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SUMMARY

Cocultures of the learning-relevant fore-
brain region mediorostrai neostriatum and
hyperstriatum ventrale (MNH) and its main

glutamatergic input area nucleus dorsomedialis
anterior thalami/posterior thalami were morph-
ologically and physiologically characterized.

Synaptic contacts of thalamic fibers were light-
and electron-microscopically detected on MNH
neurons by applying the fluorescence tracer
DiI-C18(3) into the thalamus part of the co-

culture. Most thalamic synapses on MNH neurons
were symmetric and located on dendritic shafts,
but no correlation between Gray-type ultra-
structure and dendritic localization was found.

Using intraceilular current clamp recordings, we
found that the electrophysiological properties,
such as input resistance, time constant, action

potential threshold, amplitude, and duration of

MNH neurons, remain stable for over 30 days in
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vitro. Pharmacological blockade experiments
revealed glutamate as the main neurotransmitter
of thalamic synapses on MNH neurons, which
were also found on inhibitory neurons. High
frequency stimulation of thalamic inputs evoked
synaptic potentiation in 22% of MNH neurons.
The results indicate that DMA/DMP-MNH co-
cultures, which can be maintained under stable
conditions for at least 4 weeks, provide an

attractive in vitro model for investigating
synaptic plasticity in the avian brain.
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INTRODUCTION

Avian learningfor example, song learning in

song birds (Mooney, 1999; Bischof & Rollen-

hagen, 1999; Tramontin & Brenowitz, 2000), food

storage and retrieval in jays (Griffiths et al., 1999),
one-trial avoidance learning (Rose, 2000) and filial

imprinting in domestic chicks (Bolhuis & Honey,
1998; Horn, 1990; Braun et al., 1999)--is becoming
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increasingly popular as a model for studying the
cellular and molecular mechanisms of vertebrate
learning and memory formation. The systematic
analysis of filial imprinting, representing the very
first postnatal learning event in birds and in various
mammalian species, including humans (DeCasper
& Fifer, 1980), has lead to the identification of
morphological, biochemical, molecular, and
physiolological changes accompanying this
ontogenetically driven form of emotional learning.
The presumed avian analogue of the prefrontal
cortex (Metzger et al., 1996; Scheich et al., 1991;
Bock et al., 1997), the mediorostral neostriatum
and hyperstriatum ventrale (MNH), is one key
structure in the chick forebrain that is critically
involved in auditory filial imprinting.

Increased metabolic activity (Maier & Scheich,
1983; Bock et al., 1996; WallhiufSer & Scheich,
1987), spike activity (Bredenk6tter & Braun, 1997;
2000), glutamate release (Gruss & Braun, 1996),
and a 45% to 50% reduction of spine synapses
(WallhiufSer & Scheich, 1987; Bock & Braun,
1998) were seen in the MNH after auditory
imprinting. Behavioral, morphological, and in vivo
microdialysis studies revealed that glutamate,
released by afferents arising from the nucleus
dorsomedialis anterior thalami/posterior thalami
(DMA/DMP) (Metzger et al., 1996), is essential
for this learning task. In particular, the activation of
the N-methyl-D-aspartate (NMDA) receptor mediates
the induction of long-term potentiation (LTP) and
long-term depression (LTD) in MNH neurons (Wang
et al., 1994), as well as the learning-induced spine
elimination (Bock et al., 1996; Book & Braun, 1999).

To analyze the physiological properties of the
glutamatergic afferents on MNH neurons on the
single cell level, we developed an in vitro prep-
aration, ’organotypic’ cocultures of DMA/DMP and
MNH, in which well-controllable pharmacological
and electrical stimulation experiments can be done
under stable conditions (Hofmann & Braun, 1995).

EXPERIMENTAL

Preparation of slice cultures

The preparation of MNH slices was described
elsewhere (Hofmann & Braun, 1995). Briefly, on
the day of hatching, White Leghorn chicks (Gallus
gallus domesticus) were decapitated and the fore-
brain was embedded in sterile agarose (LMP-agar-
ose, Bethesda Research Lab., 2% in distilled water)
and glued to the cutting block of a vibratome. Trans-
verse 250 lam slices were sectioned into fresh ice-
cold dissecting buffer (Geys Balanced Salt Solution,
Gibco) enriched with glucose (5 mg/ml), and the
neostriatal part of MNH was dissected out with a

scalpel (Fig. 1A). The MNH slices were kept in
dissecting buffer for 90 to 120 min at 4C.

Fig. 1:

A

MNH t---l
B

DMA
d

Schematic drawing of a transverse (A) and a sagittal
section (B) of a domestic chick brain. Hatched regions
indicate the slices used for cocultures. Abbreviations:
d: dorsal; DMA: nucleus dorsomedialis anterior thalami;
E: ectostriatum; HV: hyperstriatum ventrale; 1: lateral; LH:
lamina hyperstriatica; LMD: lamina medullaris dorsalis:
LPO: lobus parolfactorius; MNH: mediorostral neo-
striatum and hyperstriatum ventrale; N: neostriatum; NC:
neostriatum caudale; r: rostral; W: Wulst.
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The optimal age for thalamic explants was
determined in pilot studies, which revealed the best
results (judged by survival of cultures and in-
growth of fibers from thalamus to MNH) for 14-d-
old chick embryos (Fig. B). For slice preparation,
the entire brain was removed, split into two halves,
and embedded in 40C sterile agarose. The two
agarose blocks containing the two hemispheres
were glued side by side onto the cutting block of a
vibratome, with the midline oriented upward, and
250 lam parasagittal sections were made. Under
microscopic control, the DMA/DMP was cut out
with a scalpel while using the habenula, which is

separated from DMA/DMP by a sharp borderline,
as a landmark. DMA/DMP slices were maintained
for 30 to 60 min in dissecting buffer at 4C.

One MNH slice was placed next to one DMA/

DMP slice (maximal distance mm) onto a

coverslip (12x24mm) and embedded into a

plasma clot consisting of two drops of chicken

plasma (Cocalico) and one drop of thrombin

(Sigma). The coverslips were inserted into l0 ml
plastic culture tubes (Nunc) with 0.5 ml medium

and placed into a roller drum that rotated at

approximately 20 revolutions/h. The cultures were

incubated at 37 C in dry air.
The culture medium consisted of 50% Basal

medium (Eagle; Gibco), with phenol red, pH 7.2,
25% Earls Balanced Salt Solution (Gibco), and

25% horse serum (Gibco), supplemented with

D-glucose to a final concentration of 5 rag/ml. The
horse serum was heat inactivated for 30 min at

56 C.
On the first day in vitro (DIV) a cocktail of

mitotic inhibitors was added to the medium for

24 h to prevent excessive glia proliferation. The

three components uridine, cytosine-fS-D-arabino-
furanoside and 5-fluorodeoxyuridine (all from

Sigma) had a final concentration of 0.1 laM. From
the second DIV, medium without mitotic inhibitor

was used and replaced twice a week.

Tracing the DMA/DMP-MNH projection with Dil

Cultures of different ages (6 to 28 DIV) were
fixed for 30 min in 2% paraformaldehyde in caco-

dylate buffer (0.1 M, pH 7.3) in culture tubes at

4 C. A crystal of the fluorescent tracer DiI-CI 8(3)
( 1,1 ’-dioctadecyl-3,3,3 ’,3 ’-tetramethy indocarbocy-
anine perchlorate; Molecular Probes) was placed
on the DMA/DMP part of the coculture and then
incubated for 2 to 3 d at 37 C. The progress of Dil

tracing along the DMA/DMP axons was monitored
daily.

Photoconversion of DiI." In four cultures (14
DIV) Dil was photoconverted into an electron-
dense DAB reaction product for electron micro-

scopic observation. Cultures were incubated for
h in 2 mg/ml DAB in Tris buffer pH 8.4 and then
exposed to fluorescence light (550 nm, 20x objective).
Quality of staining was observed during the photo-
conversion procedure. The cultures were removed
from the coverslips, and a piece of the MNH part

(0.5 to mm) with dense thalamic innervation

was dissected out. The tissue was washed for

30 min in cacodylate buffer, postfixed for 30 min

in 2% glutaraldehyde in cacodylate buffer at 4C,

and then incubated for 30 min in 1% OsO4 in

cacodylate buffer at RT. After several washes in

70% ethanol, the tissue was block-contrasted for

30 min in 70% ethanol saturated with uranyl acetate.

Following dehydration in ethanol solutions (80%,
90%, 96%, 2x100%, 15 min each), the block was

embedded for 3 days in Low Viscosity Spurr Kit

(Pelco) at 60C. Ultrathin (80 nm) sections horizontal

to the surface of the cultured tissue were collected
on slot grids coated with Formvar film and examined

with a Zeiss EM 902A electron microscope.

Photographs of synapses were taken at a magni-

ficatio of 20,000x or 30,000x. The negatives were

digitized with the help of a scanner (Arcus, Agfa),
and postsynaptic density (PSD) length and

presynaptic area of each synapse was measured

using a Macintosh 7100/66 (software NIH Image).



222 H. ENDEPOLS, J. JUNGNICKEL AND K. BRAUN

Additionally, we determined the presence of
presynaptic mitochondria, synaptic curvature,
localization of the presynapse (spine, dendrite,
axon or soma), Gray-type of the synapse
(symmetric or asymmetric), percentage of
perforated synapses (synapses with a discontinuous
PSD), and percentage of multiple synapses (i.e. a
presynaptic terminal contacts more than one

postsynaptic element).

Eiectrophysiology

NMDA (N-methyl-D-aspartate; Sigma), gluta-
mate agonist
APV (DL-2-amino-5-phosphonovaleric acid;
RBI), NMDA antagonist
Con-G (Conantokin-G; gift from Dr. J.L.
Torres), NMDA antagonist
CNQX (6-cyano-7-nitroquinoxaline-2,3-dione;
water-soluble complex with 2-hydroxypropyl-
[-cyclodextrin; RBI), AMPA/kainate antagonist
(-)-Bicuculline methiodid (Sigma), GABA-A
antagonist

Electrophysiological experiments were carried
out in a ml recording chamber with a glass
bottom, mounted on an inverse microscope (Zeiss
Axiovert 35M). During recording, cultures were
submerged in 36C artificial cerebrospinal fluid
(ACSF), consisting of (mM): NaCI, 121; KCI, 3;
MgSO4, 2.4; NaHCO3, 23; CaCI2, 2.5; KH2PO4, 1;
glucose, 12. The ACSF was aerated with carbogen
(95% 02/5% CO2); the flow rate was 0.3 ml/min.

Recording electrodes were pulled from glass
pipettes (Hilgenberg) and filled with M potassium
acetate solution, pH 7.4. The D.C. resistance was
80 to 150 M. Intracellular recordings of neurons
were performed in the MNH part of the coculture
using an amplifier (Axoclamp-2A, Axon Instruments)
in bridge mode. The stimulation electrode, a mono-
polar tungsten electrode insulated with pacemaker
varnish, was placed into the DMA/DMP part of
the coculture. After stabilization of the intra-
cellular recording, DMA/DMP neurons were stim-
ulated using single biphasic test pulses (0.l ms, 5-
25 V) or high frequency stimulus trains (0.1 ms, 5-
25 V, 100 Hz, s), delivered by a stimulus isolator
(WPI). Intracellular signals were displayed on a

digitizing oscilloscope (Gould), and evoked responses
were stored with a data recording system (TIDA,
Heka-Electronics) for further analyses.

In pharmacological experiments, the following
substances were injected into the supply hose of
the recording chamber:

Data analysis

General eleetrophysiological properties were
investigated in cultures of the following ages: 5 to
9 DIV, 12 to 16 DIV, 19 to 23 DIV, and 26 to 30
DIV. The values of the four groups were compared
using the Kruskal-Wallis ANOVA on Ranks. The
resting membrane potential was estimated from the
difference between the intracellularly recorded
membrane potential and the extracellular potential
upon withdrawal from the cell. Input resistance
was determined from the slope of the linear range
of the steady-state current-voltage relationship
near the resting membrane potential. The time
constant was calculated as the time to reach 63%
of the steady-state response to a hyperpolarizing
intracellular current pulse (-0.2 or-0.3 nA). The
action potential (AP) amplitude and duration were
determined using synaptically evoked APs. The
AP amplitude was measured from resting potential
level to peak. The AP duration was measured where
the action potential was half its peak amplitude
(’half-width’).

In potentiation experiments, we analyzed the
responses to single-test stimuli (applied with
0.5 Hz) before and after high frequency stimu-
lation (100 Hz, s)" Mean values of EPSP slope,
integral of EPSP, number of evoked APs and
latency of evoked APs were calculated from
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trains of 25 single thalamic stimulations and
analyzed using the Friedman Repeated Measures
Analysis of Variance on Ranks, and Dunn’s
Method for Comparison of all Groups versus
Control Group. For all statistical procedures, the
p-values were set at p<0.05.

RESULTS

DiI tracing

Light microscopic observation revealed a
massive projection from DMA/DMP into MNH
after 8 DIV, even when initially the explants did
not touch each other. Thalamic axons appeared
thin and varicose (Fig. 2). After extended incuba-
tion periods, some backfilled MNH neurons became
visible, indicating that MNH neurons projected
back into DMA/DMP.

At the electron microscopic level, numerous

Dil labeled thalamic axons were observed, forming
terminal or en passant synapses with MNH neurons

(Fig. 3). Measurement of 46 DiI labeled thalamic

synapses of 4 cocultures revealed the following
parameters (for details see Table 1): Mean PSD
length was 0.77+0.32 lam, mean presynaptic area

was 1.41+/-0.98 tma. Shaft synapses had a mean PSD
length of 0.60+/-0.20 tm. Most synaptic contacts

were symmetric (52%) and located on dendritic

shafts (62%) (Fig. 3B). Nevertheless, no significant
correlation was found between Gray-type and

localization of the synapses (Spearman Rank Order

Correlation). Spines bore symmetric as well as

asymmetric thalamic synapses and so did dendritic

shafts. Only 11% of all thalamus-MNH synapses
were asymmetric and likewise located on dendritic

spines.
Eleven percent of thalamic synapses displayed

a perforated postsynaptic density, and 4.5% of

presynapses contacted two postsynaptic structures

(multiple synapses). Thirty nine percent of synaptic

boutons contained one or two mitochondria. The
synaptic curvatures were flat (39%), presynaptic
concave (26%), and presynaptic convex (35%).

Electrophysiology

We recorded 120 neurons in the MNH part of
DMA/DMP-MNH cocultures. All MNH neurons
showed spontaneous IPSPs, as well as EPSPs
which could reach threshold. In most neurons,
periods of low activity and periods of high activity
alternated. The high-activity phase could often be
triggered by a test stimulus in DMA/DMP.

Intrinsic electrophysiological properties. The
electrophysiological properties (resting potential,
time constant, input resistance, spike threshold,
spike amplitude, and spike duration) of 61 MNH
neurons in culture were measured. The mean values +
standard deviation of the parameters are summarized
in Table 2. The mean resting potential of the age
group 19 to 23 DIV was significantly more positive
(-61 mV) as compared with the age groups 5 to 9
DIV (-68 mV) and 26 to 30 DIV (-66 mV). The

other parameters did not differ significantly.

Spike patterns

MNH neurons in culture could be classified into

three types, according to firing patterns generated
during a depolarizing intracellular current pulse.

Seventy-five percent of the neurons showed
regular spiking behavior (Fig. 4A), generating trains

of action potentials with increasing inter-spike
intervals. In most of the regular spiking neurons

action potentials were followed by after-

hyperpolarizations of medium duration (mAHPs),
after which the membrane potential gradually rose

toward threshold, due to the continued current

injection.
Twelve percent of the neurons were classified

as intrinsically bursting (Fig. 4B): As a response to

a depolarizing current pulse, two or more action



224 H. ENDEPOLS, J. JUNGNICKEL AND K. BRAUN

Fig. 2: Thalamus (DMA/DMP)-MNH coculture. A: Two DiI-crystals (asterisks) have been placed on the thalamus part of the
eoculture (DMA). B: Detail of the contact zone between the two explants (frame in A). C: Same detail as in B, fluorescence
illumination. Numerous axons of thalamic neurons are visible which project in bundles into MNH. Scale bar: A: 250 tm,
B+C: 100 lam.
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Fig. 3: A: MNH part of a coculture (14 DIV). A dendrite (den) of an MNH neuron is covered with numerous shaft synapses
(asterisks). Scale bar: lam. B: Example of a dendritic spine (sp) and two presynaptic terminals (asterisks). Scale bar:
500 nm. C: Dil labeled thalamic axon terminal within the MNH part of the coculture (14 DIV). While the axon (ax) is stained
by the electron dense product of Dil photoconversion, the synaptic bouton (asterisk) is not labeled and a presynaptic
mitochondrion and synaptic vesicles are visible. The bouton contacts a dendritic spine (sp). Scale bar: 250 nm.
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TABLE 1

Analysis of Dil labeled synaptic terminals in the MNH part of the coculture (14 DIV).

parameter
spine synapses shaft synapses

all synapses
(34%) (62%)

PSD length

presynaptic area

Gray-type of synapse

synaptic curvature

0.77 + 0.32 iam

1.41 + 0.98 lam

48% asymmetric
52% symmetric

39% flat

26% presynaptic concave

35% presynaptic convex

0.60 + 0.21 tm

1.41 + 0.69 lam

33% asymmetric
67% symmetric

53% flat

20% presynaptic concave

27% presynaptic convex

0.87 + 0.35 tm

1.14 + 0.98 lam

56% asymmetric
44% symmetric

37% flat

30% presynaptic concave

33% presynaptic convex

perforated synapses 11% 13% 11%

multiple synapses 4.5% 20% 0%

synapses with presynaptic
mitochondria 39% 27% 59%

46 synapses out of4
cultures

27 synapses out of4
cultures

15 synapses out of 4

cultures

TABLE 2

Electrophysiological properties ofMNH neurons in culture

age [DIV] n RP [mY] x [ms] RN [Mr2] S-Th [mY] S-A [mY] S-D [ms]

5-9 11 -68 + 9 6 + 3 57 + 30 -39 + 9 65 + 11 1.2 + 0.6

12-16 23 -61 + 6 6 + 3 53 + 23 -46 + 7 63 + 10 1.3 + 0.4

19-23 15 -61 + 8, 5 + 3 57 + 39 -46 + 8 60 + 13 1.2 + 0.4

26-30 12 -66 + 7 9 + 6 67 + 12 -51 + 7 66 + 9 1.1 + 0.4

RP, resting membrane potential; x, membrane time constant; RN, input resistance; S-Th, spike threshold; S-A, spike
amplitude; S-D, spike duration (half-width). Values represent mean + standard deviation. *RP of the age group 19-23
DIV was significantly more positive than RP of the age groups 5-9 DIV (p=0.035) and 26-30 DIV (p=0.043).
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Fig. 4: Electrophysiologically defined neuron types n the MNH part of the coculture. Column shows the neuron’s responses to

intracellular current pulses after which the neuron is classified: the current steps are indicated below the recording traces.
Column 2 illustrates the neuron’s response to a single 100 las voltage pulse in the thalamus part of the coculture; the stimulus
artifacts are indicated by arrowheads. A: Regular spiking neuron. B: Intrinsically bursting neuron. C: Fast spiking neuron.
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TABLE 3"

Electrophysiological properties of different neuron types ofMNH in culture

neuron type n RP [mV] x [ms] RN [Mf2] S-Th [mV] S-A [mV] S-D [ms]

regular

fast

bursting

46 -63+8 7+5 59+32 -46+8 65+ 9

8 -62 + 8 4 + 2, 52 + 30 -50 + 7 53 + 13,

7 -68 + 5 5 + 56 + 22 -47 + 9 66 +/- 11

1.3 + 0.4

0.7 + 0.2,

1.3 + 0.4

A

20 mV

30 ms

Current, nA

o(R)
oo

o
-60

--80 o

--100 E]

-120

10.5 nA

Fig. 5: Fast spiking MNH neuron with inward rectifier characteristics. A: Superimposed neuronal responses during one
depolarizing and ten hyperpolarizing intracellular current pulses. An initial overshoot ("sag") of the membrane deflection at
the beginning of the pulse is visible (filled circle). Current steps are indicated below. B: Current-voltage relationship. The
amplitudes of membrane voltage deflections were measured at the beginning of the current pulse (filled circle) and at the end
(open circle). The divergence of the two curves indicates the presence of an inward rectifier K+-channel.
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potentials were riding a depolarizing envelope.
After the cessation of a hyperpolarizing current

pulse, rebound bursts could often be observed. The
bursts were followed by slow afterhyperpolariza-
tions (sAHPs).

Thirteen percent of the neurons were fast spiking
(Fig. 4C), showing minimal spike adaptation during
prolonged depolarizing current pulses. Action
potentials were followed by fast afterhyperpolari-
zations (fAHPs). In the fast spiking neurons, we
observed a significantly lower amplitude and
shorter duration of action potentials, as well as a
shorter time constant than in bursting or regular
spiking neurons. Other electrophysiological features
were not significantly different. The electrophysio-
logical properties of the three cell types are
summarized in Table 3.

Inward rectification

Thirty-three percent of the MNH neurons
showed nonlinearities within the electrotonic
response to intracellular hyperpolarization. At
negative current values an initial overshoot (’sag’)
in the response to hyperpolarizing current pulses
occurred (Fig. 5A), and the slope of the current-
voltage relationship decreased (Fig. 5B). After the
cessation of the hyperpolarizing pulse, anodal
break overshoot of the membrane potential could
exceed threshold and generate rebound action
potentials,.. These findings indicate the presence of
the inward rectifier K+-chan.nel that slowly activates
at membrane potentials at and below resting potential
and slowly inactivates above resting potential.

Responses to thalamic stimulation

Electrical stimulation in DMA/DMP always
evoked postsynaptic potentials in the recorded
MNH neurons with latencies of 5 ms up to several
100 ms. At resting membrane potential, the
responses usually appeared as depolarizing PSPs.

When stimulation in DMA/DMP was strong
enough to evoke action potentials in MNH neurons,
typically to 5 spikes superimposed to a long
lasting depolarizing PSP occurred (Fig. 4A, B). In
certain fast spiking neurons, thalamic stimulation
induced a burst of action potentials with more than
500 ms duration (Fig. 4C).

When neurons were driven to different mem-
brane potentials by intracellular current injection
before and during afferent stimulation, we could
study the reversal potentials of the evoked
responses (Fig. 6). At more depolarized membrane
potentials, the evoked responses appeared as a fast
EPSP component with a reversal potential far more
positive than the investigated range, and a slow,
long lasting IPSP component reversing at about-
65 mV. EPSPs that sometimes reached threshold
could be superimposed to the slow IPSP.

Pharmacology

NMDA: Sixteen MNH neurons were analyzed
applying NMDA concentrations from 5 to 100 laM.
In 75% of the neurons, the membrane potential
broke down after a short period of enhanced spon-
taneous activity (Fig. 7A). In 12.5% of the neurons,
the responses to thalamus stimulation were stronger
(evoked EPSPs had higher amplitudes) during
NMDA application. In one neuron (6.25%), the
spontaneous EPSPs were prolonged, and in another
neuron (6.25%), no change of spontaneous or
evoked activity was observed, not even at high
NMDA concentrations (2.5 mM).

APV and Con-G: Five MNH neurons were

analyzed with APV (50 to 200 tM) and five MNH
neurons during Con-G (50 laM) application. Both
NMDA-antagonists affected EPSPs evoked by
thalamus stimulations" In 60% of the tested
neurons, APV reduced EPSP amplitudes by up to
55%. Even with high APV concentrations (2 mM),
the evoked responses could not be completely
blocked (Fig. 8). In 60% of the tested neurons,
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_._110 mV
mV 30 ms
-46

-63

-70

-77

Fig. 6: Reversal potential of the slow IPSP component. Recording traces show the responses of an MNH neuron after single
thalamus stimulation at different membrane potentials. The neuron’s resting potential is indicated by an asterisk; the stimulus
artifact is indicated by an arrowhead in the upper trace. The slow IPSP that is visible at more depolarized membrane
potentials reverses at approx. -65 mV.

A

los

A

20 mV

Fig. 7" Effect of pharmacological agents on the spontaneous activity of MNH neurons. The arrowheads indicate the time of bath
application. A: NMDA (2 mM final concentration) leads to an increase of spontaneous activity and finally the breakdown of
the neuron’s membrane potential. B: Bicuculline (5 laM) reversibly changed the neuron’s spontaneous activity. After an
initial burst of action potentials, the number of spontaneous EPSPs decreased.
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A

B

A

C
20 mV

20 ms

Fig. 8" APV attenuates the response o an MNH neuron to single thalamus stimulation. Stimulus artifacts are indicated by
arrowheads. A’ Control recording. B" 50 tM APV (bath application). C: After 10 min wash.

A

B

C

20 mV

0 ms

Fig. 9: CNQX blocks the response of an MNH neuron to single thalamus stimulation. Stimulus artifacts are indicated by
arrowheads. A" Control recording. B: 10 laM CNQX (bath application). C: After 20 min wash.
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A

__.] lOmV
50 ms

Fig. 10: Bicuculline changes the response of an MNH neuron to single thalamus stimulation. Stimulus artifacts are indicated by
arrowheads. A: Control recording. B: 100 laM bicuculline (bath application) blocks the slow PSP component while the fast
PSP persists. An additional PSP with long latency and high amplitude appears. C: After 15 min wash.

Con-G reduced EPSP amplitudes by up to 80%.
CNQX: With 5 to 10 laM CNQX, the evoked

responses disappeared completely in 10 of 12 (83%)
investigated neurons (Fig. 9), and excitatory spon-
taneous activity was no longer detectable. In two
neurons (17%), the EPSP amplitude was reduced
by 70% and 40%, respectively. Intracellular current
injections during CNQX application confirmed
that the neurons were in good condition and still
capable of generating action potentials.

Bicuculline: The application of bicuculline
methiodid enhanced spontaneous activity in all
five neurons. Even low concentrations of 5 tM
had a short lasting effect (Fig. 7B). During
thalamic stimulation, 100 tM bicuculline meth-
iodid suppressed the slow PSP component
completely, whereas the fast PSP component

remained (Fig. 10). Additionally, an enormous

long-lasting depolarizing response with long
latency occurred.

Plasticity

After thalamic high frequency stimulation,
Seven of 32 neurons (22%; 4 regular spiking, 2
bursting, fast spiking) showed an enhanced
synaptic response to a test stimulus (Figs. 11, 12).
We found an increase of the number of action
potentials, integral and slope of EPSPs, as well as
a decrease of the action potential latency (in one

neuron the action potential latency increased). In
two of these neurons (6%; fast spiking, regular
spiking), the potentiation lasted longer than 15 min.
In five neurons (16%; 3 regular spiking, 2 bursting),
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Fig. I: Synaptic potentiation in an MNH neuron after two high frequency stimulation trains (100 Hz, s each) in the thalamus. A:
Response to single thalamus stimulation; (R) control recording, (R) 4 min after first high frequency stimulation, (R) 9 min after
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Fig. 12: Synaptic potentiation of individual MNH neurons (indicated by different line types) atter high frequency thalamus
stimulation. Mean values and standard errors of the mean were calculated out of 25 recordings, respectively. Arrows
indicate high frequency stimulation.

the potentiation lasted only several minutes. Thal-
amic high frequency stimulation did not alter the
resting potential.

DISCUSSION

Physiological characterization of MNH-neurons
in vitro

The three physiologically defined neuron types
(regular spiking, fast spiking, and bursting) that
were found in MNH acute slice preparations
(Wang, 1992) were also identified in MNH slice

cultures, but with different percentages. Regular
spiking neurons, the most abundant neuron type,
were represented both in cultures (75%)and in
acute slices (60%). The percentage of bursting

neurons, however, was much lower in cultures
(12%) than in acute slices (36%), whereas the
percentage of fast spiking neurons was higher in
cultures (13%) than in acute slices (4%). The
different ratio of regular spiking neurons to

bursting neurons in the tissue cultures could be
due to a differential survival of these physiological
neuron types under in vitro conditions. Alter-
natively, the surviving neurons might experience a

change from bursting to regular or tonic mode, as

described for guinea pig neocortical slices

(Connors et al., 1982), in rat hippocampal slices

(Scharfman, 1993), and in lobster stomatogastric
ganglion cells (Turrigiano et al., 1994). We might
have underestimated the occurrence of fast-spiking
neurons both in vivo and in vitro because of the
difficulty in obtaining stable recordings from this
small neuron type. Brief recordings, during which
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the neurons were lost before stimulations could be
started, point to a much larger percentage of fast
spiking cells, similar to observations in rat
neocortical explant cultures (Wolfson et al., 1989)
and in neocortical slices (McCormick et al., 1985).
Because MNH neurons are much larger in vitro
than in vivo (Hofmann & Braun, 1995), recording
fast spiking neurons was easier than it might be in
acute slices.

The time constant and AP duration were

significantly shorter and the AP amplitude was

significantly smaller in fast-spiking neurons than in
regular spiking and bursting neurons. Particularly,
short AP duration is a common feature of fast-
spiking neurons, described in MNH acute slices

(Wang, 1992) as well as in various regions of
mammalian cortex, where fast spiking neurons act
as inhibitory interneurons (Connors & Gutnick,
1990). A small AP amplitude and short time
constant compared with other neuron types were

also reported for fast spiking neurons in cocultures
of rat cortex, striatum and substantia nigra (Plenz
& Kitai, 1998).

The presence of bursting, regular, and fast

spiking neurons in MNH-cultures indicates that the
three principal neuronal spike patterns of MNH
neurons persist in culture. Their physiological
properties, such as time constant, input resistance,
spike threshold, spike amplitude, and spike
duration of MNH neurons remained stable over the

first four weeks in vitro, which agrees with reports
from other in vitro systems (Jourdain et al., 1996;
Lohrke et al., 1998), paralleling the persistence of

morphological parameters during this period
(Hofmann & Braun, 1995).

Thirty percent of the MNH-neurons showed
inward rectification of hyperpolarizing electrotonic

responses. Inward rectifier currents participate up to

50% in resting conductance of neurons with an

inward rectifier potassium channel (Uchimura et al.,

1989) and cause a robust resting potential, due to

reduced input resistance and a shortened time

constant at hyperpolarized levels (Nisenbaum &
Wilson, 1995). Thus, neurons are capable of intro-

ducing high thresholds for neuronal processing in a

synaptic network. Inward rectification in the MNH
has not been measured in vivo nor in acute slices.

Important measures for cell viability are
resting potential, AP amplitude, and AP duration,
which have been described for MNH acute slices

(Wang, 1992). Cultured MNH neurons had mean

resting potentials from -61 mV to -68 mV
(depending on time in vitro), which is well within
the range of resting potentials in MNH acute slices

(from-57 mV to-85 mV). Mean AP amplitudes
were from 60 mV to 66 mV in cultures, somewhat
lower than in MNH acute slices (range from
70 mV to 100 mV), but still had a considerable
overshoot (mean spike threshold was-51mV to

-39 mV). Data about spike duration in acute slices
are available only for fast-spiking neurons (0.7 ms),
corresponding to values found in cultured MNH.

As long as lhey lie within a ’normal’ range, the
input resistance, time constant, and spike threshold
are measures for the excitability rather than the

viability of a neuron. Cultured MNH neurons had

input resistances ranging from 53 Mr2 to 67 Mr2

(depending on time in vitro), which is similar to

values found in mammalian acute slices of cortex

and hippocampus (Foehring et al., 1991; van Bred-

erode & Snyder, 1992; Scharfman, 1993; Beggs &
Kairiss, 1994). Additionally, the time constants of
cultured MNH neurons (5 ms to 9 ms) were similar

to those in mammalian acute slices (Foehring et

al., 1991; Scharfman, 1993). Whereas the input
resistances and time constants were not measured
in MNH acute slices, the AP thresholds ranged
from-58 mV to-50 mV. In MNH cultures, mean

AP thresholds were-39 to-51 mV, indicating that

cultured neurons are less excitable than are acute

slices. The spontaneous activity in MNH neurons

demonstrates that some neurons in the coculture

generate action potentials without external stimu-

lation. Whether the spontaneously active neurons



236 H. ENDEPOLS, J. JUNGNICKEL AND K. BRAUN

are located in the thalamus, in the MNH, or in both
parts of the culture, is not yet known. The
occurrence of perforated synapses (11% of the
thalamus-MNH synapses) and of presynaptic mito-
chondria (39% of the thalamus-MNH synapses),
which theoretically reflect high synaptic activation
and efficacy (Chang & Greenough, 1984; Geinis-
man, 1993; Neuhoff et al., 1999), suggest that
thalamus-MNH projections contribute to this
spontaneous activity.

recorded MNH-neuron a second time. This

phenomenon requires excitatory MNH neurons

projecting back into DMA/DMP, which in fact
were observed in the DiI-tracing experiments,
although their transmitters are not yet known. Such
a projection from MNH to DMA/DMP, however
weak, does not develop in vivo (Wild, 1987;
Metzger et al., 1996). The observed and hypo-
thetical connections within DMA/DMP-MNH

cocultures are summarized in Fig. 13.

Pharmacological characterization of synaptic
connections in DMA/DMP-MNH-cocultures

Ultrastructural characterization of thalamc
synapses in DMA/DMP-MNH-cocultures

Our results confirm that thalamic axons grow
into the MNH tissue and form functional synapses
on MNH neurons. Most synapses appeared to be
glutamatergic because CNQX, the AMPA/kainate-

antagonist, completely blocked synaptic responses
in MNH neurons after the stimulation of thalamic
fibers. That the slow IPSPs were also blocked
indicates a glutamatergic input on inhibitory MNH
neurons. In contrast, the observation that NMDA
and the two NMDA antagonists, APV and Con-G,
did not affect all tested neurons (NMDA 94%;
APV 60%, Con-G 60%) indicates that in certain
neurons, the glutamatergic input is mediated solely
through non-NMDA receptors.

By applying bicuculline to the cultures, we
tested the presence of GABAergic neurotrans-
mission in our culture .,ystem. Suppression of the
slow PSP component of evoked responses by bicu-
culline demonstrates that GABAergic inhibition is
represented in the intrinsic MNH network. As the
fast PSP was not altered during bicuculline
application, the thalamic synapses on MNH-
neurons are not likely to be GABAergic. The
occurrence of a long lasting EPSP with high
amplitude and long latency indicates that during
the pharmacological blockade of GABAergic
synapses, the excitatory neuronal activity was led
back from MNH to the thalamus and reached the

The ultrastructural analysis of the Dil-labeled
fibers revealed that 48% of thalamic synapses
were asymmetric, 34% terminated on dendritic
spines, but only 11% were both asymmetric and
spine synapses. This result was surprising because
the electrophysiological experiments demonstrated
mainly glutamatergic projections from DMA/DMP
to MNH, and those synapses are reportedly
asymmetric and located on dendritic spines (Peters
et al., 1991). Perhaps the symmetric thalamic
synapses in culture represent excitatory synapses
without a clearly developed postsynaptic density,
which was also described in mammalian co-
cultures (Distler & Robertson, 1993). In contrast,
we observed in vivo a strong correlation between
Gray-type and dendritic localization in the MNH
region: 85% to 98% (depending on cell type) of
the spine synapses were found to be asymmetric
(Faber, 1992). Nevertheless, in the in vivo study,
no distinction was made among the synaptic
subtypes with respect to their origin (as done in
our in vitro analysis in which thalamic fibers were
selectively labeled), so a direct comparison of the
in vivo and in vitro synaptic characterization is not
possible and requires further analysis.

In line with our previous findings that in vitro,
the cell bodies and dendrites are larger than those
in vivo (Hofmann & Braun, 1995), synapses in
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MNH

Thalamus

/

Fig. 13" Schematic drawing of putative synaptic connections in the thalamus-MNH-coculture. Black: glutamatergic neurons:
hatched: GABAergic neurons; white: transmitter unknown. Black lines indicate connections supported by this study, dotted
lines indicate hypothetical projections. S.E." stimulation electrode; R.E.: recording electrode.

culture also appear much larger than in vivo. Spine
synapses in vivo displayed mean PSD lengths
ranging from 0.21 tm to 0.31 tm (depending on
cell type), whereas in vitro thalamic spine synapses
had a mean PSD length of 0.60 tm. A similar
synaptic enlargement occurred in PSDs of shaft
synapses, which in vivo were 0.23 lam to 0.46 tm
long (Faber, 1992) and around 0.87 lam in vitro.
Synaptic enlargement was also reflected by the
size of the mean presynaptic areas, which ranged
for spine synapses from 0.06 tm

2 to 0.16 tm
2

(depending on cell type) in vivo and 1.41 tm
2 in

vitro, and for shaft synapses from 0.13 tm
2 to

0.22 lam
2 in vivo and 1.14 lam

2 in vitro. Again,
directly comparing these observations in vivo and
in vitro is difficult because of methodological
inadequacies; for example, different shrinkage
factors, caused by different fixation and embedding

protocols, or different sampling procedures may at

least be partly responsible for the discrepancies.

Synaptic plasticity

Synaptic potentiation by high-frequency stimu-

lation of the DMA/DMP tissue was inducible in
22% of the MNH neurons in culture, as opposed to

60% responsive neurons reported for acute slice

preparations (Wang et al., 1994). The physio-
logical changes occurring after tetanic stimulation
in vitro were similar to those in MNH acute slices

(Wang, 1992; Wang et al., 1994) and in slices from
another learning-relevant forebrain area (Bradley et

al., 1991; Matsushima & Aoki, 1995). As in slice

preparations, we found an increase of the number
of action potentials, integral and slope of EPSPs.
and a decrease of the action potential latency. On
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the other hand, differences of cellular responses to
tetanic stimulation also became obvious. For
instance, in our coculture system we did not see
the large depolarization (from resting levels to
about -30 mV, lasting about min), which
occurred in 36% of MNH neurons after tetanus
and preceded the LTP phase in acute slice

preparations. This result might be one explanation
for the reduced percentage of potentiated neurons
in cultures. The differences between tetanization
effects in MNH acute slices and DMA/DMP-MNH
cocultures might be related, to a large extent, to

the different anatomical features. Whereas in
DMA/DMP-MNH cocultures the stimulation
electrode was placed in the DMA/DMP part
namely, stimulation was almost purely thalamic-in
MNH slices the stimulation electrode was placed
on fiber bundles traversing through the lobus
parolfactorius. The latter not only contains the
DMA/DMP afferents but also includes afferents
from the caudal neostriatum (Metzger et al., 1998)
and probably mesencephalic dopaminergic, and
serotonergic afferents as well.

In summary, our morphological and physio-
logical characterization of DMA/DMP-MNH co-
cultures revealed that this avian in vitro system
provides a suitable model for physiological and
pharmacological studies on synaptic plasticity
under highly controlled conditions.
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