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The Neurotrophin-Inducible Gene Vgf Regulates
Hippocampal Function and Behavior through a Brain-
Derived Neurotrophic Factor-Dependent Mechanism
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VGF is a neurotrophin-inducible, activity-regulated gene product that is expressed in CNS and PNS neurons, in which it is processed into
peptides and secreted. VGF synthesis is stimulated by BDNF, a critical regulator of hippocampal development and function, and two VGF
C-terminal peptides increase synaptic activity in cultured hippocampal neurons. To assess VGF function in the hippocampus, we tested
heterozygous and homozygous VGF knock-out mice in two different learning tasks, assessed long-term potentiation (LTP) and depres-
sion (LTD) in hippocampal slices from VGF mutant mice, and investigated how VGF C-terminal peptides modulate synaptic plasticity.
Treatment of rat hippocampal slices with the VGF-derived peptide TLQP62 resulted in transient potentiation through a mechanism that
was selectively blocked by the BDNF scavenger TrkB–Fc, the Trk tyrosine kinase inhibitor K252a (100 nM), and tPA STOP, an inhibitor of
tissue plasminogen activator (tPA), an enzyme involved in pro-BDNF cleavage to BDNF, but was not blocked by the NMDA receptor
antagonist APV, anti-p75 NTR function-blocking antiserum, or previous tetanic stimulation. Although LTP was normal in slices from VGF
knock-out mice, LTD could not be induced, and VGF mutant mice were impaired in hippocampal-dependent spatial learning and
contextual fear conditioning tasks. Our studies indicate that the VGF C-terminal peptide TLQP62 modulates hippocampal synaptic
transmission through a BDNF-dependent mechanism and that VGF deficiency in mice impacts synaptic plasticity and memory in
addition to depressive behavior.
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Introduction
Growth factors in general, and brain-derived neurotrophic factor
(BDNF) in particular, play critical roles in the nervous system to
regulate neuronal development and survival, axonal outgrowth,
synaptogenesis, and synaptic plasticity. Consistent with the
global effects of BDNF on CNS development and wiring, and
contributions to nervous system function in the adult, altered
BDNF expression is associated with altered behavior. For exam-
ple, a coding sequence variant (Val 66Met) in the human BDNF
gene is associated with cognitive and behavioral deficits and
childhood-onset mood disorder (Strauss et al., 2005), and BDNF
deficiency in mice results in abnormal hippocampal associative
memory (Gorski et al., 2003). In addition, neurotrophic growth
factors also play a role in the pathophysiology of depression (Du-

man, 2005). Decreased BDNF levels are found in depressed pa-
tients (Shimizu et al., 2003; Karege et al., 2005), expression of
BDNF and its receptor TrkB are regulated by electroconvulsive
seizure therapy (ECT) and antidepressants (Newton et al., 2003;
Farmer et al., 2004), BDNF infusion into the hippocampus or
lateral ventricles produces antidepressant responses (Siuciak et
al., 1997; Shirayama et al., 2002), and BDNF–TrkB signaling is
required for antidepressant efficacy in the forced swim test
(Saarelainen et al., 2003; Monteggia et al., 2004). Thus, in the
hippocampus, BDNF signaling modifies depressive behavior,
and a large number of studies demonstrate additional roles for
BDNF/TrkB pathways in spatial memory and conditioned fear
avoidance tasks, as well as the regulation of synaptic plasticity and
the induction of long-term potentiation (LTP) (Poo, 2001; Gor-
ski et al., 2003; Liu et al., 2004).

These varied functions of BDNF depend on genes or gene
products that are regulated by this neurotrophin at a transcrip-
tional, translational, or posttranslational level. For example the
transcription factor cAMP response element-binding protein
(CREB), which plays a critical role in memory consolidation, is
activated by BDNF, but few downstream target genes have been
identified that are induced by BDNF and transcriptionally regu-
lated by CREB and contribute to memory and behavior. Previous
studies have identified the BDNF- and CREB-regulated gene vgf
(nonacronymic), which encodes a secreted neuronal protein and
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peptide precursor that is highly conserved among mammals and
has a zebrafish homolog, as a potentially important mediator of
some of these actions. Hippocampal VGF expression is induced
by ECT (Newton et al., 2003) and exercise (Duman, 2005;
Hunsberger et al., 2007), both of which produce antidepressant
responses, as well as by neuronal activity and seizure (Snyder et
al., 1998b). In primary hippocampal neurons, BDNF induces
VGF expression (Bonni et al., 1995; Alder et al., 2003), and this is
associated with increased VGF transcript levels in the hippocam-
pus after paired but not unpaired eye-blink conditioning, a
hippocampal-dependent learning task (Alder et al., 2003). In ad-
dition, synthetic VGF C-terminal peptides TLQP62 and AQEE30
(designated by the N-terminal four amino acids and the length)
have been found to increase the synaptic activity of cultured hip-
pocampal cells (Alder et al., 2003) and, very recently, to regulate
depressive behavior in rodents (Hunsberger et al., 2007; Thakker-
Varia et al., 2007), suggesting that VGF modulates hippocampal
synaptic plasticity.

To directly test whether VGF expression is required for spe-
cific hippocampal learning tasks in vivo, we performed behavioral
analyses of VGF knock-out mice. Homozygous VGF knock-out
mice are lean and hypermetabolic and resist developing obesity
and diabetes (Hahm et al., 2002; Watson et al., 2005). Although
brain and spinal cord anatomy is grossly normal in VGF mutant
mice (Hahm et al., 1999), neither hippocampal function nor
hippocampal-dependent behavior has been examined previ-
ously. Here we report that VGF knock-out mice perform poorly
in a spatial, but not a cued, version of the Morris water maze, a
hippocampal-dependent memory task, and both heterozygous
and homozygous knock-outs exhibit abnormal contextual fear
conditioning. LTP in hippocampal slices from VGF knock-out
mice appeared normal, but long-term depression (LTD) could
not be induced. In addition, application of the VGF-derived
C-terminal peptide TLQP62 was found to induce a transient po-
tentiation in rat and mouse hippocampal slices via a BDNF-
dependent mechanism. Our data suggest that this secreted pro-
tein and peptide precursor regulates hippocampal function,
depressive behavior, and memory, at least in part through mod-
ulation of BDNF secretion, processing, or signaling.

Materials and Methods
Strains used for behavioral studies and electrophysiology. Mouse behavioral
and hippocampal slice experiments were performed on a previously de-
scribed VGF knock-out mouse line (Hahm et al., 1999, 2002). To gener-
ate this line, R1 embryonic stem (ES) cells were transfected with a target-
ing construct that replaced the entire VGF coding sequence with a PGK-
neo cassette; ES cell clones having undergone homologous
recombination at the Vgf locus were used to generate mice on a mixed
129/SvJ/C57BL/6 background with germ-line ablation of one, both, or
neither Vgf allele(s) (Hahm et al., 1999). Heterozygous Vgf�/Vgf� mice
were backcrossed with C57BL/6 mice (The Jackson Laboratory) for 10
generations, and, because Vgf�/Vgf� mice on either background are in-
fertile, the resulting heterozygous Vgf�/Vgf� mice were inbred to yield
wild-type and heterozygous and homozygous VGF knock-out mice for
the experiments described below. A subset of our electrophysiological
experiments were performed in parallel using hippocampal slices from a
second VGF knock-out mouse line, generated as described previously
(Valenzuela et al., 2003), in which the entire VGF coding sequence was
ablated in the germ line and replaced by lacZ reporter and PGK-neo
cassettes (provided by Regeneron Pharmaceuticals). On a C57BL/6 back-
ground, VGF knock-out mice from both lines are small, lean, and hyper-
metabolic with markedly reduced fat stores, identical in phenotype to
mixed-background VGF mutant mice (Hahm et al., 2002), but, unlike
hyperactive mixed-background knock-out mice, have normal locomotor
activities (E. Watson, H. Okamoto, M. Sleeman, and S. Salton, unpub-

lished data). Animals were provided food and water ad libitum, and all
animal studies were conducted in accordance with the Guidelines for the
Care and Use of Experimental Animals, using protocols approved by the
Institutional Animal Care and Use Committee of Mount Sinai School of
Medicine.

Hippocampal slice preparation and electrophysiology. Hippocampal
slices (350 �m) were prepared from 4- to 6-week-old Sprague Dawley
rats (Charles River Laboratories) or 4- to 10-week-old VGF homozygous
knock-out (Vgf�/Vgf�), heterozygous knock-out (Vgf�/Vgf�), and
wild-type (Vgf�/Vgf�) mice, all on a C57BL/6 background. Generally,
one hippocampal slice per rat and two to three slices per mouse were
prepared. Slices were perfused with Ringer’s solution containing the fol-
lowing (in mM): 125.0 NaCl, 2.5 KCl, 1.3 MgSO4, 1.0 NaH2PO4, 26.2
NaHCO3, 2.5 CaCl2, and 11.0 glucose. The Ringer’s solution was bubbled
with 95% O2/5% CO2, at 32°C or room temperature (when indicated),
during extracellular recordings (electrode solution, 3 M NaCl). Slices
were maintained for 1 h before establishment of a baseline of field EPSPs
(fEPSPs) recorded from stratum radiatum and stratum pyramidale
(when indicated) in area CA1, evoked by stimulation of the Schaffer
collateral– commissural afferents (100 �s pulses every 30 s) with bipolar
tungsten electrodes placed into area CA3 (Bozdagi et al., 2000). Test
stimulus intensity was adjusted to obtain fEPSPs with amplitudes that
were one-half of the maximal response. The EPSP initial slope (millivolts
per millisecond) was determined from the average waveform of four
consecutive responses. Intracellular recordings of CA1 pyramidal neu-
rons were performed with 3 M KCl-filled microelectrodes. Input resis-
tance was recorded from current–voltage relationships with 150 ms cur-
rent pulses of �0.6 to 0.6 nA. Synthetic VGF peptides TLQP62, TLQP21,
AQEE30, and LEGS25amide (0.1, 1, and 10 �M), BDNF (50 ng/ml) (re-
combinant human met-BDNF; prepared by Amgen and provided by
Regeneron Pharmaceuticals; PeproTech; stored at �70°C in 10 mg/ml of
150 mM NaCl, 10 mM NaHPO3 buffer, and 0.004% Tween 20 until use),
K252a and K252b (100 nM to 1 �M; diluted in 0.05% DMSO; Calbio-
chem), and tPA STOP (2 �M; America Diagnostica) were bath applied for
durations indicated in the figure legends. Using 10 �M TLQP62, all slices
exhibited a potentiation of at least 20% in fEPSP slope. For Trk–Fc fusion
protein and function-blocking anti-p75 NTR experiments, slices were in-
cubated with fusion protein (5 �g/ml; Regeneron Pharmaceuticals; R&D
Systems) or anti-p75 NTR (rabbit polyclonal 9651, 1:100 dilution; gener-
ously provided by Dr. Moses Chao, New York University School of Med-
icine, New York, NY) (Huber and Chao, 1995; Skoff and Adler, 2006), for
2 h, and then were transferred to the recording chamber. Paired-pulse
responses were measured with interstimulus intervals (ISIs) of 10 and 50
ms and are expressed as the ratio of the average responses to the second
stimulation pulse (FP2) to the first stimulation pulse (FP1).

LTP was induced by a high-frequency stimulus (four trains of 100 Hz,
1 s stimulation separated by 5 min), theta-burst stimulation (TBS) (10
bursts of four pulses at 100 Hz separated by 200 ms), or a single 100 Hz
stimulation, with a success rate �90% for control and genetically mod-
ified mice with all stimulation protocols (one wild-type and one het-
erozygous slice failed to exhibit LTP of at least 20% increase in amplitude,
and these were excluded from the analysis). To induce LTD, Schaffer
collaterals were stimulated by a low-frequency stimulus (900 pulses at 1
Hz for 15 min). LTD of at least 20% decrease in amplitude was induced in
all control and heterozygous slices. Data are expressed as means � SD,
and statistical analyses were performed using ANOVA or Student’s t test,
in which p � 0.05 was considered significant.

Morris water maze. Mice were tested in a water maze task to assess
hippocampal-dependent (uncued) and hippocampal-independent
(cued) learning. Previously described VGF knock-out mice (Hahm et al.,
1999) were backcrossed �10 generations onto a C57BL/6 background,
and 3- to 4-month-old male homozygous knock-out (Vgf�/Vgf�), het-
erozygous knock-out (Vgf�/Vgf�), and wild-type (Vgf�/Vgf�) mice
were used in these experiments. The water maze was a circular tank (170
cm diameter, 63.5 cm height) filled 38 cm deep with water (23 � 1°C)
that was positioned in a room that contained a number of visual clues.
White tempera paint (Dick Blick Paint Materials) was added to the water
to make it opaque. A clear platform (10.5 � 10.5 cm) was submerged 2
cm below the surface of the water for hidden and cued trials. For cued
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trials, the platform location was signaled by a black cue on top of the
platform and by another black cue suspended 35 cm above the platform.
These cues were removed during hidden trials. A custom-made comput-
erized tracking system recorded and analyzed the swim paths. Mice were
trained for 1 week until their performance reached a plateau. Twelve
swims were then performed over 4 d and averaged, and the swim path
was integrated to obtain total distance swam. Cued and uncued trials
were interleaved as follows: days 1 and 2, cued, uncued, uncued, cued,
cued, uncued; days 3 and 4, uncued, cued, cued, uncued, uncued, cued.

On day 4, the target platform was removed and a 60 s probe trial was
performed. Search paths were tracked, and time spent in two regions was
recorded: the target region was a circular region of 20 cm diameter cen-
tered on the location of the target platform, and the nontarget region was
a circular region of 20 cm placed at the center of the maze. These data
were used to calculate a performance index, essentially as described pre-
viously (Bunsey and Eichenbaum, 1996; Brun et al., 2001), which we
called a “spatial learning index”: (timeover target � timeover nontarget)/
(timeover target � timeover nontarget). A high spatial learning index indicates
that more time was spent near the target platform relative to the nontar-
get region.

Contextual fear conditioning. Male 3- to 4-month-old homozygous
knock-out (Vgf�/Vgf�), heterozygous knock-out (Vgf�/Vgf�), and
wild-type (Vgf�/Vgf�) mice (Hahm et al., 1999), backcrossed onto a
homogeneous C57BL/6 background, were used for these studies. Fear
conditioning took place in an observation chamber (30 � 24 � 21 cm;
MED Associates). The chamber consisted of a Plexiglas box (sidewalls,
rear wall, ceiling, and hinged front door). The floor of the chamber
consisted of 36 stainless steel rods (3 mm in diameter) spaced 8 mm apart
(center-to-center). Rods were wired to a shock source and solid-state
grid scrambler (MED Associates) for the delivery of foot shock. A 15 W
house light was mounted on the wall. Mice were handled in the room
where conditioning took place for 5 min each day for 6 d. On the training
day, they were placed into the chamber, the house light was turned on,
and, after a 3 min acclimatizing period, they received five shocks at 62 s
intervals. Each shock was 0.75 mA and 2 s duration. Mice were left in the
conditioning chamber for 30 s after termination of the procedure and then
returned to their home cage. Twenty-four hours later, mice were placed into
the conditioning chamber and observed for 3 min. Freezing behavior was
recorded during conditioning and testing sessions. Freezing was defined as
the absence of any visible movements other than those necessary for respi-
ration and was scored according to a 5 s time sampling procedure. Observa-
tions scored as freezing were summed and converted to a percentage.

Results
Contextual fear conditioning is impaired in VGF mutant mice
VGF mRNA and immunoreactivity have been localized in the
central amygdala (van den Pol et al., 1994; Snyder and Salton,
1998; Snyder et al., 1998a) in which VGF expression is upregu-
lated by exogenous BDNF (Eagleson et al., 2001). We therefore
examined an emotional learning paradigm, contextual fear con-
ditioning, which requires both an intact hippocampus and amyg-
dala (Phillips and LeDoux, 1992; Goosens and Maren, 2001), in
homozygous VGF mutant, heterozygous VGF mutant, and wild-
type mice. Published studies have identified a critical role for
BDNF in contextual fear conditioning, specifically in the hip-
pocampus (Liu et al., 2004). Because previous studies did not
reveal impaired nociception in VGF mutant compared with wild-
type mice (Hahm et al., 1999), measured by heat-induced tail-
flick latency, we used a foot-shock paradigm to test contextual
fear conditioning (see Materials and Methods). To assess mem-
ory for contextual fear conditioning, we tested mice in the same
context, 24 h after training. As shown in Figure 1, both homozy-
gous and heterozygous VGF knock-out mice froze significantly
less than wild-type mice (ANOVA, F(2,17) � 15.53, p � 0.0001;
Newman–Keuls post hoc test, p � 0.001 for both groups). No
differences in freezing behavior among the three groups were
noted during the training session, and locomotor activity of these

three groups of mice on a homogeneous C57BL/6 background
was the same (Hunsberger et al., 2007) (Watson, Okamoto,
Sleeman, and Salton, unpublished data).

Hippocampal-dependent spatial learning is impaired in VGF
mutant mice
We next tested mice for hippocampal-dependent (noncued, hid-
den platform) and hippocampal-independent (cued, visible plat-
form) learning using the Morris water maze (see Materials and
Methods). After training, VGF homozygous and heterozygous
knock-out and wild-type mice received four trials per day on 4
successive days, with performance on each day computed by av-
eraging the four trials. Performance of VGF homozygous mutant
mice was impaired on the uncued learning task compared with
wild-type mice, reaching significance at day 4; compared with
wild-type mice, VGF knock-out mice took more time to reach the
hidden platform (latency) (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material) and traveled a
greater distance (Fig. 2C,D), whereas swimming speed was not
significantly different, nor did it vary throughout the 4 d experi-
ment (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). Cued learning of VGF homozygous and
heterozygous mutant mice and wild-type mice was not signifi-
cantly different (Fig. 2C). On day 4, the platform was removed
and a 60 s probe trial was performed. Search paths were tracked,
and time spent in the target region (a 20 cm circle centered over
the hidden platform) was compared with time spent in a nontar-
get region (a 20 cm circle placed at the center of the maze). These
data were used to calculate a performance index for each geno-
type, essentially as described previously (Bunsey and Eichen-
baum, 1996; Brun et al., 2001), which we refer to as a spatial
learning index (see Materials and Methods). A high spatial learn-
ing index indicates a search path in which more time was spent
near the target platform region. VGF homozygous knock-out
mice were found to have a significantly lower learning index than
wild-type mice (Bonferroni’s correct pairwise comparison, p �
0.025; n � 5 mice of each genotype per group) (Fig. 2E,F; see
legend for additional details of statistical analyses performed).

Long-term potentiation in hippocampal slices from VGF
knock-out mice is indistinguishable from wild-type mice, but
long-term depression is impaired
Previous studies have demonstrated VGF mRNA expression in
the developing and adult hippocampus (van den Pol et al., 1994;
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Figure 1. Homozygous and heterozygous VGF knock-out mice have impaired contextual
fear conditioning compared with wild-type mice. Homozygous Vgf�/Vgf� (n � 5), heterozy-
gous Vgf�/Vgf� (n � 8), and wild-type Vgf�/Vgf� (n � 7) male mice were trained and
tested for contextual fear conditioning as described in Materials and Methods. Data are ex-
pressed as the mean � SEM percentage of time spent freezing during the 3 min period of
testing, 24 h after training (***p � 0.001).
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Lombardo et al., 1995; Snyder and Salton, 1998; Snyder et al.,
1998a), specifically in the pyramidal cell layer of the adult CA1–
CA3 regions, and in dentate gyrus granule cells in which it is
inducible by kainic acid-induced seizures (Snyder et al., 1998b).
In the hippocampus, VGF immunoreactivity is associated with
cells in the pyramidal cell layer of CA1 and CA3 and in the hilar
region of the dentate gyrus, internal to the granule cell layer,
generally in cells that may be inhibitory GABAergic neurons

based on morphology and location (van den Pol et al., 1994).
Because previous studies did not suggest that targeted ablation of
VGF affected the gross morphology of the brain including adult
hippocampus (Hahm et al., 1999) but analysis revealed signifi-
cant deficits in hippocampal-dependant behavior (Figs. 1, 2), we
tested whether VGF is required for the induction of LTP or LTD
of synaptic transmission.

In the first set of experiments, LTP was induced by tetanic
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Figure 2. VGF homozygous mutant mice have impaired performance in the Morris water maze. Mice were tested in the Morris water maze as described in Materials and Methods. Performance
in the four daily cued and uncued trials was evaluated by video camera, and parameters were averaged for each day (days 1– 4). In A and B, sample computer-generated tracings of swim paths are
shown for wild-type (A) and VGF knock-out (B) mice in uncued (left) and cued (right) trials. C, D, Distance traveled (centimeters) (C, cued; D, uncued) was quantified for each genotype on each day
(ANOVA, mean � SEM; n � 5 mice of each genotype per group; *p � 0.05). On day 4, the target platform was removed, and a 60 s probe trial was performed. E, Search paths were tracked,
and time spent in the target region of the maze (a circular region of 20 cm diameter centered on the location of the target platform) and the nontarget region (a circular region of
20 cm diameter placed at the center of the maze) was quantified. F, Probe trial performance was measured by calculating a spatial learning index: (timeover target �
timeover nontarget)/(timeover target � timeover nontarget). ANOVA demonstrated a significant effect of genotype on learning index (F(2,12) � 5.615; p � 0.019), which was confirmed with a nonpara-
metric test (Kruskal–Wallis rank sum, p � 0.049). Bonferroni’s correct pairwise comparisons revealed a significant difference between knock-out and wild-type learning indices
( p � 0.025), but differences between wild-type and heterozygote ( p � 1.000) and knock-out and heterozygote ( p � 0.076) indices were not significant.
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stimulation of the Schaffer collaterals (4 trains of 100 Hz sepa-
rated by 5 min, a stimulation protocol that induces both early
LTP and protein synthesis-dependent late-phase LTP in hip-
pocampal slices), in slices taken from heterozygous and homozy-
gous VGF knock-out mice and from wild-type mice (Fig. 3A).
The induction and maintenance of LTP were not significantly
different between wild-type and either heterozygous or homozy-
gous mutant mouse hippocampal slices over the 120 min time
course after tetanic stimulation (average percentage of baseline
120 min after tetanus: �/�, 161 � 5%; �/�, 158 � 4%; �/�,
167 � 6%; mean � SD; n � 4 mice per group; ANOVA, p � 0.1).
In another set of experiments, we further tested LTP induced by
TBS (Fig. 3B) (10 bursts of four pulses at 100 Hz separated by 200
ms) (average percentage of baseline 90 min after TBS: �/�,
164 � 6%; �/�, 159 � 2%; �/�, 156 � 32%; mean � SD; n �
4 mice per group, 2–3 slices per mouse; ANOVA, p � 0.05) and
early-phase LTP by stimulating with a single 100 Hz pulse of 1 s
duration (average percentage of baseline 60 min after tetanus:
�/�, 136.4 � 6.4%; �/�, 139.8 � 4.8%: �/�, 141 � 6.8%;
mean � SD; n � 4 mice per group, 2–3 slices per mouse;
ANOVA, p � 0.05) (Fig. 3C). There were no significant differ-
ences among the three genotypes with these stimulation para-

digms. Tests for basal synaptic input– out-
put relationships also indicated that there
were no significant differences in synaptic
transmission in the Schaffer collateral
pathway among genotypes, nor was
paired-pulse facilitation (PPF), a form of
short-term plasticity, found to be affected
(FP2/FP1 � 1.27 � 0.05 for �/� homozy-
gous knock-out, 1.26 � 0.04 for �/� het-
erozygous knock-out, and 1.26 � 0.03 for
�/� wild type; mean � SD; n � 4 mice
per group, 2–3 slices per mouse; p � 0.4).
In contrast, LTD induced by low-
frequency stimulation (LFS) was signifi-
cantly reduced in VGF knock-out slices
(Fig. 3D) (field EPSP: �/�, 98.2 � 2%;
�/�, 73.8 � 3.6%; �/�, 76.9 � 3.7%,
measured 15 min after LFS; �/�, 101 �
2%; �/�, 79.9 � 2%; �/�, 82.6 � 3.6%,
measured 60 min after LFS; mean � SD;
n � 2– 4 mice per group, 2–3 slices per
mouse; ANOVA, p � 0.01).

VGF-derived TLQP62 peptide
potentiates CA1 fEPSP
VGF-derived C-terminal peptides have
been shown to increase synaptic activity in
cultured hippocampal neurons (Alder et
al., 2003). Because VGF mutant mice have
abnormalities in hippocampal-dependent
learning, we investigated the effects of
VGF-derived peptides on EPSPs in hip-
pocampal slices. Rat hippocampal slices
were treated with the VGF-derived
C-terminal TLQP62 peptide (designated
by the first four amino acids and length),
and field EPSP slope in the CA1 region of
the hippocampus was determined over a
range of peptide concentrations. At 10 �M,
TLQP62 application initiated potentiation
within 5 min, reaching 288 � 10% 10 min

after application and gradually decaying back to baseline within
40 – 60 min after washout (Fig. 4A).

Stimulus intensity (in milliamperes) was plotted against the
slope of fEPSPs (millivolts per millisecond) for a sampling of
control slices, slices treated with TLQP62, and TLQP62-treated
slices that were analyzed 60 min after peptide washout (Fig. 4B)
(n � 6). The mean slope of the input– output function shown in
Figure 4B, calculated from each slope for the control condition,
was 2.25 � 0.3, which was not significantly different from that
after TLQP62 washout (1.85 � 0.3; p � 0.3). These input– output
curves demonstrated that there was an increase in fEPSP slope
across all stimulation currents with TLQP62 treatment, which
was followed by a recovery to baseline within �90 min after
peptide washout, indicating that TLQP62 application did not
produce lasting changes in synaptic transmission. The stimulus
intensity for the 50% maximum response was 84.7 � 1.1 �A for
TLQP62-treated slices 60 min after washout versus 83.6 � 1.2 �A
for controls (n � 6; p � 0.05). PPF, a form of plasticity that is
thought to reflect presynaptic mechanisms, was not significantly
altered after application of TLQP62 (FP2/FP1 � 1.45 � 0.18 and
1.42 � 0.15, before and after TLQP62 treatment, respectively; ISI
of 50 ms; n � 6; p � 0.05, t test). When two pulses separated by a
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10 ms interval are delivered to the Schaffer
collateral//commissural pathway in CA1,
the amplitude of the response recorded at
the stratum pyramidale evoked by the sec-
ond stimulation pulse is lower than the
amplitude of the first response [paired-
pulse inhibition (PPI)], which is attributed
to increased activation of local inhibitory
interneurons, releasing the neurotrans-
mitter GABA (Davies et al., 1990). When
TLQP62 was applied to hippocampal
slices, PPI, a measure of circuit excitability,
did not differ from the untreated control
(FP2/FP1 � 0.71 � 0.06 and 0.69 � 0.08,
before and after TLQP62 treatment, re-
spectively; ISI of 10 ms; n � 6; p � 0.05, t
test), suggesting that TLQP62 does not al-
ter hippocampal excitability through
modulation of GABAergic transmission
(for representative traces, see supplemen-
tal Fig. 2C, available at www.jneurosci.org
as supplemental material). In addition,
resting membrane potential and input re-
sistance were not significantly changed af-
ter TLQP62 application, indicating no ef-
fect of TLQP62 on the intrinsic membrane
properties of CA1 pyramidal neurons.
High-resistance microelectrode record-
ings of 16 CA1 neurons each from control
(n � 4 slices) and TLQP62-treated (n � 4
slices) slices showed that the average input
resistance (36 � 2.6 M	) was not signifi-
cantly different from control (37 � 3.2
M	), nor were there significant differ-
ences between groups in the average rest-
ing membrane potential (millivolts) of
CA1 neurons (�68 � 0.3 control vs
�67 � 0.2 TLQP62 treated; Student’s t
test, p � 0.05).

The C-terminal VGF-derived pep-
tides AQEE30 and TLQP21, N-terminal
peptide LEGS25amide, and scrambled
TLQP62 control peptide all produced
little or no potentiation compared with
TLQP62 over several concentrations
tested (from 1 to 100 �M) (Fig. 4C,D).
We further noted that pretreatment of
hippocampal slices with its 21 amino
acid C-terminally truncated peptide fragment TLQP21 abol-
ished TLQP62-mediated synaptic potentiation (Fig. 4 D),
whereas a scrambled TLQP21 peptide had no effect (supple-
mental Fig. 2 A, available at www.jneurosci.org as supplemen-
tal material). To determine whether TLQP21 contributed to
the sustained phase of potentiation, we applied TLQP21 20
min after potentiation had been established. TLQP21 applica-
tion after potentiation had been initiated had no effect (Fig.
4 D), suggesting that TLQP21 antagonizes TLQP62 only dur-
ing the induction of potentiation. Last, to test whether
TLQP62-induced potentiation in rat hippocampal slices was
comparable with mouse hippocampal slices, we applied
TLQP62 to hippocampal slices from wild-type, heterozygous,
and homozygous VGF mutant mice and noted similar poten-
tiation to that in rat (Fig. 4 E) ( p � 0.05).

VGF-derived peptide TLQP62 induces potentiation of CA1
field EPSPs via a BDNF-dependent mechanism
Because increased VGF expression is associated with BDNF-
induced plasticity (Bonni et al., 1995; Alder et al., 2003), we next
examined whether the action of VGF to facilitate hippocampal
synaptic transmission was mediated by signaling of a specific
neurotrophic growth factor. Slices were incubated in TrkA–Fc,
TrkB–Fc, TrkC–Fc, and Fc alone (5 �g/ml) for 2 h and then
transferred to the recording chamber and perfused with TLQP62
for 60 min. TLQP62-mediated potentiation was not observed in
slices incubated with the BDNF scavenger TrkB–Fc ( p � 0.01)
(Fig. 5A), whereas pretreatment of slices with TrkA–Fc, which
scavenges NGF, TrkC–Fc, which scavenges neurotrophin-3 (NT-
3), or control human Fc alone each had no significant effect ( p �
0.05) on TLQP62-induced potentiation (Fig. 5A) (supplemental
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Fig. 2B, available at www.jneurosci.org as supplemental mate-
rial). We further verified that our TrkB–Fc reagent also selectively
blocked BDNF-induced hippocampal slice potentiation and late-
phase LTP induced by tetanic stimulation (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).

Pretreatment of slices with the Trk tyrosine kinase inhibitor
K252a before TLQP62 application completely blocked potentia-
tion (100 –200 nM) (Fig. 5B) ( p � 0.01), whereas K252b, a struc-
turally related compound that is a less potent inhibitor of recep-
tor tyrosine kinases, had no significant effect on TLQP62
potentiation at 100 nM (Fig. 5B) ( p � 0.05) but completely

blocked potentiation at 1 �M as did K252a (supplemental Fig. 4A,
available at www.jneurosci.org as supplemental material). To-
gether with the TrkB–Fc results, this suggested that BDNF signal-
ing via TrkB was required for TLQP62 actions. Also consistent
with a mechanism involving BDNF/TrkB signaling, treatment
with a function-blocking antibody to the p75 neurotrophin re-
ceptor (anti-p75 NTR) (Huber and Chao, 1995; Skoff and Adler,
2006) did not block TLQP62-induced potentiation but rather
significantly slowed the decay of TLQP62 potentiation after pep-
tide was removed (Fig. 5C) (supplemental Fig. 4B, available at
www.jneurosci.org as supplemental material) ( p � 0.05 at 120
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260 � 11% (TLQP62 alone) and 99.5 � 12% (TLQP62 � tPA STOP) (n � 4; p � 0.01, t test). All field EPSP measurements shown are mean � SD (n � 4 rats per group, 1 slice per rat).
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min). Because previous studies had suggested that most of the
BDNF secreted by hippocampal neurons appears to be in the
pro-BDNF precursor form and that tissue plasminogen activator
(tPA) and plasmin are involved in the conversion of pro-BDNF
to BDNF (Mowla et al., 1999, 2001; Calabresi et al., 2000; Egan et
al., 2003; Chen et al., 2004; Pang and Lu, 2004; Pang et al., 2004),
we investigated whether inhibition of tPA catalytic activity af-
fected TLQP62-induced potentiation. We verified that pretreat-
ment of hippocampal slices with the inhibitor tPA STOP blocked
late-phase LTP (supplemental Fig. 4C, available at www.
jneurosci.org as supplemental material), as shown previously
(Baranes et al., 1998). When other slices were similarly pretreated
with tPA STOP, TLQP62-induced potentiation was also blocked
(Fig. 5D) ( p � 0.01), suggesting that processing of pro-BDNF to
mature BDNF is also a requirement for TLQP62-induced poten-
tiation. Together, these findings suggest that the VGF-derived
peptide TLQP62 stimulates secretion of hippocampal pro-
BDNF/BDNF, resulting in synaptic potentiation. Thus, the Vgf
gene is not only transcriptionally controlled by BDNF, but the
VGF-derived peptide TLQP62 regulates BDNF release and/or
availability in the hippocampus.

TLQP62-induced potentiation is neither blocked by the
NMDA-type glutamate receptor antagonist APV nor
extinguished by previous tetanic stimulation
To determine whether the TLQP62-mediated synaptic potentia-
tion and LTP share common mechanisms, tetanic stimulation
was delivered to slices after TLQP62-induced potentiation
reached a plateau. Saturation of LTP by tetanic stimulation did
not occlude TLQP62-induced potentiation (Fig. 6A). In addi-
tion, saturation of TLQP62 facilitation did not occlude tetanic
LTP, suggesting that TLQP62-induced facilitation is mechanisti-
cally distinct from LTP (Fig. 6B). Consistent with these findings
that TLQP62-induced facilitation and LTP are distinct and pre-
vious findings that LTP in hippocampal slices from VGF mutant
mice appears normal, pretreatment with the NMDA receptor
antagonist AP-5 did not block TLQP62-induced facilitation (Fig.
6C) ( p � 0.05).

Discussion
VGF regulates hippocampal synaptic plasticity through a
BDNF-dependent mechanism
Neurotrophic growth factors play distinct roles in the develop-
ment and maturation of the nervous system. VGF, originally
cloned because it is rapidly regulated by the neurotrophin NGF in
PC12 cells (Levi et al., 1985; Cho et al., 1989; Salton et al., 1991),
is also induced by BDNF in cortical and hippocampal neurons in
vitro (Bonni et al., 1995; Alder et al., 2003) and in vivo (Eagleson
et al., 2001). VGF is expressed in the developing and adult hip-
pocampus and amygdala (van den Pol et al., 1994; Lombardo et
al., 1995; Snyder and Salton, 1998; Snyder et al., 1998a), consis-
tent with the behavioral role described here. In addition, mRNAs
encoding VGF and the BDNF receptor TrkB are extensively co-
expressed throughout the CNS in neurons (Snyder et al., 1997),
suggesting that VGF could potentially mediate a subset of the
behavioral and electrophysiological alterations that are ascribed
to BDNF signaling. Moreover, recent studies have demonstrated
that the Vgf gene and specific VGF C-terminal peptides play a role
in the regulation of depressive behavior (Hunsberger et al., 2007;
Thakker-Varia et al., 2007), like BDNF, but the mechanism(s) of
action of the VGF protein and its peptides are incompletely
understood.

BDNF and its receptor TrkB are critically involved in regulat-

ing activity-dependant synaptic plasticity. Hippocampal LTP is
markedly impaired in TrkB knock-out mice (Minichiello and
Klein, 1996; Minichiello et al., 1999, 2002) and in homozygous
and heterozygous BDNF knock-out mice, in which it can be res-
cued by exogenous BDNF (Korte et al., 1995, 1996; Patterson et
al., 1996). Application of BDNF to hippocampal slices enhances
synaptic transmission (Kang et al., 1997) and increases the prob-
ability of LTP induction (Figurov et al., 1996), whereas intrahip-
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pocampal infusion of BDNF triggers LTP in vivo (Messaoudi et
al., 1998). BDNF has been found to function presynaptically,
regulating glutamate release (Li et al., 1998; Pozzo-Miller et al.,
1999; Jovanovic et al., 2000; Tyler and Pozzo-Miller, 2001), and
postsynaptically, regulating the phosphorylation and/or expres-
sion of NMDA and AMPA glutamate receptors (Black, 1999;
Brené et al., 2000; Levine and Kolb, 2000; Kovalchuk et al., 2002).
Both presynaptic and postsynaptic components of BDNF-
induced plasticity have been described in cultured hippocampal
neurons, hippocampal slices, and in vivo (Messaoudi et al., 2002;
Zakharenko et al., 2003; Alder et al., 2005). It seems highly likely
that BDNF signaling triggers additional pathways, altering ex-
pression and/or activity of macromolecules that modulate synap-
tic plasticity, but few of these downstream gene products have
been identified.

Consistent with a functional interaction between BDNF and
VGF signaling, the endogenously occurring VGF-derived peptide
TLQP62 rapidly induces transient potentiation in hippocampal
slices (Fig. 4), isolated from either rats or mice (including com-
parable potentiation in Vgf �/�, Vgf�/�, and Vgf�/� genotypes).
Potentiation can be blocked by TrkB–Fc but not by other Trk–Fc
or Fc reagents, suggesting that TLQP62 induces potentiation in
hippocampal slices by modulation of local BDNF release or avail-
ability. Inhibition of TLQP62-induced potentiation by the Trk
tyrosine kinase inhibitor K252a further supports a mechanism
involving BDNF/TrkB signaling. The potency and specificity of
K252a and K252b actions with respect to their effects on TLQP-
induced potentiation are identical to previous reports of their
effects on BDNF-induced slice potentiation (Kang and Schuman,
1995). Application of function-blocking anti-p75 NTR antibody
did not affect the magnitude of TLQP-induced potentiation but
slowed the decay of potentiation after peptide removal, perhaps
by increasing local availability of BDNF/pro-BDNF by blocking
BDNF binding to p75 NTR or by decreasing p75 NTR-mediated
neurotrophin internalization (Gatzinsky et al., 2001; Santi et al.,
2006), although the precise mechanism requires additional inves-
tigation. Last, inhibition of tPA activity, which would be expected
to block activation of plasmin and conversion of pro-BDNF to
BDNF, also blocked TLQP62 induction. Recent data suggest that
tPA, plasminogen, and pro-BDNF are extensively copackaged in
dense-core secretory granules (Lochner et al., 2008) and colocal-
ize in dendritic spines, in which they undergo activity-dependent
and perhaps TLQP62-stimulated release.

Unlike addition of exogenous BDNF, which induces late-
phase LTP in hippocampal slices that is blocked by TrkB–Fc
(Kang et al., 1997; Aicardi et al., 2004), TLQP62-induced poten-
tiation is not long lasting. Could TLQP62 application trigger re-
lease of subthreshold amounts of BDNF that may be insufficient
to sustain late-phase LTP? Previous studies performed using pri-
mary cultures of hippocampal neurons (Balkowiec and Katz,
2002) and hippocampal slices (Aicardi et al., 2004) have demon-
strated that the amount of BDNF released is associated with the
stimulus strength and the induction of early or late LTP: weaker
theta-burst stimulation, which leads only to the initial early phase
of LTP (lasting �35 min), is accompanied by brief secretion of
small amounts of BDNF, similar to the synaptic potentiation we
describe for TLQP62, whereas longer-lasting late-phase LTP in-
duced by stronger stimulation is associated with secretion of
more BDNF. Analysis of experiments measuring synaptic activity
in primary hippocampal neurons indicates that BDNF-induced
plasticity manifests an early component attributed to presynaptic
effects and a late postsynaptic, NMDA-receptor-dependent com-
ponent (Alder et al., 2005). It would seem that this rapid, rela-

tively short-lived, early component that is induced by BDNF re-
sembles the plasticity we have characterized in response to
TLQP62 treatment.

Our studies therefore indicate (1) that the VGF-derived
C-terminal peptide TLQP62 induces synaptic potentiation in
hippocampal slices in a BDNF/TrkB-dependent manner, and (2)
that VGF mutant mice exhibit a number of abnormalities that are
associated with either BDNF deficiency (including deficits in spa-
tial memory and contextual fear memory) (Liu et al., 2004; Heldt
et al., 2007) or aberrant pro-BDNF secretion (LTD deficiency)
(Rösch et al., 2005; Woo et al., 2005), suggesting that VGF could
function in the hippocampus in part by modifying BDNF avail-
ability or signaling. Consistent with a role for VGF in regulating
synaptic plasticity, treatment of PC12 cells with the VGF-derived
C-terminal peptide AQEE30 or infusion of AQEE30 into the rat
hippocampal dentate gyrus each induced expression of several
gene products that are involved in synaptogenesis, synaptic re-
modeling, and/or growth factor signaling (including synapsin 1,
GRB2, syncam, and EGR2) (Hunsberger et al., 2007). Additional
studies are required to further characterize the mechanism(s) of
action of VGF C-terminal peptides, determining whether they
stimulate electrical potentiation (this study), synaptic activity
(Alder et al., 2003), BDNF secretion (this study), proliferation of
hippocampal progenitors (Thakker-Varia et al., 2007), and hip-
pocampal gene expression (Hunsberger et al., 2007) by receptor-
dependent signaling pathways.

Shared behavioral deficits in BDNF-deficient and
VGF-deficient mice
Water maze and contextual fear testing suggest that targeted
ablation of VGF impairs hippocampal function, deficits that
are similar to those reported in BDNF-deficient mice. Cued
performances among the three Vgf genotypes (�/�, �/�,
�/�) in the water maze were indistinguishable. Impaired spa-
tial learning and memory with intact cued performance occurs
after hippocampal lesion or disconnection in rodents (Olton
et al., 1987; Sutherland and Rodriguez, 1989; Packard and
McGaugh, 1992; McDonald and White, 1993), indicating that
hippocampal activity is required for uncued spatial tasks. Im-
paired uncued performance in the knock-out animals thus
suggests hippocampal dysfunction. This impairment was not
caused by general motor, sensory, motivational, or learning
deficits, however, because the cued version of the task was
learned and performed normally by all groups.

BDNF expression is regulated by learning paradigms in-
cluding water maze training and fear conditioning (Kesslak et
al., 1998; Ma et al., 1998; Hall et al., 2000; Mizuno et al., 2000),
and BDNF-deficient heterozygous knock-out mice are se-
verely impaired in contextual fear conditioning (Liu et al.,
2004). Mice with altered BDNF or TrkB levels, however, are
not consistently impaired in the Morris water maze (Linnars-
son et al., 1997; Montkowski and Holsboer, 1997; Minichiello
et al., 1999). Similarly, heterozygous VGF mutant mice were
not impaired in the water maze but showed an intermediate
level of impairment in the contextual fear conditioning task,
falling between homozygous VGF knock-out and wild-type
mice, suggesting a possible effect of Vgf gene dosage on con-
textual fear memory. Aberrantly regulated BDNF secretion
attributable to an SNP-encoded BDNF Val 66Met substitution
is associated with abnormalities in human memory (Egan et
al., 2003) and increased anxiety-like behavior in mice and an
attenuated response to antidepressant treatment (Chen et al.,
2006). This phenotype has similarities to VGF-deficient mice
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that are depressed in the forced swim and tail suspension tests
(Hunsberger et al., 2007) and have abnormal spatial and con-
textual fear memory (this study).

Association of altered behavior with deficits in LTD or LTP
Altered behavior is often associated with abnormal hippocam-
pal slice physiology but can also be observed in the absence of
major disturbances in LTP as we report here for VGF defi-
ciency. For example, dopamine � hydroxylase knock-out mice
have normal LTP but impaired contextual fear conditioning
(Murchison et al., 2004), and NADPH oxidase-deficient mice
with mild memory impairments have normal late-phase LTP
but do not express high-frequency stimulus-induced early
LTP (Kishida et al., 2006). LTD also contributes to hippocam-
pal memory processes (for review, see Kemp and Manahan-
Vaughan, 2007), and performance on spatial memory tasks
correlates with the magnitude of hippocampal LTD (Nakao et
al., 2002).

Given the potentiating effect of TLQP62, why were no de-
ficiencies detected in early- or late-phase LTP in hippocampal
slices from VGF knock-out mice, in contrast to abnormal LTD
induction in the paradigm that was tested? Because both Vgf
knock-out mouse models examined are VGF deficient in the
germ line, knock-out mice may be able to compensate for the
lack of VGF during development, and thus early- and late-
phase LTP measured in adult slices appears normal. Because
TLQP62 treatment did not induce LTP in hippocampal slices
but rather electrical potentiation that could be mechanistically
distinguished from LTP (Fig. 6), normal LTP in Vgf�/Vgf�

slices is perhaps not unexpected. Failure to induce LTD in
hippocampal slices from VGF knock-out mice could be the
result of developmental abnormalities, attributable to germ-
line Vgf ablation, and/or functional loss of VGF and VGF-
derived peptides in the adult. It should also be noted that only
the most common form of LTD, NMDA receptor-dependent
LTD, was induced and noted to be abnormal in our studies of
VGF knock-out slices; other forms of LTD remain to be tested.
Failure to induce LTD in p75 NTR knock-out mice was previ-
ously attributed to decreased pro-BDNF signaling (Woo et al.,
2005), but more recently, after pro-BDNF levels were found to
be low relative to mature BDNF (Matsumoto et al., 2008),
failed LTD in p75 NTR knock-outs was suggested to result from
increased spine density and dendritic complexity and altered
spine morphology (potentially leading to increased excitatory
synaptic transmission and decreased LTD) (Zagrebelsky et al.,
2005). Although brain and spinal cord morphology appear
grossly normal in VGF knock-out mice (Hahm et al., 1999), it
is possible that VGF ablation could result in changes in den-
dritic structure that were not previously detected, leading to
decreased LTD. Alternatively, lack of TLQP62 in the adult
could decrease regulated secretion of pro-BDNF, affecting
p75 NTR signaling and LTD. This would require that LTD be
selectively affected over LTP, perhaps attributable to differ-
ences in the sensitivity of the p75 NTR and TrkB signaling path-
ways to secreted pro-BDNF/BDNF or to differences in the
relative amounts of locally available pro-BDNF and BDNF.

Modulation of hippocampal plasticity by peptides that
regulate feeding and energy expenditure
In addition to our studies, several other secreted hormones,
growth factors, and neuropeptides that regulate energy bal-
ance have also been shown to modulate LTP or LTD, including
ghrelin (Diano et al., 2006), leptin (Shanley et al., 2001; Har-

vey et al., 2005), neuropeptide Y (van den Pol et al., 1996;
Whittaker et al., 1999), and even BDNF. This could reflect
parallel effects on hypothalamic and hippocampal synaptic
plasticity, with coregulation of circuits that control feeding,
energy expenditure, and memory (Moran and Gao, 2006).
Recent studies demonstrate a role for the C-terminal VGF-
derived TLQP21 peptide (VGF residues 556 –576) in the reg-
ulation of metabolism and adiposity (Bartolomucci et al.,
2006; Jethwa et al., 2007). Curiously, the phenotype that re-
sults from extended intracerebroventricular administration of
TLQP21 to mice is very similar to that of VGF knock-out mice,
including increased energy expenditure, increased white adi-
pose tissue �2-adrenergic receptor mRNA levels, increased
white adipose tissue UCP1 mRNA levels, and decreased white
adipose tissue weight (Hahm et al., 1999, 2002) (E. Watson
and S. Salton, unpublished data). Rather than similar pheno-
types, one might anticipate that mice lacking VGF and those
chronically treated with the VGF-derived TLQP21 peptide
would potentially have opposite metabolic phenotypes. We
hypothesized that TLQP21 might function in part by antago-
nizing specific VGF actions, including those of the
N-terminally extended TLQP62 peptide, mimicking VGF de-
ficiency and the phenotype seen in VGF knock-out mice. Con-
sistent with this hypothesis, TLQP21 pretreatment blocked
TLQP62-induced electrical potentiation in hippocampal slices
(Fig. 4).

Additional experimentation using conditional VGF knock-
out mice will be required to determine whether decreased VGF
expression during hippocampal development is responsible for
abnormal behavioral testing in the adult and failure to elicit LTD
in hippocampal slices or whether these results reflect a lack of
VGF synthesis in the adult hippocampus. Human genetic studies
indicate that the 7q22 region (VGF locus 7q22.1) contains
gene(s) that are associated with working memory in schizo-
phrenic families, notably Reelin (Wedenoja et al., 2008). Our
behavioral data suggest that polymorphisms in the neighboring
VGF gene may need closer scrutiny.
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