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GABAergic mIPSCs in rat cerebellar Purkinje cells are

modulated by TrkB and mGluR1-mediated stimulation of Src
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Whilst protein tyrosine kinase (PTK) activity can modulate expressed GABA , receptors in
cell culture, the physiological consequences on synaptic GABA , receptors are unknown. This
was examined using whole-cell recording of bicuculline-sensitive mIPSCs in Purkinje cells

Postsynaptic application of a peptide activator of the non-receptor PTK Src (Src-peptide)
enhanced mIPSC amplitudes by 39% in the presence of brain-derived neurotrophic factor
(BDNF) only; neurotrophin-3 (NT-3) was ineftective in this regard. Thus Src and TrkB (the
receptor for BDNF) can physiologically interact to modulate synaptic GABA , receptors.

In the presence of BDNF, pharmacological activation of metabotrophic glutamate receptor
subtype 1 (mGluR1) by (S)-3,5-dihydrophenylglycine (3,5-DHPG) also lead to a 32%
enhancement of mIPSCs. This enhancement was blocked by intracellular dialysis of PCs

1.
(PCs) in cerebellar slices.
2.
3.
with PP1, a selective inhibitor of Src.
4.

It is concluded that, whilst GABA , receptors are not constitutively regulated by endogenous
PTK activity in PCs, co-activation of TrkB by BDNF and Src by mGluR1 is required to

677

modulate GABAergic synapses in PCs.

Whilst GABA , receptor function is regulated, inter alia, by
protein kinase-mediated phosphorylation (Moss & Smart,
1996), little is known regarding such regulation of synaptic
GABA , receptors. As with serine/threonine protein kinases,
PTK activity is necessary for maintaining both native and
recombinant GABA , receptor function (Moss et al. 1995; Wan
et al. 1997a; Jassar et al. 1997). Specifically, phosphorylation
of the y2L. GABA , receptor subunit leads to a functional
modification of the receptor (Moss et al. 1995). Until now,
however, no evidence has been provided for regulation of
synaptic GABA , receptor function by PTK activity.

Tyrosine kinases fall into two broad categories, the non-
receptor PTKs and the receptor PTKs. The latter are
membrane bound enzymes, activated by the binding of
their cognate ligands, e.g. the neurotrophins (N'Ts). Receptor
PTK activation has been implicated in neuronal growth,
differentiation, and synaptic transmission in the hippo-
campus and cortex (Theonen, 1995; Lessmann, 1998). In
the cerebellum, however, no data were available on the
possible role of N'Ts in synaptic transmission. Cerebellar
Purkinje cells (PCs), whilst lacking the NT receptor TrkA,
express TrkB (Barbacid, 1994) and TrkC (Ernfors et al.
1992; Tessarollo et al. 1993). Moreover, PC survival and
development requires TrkB (Schwartz et al. 1997) and TrkC
(Mount et al. 1994) activation. Thus whilst N'Ts are known

to regulate neuronal plasticity in PCs, a role for NTs in the
regulation of synaptic transmission in PCs is unknown. The
experiments reported herein thus describe the effects of N'Ts
(BDNF and NT-3) on inhibitory, GABAergic synapses of
cerebellar PCs. The data suggest that BDNF acts as a
permissive factor in the regulation of synaptic GABA,
receptors by mGluR1 activation of the non-receptor PTK Sre.

METHODS

General methods to obtain cerebellar slices have been described
previously (Llano et al. 1991). Briefly, thin (180—200 um) sagittal
slices were cut from cerebella of young rats (13—16 days old), which
had been decapitated following cervical dislocation, in ice-cold,
oxygenated (5% 0,-95% CO,), bicarbonate-buffered (pH 7:3)
external solution (BBS). BBS contained (mm): 125 NaCl, 2:5 KCl, 2
CaCl,, 1 MgCl,, 1-25 NaH,PO,, 26 NaHCO, and 10 glucose. Slices
were superfused at a rate of 1—1-5 ml min™, at room temperature,
with BBS containing the AMPA receptor antagonist 2,3-dihydroxy-
6-nitro-7-sulphamoyl-benzoquinozaline (NBQX, 10 um; Tocris
Cookson, Bristol, UK) and the Na" channel blocker TTX (400 nm;
Sigma, Missouri, USA). PCs were visually identified and tight-seal,
whole cell recorded by the prescribed procedure for this neuronal
type (capacitance cancelled and series resistance partially
compensated (50-75%); Llano et al. 1991). Patch pipettes of
between 2:2 and 2-7 M€ resistance with a Cs*-based internal
solution were used. The internal solution consisted of (mm): 150
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CsCl, 10 Hepes, 1 EGTA, 0-1 CaCl,, 4:6 MgCl,, 4:6 Na-ATP, 0-4
Na-GTP, pH set to 7-3 with KOH. PCs were monitored at a holding
potential of —60 mV using an EPC-9 patch-clamp amplifier (HEKA
Electronics, Germany) running Pulse control and acquisition
software (HEKA Electronics). The sampling rate was 4 kHz, with a
Bessel filter set at 0-8 kHz. Miniature IPSCs were acquired in 3 min
recording blocks, ensuring that, throughout the course of an
experiment, series resistance could be regularly monitored between
acquisition protocols. Typical starting values for series resistance
upon break-in ranged between 4 and 15 M2; during an experiment
series resistance did not significantly change (data not shown).
Lavendustin A (1 mm), 4-amino-5-(4-methylphenyl)-7-(t-butyl)-
pyrazole[3,4-d]pyrimidine (PP1, 10 gm) and Src-peptide (1 mnr)
were all dissolved into the internal solution from their stock
solutions just prior to use (these three inhibitors were obtained from
Calbiochem-Novabiochem, CA, USA). Following 9 min baseline
recording (i.e. 3 acquisition protocols), BDNF and NT-3 (Sigma,
MO, USA) were applied to the PC via a puffer pipette. Stock BDNF
and NT-3 were freshly prepared every few days in phosphate-
buftered saline (PBS), and diluted to the final concentration of
50 ng ml™ in BBS. In order to maximize any PTK effects,
vanadate (100 um) was included in the internal solution in those
experiments in which PTK (receptor or non-receptor) activators
were employed. Note that vanadate was not included in the
internal solution in experiments where (§)-3,5-dihydroxyphenyl-
glycine (3,5-DHPG) was applied, since a possible mechanism of Src
activation is through Ca**-dependent protein tyrosine phosphatase
(PTP) activity, which may otherwise have been compromised.
Miniature IPSCs were detected and analysed off-line using custom-
written Igor (Wavemetrics, USA)-based routines. Statistical
deviations away from mean values are expressed + s.E.M. (standard
error of the mean), with n being the number of experiments. The
statistical significance of the difference of the mean of two samples
was calculated using the Mann-Whitney U test.

RESULTS
Properties of GABA , receptor-mediated mIPSCs

Whole cell, patch-clamp recording of bicuculline (30 um)-
sensitive (data not shown), GABA, receptor-mediated
mIPSCs were monitored over a 25 min recording period
from PCs. Whilst displaying a large degree of variability in
amplitude (coeflicient of variation, 0-87 £ 0:02), mIPSCs
were stable over time, with no significant difference
(P> 01, n=8) in amplitude, frequency, rise time, or half-
width, between control (3—5 min post break-in) and test
(21-23 min) recording periods (Table 1). No significant
correlation (P> 0-1) existed between rise times or half-
widths and mIPSC amplitudes (Kendall’s correlation
coeflicient (1) <06 in all cases), indicating that dendritic
filtering did not shape mIPSC kinetics (Jonas et al. 1993).
This mIPSC stationarity over time thus enabled the role of
the PTK signalling system in the regulation of synaptic
GABA , receptors to be examined.

Constitutive PTK activity is not required for
maintaining GABA , receptor-mediated mIPSC
amplitudes

Bath application of staurosporine (1 gm), a PTK inhibitor at
this concentration (Ruegg et al. 1989), had no significant
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affect on mIPSC parameters (P> 0-1, n=>5; Table 1).
Intracellular dialysis with the selective PTK inhibitor
lavendustin A (1 mm, n=4; O’'Dell et al. 1991) was also
without effect (P> 0-1 for all mIPSC parameters; Table 1).
Furthermore, intracellular dialysis with the PTP inhibitor
sodium orthovanadate (100 gm, n=1>5; Gordon, 1991)
similarly failed to have any significant effects on mIPSC
parameters (P > 0-1; Table 1). These data strongly suggest a
lack of basal PTK-mediated regulation of synaptic GABA ,
receptors in PCs.

Modulation of GABA , receptor-mediated mIPSC
amplitude requires a synergistic interaction between
TrkB and Src

To test if endogenous Sre activity could modulate synaptic
GABA , receptors, Sre-peptide, a selective phosphopeptide-
activator of Src (Lancaster & Rogers, 1998) was intra-
cellularly dialysed into PCs. No significant effect on mIPSCs
(P>0-1, for all mIPSC parameters, n="T; Table 1) was
observed.

NTs, by their selective binding to their receptors (nerve
growth factor (NGF) to TrkA, BDNF and N'T-4/5 to TrkB,
and NT-3 to TrkC) activate the inherent tyrosine kinase
capability of that receptor (Barbacid, 1994). To test if N'Ts
could modulate synaptic GABA , receptor function, BDNF
and NT-3 were exogenously applied by puffer pipette to the
PCs under investigation. BDNF was applied at 50 ng ml™, a
concentration selective for TrkB activation (Rodriguez-
Tébar et al. 1990). BDNF alone had no significant effect
(P>01, n=5) on mIPSCs (Table 1) or upon PCs
themselves (data not shown). When Src-peptide (1 mm)
was included in the recording pipette, however, BDNF
(50 ng m1™) application quickly resulted (within 1—2 min of
application) in a significant 39 + 8% increase (P < 0-001,
n=10) in mIPSC amplitude (Table 1 and Figs 1 4a—c and
1 Ba), with no significant effect (P> 0-1) on either rise time
or half-width (Table 1). Src-peptide/BDNF-enhanced
mIPSCs were completely antagonized by bicuculline (30 ym;
data not shown). Miniature IPSC frequency was unaftected
by BDNF application (with or without postsynaptic Src-
peptide dialysis; cf. Table 1 and Fig.1Bb), indicating that
any presynaptic effects of BDNF were negligible. Finally,
NT-3 application (50 ng ml™) had no significant effect
(P> 01, n=14) on mIPSCs with (Table 1 and Fig.1C) or
without (data not shown) Src-peptide included in the
recording electrode.

mIPSC amplitudes are modulated through Src
stimulation, via pharmacological activation of
mGluR1, and TrkB

Pharmacological activation of mGluRs can activate neuronal
PTKs (Siciliano et al. 1994). Long-term depression, a
mGluR1-dependent form of synaptic plasticity at
glutamatergic parallel fibre—PC synapses (Aiba et al. 1994),
can be blocked by PTK inhibition (Boxall et al. 1996),
suggesting that PTKs are important in PC synaptic
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Figure 1. An interaction between TrkB and Src enhances GABA , receptor-mediated mIPSC amplitudes
Aa, upper panel: plot of mIPSC amplitudes against time, with Src-peptide (1 mm) and orthovanadate (100 g)
included in the intracellular solution. BDNF (50 ng ml™) application is indicated by the long black bar. The
short black and blue bars in both the upper and lower panels indicate those data sets from which the mIPSCs
illustrated in b and ¢ were taken. Lower panel: running average of mIPSC amplitude against time (50 event
bins). Red circles indicate the mean mIPSC amplitude of each corresponding data set in the upper panel. The
dotted line indicates the overall mean control amplitude before BDNF application. 4b, example traces of mIPSC
activity obtained from periods indicated in Aa. Scale bars, 100 pA and 500 ms. Ac, overlaid average mIPSCs
obtained from all events in control (n=843) and test (n = 813) periods illustrated in Aa. Scale bars, 20 pA and
20 ms. Ba, pooled (n=10) cumulative frequency distributions for mIPSC amplitudes obtained before (black
line) and during (blue line) BDNF application, as illustrated in Aa. Bb, pooled (n= 10) cumulative frequency
distributions for mIPSC interevent intervals obtained before and during BDNF application. Ca, pooled (n = 14)
cumulative frequency distributions for mIPSC amplitudes obtained before (black line) and during (blue line)
NT-3 (50 ng ml™) application. Cb, pooled (n= 14) cumulative frequency distributions for mIPSC inter-event
intervals obtained before (black line) and during (blue line) N'T-3 application.
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Figure 2. Activation of Src via mGluR1, and TrkB stimulation by BDNF, enhances GABA ,
receptor-mediated mIPSCs

A, 3,5-DHPG application leads to a potentiation of mIPSCs in the presence of BDNF. Aa, upper panel:
plot of mIPSC amplitudes against time. 3,5-DHPG (10 um) and BDNF (50 ng ml™) co-application is
indicated by the long black bar. Lower panel: plot of running average of mIPSC amplitude against time (50
event bins). Red circles indicate the mean amplitude of all mIPSCs in each corresponding data set in the
upper panel. The dotted line indicates the overall mean control amplitude before 3,5-DHPG/BDNEF co-
application. 4b, example traces of mIPSC activity obtained from periods indicated in Aa. Traces illustrate
mIPSC activity before (black trace) and during (blue trace) 3,5-DHPG/BDNEF application. Scale bars,
100 pA and 500 ms. A, overlaid average mIPSCs obtained from all events obtained before (n = 962), and
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Table 1. Mean mIPSC kinetic parameters

Amplitude Frequency Rise time Half-width

(pA) (Hz) (ms) (ms)
Control (8) 15579 + 33-83 4174081 371 +£023 9:54 £+ 0:77
13570 + 22-62 390+ 064 391+£021 1084+ 084
Staurosporine (5) 96:67 + 974 6:55+1:26  391+080 12:98 £ 097
78:36 + 6:66 6:04+140 374+062 15034127
Lavendustin A (4) 82:81 +12:87 5944+132 4024+118 1033+ 073
90-53 + 7-42 4994077 334+ 061 998+ 0-24
Vanadate (5) 100-51 + 8:65 8:07+095 4014058 10-8 + 1-44
101-56 + 10-04 676 +1-37 413+056 11-88 4096
Sre-peptide (7) 108:35 + 20-34 6:01 £1:19 3:556+019 1034 £ 075
103-35 + 14-60 483+092 323+£018  10-27 £ 046
BDNF (5) 89-97 £+ 21-90 611 +1-27 375+008 1063 +1:58
82:26 £+ 20-51 456 +1-20 3:58+0:12 11784169
BDNF + Sre-peptide (10) 7453 £ 1464  557+071 3454022 11-88+ 069
102-58 + 20751t 689+ 161 3-234+0-17 1131 +1-04
NT-3 + Src-peptide (14) c 8947 £ 725 581 +089 3391006 10-28 +£0:49
t 90-88 + 7:55 524109 331+007 10134+1-37
DHPG (8) ¢ 86-90 £+ 9-07 770 +£1:49  3:58+0:03  10-28 + 049
t 7998 £ 9-01 643 +1-13 3:57+0:05 1063 £1:50
DHPG + BDNF (9) ¢ 81:47 + 8-46 496+ 057 3:53+006 11-394+1-28
t  106:56 + 10-24f 4:02+067 3474006 11-58+1-75
DHPG + BDNF +PP1(5) ¢ 12616 +10-08 872+199 346+014 1030+ 073
t 119-07 +10-25 765 +1:34  335+008 11-85+ 144

The data for each experimental manipulation are presented in 2 rows, the top of which represents the mean
+ s.E.M. data obtained during control (c), the bottom of which similarly represents that obtained during
test periods (t). Parameters emboldened are significantly different (1 P < 0-005 or T P < 0-05). Numbers in
parentheses indicate the number of PCs within that experimental group (both control and test).

physiology. Thus, whether mGluR1 activation could evoke a
PTK-dependent modulation of synaptic GABA , receptors
in PCs was tested by applying the selective mGluR1 agonist
3,5-DHPG (Schoepp et al. 1994).

Continuous bath application of 3,5-DHPG (10 gm) alone
resulted in a slowly desensitizing (duration ~260 s) inward
current (mean peak amplitude 684:5+ 1001 pA, n=28).
3,5-DHPG (10 um) was itself without significant effect
(P>01, n=28) on mIPSCs (Table 1), including mIPSC
frequency. This observation is indicative of a lack of effect

on presynaptic GABA release, contrary to previous findings
employing the mGluR agonist trans-aminocyclopentane
dicarboxylic acid (ACPD) (Llano & Marty, 1995). When
BDNF (50 ng ml™) was co-applied with 3,5-DHPG (BDNF
application beginning at the peak of the agonist-induced
inward current), a significant 32 & 6 % increase (P < 0-001,
n=9) in mIPSC amplitude was observed (Fig.24 and
Ba); no significant effect (P> 0-1) on rise time, half-width,
or frequency, was apparent (Table 1 and Fig.2Bb). The
3,5-DHPG/BDNF-enhanced mIPSCs were completely
antagonized by bicuculline (30 gM; data not shown).

during (n=959) 3,5-DHPG/BDNF co-application. Scale bars, 20 pA and 20 ms. Ba, pooled (n=9)
cumulative frequency distributions for mIPSC amplitudes before (black line) and during (blue line)
3,5-DHPG/BDNF co-application. Bb, pooled (n=19) cumulative frequency distributions for mIPSC inter-
event intervals from PCs before (black line) and during (blue line) 3,5-DHPG/BDNF co-application.
C, inhibition of Src by PP1 blocks the 3,5-DHPG/BDNF-mediated increase in mIPSC amplitude.
Ca, pooled (n = 5) cumulative frequency distributions for mIPSC amplitudes before (black line) and during
3,5-DHPG/BDNF co-application (blue line). Note that PP1 (10 um) was included in and orthovanadate
excluded from the intracellular solution. Cb, pooled (n= 5) cumulative frequency distributions for mIPSC
inter-event intervals before (black trace) and during 3,5-DHPG/BDNF co-application (blue trace).
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Whether or not the 3,5-DHPG/BDNF-mediated enhance-
ment in mIPSC amplitude was due to a mGluR1-dependent
activation of Src was tested by intracellular dialysis with the
selective Sre inhibitor PP1 (Hanke et al. 1996). PP1 (10 gm)
had no significant effect on either the 3,5-DHPG-mediated
inward current (mean peak amplitude 440 + 163 pA, n=>5;
P> 0-1) or on mIPSCs themselves (data not shown). PP1
(10 pm) completely blocked the effects of 3,5-DHPG/BDNF
co-application, however, with no significant changes in
mIPSC amplitude, rise time, half-width, or frequency
(P>01, n=2>5; Table 1 and Fig.2Ca-b). Lavendustin A
(1 mm) was similarly effective in inhibiting the 3,5-DHPG/
BDNF-mediated increase in mIPSC amplitude (r = 3; data
not shown). These data strongly suggest that mGluR1 can
activate Src in PCs.

DISCUSSION
In the presence of BDNF, intracellular dialysis of PCs

with an activator of Src increased mIPSC amplitude, an
observation suggestive of a postsynaptic interaction between
the BDNF-activated N'T receptor and Src. Given the lack of
effects of various inhibitors of the PTK signalling pathway
on mIPSCs, the data also suggest that no kinase-mediated
constitutive regulation of synaptic GABA , receptors occurs
in PCs. The data thus raise several questions regarding the
nature of the N'T receptor transducing the BDNF-mediated
signal; the mechanism of interaction between this receptor
and the non-receptor PTK; the nature of this non-receptor
PTK; and the subsequent mechanism mediating the increase
in mIPSC amplitude itself.

Role of Src and TrkB in regulating synaptic GABA ,
receptor-mediated mIPSC amplitudes

Firstly, as only application of BDNF, and not NT-3, was
effective in increasing mIPSC amplitude, this indicates that
the relevant NT receptor activated by BDNF was TrkB and
not TrkC (Barbacid, 1994). Indeed, at the concentration
used in these experiments (50 ng ml™), BDNF is selective
for TrkB (Rodriguez-Tébar et al. 1990).

Secondly, the likely target for the peptide PTK activator
was Sre itself as, apart from the selectivity of the peptide
for Sre, PCs are enriched in the neuronal isoform of Sre
(Sugrue et al. 1990) and PP1 (a selective Src inhibitor)
blocked the observed effects of the peptide. As Src was
incapable of affecting mIPSCs unless TrkB was first
activated by BDNF, some form of interaction between
these two PTKs would be necessary for GABA, receptor
modulation to occur. Indeed, a direct molecular interaction
between a Src-family kinase (Fyn) and TrkB has recently
been reported to directly modulate AMPA receptor
expression (Narisawa-Saito et al. 1999).

Thirdly, since a Src/TrkB-dependent increase in mIPSC
amplitude was postsynaptic in origin, possible explanations
are constrained by considerations of synaptic GABA,
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receptor saturation following quantal transmitter release, a
notion as yet unaddressed in PCs. Assuming either post-
synaptic receptor saturation or non-saturation, an increase
in mIPSC amplitude upon PTK activation would require a
functional change in the receptors themselves, and/or an
increase in the number of expressed postsynaptic receptors,
and/or an increase in postsynaptic receptor clustering to be
apparent. Evidence exists for possible PTK involvement in
such mechanisms. Thus, Src-mediated phosphorylation of
the y2L subunit of GABA , receptors increases mean open
time and open probability of the channels (Moss et al. 1995),
which could result in an increase in mIPSC amplitude. The
incorporation of functional GABA, receptors into hippo-
campal neuronal membranes following insulin-receptor PTK
activation has been described also (Wan et al. 1997b).
Moreover, this incorporation was dependent on the f2
subunit of the GABA , receptor (Wan et al. 19975), a subunit
expressed in PCs (Laurie et al. 1992) and which can be
phosphorylated by Src (Wan et al. 1997a). Whilst the data
presented herein provide no direct evidence for any one
mechanism, the fast time course of the effect of BDNF on
mIPSCs (within 60s of application; cf. Fig. 24) argues
against a change in the number of expressed GABA,
receptors.

Pharmacological activation of mGluR1 stimulates Src

3,5-DHPG, in the presence of BDNF, increased mIPSC
amplitude, indicating that mGluR1-TrkB co-activation
activates a signalling cascade similar to that of Src—TrkB.
Metabotropic GluR1 receptors are coupled, via G-proteins,
to phospholipase C and, thence, to the generation of inositol
trisphosphate (IP;) and diacylglycerol (DAG). Src could be
activated via a number of possible processes downstream of
mGluR1 activation following an elevation in [Ca®*], from
IP,-sensitive stores (Boxall & Lancaster, 1998).

Implications for synaptic transmission at inhibitory
synapses in PCs

Activation of parallel fibre—PC synapses leads to a mGluR1-
dependent depression of parallel fibre—PC synaptic trans-
mission that can be blocked by PTK inhibitors (Boxall et al.
1996). It is thus likely that Src could be stimulated by
synaptic mGluR activation, a frequency-dependent
phenomenon (Batchelor & Garthwaite, 1997). This would
imply that GABA , receptors would be modulated only at
high frequency glutamatergic, excitatory parallel fibre input.
This would enable PCs to dynamically match their
inhibitory inputs directly to the degree of parallel fibre-
mediated excitation being received.

BDNF expression is developmentally regulated in the CNS,
with maturing granule cells being the only cell type to
express BDNF in the cerebellar cortex (Maisonpierre et al.
1990). As NT release can occur in an activity-dependent
manner (Thoenen, 1995), hypothetically, BDNF could be
released from parallel fibres following high frequency
stimulation. Such a mechanism would allow PCs to match
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their inhibitory inputs to those of their excitatory ones upon
synaptic activation of mGluRs at parallel fibre-PC synapses.

In conclusion, the data suggest that postsynaptic TrkB
activation by BDNF is required for Src-mediated modulation
of synaptic GABA, receptors in cerebellar PCs in wvitro.
TrkC activation by NT-3 is ineffective in this regard. The
data also provide strong evidence for the activation of Src
by mGluR1 stimulation, thereby leading to the modulation
of synaptic GABA, receptors upon TrkB activation. The
co-activation of TrkB and mGluR1 is thus critical for the
Src-mediated modulation of synaptic GABA , receptors in
PCs. Whether or not such a modulation occurs through a
Src-mediated phosphorylation of the y2L GABA , receptor
subunit is, as yet, unknown.
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