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Striatal inhibition plays an important role in models of cortex-basal
ganglia function and is altered in many basal ganglia diseases. The
y-aminobutyric acid ergic spiny projection neuron comprises >95%
of striatal neurons, but despite strong anatomical evidence, the
electrophysiological properties and functions of their local axon
collaterals are unknown. We simultaneously recorded from adja-
cent spiny projection neurons (<5-10 um) in whole-cell patch
mode and demonstrated a fast synaptic connection between 26/69
pairs in cortex-striatum-substantia nigra organotypic cultures and
5/38 pairs in acute striatal slices. The synapse, which was blocked
by y-aminobutyric acid type A antagonists, displayed a wide range
of failure rates, was depolarizing at rest, and reversed above —60
mV. Presynaptic bursts of action potentials were highly correlated
with total postsynaptic depolarization at rest. Synaptic transmis-
sion was optimized for burst discharge >14 Hz and showed
considerable short-term plasticity, including paired-pulse depres-
sion at intervals <25 ms, intraburst facilitation, and interburst
augmentation. This activity-dependent collateral interaction pro-
vides the basis for a new class of basal ganglia models in which
striatal neurons cooperate as well as compete during processing of
cortical inputs.

Information from cortex is processed in several parallel path-
ways by the basal ganglia and sent back to the cortex via
thalamus (1). In these cortex—basal ganglia loops, the striatum is
the first stage where inputs from many cortical areas converge
onto y-aminobutyric acid (GABA)ergic spiny projection neu-
rons (2), which comprise >95% of the striatum. Cortical inputs
depolarize these neurons from resting potential, the down-state,
to a subthreshold membrane potential range, the up-state,
during which spiny projection neurons fire episodic bursts of
action potentials (3). Because these neurons directly inhibit
neurons in globus pallidus and substantia nigra, which constitute
basal ganglia outputs, understanding the factors that control
up-state generation and action potential firing in spiny projec-
tion neurons is a prerequisite for understanding basal ganglia
function.

Since their first anatomical description by Ramon y Cajal (4),
it has been known that spiny projection neurons, in addition to
projecting out of the striatum, possess extensive local axon
collaterals (5, 6) and make synaptic contacts among each other
(7, 8). This view led in many basal ganglia models to treat the
striatum as a lateral inhibition network (9-13) in which cortical
inputs compete at the striatal level for control of basal ganglia
outputs. Despite this popular view of striatal function, however,
direct electrophysiological evidence of synaptic transmission
between identified spiny projection neurons has been elusive
(14). This discrepancy implied that intrastriatal synaptic inhibi-
tion is dominated by few striatal GABAergic interneurons (15),
in particular fast spiking interneurons (16, 17). Because an
imbalance of striatal GABAergic transmission is at the core of
many basal ganglia diseases (18), the role of axon collaterals of
spiny projection neurons is of particular importance for under-
standing basal ganglia function and dysfunction.

The modulation of up-states through local axon collaterals by
spiny projection neurons, and thus interaction between cortex-
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basal ganglia loops, most likely will include lateral cooperation
as well as lateral competition in an activity-dependent manner.
First, the very negative resting membrane potential (Vgest) of
=90 mV (6) and the more depolarized GABA type A (GABAA)
chloride reversal potential (E¢) at —60 mV (19) constitutes an
electrophysiological hallmark for mature spiny projection neu-
rons. Thus, fast GABAergic transmission can exert depolarizing
as well as hyperpolarizing effects depending on the postsynaptic
membrane potential. Second, synapses display facilitation or
depression to presynaptic action potential bursts (20). Because
spiny projections neurons fire action potential bursts in vivo
during active movements and sensory inputs (21), understanding
short-term plasticity at the synaptic level will be critical for our
understanding of local striatal network dynamics.

Methods

Electrophysiology. For the preparation of cortex-striatum-—
substantia nigra organotypic cultures, coronal brain slices from
rat at postnatal days 0-2 that contained cortex, striatum, and
substantia nigra were grown for 4-6 wk as described (16). For
acute slices, brains from young rats were quickly removed and
coronal sections of 300 um were cut. For electrophysiological
recording, cultures or slices were submerged in standard artifi-
cial cerebrospinal fluid (ACSF; 300 = 5 mOsm) containing 126
mM NaCl, 0.3 mM NaH,POy, 2.5 mM KCl, 0.3 mM KH,POy, 1.6
mM CaCl,, 1.0 mM MgCly, 0.4 mM MgSOy, 26.2 mM NaHCOs3,
and 11 mM D-glucose saturated with 95% O, and 5% CO,. For
acute slice experiments, extracelluar [K*] was increased to 5 mM
to increase Ve in striatal neurons. Recordings in culture and
acute slices were done at 35 = 0.5°C and room temperature,
respectively. Somatic whole-cell patch recordings were obtained
by using borosilicate electrodes (4—6 M()) containing 132 mM
K-gluconate, 6 mM KCI, 8§ mM NaCl, 10 mM Hepes, 2 mM
Mg-ATP, 0.39 mM Na-GTP, and 0.2% Neurobiotin with pH
adjusted to 7.2-7.4 and a final osmolarity of 290 £ 10 mOsm.
Tight seals (>2-4 G()) were made to somata of visually iden-
tified cells and, after breakthrough, intracellular membrane
potentials were recorded in current clamp at 25 kHz (Axopatch
200D, Axon Instruments, Foster City, CA), preamplified
(Cyberamp380, Axon Instruments), and digitized for further
processing in continuous stream mode by using the CED n1401
(Cambridge Electronic Design, Cambridge, U.K.). For anatom-
ical reconstruction, cultures were fixed in 4% paraformaldehyde
overnight and neurons were processed with the ABC Vectastain
kit followed by standard diaminobenzidine procedures (all from
Vector Laboratories).

Data Analysis. To block the occurrence of spontaneous up-states
and fast glutamatergic transmission in culture, all recordings
were performed in the presence of the glutamate antagonist
6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 uM). To analyze
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Cultured striatal spiny projection neurons are connected through a monosynaptic, fast synaptic transmission. (A) Anatomical reconstruction of two

monosynaptically connected spiny projection neurons from cortex-striatum-substantia nigra organotypic culture (Neurobiotin). (Inset) Striatal area during dual
whole-cell patch recording from contiguous medium-sized, spherical cell bodies (light-microscopic picture, Hoffman modulation contrast). [Bar = 100 um, 10 um in
Inset.] (B) Cultured spiny projection neurons with early rectification on depolarization (filled arrow), delayed action potential firing, and anomalous rectification (open
arrow) in response to equidistant somatic current pulses (Vrest 1 = =81 mV and Vrest 1 = —76 mV). (C) I-V relationship for cultured neurons (+SD; n = 70). Note the strong
anomalous rectification below —100 mV (filled arrow). (D) Postsynaptic responses in two reciprocally connected spiny projection neurons from B at rest. Four individual
responses including two failures are plotted for each connection. Connections had failure rates of 9% (I — 1) and 87% (Il — I). (E) Average PSP and corresponding
distribution of peak amplitudes for each connection in D (gray area indicates SEM, failures excluded). Same scale as in D.

synaptic connections, single action potentials or action potential
bursts were evoked by current injection. Postsynaptic potentials
(PSPs) were averaged for each direction at resting potential.
Each neuron was compared once. Up to 200 responses were
averaged for the analysis of synaptic responses to single action
potentials. Peak amplitudes were taken from responses 2-20 ms
after a presynaptic action potential. Maximal slope value was
calculated from a linear approximation of the PSP trajectory
between 20% and 80% of maximal amplitudes. Synaptic delay
was defined by the midpoint of this slope. Failures were classified
as individual responses that did not cross threshold (£3 SD of
prestimulus noise) during peak time of the average response (*2
ms). Failure sweeps were excluded for calculation of average PSP
values. Postsynaptic responses to bursts of action potentials were
integrated after subtracting average prestimulus membrane po-
tentials. Decay time constants of the postsynaptic response after
burst termination were fitted with single exponentials normal-
ized to the decay time constant from single PSPs.

Data are expressed as mean * SEM, if not stated otherwise.
For multiple comparisons between classes, an ANOVA with post
hoc Scheffé test was used. Correlation was estimated by regres-
sion analysis. DNQX (Research Biochemicals), bicuculline-
methiodide, and picrotoxin (all Sigma) were bath applied at final
concentrations.

Results

Fast GABAergic Synaptic Transmission Between Striatal Spiny Projec-
tion Neurons. We recorded simultaneously from striatal spiny
projection neurons with contiguous or nearby somata (<5 um)
in organotypic cortex striatum-substantia nigra cultures (16) by
using dual whole-cell patch recordings in current clamp (Fig. 1).
In these cultures, striatal spiny projection neurons mature prop-
erly and show up- and down-state transitions (22), their typical
firing pattern in vivo as a result of cortical inputs (3). Because
dopaminergic inputs from substantia nigra critically regulate
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striatal electrophysiology (23), the culture system also included
the substantia nigra with an anatomically and functionally intact
nigrostriatal pathway (24-26).

Spiny projection neurons grown for 36 * 0.5 d in vitro were
identified by a small spherical cell body, relatively negative Vgess,
anomalous rectification, and long delay to first action potential
on current pulse injection (Fig. 1 A-C and Table 1). In response
to single presynaptic action potentials, 26/69 pairs of cultured
neurons revealed a PSP, of which 8/26 pairs were connected
reciprocally (Figs. 1 D and E and 2 A and D). The PSP was
delayed by 3.9 = 0.2 ms, peaked 8 = 0.4 ms after spike onset, and
had an average amplitude of 2.15 = 0.38 mV at Vges (Fig. 2 B
and C). Correlation between maximal slope and amplitude peak
was r = 0.79 (P < 0.0001). In reciprocally connected pairs, one
connection dominated at PSP amplitudes >3 mV (Fig. 2D).
Average PSP amplitude was independent of Vges (Fig. 2E).
Synapses with peak amplitudes <3 mV revealed a wide range of
failure rates in response to single spikes (Fig. 2F). No electrical
synapses were found. Anatomically reconstructed cells showed

Table 1. Summary of electrophysiological parameters for striatal
spiny projection neurons

Culture Slice
Neurons, N 73 89
Age, days 36 = 0.5 11 =05
VRest, MV -75 1 -67 =1
Input resistance, MQ 531+ 4 642 + 4
Time constant, ms 15.4 £ 0.9 29.7 £ 1.6
Spike width, ms 1.64 = 0.05 2+ 0.04
Spike amplitude, mV* 66 = 0.8 75+ 0.8
Temperature, °C 35 +0.5 ~23

*Measured from threshold to peak.
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Fig. 2. Synaptic transmission between spiny projection neurons is depolar-
izing at rest and characterized by a wide range of failure rates. (A) Summary
of unconnected and asymmetrically or reciprocally connected paired record-
ings (numbers) in culture. (B) Distribution of average peak amplitudes.
(C) Scatter plot of time to maximal slope time and peak amplitude. Broken line
indicates linear regression. (D) Scatter plot for PSP amplitudes of reciprocally
connected pairs. Dotted line indicates identical PSP values. (E and F) Scatter
plots of resting potential vs. peak amplitude and synaptic failure rates vs.
average peak amplitude. O, Culture; m, acute slice.

The existence of this monosynaptic connection was further
demonstrated in young, acute striatal slices (postnatal day 11 =
0.5). Spiny projection neurons were identified by a small spher-
ical cell body, anomalous rectification, and long delay to first
typical characteristics of spiny projection neurons including a  action potential on current pulse injections (Fig. 3 A-C and
spherical cell body, spiny higher order dendrites, and extensive =~ Table 1) All neuronal pairs were recorded at 50-100 wm from
local axon collaterals (Fig. 14, n = 6). the slice surface, and their somata were separated by <10 wm.
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Fig. 3. Spiny projection neurons in acute striatal slices are connected through a monosynaptic, fast synaptic connection. (A) Acute striatal slice with
contiguous medium-sized, spherical cell bodies during dual whole-cell patch recording. (Bar = 10 um.) (B) Responses of spiny projection neurons to current
injections (Vgest1 = —62 mV and Vgestt = —68 mV). (C) |-V relationship for spiny projection neurons from acute slices (n = 89). Note the strong anomalous
rectification below —90 mV (filled arrow). (D) Synaptic connection between spiny projection neurons in acute striatal slices (same neurons as in B). Note the high
failure rate. (E) Overplot of average responses (failures excluded) for all five connected pairs normalized by amplitude. (F) Electrical synapse in a pair of spiny
projection neurons (acute slice; Vgest pre = —62 MV and Vgest post = —74 mV). (G) Typical spikelet in electrically coupled spiny projection neurons at three different
membrane potentials (=70, —60, and —50 mV). pre, presynaptic; post, postsynaptic.
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Fig. 5. Postsynaptic depolarization in spiny projection neurons is linearly correlated with number of presynaptic action potentials during burst firing.
(A) Connection with high failure rate at 35 Hz presynaptic burst firing (Vgest post = —74 mV). (B) Change in PSP amplitudes during presynaptic action potential
bursts at different burst frequencies. (Left) Increasing PSP amplitudes at 18 Hz (filled arrow). (Center) Relatively constant PSP amplitudes at 24 Hz. (Right)
Facilitated PSP responses during early burst period (open arrow) followed by decreased PSP amplitudes that merge into a plateau-like depolarization at 36 Hz
(*). Same neuron (Vgest pre = —80 mV and VRest post = —83 mV). (C) Uncovering of synaptic steady-state depolarization during high frequency bursts (arrowheads).
PSP in response to presynaptic bursts of action potentials at increasing burst frequency. Note absence of postsynaptic response at low burst frequency (open
arrows; Vgest pre = —68 MV and Vgest post = —87 mV). Note also slow depolarization that recovers 35 s after burst series. (D) Overlay plot of two PSP in response
to presynaptic bursts from C (time periods indicated by bars). (E) Monotone increase of integrated PSP area over time during 500-ms lasting presynaptic bursts
(numbers of action potentials indicated on the right). (F) Total postsynaptic depolarization is linearly correlated with number of presynaptic action potentials

(500-ms current pulse duration; n = 8 neurons, all culture).

In 5 of 38 pairs a synaptic connection was found (Fig. 3 D and
E). Responses to single action potentials and bursts of action
potentials revealed failure rates ~0.5 (Figs. 2F and 3D). PSP
amplitudes were not significantly different between culture and
acute slice (Fig. 2E, P > 0.08). Four additional pairs (4 of 38)
were coupled electrically (27), which was mostly revealed by
spikelets using spike triggered averaging. The amplitude ratio
was 0.28 = 0.07% for spikes (Fig. 3 F and G). No differences in
electrophysiological parameters were found between connected
and nonconnected pairs for culture or acute slice preparation.

Bath application of the GABA s-channel blocker picrotoxin or
GABA-receptor antagonist bicuculline (Fig. 4 4 and B) sig-
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nificantly reduced the postsynaptic response by 93 = 1.4% (50
uM; n =3, P <0.001) and by 95.2 = 3.4%, respectively (20 uM,
n = 2; P <0.001, two-tailed ¢ test). After washout of bicuculline,
the response recovered to 84.2 + 7.3% of control. By varying the
average membrane potential through steady-state current in-
jection, PSPs were found to reverse in polarity at —60 * 2 mV
(n = 11), which is near the expected chloride reversal potential
Ec = —59 mV in our preparation (Fig. 4 C and D).

Synaptic Transmission Between Striatal Spiny Projection Neurons Is
Optimized for Action Potential Bursts and Carries a Short-Term
Memory of at Least 1 s. Depending on their release probabilities,
synapses can display considerable depression or facilitation in
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response to presynaptic bursts of action potentials (20). This
short-term plasticity has important implications for network
functions (e.g., ref. 28). Given the wide range in synaptic failure
rates, i.e., release probabilities for synaptic transmission between
spiny projection neurons (Fig. 2F), it is therefore important to
understand the dynamics of these synapses to brief episodes of
action potential bursts, the typical firing mode of striatal pro-
jection neurons in vivo during active movements and sensory
inputs (21). Although high failure rates persisted in some
neurons even at high presynaptic burst frequencies (Fig. 54), in
many neurons the integrated PSP response was monotonically
increasing over time during a burst, resulting in profound
postsynaptic depolarization at high burst frequencies (Fig. 5B).
For some monosynaptic connections, postsynaptic depolariza-
tions were only revealed during high presynaptic burst frequen-
cies (Fig. 5 C and D). No significant depression was found and
integrated postsynaptic depolarization was tightly correlated
with action potential number per burst (Fig. 5 E and F;r = 0.97
0.001, n = 8 neurons). Thus, presynaptic burst strength directly
translates into postsynaptic depolarization at rest.

Furthermore, synaptic interaction between spiny projection
neurons was optimized for burst activity above a critical thresh-
old. First, paired-pulse depression of PSPs was present at
interspike intervals <25 ms (Fig. 64; n = 8 neurons, P < 0.05)
reducing the postsynaptic effect of short bursts. Second, many
synapses facilitated during prolonged bursts at low frequency
(Fig. 5B). Third, after prolonged bursts above 16 Hz, postsyn-
aptic responses were characterized by a plateau-like depolariza-
tion with less distinct individual PSPs that outlasted presynaptic
bursts considerably before returning to resting value (Figs. 5B
and 6 B and C; n = 6 neurons, P < 0.05).

Finally, the synaptic connection maintained a memory of at
least 1 s with respect to previous burst activity. PSPs to spikes
that followed presynaptic bursts after 1 s were increased by up
to 100% for burst frequencies above 14 Hz (Figs. 5B and 6 D and
E; n = 9 neurons, P < 0.05). Thus, lateral GABAergic trans-
mission between spiny projection neurons is optimized for burst
activity and augments during repetitive burst periods.

Discussion

We have identified a fast GABAergic connection optimized for
burst transmission between striatal spiny projection neurons that
substantially depolarizes neurons at rest and reverses at —60 mV.
Dual recordings from neurons at distances <10 wum, the use of
patch electrodes, and a culture preparation in which local
connectivity is preserved probably enhanced the likelihood of
finding connected pairs. Despite extensive local axon collaterals,
the probability of connected pairs in culture was only ~30%.
Furthermore, reciprocal connections were relatively few and
functionally asymmetrical, i.e., one connection dominated.
These findings suggests that lateral connections between spiny
projection neurons are relatively sparse and mostly asymmetrical
within the local neighborhood.

GABAergic synaptic responses described in the current study
between identified spiny projection neurons in mature culture
are similar to pharmacologically isolated GABAergic responses
in mature striatal slices: First, the amplitude of single synaptic
GABAergic PSPs shown here is in the range of single synaptic
PSPs reported under minimal stimulation conditions (29). Sec-
ond, synaptic augmentation (30) and paired-pulse depression
(29, 30) have also been described for GABAergic responses to
extracellular shock stimulation in striatal projection neurons.
Furthermore, prolonged PSP decay at high-burst frequencies
and plateau-like depolarization during such bursts are reminis-
cent of asynchronous GABA release that was also described in
dual recordings from unidentified striatal neurons in dissociated
cultures (31).
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Fig. 6. The postsynaptic depolarization as a result of presynaptic burst

activity is increased and prolonged during repetitive bursts. (A) Short-term
depression of PSP amplitudes between spiny projection neurons. Data taken
from first two spikes in bursts below facilitation threshold (*, P < 0.05
compared to last two groups, all culture). (B) Summary data showing a
significantly prolonged decay in postsynaptic depolarization after burst ter-
mination at frequencies above 16 Hz (1-s current pulse duration; *, P < 0.05
compared to first group, n = 6 neurons, all culture). (C) Example of prolonged
postsynaptic decay after high frequency bursts of 1-s duration (same neuron,
open arrow; Veestpre = —80 MV and Vgestpost = —72 mV). (D) Short-term
facilitation of PSP amplitudes by preceding bursts. Overplot of PSP response to
the first spike in a burst as a function of number of spikes (right) in the
preceding burst (1.5-s interburst interval, same neuron as in Fig. 5B). (E) If the
preceding burst contains more than eight spikes per 500 ms pulse duration
(>16 Hz), a single PSP after 1 s is facilitated by up to 100% (*, P < 0.05
compared to first group, n = 9 neurons, all culture). Numbers in graphs
indicate number of cases for each class.

From the present study, three main aspects arise for intrastri-
atal GABAergic synaptic transmission. First, the GABAergic
transmission between spiny projection neurons is sufficient to
induce a steady-state depolarization in postsynaptic neurons.
The reversal potential of chloride in spiny projection neurons in
vivo is at —60 mV (19), which is up to 30 mV above their resting
potential (6). Compartmental model studies suggest such depo-
larization to be sufficient to reduce the anomalous rectifier at
rest, which would facilitate further depolarization from cortical
inputs in the postsynaptic neuron (32). Because GABAergic
synapses are made along the dendritic tree (2), the reduction in
electrotonic length from closure of the anomalous rectifier
would “uncover” synaptic connections at high presynaptic burst
frequencies as was found in our experiments (see Fig. 5 C and
D). Such local GABAergic transmission will play an important
role in the facilitation and/or modulation of transitions to
up-states (3) thereby changing a neuron’s response to cortical
inputs (11). Furthermore, depolarizing GABAergic synapses

Czubayko and Plenz



have been shown to play an important role in synaptic plasticity
during development (33) and could underlie the development of
“matrisomes” in the corticostriatal pathway (34, 35). These
cooperative effects are in contrast to the competitive effect,
when the postsynaptic neuron’s membrane potential is at or
above —60 mV. At these depolarized levels, fast inhibitory
transmission allows spiny projection neurons to shunt and/or
hyperpolarize each other and thereby to precisely control tem-
poral firing of action potentials (30). Both cooperative and
competitive effects will be optimal for action potential bursts
frequencies above 14 Hz.

The demonstration of a fast, GABAergic synaptic connection
between striatal projection neurons allows the general class of
lateral inhibition networks to be applied to striatal function.
Lateral inhibition between striatal projection neurons has been
suggested to govern voluntary movements (9), has been imple-
mented in models about prefrontal cognitive aspects of serial
order in behavior (12), is crucial in models of reinforcement
learning as a function of dopamine (13), has been proposed to
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be increased under reduced levels of dopamine, thereby inducing
a parkinsonian state of motor arrest (10), and has been suggested
to allow striatal neurons to code for temporal sequences of
cortical activity (11). Our results, while providing experimental
evidence for these models on cortex-basal ganglia function,
extend these views, and demonstrate that lateral synaptic trans-
mission between spiny projection neurons is asymmetrical,
highly dynamic, and serves cooperative as well as competitive
functions.

Note. While this paper was in revision, Tunstall e al. (36) reported a fast
GABAergic response to single action potentials between spiny projec-
tion neurons by using dual sharp intracellular recordings in acute striatal
slices.
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