseases involving GABAergic dys-
function, such as schizophrenia and PTSD.

A

B

C

Fig. 5. Impairment of STDP in mPFC layer V neurons in BDNF-KIV. (A and B)
Example showing STDP in a layer V pyramidal neuron recorded from (A) a WT
or (B) a BDNF-KIV mPFC slice. Sample traces before (red) and after (black)
multiple pairings of presynaptic evoked EPSPs with postsynaptic spikes are
shown above. Input resistance (Ri) was monitored in all experiments (shown
below each plot). Gray box indicates the pairing period. (Scale bars: 5 mV, 20
ms.) (C) Summary plot depicting robust STDP in BDNF-KIV slices but not in WT
littermates. *, Significant difference between WT and BDNF-KIV groups at
that time point (40 min after pairing).

5946 � www.pnas.org�cgi�doi�10.1073�pnas.0811431106 Sakata et al.

http://www.pnas.org/cgi/data/0811431106/DCSupplemental/Supplemental_PDF#nameddest=SF5


Materials and Methods
A mouse genomic bacterial artificial chromosome (BAC) library (Genome
Systems) was screened by using a cDNA probe against the BDNF exon IV
region. A 120-kb BAC clone (118F10) containing the promoter IV region was
obtained. The clone was subcloned for the construct with BDNF promoter IV
region with 5�-flanking region (3.3 kb) and 3�-flanking regions (4.7 kb). A GFP
gene including multiple stop codons was inserted after exon IV. The GFP
sequence is followed by a neomycin resistance cassette, which is driven by the
PGK promoter in the reverse direction (Fig. 1A Upper). When integrated into
the genome, promoter IV drives the expression of a GFP-BDNF fusion tran-
script, which in turn leads to translation of GFP instead of BDNF protein
because of the stop codon in between (Fig. 1A Lower). The construct was
transfected into 129/sv ES cells (R1) by electroporation and selected by Gene-
ticin (Invitrogen) (G418) resistance. Several clones were selected after screen-
ing 200 ES colonies by Southern blotting with genomic DNA digested with
EcoRV using 5� and 3� probes. The 5� probe was a 421-bp fragment obtained
by enzyme digestion with EcoRI and EcoRV, and the 3� probe was generated
by PCR with the following primer pairs: sense, 5�-CTTCAGAAAGTTATGGACCC-
3�; and antisense, 5�-GTGAACCTTTGGGGAAAACT-3� (Fig. 1B). After an EcoRV
digestion, the 5� probe detected a 4.8-kb band, and the 3� probe detected a
7.8-kb band in ES cells that underwent homologous recombination, whereas
both probes could detect a 9.9-kb fragment in the wild-type genomic DNA
(Fig. 1B). Two ES cell clones with recombinant alleles were injected into
surrogate female mice with blastocysts of C57BL/6J mice. The resulting chi-
meric mice were crossed with C57BL/6 to produce F1 mice. F1 mice were
screened for germ-line transmission by PCR and confirmed by Southern blot-
ting. The positive F1 mice were crossed to generate F2 homozygous for BDNF

promoter IV knockin mice. Male heterozygous were backcrossed with C57BL/6
females for 5–7 generations. A PCR protocol was developed to distinguish
between WT allele (563 bp) and the mutant allele (528 bp) with the following
primer sets (Fig. 1C): WT, 5�-TGGAGCCCTCTCGTGGAC-3� and 5�-CCTCTCCG-
GAGTGTGCCTAA-3�; and BDNF-KIV, 5�-TGGAGCCCTCTCGTGGAC-3� and 5�-
AAGCACTGCACGCCGTAGGTCA-3�. Amplification was carried out for 35 cy-
cles, and each cycle was consisted of the following steps: 94 °C for 30 s, 62 °C
for 30 s, and 72 °C for 30 s. Animals were kept in a temperature-controlled
environment with a 12-h light/12-h dark cycle. All experiments were con-
ducted according to National Institutes of Health animal use guidelines.

The size and shape of brains from BDNF-KIV appeared normal (Fig. S2A).
Histological examination of BDNF-KIV brains by Nissl staining did not reveal
gross morphological abnormality (Fig. S2B). Detailed examination of the
Nissl-stained sections indicated that cytoarchitectural organization and cell
density in the hippocampus and PFC (Fig. S2C) in BDNF-KIV were almost
identical to those of WT.

See SI Methods for descriptions of other methods.
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