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1 | INTRODUCTION

The brain-derived neurotrophic factor (BDNF)-TrkB signaling plays
essential roles in the activity-dependent regulation of developing and
mature neural circuits. Owing to its neurotrophic and neuromodula-

tory action, the BDNF-TrkB signaling pathway has been attracting
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Abstract

Aim: The identification of 7,8-dihydroxyflavone (DHF) as a small molecule agonist
for tropomyosin-related kinase B (TrkB) facilitated understanding of the role of TrkB
signaling in regulating higher brain functions. DHF can penetrate the blood-brain
barrier after systemic administration and changes the performance of cognitive and
emotional behavioral tasks. However, it is poorly understood how DHF modulates
neuronal functions at cellular levels. Aiming to understand the cellular basis underly-
ing DHF-induced modifications of the brain functions, we examined the effects of
DHF on the hippocampal excitatory synaptic transmission.

Methods: Field excitatory postsynaptic potentials were recorded using hippocampal
slices prepared from adult male mice. Effects of bath-applied DHF on the synaptic
efficacy were examined.

Results: We found that DHF induced robust synaptic potentiation at the mossy
fiber to CA3 synapse. DHF had minimal effects at other hippocampal excitatory
synapses or at immature mossy fiber synapse in juvenile mice. The TrkB receptor
blockers K252a and ANA-12 did not affect the DHF-induced synaptic potentiation.
Drug screening revealed that relatively low concentrations of 2-aminoethoxydiphe-
nylborane blocked the DHF-induced synaptic potentiation.

Conclusion: Our results demonstrate that DHF selectively potentiates hippocampal
mossy fiber synaptic transmission via a TrkB receptor-independent mechanism. This
novel neuromodulatory effect of DHF may influence higher brain functions by itself
or together with the activation of the TrkB receptor. The rapid induction of the

potentiation implies its potential importance in the acute behavioral effects of DHF.
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particular interest as a potential target for therapeutic treatments of
neurological and psychiatric disorders.>®> However, poor delivery of
BDNF into the central nervous system has hindered the develop-
ment of effective therapeutic treatments targeting this pathway.
Jang et al* have identified 7,8-dihydroxyflavone (DHF) as a small

molecule TrkB agonist that can penetrate the blood-brain barrier.
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Systemic administration of DHF can activate TrkB in the brain* and
has been shown to modulate cognitive behavior: DHF can facilitate
extinction of fear memory® and rescue learning and memory impair-

ment in stressed animals,® aged rats,” mouse models of Alzheimer's

8-11 2

a rat model of schizophrenia,1 and a mouse model of

13

disease,
fragile X syndrome.” In addition, DHF has antidepressant-like
effects in mice.x*” These behavioral studies using DHF further sup-
port the importance of the TrkB signaling in regulating the higher
brain functions and suggest a plausible therapeutic potential of DHF
in various neuropsychiatric disorders. However, it has not been well
characterized how DHF modulates physiological properties of brain
neurons at the cellular or synaptic levels. Aiming to understand the
cellular mechanism underlying the modification of the brain functions
by DHF, in the present study, we examined the effect of DHF on
the excitatory synaptic transmission using mouse hippocampal slices.
Our results show that DHF has a novel neuromodulatory effect that
is hardly explained by activation of the TrkB receptor.

2 | METHODS

2.1 | Animals

Male C57BL/6J mice were purchased from Japan SLC. Mice were
housed in a group of 2-4 mice per cage in the institutional standard
condition (14:10 light/dark cycle; lights on at 6:00 am through
8:00 pMm) with ad libitum access to food and water. Animal use and
procedures were in accordance with the National Institute of Health
guidelines and approved by the Animal Care and Use Committee of

Nippon Medical School.

2.2 | Electrophysiological analysis

Mice were decapitated under deep halothane anesthesia at the age
of 9-11 weeks, and both hippocampi were isolated. Transverse hip-
pocampal slices (380 pm) were cut using a tissue slicer and main-
tained in a humidified interface holding chamber at room
temperature before use. Electrophysiological recordings were per-
formed as described.?®!? Recordings were made in a submersion-
type chamber maintained at 27.0-27.5°C and superfused at 2 mL/
min with saline composed of (in mmol/L): NaCl, 125; KCl, 2.5;
NaH,PO4, 1.0; NaHCO3, 26.2; glucose, 11; CaCl,, 2.5; MgCl,, 1.3
(equilibrated with 95% 0O,/5% CO,). In some experiments, the
recording chamber was maintained at 37°C and superfused at
2.5 mL/min with the same saline. Excitatory postsynaptic potentials
(EPSPs) arising from the mossy fiber (MF) synapses were evoked by
stimulating the granule cell layer of the dentate gyrus (DG) and
recorded from the stratum lucidum of the CA3 region using a glass
pipette filled with 2 mol/L NaCl. The field EPSP amplitude was mea-
sured on analysis as described.'® A criterion used to identify the MF
input was more than 85% block of EPSP by an agonist of group Il
metabotropic glutamate receptors, (2S,2'R,3'R)-2-(2',3'-dicarboxycy-
clopropyl)glycine (DCG-IV, 1 pmol/L). Single electrical stimulation was
delivered at a frequency of 0.05 Hz unless otherwise specified. For

recording field EPSP at CA3 to CA1 synapse, both stimulating and
recording electrodes were placed in the stratum radiatum in the CA1
region. For recording field EPSPs at the medial perforant path (MPP)
to DG synapse, the stimulating and recording electrodes were placed
in the middle third of the dentate molecular layer. The initial slope
of field potentials was measured on analysis for CA3 to CA1 and
MPP to DG synaptic responses. Triple-pulse stimulation at an inter-
val of 200 ms was delivered at 0.033 Hz following an experimental
protocol described previously.*® All recordings were made using a
Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA),
filtered at 2 kHz, and stored in a personal computer via an interface
(digitized at 10 kHz). DHF, K252a, and staurosporine were pur-
chased from Wako Pure Chemical Industries, Ltd (Osaka, Japan).
ANA-12 was from Sigma-Aldrich. DCG-IV and 2-aminoethoxydiphe-

nylborane (2-APB) were from Tocris Bioscience (Bristol, UK).

2.3 | Statistics

All data are presented as means + SEM. Statistical tests are performed
using GraphPad Prism version 7.01. Experiments with two groups
were compared with unpaired two-tailed Student's t test unless other-
wise specified in the figure legends, and experiments with more than
two groups were subjected to one-way ANOVA, followed by the
Tukey's test or Dunnett's test. Statistical significance was set at
P < 0.05. The number of data “n” represents the number of slices.

3 | RESULTS

We first examined the effect of DHF at three major excitatory
synapses in the hippocampus in adult mice. Bath-applied DHF
(2 pmol/L) induced robust synaptic potentiation at the MF-CA3
synapse (Figure 1A,B), but had only minor effects at the CA3 to CA1
synapse and MPP to DG synapse (Figure 1C,D). Therefore, in this
study, we focused on the investigation of the MF synapse. The
potentiating effect of DHF was detectable at a submicromolar con-
centration, and the magnitude of potentiation increased in a concen-
tration-dependent manner with an apparent ECsq value of 2 umol/L
(Figure 2A,B). Synaptic facilitation induced by triple-pulse stimulation
was reduced by DHF (Figure 2C), suggesting that the DHF-induced
synaptic potentiation was mediated by presynaptic mechanisms.
Since BDNF plays a key role in the development of neuronal cir-
cuits,® we examined the effect of DHF at the immature MF synapse.
In 2-week-old juvenile mice, DHF had minimal effects on the MF
synaptic transmission (Figure 2D). The magnitude of potentiation
sharply increased thereafter and reached the mature level at the age
of 4 weeks (Figure 2D,E). These results indicate that DHF preferen-
tially potentiates synaptic transmission at the mature MF synapse.
Next, we examined the signaling mechanisms involved in the
DHF-induced synaptic potentiation. We first tested the effect of
K252a, a commonly used inhibitor of the TrkB receptor tyrosine
kinase. Unexpectedly, K252a had no significant effect on the magni-
tude or time course of the DHF-induced synaptic potentiation
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FIGURE 2 Characterization of DHF-induced synaptic potentiation at mossy fiber synapse. A, Synaptic potentiation induced by different
concentrations of DHF. B, Concentration dependence of DHF-induced potentiation. The peak magnitude of synaptic potentiation is plotted
against DHF concentrations. The number (n) of data is indicated in parenthesis in the graph. C, Reduction in synaptic facilitation by DHF. The
magnitude of synaptic facilitation induced by triple-pulse stimulation before and during DHF (2 pmol/L) application is shown (paired t test,

te = 4.187, **#P = 0.0058, n = 7). Sample traces show the first and third responses of triple pulse-evoked EPSPs scaled by the amplitude of the
first EPSPs. Scale bar: 5 ms. D, Reduced DHF-induced synaptic potentiation in juvenile mice. E, Dependence of the magnitude of DHF-induced

potentiation on the postnatal age of mice

(Figure 3A,B). Another TrkB receptor antagonist, ANA-12, also did
not affect the DHF-induced potentiation (Figure 3C,D). In the pres-
ence of the broad-spectrum protein kinase inhibitor staurosporine,
the DHF-induced synaptic potentiation initially looked unaffected,

but was significantly reduced in magnitude at the peak and during

the decay (Figure 3C,D). Although this result suggests that protein
kinase activity contributes to the late phase of the DHF-induced
potentiation, the effect of staurosporine was rather small. Hence,
drug screening experiments were performed to identify the DHF tar-
get essential for the induction of synaptic potentiation. We mainly
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tested more specific kinase inhibitors and modulators of intracellular
Ca?* signaling and found that a relatively low concentration of 2-
APB entirely suppressed the DHF-induced synaptic potentiation (see
Table S1 for other drugs tested). Bath-applied 2-APB at 10 pmol/L
had no effect on the basal synaptic transmission (Figure 4A)
(102.2 + 4.7% of baseline, n = 5). Subsequent application of DHF
caused slowly developing synaptic potentiation that was reduced in
magnitude by about 80% as compared with the control slices (Fig-
ure 4A-C). At 20 pmol/L, 2-APB tended to increase the basal synap-
tic transmission (110.7 + 19.7% of baseline, n = 5) and completely
blocked the DHF-induced potentiation (Figure 4B,C). These results
indicate that 2-APB suppresses the potentiating effect of DHF with
an ICsq value less than 10 pmol/L. 2-APB was originally identified as
an antagonist of the inositol 1,4,5-trisphosphate receptor with the
IC50 value of 42 pmoI/L.20 Since some of the temperature-sensitive
transient receptor potential (TRP) channels have sensitivity to 2-APB
with the affinity <10 pmol/L,>"2®> we examined the dependence of
DHF-induced potentiation on the bath temperature. We usually per-
form electrophysiological experiments at 27.0-27.5°C. Raising the
bath temperature to 37.0°C caused a marked increase in the basal
transmission efficacy (Figure 4D). At 37.0°C, the DHF-induced
synaptic potentiation was significantly reduced (Figure 4C,E). These
results indicate that DHF potentiates MF synaptic transmission via a
pathway that is highly sensitive to 2-APB and temperature.

4 | DISCUSSION

In the present study, we have shown that the TrkB receptor agonist
DHF preferentially potentiates hippocampal MF-CA3 synaptic trans-
mission in a TrkB receptor-independent manner. In addition to the
TrkB agonist action, DHF has been known to have TrkB-independent
antioxidant activity.242¢ While the robust synaptic potentiation
observed here is unlikely to result from the antioxidant effect of DHF,
these effects might share signaling pathways. Although the exact
mechanism mediating the DHF-induced synaptic potentiation remains
unknown, it was found to be sensitive to 2-APB below 10 pmol/L.
Such a low concentration of 2-APB can facilitate store-operated cal-
cium entry,27 activate TRPV3,2® and block TRPM82! and TRPM2.2?
We have also found that the DHF-induced potentiation was sup-
pressed to about 20% in magnitude by raising bath temperature from
27 to 37°C, suggesting that a putative DHF target molecule is ther-
mosensitive. All of the above-mentioned TRP channels are thermosen-
sitive, and TRPV3 could be a candidate target for DHF, because it can
be activated in this temperature range.?82? The rise in bath tempera-
ture might partially activate TRPV3, thereby augmenting the basal
transmission efficacy and occluding the effect of DHF. However, 2-
APB is an activator of TRPV3. Although 2-APB tended to augment
synaptic transmission at 20 pmol/L, it had no effect on the basal trans-
mission at 10 pmol/L. Therefore, the apparent block of the DHF effect
by 2-APB cannot be simply explained by occlusion. Further studies
with a more specific methodology would be required to reveal the sig-
naling mechanism involved in the DHF-induced synaptic potentiation.
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FIGURE 3 Effects of protein kinase inhibitors on DHF-induced
potentiation. A, A lack of effects of K252a on synaptic potentiation
induced by DHF (2 pmol/L). Slices were preincubated in the
extracellular solution containing K252a (200 nmol/L) for more than
1 h and continuously perfused with the same solution during
recordings. Control slices were treated in the same way with the
solution containing vehicle (DMSO 0.01%). B, The peak magnitude
of DHF-induced potentiation in control and K252a-treated slice. C,
Effect of staurosporine (1 pmol/L) or ANA-12 (10 umol/L) on
synaptic potentiation induced by DHF (2 pmol/L). Staurosporine was
added in the bath 50-60 min before DHF application. ANA-12 was
applied 25-30 min before DHF. D, Reduction in the DHF-induced
potentiation by staurosporine (one-way ANOVA: F(2,16) = 5.396,

P = 0.0162, Dunnett's test **P = 0.0098). The number (n) of data is
indicated in parenthesis in the graph

The synapse-selective effect of DHF might be ascribed to
synapse-specific localization of DHF target molecules. However, it
is unknown whether the above-mentioned putative targets are
specifically expressed at the MF synapse. While TRPV3 is
expressed in the hippocampus,®®

has not been demonstrated. It should be noted that the MF

its synapse-specific localization

synapse is characterized by prominent presynaptic facilitation and
has a low probability of transmitter release.>*? In general, at the
synapse with the low release probability like the MF synapse, any
presynaptic enhancing effect can be more manifest than the
synapse with the high release probability. In addition, some neuro-
transmitter/receptor systems have specific modulatory effects on
the MF synaptic transmission, as exemplified by kainate receptor-
dependent synaptic enhancement.>®* DHF may indirectly induce
synaptic potentiation by activating or augmenting such neurotrans-
mitter/receptor systems.

In many behavioral studies, DHF has been used as a specific
TrkB receptor agonist and shown to modulate cognitive and emo-
tional behavior.>»” Some of these behavioral changes were
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FIGURE 4 Suppression of DHF-induced potentiation by 2-APB and temperature elevation. A, Representative recording showing effects of
2-APB on the basal transmission and synaptic potentiation induced by DHF (2 pmol/L). B, Block of DHF-induced synaptic potentiation by 2-
APB. The control data are the same as those shown in Figure 1. C, Summary data showing the reduced effect of DHF (2 umol/L) in the
presence of 2-APB and at 37°C (one-way ANOVA: F347 = 27.23, P < 0.0001; Tukey's test: **#*P < 0.0001). The number (n) of data is
indicated in parenthesis in the graph. D, A temperature-dependent increase in synaptic efficacy. The ratios of EPSP to fiber volley (FV)
amplitude at 27 and 37°C are shown (paired t test, t, = 8.388, **P = 0.0011, n = 5). E, Reduced effect of DHF at 37°C. Scale bar: 5 ms,
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correlated with altered synaptic plasticity after chronic DHF treat-
ments.”*%12 The neuromodulatory effect of DHF demonstrated in
the present study is supposed to influence such behavior by itself or
together with activation of the TrkB receptor. Given the rapid induc-
tion of synaptic potentiation by DHF, acute behavioral effects of
DHF would be of particular interest. Systemic administration of DHF
has been shown to cause acute antidepressant-like effects.'®'” The
DG-MF-CA3 neuronal system has been implicated as a target for
antidepressant therapy.>*” Both chemical and physical antidepres-
sant treatments can change intrinsic physiological properties of the

MF synapse?38

and strongly enhance synaptic potentiation caused
by monoamines.??3%%° Therefore, the DHF-induced potentiation at
the MF synapse may be involved in acute antidepressant-like effects
of DHF. Synaptic modifications in brain regions other than the hip-
pocampus could also potentially contribute to acute behavioral
Indeed, acute DHF

application has been shown to reduce inhibitory synaptic transmis-

effects of DHF after systemic administration.

sion in the visual cortex in a TrkB-dependent manner** and potenti-

ate N-methyl-p-aspartate receptor-mediated excitatory synaptic

currents in the infralimbic prefrontal cortex.*? One of the major
problems of current pharmacological therapy of depression is the
slow onset of action. DHF could be a candidate antidepressant med-
ication with the rapid onset of action supported by TrkB-dependent
and TrkB-independent dual signaling pathways.

In conclusion, our present study demonstrates that DHF selec-
tively potentiates hippocampal mossy fiber-CA3 excitatory synaptic
transmission. The DHF-induced potentiation does not require TrkB
receptor activation. This novel neuromodulatory effect of DHF
should be taken into consideration in interpreting in vivo effects of
DHF.
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