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Abstract--An in vitro system was established to analyse corticostriatal processing. Cortical and striatal 
slices taken at postnatal days 0-2 were co-cultured for three to six weeks. The anatomy of the organotypic 
co-cultures was determined using immunohistochemistry. In the cortex parvalbumin-positive and cal- 
bindin-positive cells, which resembled those seen in vivo, had laminar distributions. In the striatum, 
strongly stained parvalbumin-positive cells resembling striatal GABAerglc interneurons and cholinergic 
interneurons were scattered throughout the tissue. The soma area of these interneuron classes was larger 
than the average striatal soma area, thus enabling visual selection of cells by class before recording. 
Cortical neurons with projections to the striatum showed similar morphological features to corticostriatal 
projection neurons in vivo. No projections from the striatum to the cortex were found. Intracellular 
recordings were obtained from 94 neurons. These were first classified on the basis of electrophysiological 
characteristics and the morphologies of cells in each class were reconstructed. Two types of striatal 
secondary neurons with unique electrophysiologlcal dynamics were identified: GABAergic interneurons 
(n = 17) and large aspiny, probably cholinergic, interneurons (n = 15). The electrophysiological and 
morphological characteristics of cortical pyramidal cells (n = 27), cortical interneurons (n = 1), as well as 
striatal principal neurons (n = 34), were identical to those reported for similar ages in vivo. 

Organotypic cortex-striatum co-cultures are therefore suitable as an in vitro system in which to analyse 
corticostriatal processing. The network dynamics, which developed spontaneously in that system, are 
examined in the companion paper. 

Key words: pyramidal neuron, medium-spiny projection neuron, corticostriatal projection neuron, 
interneuron, development. 

Informat ion from the cortex gains access to the basal 
ganglia at the level of  the neostriatum. It has been 
demonstrated that this strong cortical input 7°'t2t is 
crucial for striatal dynamics.~ Thus, insight into the 
principles that govern corticostriatal processing is a 
prerequisite for understanding the cortex-basal  
ganglia system. However,  several features complicate 
the analysis of  corticostriatal processing. Firstly, stri- 
atal dynamics depend critically on the level of  input 
activity. Over 90% of  the striatum 71's7'119 is comprised 
of  GABAergic ,  77'1°°'112 medium-sized, spiny 21'137'14~ 
projection neurons (principal neurons), 31'95'1°8'122 
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which receive excitatory projections from almost all 
cortical areas. 92 Intracellular in oivo studies in lightly 
anaesthetized animals have shown that, upon cortical 
activation, striatal principal neurons reach a depolar- 
ized, subthreshold state) 3s'143 This "enabled state" 
seems to represent a fundamental  operational mode 
of  the striatum. These unique dynamics are highly 
vulnerable to anesthetics ~3s and have not been re- 
ported in commonly used in vitro approaches, such as 
the acute brain slice preparation. Secondly, at least 
two classes of  interneurons profoundly influence stri- 
atal network dynamics. The GABAergic  inter- 
neuron H2 takes part in prominent  local inhibitory 
loops as judged from anatomical findings 13'2°'35'73 and 
the cholinergic interneuron is involved in striatal 
responses to dopamine (DA). s5'94 Together,  these 
classes make up only 3 -5% of the cells in the 
striatum 73'77"1°7 and, hence, they are difficult to access 
by chance. Thus, only limited information on their 
physiological activity is available. 63'65'67'73'141 Thirdly, 

striatal dynamics most likely operate on an extended 
spatiotemporal  scale. The striatal anatomy is strongly 
suggestive of  a lateral inhibition network, IL~2'~°8'142 
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al though direct electrophysiological evidence has not 
yet been reported.  62'64'86~1°4'~°9 F rom theoretical con- 

siderations and computer  models of  lateral, recurrent 
inhibitory networks ,  44"~2"53"98"132"~35 it is known that  on 

the system level a "winner  takes all" dynamics ~35 can 
develop, with additional spatial phenomena  such as 
disinhibitory zones/32 Thus, besides showing unique 
temporal  features, striatal operat ion might incorpor-  
ate spatial complexity as well. 19 Taken together, these 
features imply that  true progress in unders tanding 
corticostriatal processing is constrained by the avail- 
ability of  cortical input activity, by the access to 
striatal interneurons and by the analysis of  spatio- 
temporal  dynamics at the system level. To overcome 
these problems, we have established a new in vitro 
system, the organotypic cor tex-s t r ia tum co-culture. 
In such a system the spontaneous  activity of  the 
cortical culture is sufficient to drive the striatal 
network and, moreover,  a visual selection of 
striatal interneurons is possible. These properties 
potentially make the cortex striatum co-culture an 
ideal system in which to study the role of  identified 
neurons in spat iotemporal  neuronal network 
dynamics. 

A large body of  evidence suggests that the neuro- 
t ransmit ter  DA has a strong impact on corticostriatal 
processing. 2°m'94 To unders tand the role of  DA we 

first examine cortical and striatal dynamics in the 
absence of  DA. DA is not  present since mesen- 
cephalic cells are not included in the organotypic 
co-culture system and the absence of  DA was 
confirmed immunohistochemically.  The character- 
istic corticostriatal dynamics that develop in the 
absence of  DA will then be used as a basis to study 
the effects of  DA at the systems level. 

This paper describes the macroscopic organization 
of  the co-cultures and the morphological  and electro- 
physiological characteristics of  five different cortical 
and striatal neuron classes. At least three striatal 
neuron types were identified by visual inspection of  
the cell body area before recording. In addition, 
corticostriatal projection neurons were revealed 
anatomically. In a companion  paper,  l°7a we quanti tat-  
ively analyse the spat iotemporal  activity dynamics of  
the co-culture system using optophysiological  and 
electrophysiological means. 

EXPERIMENTAL PROCEDURES 

Cortex~triatum co-cultures 

Preparation of  organotypic cortex striatum co-cultures. 
The brains of newborn Sprague-Dawley rats [postnatal days 
(P) 0-2 colony maintained at MPI f/Jr Virusforschung, 
Tfibingen] were removed, the hemispheres were separated 
and cut transversely at the level of the thalamus. The frontal 
pole of the brain was removed by a transverse cut at the level 
of the anterior limit of the caudate putamen. The hemi- 
spheres were then cut in transverse slices (350,urn) on a 
Vibratome (Campden). For further dissection only slices 
comparable to coordinates bregma 1.7 to - 1.3 from adult 

rat brains 1°6 were used. Single tissue pieces from cortex and 
caudate-putamen (dorsal or dorsolateral) were dissected 
under a stereomicroscope. This procedure selects cortical 
tissue pieces mainly from somatosensory cortex and/or 
primary motor cortex. 54,134 Care was taken to avoid 
including tissue from the nearby medial agranular or medial 
precentral cortex tl°'~3~ and medial or medioventral parts of 
the caudate putamen and nucleus accumbens. 9 Tissue pieces 
were placed 0.5 1 mm from each other onto a membrane 
(Millicell-CM, Millipore PICM) on a coverslip with the 
striatal tissue, without further specific orientation of the 
striatal tissue itself, close to the cortical white matter. 
Co-cultures were embedded and grown according to the 
roller tube technique 45"46 for three to six weeks. No DA was 
added. 

Quality criteria of  co-cultures. Only co-cultures which had 
no extensive plasma-rips and no brownish center in the 
cortical part of the co-culture were used. In previous 
studies, we showed that cortical pyramidal cells in such 
brownish regions exhibit very broadened spike half widths 
and a "hump" during the falling phase of the spike. These 
are characteristics of neurons with a defect in the spike 
generation system. 61,91 

Fixation and facilitation of  penetration. All co-cultures 
were fixed for 5 rain in 4% paraformaldehyde in phosphate- 
buffered saline (PBS; 0.1 M at pH 7,4) and for 10 min in 4% 
paraformaldehyde in 0.1 M PBS at pH ! 1.0. After washing 
in PBS, co-cultures were incubated overnight in 30% 
sucrose in PBS. Facilitation of tissue penetration was 
achieved by shock freezing. 

lmmunohistochemistry 

Immunohistochemical labeling was done according to the 
biotin avidin peroxidase method. For controls, the first 
antibody was omitted. Negative tyrosine hydroxylase (TH) 
staining in the co-cultures was controlled by using in 
addition acute striatal slices from a five-week-old rat. 

Parvalbumin. A monoclonal antibody (Sigma, P317 t ) was 
used. After fixation and freezing, co-cultures were washed in 
PBS, preincubated in 2% rabbit serum (Vector, S-5000; 
PBS, 30min) and incubated in antiserum (1:1000 in 2% 
rabbit serum in PBS; 48-72 h at 4'~C). After washing, the 
co-cultures were treated with biotinylated anti-mouse im- 
munoglobulin G (Vector, BA-2000; 1:200 in 2% rabbit 
serum in PBS; 2 h). Visualization of the stain was achieved 
using the ABC kit (Vector, Vectastain) with subsequent 
diaminobenzidine reaction (Vector, Peroxidase Substrate 
Kit DAB SK-4100). Co-cultures were embedded in glyc- 
erin PBS solution (Citifluor AFI R1320) and sealed with 
DePeX (Serva 18243). In some cases a Nissl stain was added. 

Choline acetyltransferase. A monoclonal antibody was 
used (Boehringer Mannheim, 770990). After fixation and 
freezing, co-cultures were washed in 0.1 M Tris-buffered 
saline (TBS) at pH 7.4, pretreated with 10% rabbit serum 
(Vector, S-5000; l h) in TBS and incubated in antiserum 
(1:4 in a mixture of 20% rabbit serum, 2% fetal calf 
serum (FCS; Sigma, A-7906 in TBS; 48 72 h at 4°C). After 
washing in TBS, co-cultures were treated with biotinylated 
anti-rat immunoglobulin G (Vector, BA-4000; 1:70 in a 
mixture of 20% rabbit serum, 2% FCS in TBS; 2h). 
Visualization and mounting procedures were similar to 
those described for the parvalbumin stain. 

Calbindin. The staining was performed in a similar way as 
for the parvalbumin staining, using an anti-calbindin-D28 k 
monoclonal antibody (Sigma, C8666). 

Tyrosine hydroxylase. The immunohistochemical pro- 
cedure was performed as described previously by several 
authors] °2,125 except that for facilitation of tissue pen- 
etration shock-freezing instead of Triton X-100 was used. 
The staining was performed with an antibody raised in mice 
(Boehringer Mannheim, 1017 381). After fixation and freez- 
ing, co-cultures were washed in 0.05 M TBS at pH 7.4, 
pretreated with 10% FCS in TBS for l h and incubated in 
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antiserum (1:600 in 10% FCS in TBS; 48-72h at 4°C). 
After washing in TBS, co-cultures were treated with biotiny- 
lated anti-mouse immunoglobulin G (Vector, BA-2000; 
1 : 200 in 10% FCS in TBS; 2 h). Visualization and mounting 
procedures were as described for parvalbumin. 

Neuroanatomical reconstruction of  recorded cells. Neuro- 
biotin was injected by passing depolarizing current pulses 
(0.5-1.0nA, 250ms, 2Hz) for at least 15-30rain. The 
visualization procedure followed previously published pro- 
tocols. 57'74 In short, co-cultures were fixed and shock-frozen 
as described for immunohistochemistry. After washing, 
co-cultures were incubated in fluorescein avidin D (Vector) 
and further processed for avidin biotin-peroxidase staining 
using the ABC kit (Vectastain) and the diaminobenzidine kit 
(Vector, SK-4100). 

Cell body area statistics. The distribution of striatal cell 
body areas was based on analysis of Nissl-stained sections. 
Cell body contours were drawn at × 400 using a phototube 
and areas were digitized. Quantitative estimation of the cell 
body area distribution was achieved by using the "square- 
counting" method: cell bodies completely within a virtual 
square and cell bodies which cut two previously selected 
border lines were counted. This corrects for an overestima- 
tion of very large-sized cell bodies. To account for shrinkage 
in the Nissl stain, values gained from dehydrated cell bodies 
were corrected by 22%. 115 

Anatomical projections. For anatomical tracing using 
l,l-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine per- 
chlorate (Dil), co-cultures were fixed for several days in 4% 
paraformaldehyde in 0.1 PBS, pH 7.4 at 4°C. DiI crystals 
(Molecular Probes, D-282) were placed into the cortical or 
striatal part of the co-cultures under stereoscopic control. 
Co-cultures were stored for at least two months in 4% 
paraformaldehyde in 0.1 PBS, pH 7.4, at room temperature 
in the dark. For reconstruction, the fluorescent stain was 
photoconverted in 2% diaminobenzidine (Serva) in TBS 
using a rhodamine filter (Zeiss, BP 546, FT 580, LP 590). 

lntraeellular recordings. For recording, co-cultures were 
submerged in a recording chamber (total volume c. 500/~ m). 
Saturated (95% 02; 5% CO2) Hanks' balanced salt solution 
(Gibco) with 2 mM CaCI 2 added was used as extracellular 
medium. The extracellular concentrations of potassium 
([K+]o), hydrogencarbonate ([HCO3]o) and calcium 
([Ca2+]o) were estimated to be 5.8, 4.8 and 2.9 mM, respect- 
ively. The flow rate was set to 2-3 ml/min and the tempera- 
ture was held at 35 + I°C. Recordings started after the 
co-cultures had been left in the new environment for 
30~60 min. Often, recordings were done for up to 10 h from 
a single co-culture without any signs of electrophysiological 
deterioration. 

Intracellular recordings were made using sharp microelec- 
trodes (90-140 Mf~) containing 2 M potassium acetate and 
2% neurobiotin (Vector) under visual control (Zeiss IM 35; 
Zeiss: x 63 Neofluar). The majority of cells had a cell body 
diameter very much below 20/~m. These cells were con- 
sidered to be striatal principal cells. Striatal cells were 
considered to be interneurons if their cell body diameter was 
larger than 20/~m. Stable intracellular recordings were 
maintained for 10 min to several hours. Cells were included 
in the analysis only if intracellular recordings showed (i) an 
action potential maximum of at least 0mV, (ii) a stable 
resting membrane potential and (iii) no cell body swelling. 
Signals were recorded with conventional electronics made in 
our institute. Stepwise symmetrical hyper- and depolarizing 
current pulses (50 ms) were used to construct cur- 
rent~oltage ( l -V)  relationships. Three to six sets of I - V  
measurements were made during phases of low spontaneous 
activity. Intracellular electrophysiological signals were 
filtered between 0 and 1 kHz (80dB/decade), digitized 
and analysed on a PC (Spike 2, Version 4.0, Cambridge 
Electronic Design). Curve fitting (sigmoid function; two- 
exponential decay) was done using conventional PC soft- 
ware (Origin). 

RESULTS 

Nissl stain 

Dur ing  the first three weeks of  culturing,  the cortex 
and  the s t r ia tum flatten to a thickness of  one to three 
cell layers. Both  tissue par ts  increase in area, and  in 
general the cortical and  striatal  par ts  of  the co-culture 
closely approach  each other.  The cortex mostly 
showed a k idney-shaped border l ine  and,  in some 
cases, was slightly thicker  in the middle. The s t r ia tum 
reached a homogeneous  thickness over  the most ly  
circular  extension. At  the periphery,  faint  cell bridges 
extending into the p lasma clot were visible. In con- 
trast  to the cortical tissue with its large, pyramidal -  
shaped cell bodies, the str iatal  tissue was 
character ized by its small, most ly  circular, cell bodies, 
with larger cell bodies scat tered among  them. The  
border l ine  between cortex and  s t r ia tum could be 
clearly del ineated by visual inspection. To facilitate 
or ien ta t ion  in the co-culture system, the convex bor-  
der  of  the cortical cul ture will be called the " u p p e r  
border" .  This region corresponds  approximate ly  to 
layer Ib in vivo. The concave borde r  of  the cortical 
cul ture will be called the " lower  border" .  This region 
approximate ly  cor responds  to layer VI and /o r  the 
white mat te r  in vivo. 

Immunohistochemistry 

The aims of  the immunohis tochemica l  experiments  
were (i) to compare  the overall  o rganiza t ion  of  the 
in vitro co-culture system with the in vivo organiz- 
at ion,  (ii) to verify the existence of  various inter- 
neuron  classes and  (iii) to check for the presence of  
the D A  synthetic enzyme, TH. 

Parvalbumin 

Parva lbumin  is a ca lc ium-binding prote in  6 and  
exists in a n u m b e r  of  cortical and  striatal  GABAerg ic  
in te rneuron  classes. 27'3°'35'5~78 Fur the rmore ,  it has 

been shown in var ious species tha t  the d is t r ibut ion  of  
parvalbumin-pos i t ive  cells is critically dependen t  on  
the developmenta l  stage Is'56 and  on  the activity 
level. 114'129 Thus,  the stain allows for a complex 

j udgmen t  regarding the organiza t ion  of  the co-culture 
system. We examined 40 co-cultures at  23-26 days in 
culture. 

Cortex. The spatial  d is t r ibut ion  of  pa rva lbumin-  
positive cells in the cortex showed a characteris t ic  
pa t t e rn  after  three weeks of  cul tur ing (Fig. 1A). 
Parva lbumin-pos i t ive  cells were found in all areas of  
the cortical culture. An  accumula t ion  of  parvalbu-  
min-posi t ive cells was clearly visible in the middle 
third of  the cortex, in which the neuropi l  shows an  
intensive s taining of  dendri t ic  and  axonal  processes. 
Cells or iented in parallel to the upper  border  of  the 
cortex are p rominen t  in this region. In the upper  part ,  
b ipolar  cells were typically or iented perpendicular  to 
the upper  cortical border  (Fig. I B). In the lower 
third of  the cortex, besides the existence of  b ipolar  



Fig. 1. Parvalbumin-positive cells in the cortical part of cortex-striatum co-cultures. (A) Distribution of cortical 
parvalbumin-positive cells (24 days in vitro, d24). Parvalbumin-positive cells are widely distributed in the upper and lower 
third of the cortex. A high density of parvalbumin-positive cells is also seen in the lower middle third of the cortical tissue 
(up: corresponding to supragranular layers in vivo; down: corresponding to infragranular layers in vivo). (B) Weakly stained 
bipolar cell from the upper third of the cortex (d25). (C) Strongly stained bipolar cell from the lower third of the cortex 
(d25). Dendrites with varicosities (arrowheads). (D) Multipolar "basket" cell (d25) with dendritic varicosities (arrowheads). 
Axonal processes with multiple boutons surround an "imaginary" large cell body ("basket"; arrow). (E) This neuron is 
an example of triangular cell soma (d25). (F) Parvalbumin-positive fibroblast in the outer region of the cortex culture (d33). 

Scale bar = 200 pm (A, F); 25/~m (B, C, E); 50 pm (D). 
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parvalbumin-positive neurons (Fig. IC), multipolar 
cells were common (Fig. 1 D, E). 

The intensity of the stain varied drastically among 
cells. Bipolar cells from the upper region of  the cortex 
mainly showed staining in the cell body and basal 
dendrites (Fig. I B). Cells from the middle and lower 
part of the cortical culture (Fig. 1C, D) could be 
reconstructed far into the dendritic and axonal tree. 
Dendrites were smooth and showed dendritic vari- 
cosities (Fig. IC, D; arrowheads). Multipolar cells 
were in close proximity to "baskets" (Fig. 1D, ar- 
row). Such "baskets" were formed by axon(s) of 
strongly parvalbumin-positive multipolar cells and 
were always situated near the lower border of the 
parvalbumin-positive layer in the middle third of the 
cortex. A further cell type was characterized by three 
primary dendrites, which gives the cell body a tri- 
angular appearance (Fig. 1E). Finally, in co-cultures 
more than four weeks old an increasing number of 
fibroblasts were present (Fig. IF). 

Striatum. The cultured striatal neuropil was inten- 
sively stained by dendritic processes and by axonal 
processes with "boutons" clearly visible. As the stri- 
atal tissue was approximately two-dimensional, most 
of the dendritic and axonal arborizations of strongly 
labeled cells could be seen without serial reconstruc- 
tions. The most prominent cell type was a strongly 
labeled neuron of fusional-polygonal shape (Fig. 2A). 
It was distributed homogeneously throughout the 
striatal culture and its morphology could be traced 
far beyond the cell body into the dendritic and axonal 
trees. This cell type was characterized by two to three 
thick primary dendrites, which branch into several 
thinner dendrites 50-100/~m from the cell body 
(Fig. 2A; arrows). 

The thinner dendrites generally showed varicosities 
(cf. Fig. 3A, B, arrows). Darkly stained cells of 
multipolar and triangular shape were also present 
(Fig. 2B-D). In the former case, four to nine thick 
primary dendrites were discerned and the initial part 
of the axonal tree could be readily reconstructed. The 
axon branched extensively to form several collaterals 
at a short distance from the cell body, as well as a 
number of collaterals far outside the main dendritic 
tree (Fig. 2B, C, double arrowheads; Fig. 3A, B, ax). 
In some cases two axons were found (Fig. 3B, axl ,  
ax2). Often, the axons showed several "boutons" 
close to unstained, relatively small cell bodies, which 
stand out from the more brownish neuropil back- 
ground (e.g. Fig. 3B, open arrows). Throughout the 
striatal culture, a large number of weakly stained, 
medium-sized cell bodies, with no further staining in 
the dendritic and axonal tree, were present. One 
example is shown in Fig. 2D (right part). Occasion- 
ally, neurons with large cell bodies were found, but 
they were stained only in the cell body and the 
primary dendrites (Fig. 3C). In addition, large 
unstained cell bodies, covered by intensively parv- 
albumin-positive axonal boutons, were seen in a 
few cases (Fig. 3D). In some cases the total number 

of weakly and strongly parvalbumin-positive cells 
in the striatal part of the co-culture was very 
low. Twenty to thirty percent of co-cultures showed 
only very low numbers (n = 3-10) of strongly labeled 
cells in the striatum. These reductions in the 
striatal parvalbumin stain were not paralleled in the 
cortical tissue, which always showed very intense 
staining. 

Choline acetyltransferase 

Choline acetyltransferase (CHAT), the synthetic 
enzyme for acetylcholine, is a marker for cholinergic 
neurons in the CNS.  37'43 In rats, striatal CHAT- 
positive cells first appear in the third postnatal 
week. 5~ To find if cholinergic neurons develop in the 
co-culture system we examined 30 co-cultures for 
ChAT immunoreactivity after 18-35 days it, ortro 

Cortex. In one case four ChAT-positive cell bodies 
were present in the cortex. The morphology of these 
neurons was similar to the ChAT-positive cells in the 
striatal part. 

Striatum. In all co-cultures ChAT-positive cells 
were widely distributed in the striatal part. Occasion- 
ally, multiple central areas of the tissue were devoid 
of ChAT-positive cells (Figs 2E, 5B). In three cases 
cells were restricted to a small striatal region. Often, 
labeled cells were found in striatal cell bridges outside 
the main striatal region (Fig. 5B). The morphology of 
ChAT-positive cells appeared to be remarkably 
homogeneous and was characterized by a large, 
elongated cell body with three to four long and 
smooth primary dendrites. The dendritic arborization 
was generally sparse (Figs 2E, F, 3E). Morphologi- 
cally, these cells resembled electrophysiologically 
identified type II neurons (see below). They differed 
considerably from cells with "principal cell"-like 
morphologies (Fig. 2F). 

Calbindin 

Calbindin belongs to the same group of calcium- 
binding proteins as parvalbumin. 6 The calbindin im- 
munoreactivity was used to characterize further the 
macroscopic organization in the cortex-striatum co- 
culture system. Roughly speaking, the distributions 
of parvalbumin- and calbindin-positive cells in the 
cortex and the striatum /n v&o are complemen- 
tary. 28'1~6 According to this and the results of the 
parvalbumin stain in the co-culture system, cal- 
bindin-positive cells should be present mainly at the 
borders of the tissue parts. We examined 33 co- 
cultures after 23-28 days /n vitro. 

Cortex. Strongly stained cells were predominantly 
situated at the upper border of the cortex and in the 
region between the cortex and the striatum 
(Figs 4A, 5C). Cells were characterized by a fusional- 
elongated cell body and a very large dendritic tree 
without spines. In some cases varicosities were pre- 
sent. The neuropil of the cortex was intensively 
stained with axonal processes showing boutons. 



Fig. 2. lmmunohistochemical cell types in the striatal part of cortex striatum co-cultures. (A) Common parvalbumin-posi- 
tive cell type with thick primary dendrites, which branch off into several thin processes at a short distance from the cell 
body (24 days in vitro, d24; arrowheads). (B) Multipolar parvalbumin-positive cell (d24) has a round cell body. Its initial 
axon segment (double arrowheads) and dendritic varicosities are clearly visible (arrowhead). (C) A multipolar polygonal 
parvalbumin-positive cell with the axon clearly visible (d24; double arrowheads). Axon branching is characterized by 
triangular plates. (D) A parvalbumin-positive cell with a triangular-shaped cell body. (E) ChAT-positive cells (d23). (F) 
Comparisons between ChAT-positive cells and neurobiotin-filled neurons (d21). A secondary type Ib cell with "'principal- 
cell"-like (PC) morphology and a secondary type II cell (SC) with the typical morphology of striatal ChAT-positive cells 

(arrowheads) are shown. Scale bar - 25 lLm (A D); 50 Itm (E, F). 
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Striatum. In the striatal part of the co-culture, 
calbindin-positive cells were found only occasionally 
(Fig. 4B). In most cases, these cells were restricted to 

the border of the striatal tissue (Fig. 5C). The striatal 
neuropil was devoid of strongly labeled dendritic and 
axonal processes. However, many weakly stained 

A B 

ax2 

25 

100 lam 

Fig. 3. Reconstruction of  striatai parvalbumin- and ChAT-positive cell types. (A) Commonly found 
strongly stained bipolar parvalbumin-positive cell type. At  a short distance from the cell body thick 
primary dendrites abruptly branch off into several thin dendrites which have dendritic varicosities 
(arrows). The main axon (ax) branches off several times in close vicinity to the cell body and then takes 
a course outside the main dendritic field. (B) Parvalbumin-positive cell similar to that described in A. Note 
that this neuron possesses three thick primary dendrites and two axons (axl, ax2). The axons (axl, ax2) 
show an increased density of  boutons in proximity to parvalbumin-negative cells (open arrows). (C) A 
large, polygonal cell body and tapered primary dendrites distinguish this strongly labeled parvalbumin- 
positive neuron from the commonly found strongly labeled cell type. (D) Large, parvalbumin-negative 
cell body surrounded by strongly parvalbumin-positive axonal boutons. (E) ChAT-positive cells in the 

striatum (rearranged). 
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Fig. 4. Calbindin-positive cells in cortex-striatum co-cultures. (A) Cells at the upper cortical border. 
(B) Cell at the striatal tissue border close to the cortical tissue. Scale bar = 25/~m (A, B). 

medium-sized cell bodies were present. Given the 
varying thickness of  the whole mount  preparation, no 
patchiness of  the striatal neuropil could be seen. 

The overall distributions of  the interneuron classes 
examined in the co-culture system can be summarized 
as follows: parvalbumin-posit ive neurons showed a 
distinct lamination in the cortex and were scattered 
throughout  the striatum (Fig. 5A). On a macroscopic 
scale the distribution of  parvalbumin-posit ive cells 
is inversely related to the distribution of  calbindin- 
positive cells (Fig. 5A, C). Cholinergic cells 
were mainly restricted to the striatal tissue part 
(Fig. 5B). 

Cell body area distributions 

Cell body area distributions in the striatal tissue 
part were based on four co-cultures at a given age for 
each stain (Fig. 5D). The Nissl stain demonstrates 
that the majority of  neurons are small cells with a 
somal area of  124 _+ 58/~m 2 (Fig. 5D, upper diagram; 
23 days in vitro; corrected for shrinkage). F rom this 
an average cell body diameter of  11 ___ 8 # m  was 
calculated. The average somal areas of  CHAT- 
positive neurons (327+99/~m2;  Fig. 5D, middle 

diagram; 22 days in vitro) and strongly parvalbumin- 
positive neurons (327 _+ 64 #m2; Fig. 5D, lower dia- 
gram; 25 days in vitro) were much larger than the 
somal areas for the majority of  striatal neurons. 
These analyses of  the co-culture system prove that the 
adoption of  the visual selection criterion of  "neuronal  
somata having at least one axis of  the somatic 
diameter in the range of  20 # m  or above"  strongly 
favors intracellular recordings from cholinergic and 
GABAergic  striatal interneurons. 

The co-cultures were grown in the absence of  DA. 
As the main sources for striatal DA are known to 
reside in regions outside the neostriatum, 47 no dopa- 
minergic activity was expected to exist in the co- 
culture system. However,  two reports of  mono- 
aminergic, TH-posit ive cells in the rat striatum in vivo 
and in organotypic striatal cultures do exist. 1°2''2s To 
check for dopaminergic sources intrinsic to the co- 
culture system, we performed immunohistochemical  
staining for TH using 11 co-cultures cultured for 23 
days in vitro. No TH-posit ive cells were found in 
the cortical or striatal part of  the co-cultures. We 
conclude that the co-cultures develop under con- 
ditions of  DA deficiency. 
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Fig. 5. Distribution of  immunohistochemically characterized cell types in the cortex (ctx)-striatum (cPu) 
co-cultures and estimated striatal cell body area distributions. (A) Distribution of  parvalbumin-positive 
cells (PV) (25 days in vitro, d25). Only neurons showing parvalbumin-labeling in the cell body and at least 
in the primary dendrites are marked. Note the laminar distribution of  cortical cells. (B) Distribution of  
ChAT-positive cells (d22). ChAT-positive ceils are restricted to the striatal part. In some cases cells were 
found outside the main tissue region (arrow). The ellipsoids indicate large regions within the striatal tissue 
devoid of  labeled cell bodies. (C) The distribution of  calbindin-positive cells (d24) is complementary to 
the distribution of  parvalbumin-positive cells. (D) Comparison of  the cell body area distributions of  
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with a cell body area of  124 + 58 p m  2 is revealed. Cholinergic (CHAT, d22) and strongly parvalbumin- 

positive cells (d25) fall in the upper region of  striatal cell body sizes. 



870 D. Plenz and A. Aertsen 

Corticostriatal projection neurons 

To reveal neuronal projections established in cul- 
ture, we used DiI. 48'127 Massive injections were made 
into the cortical (21_+3 days in vitro; n = 11) or 
striatal (22_+4 days in vitro; n = 14) part of  fixed 
co-cultures. After  two months, it was always possible 
to obtain positive labeling in the cortex when Dil  had 
been injected into the striatal part. The cortical 
neuropil was intensively stained by labeled axonal 
and dendritic processes. Labeled neurons could be 
traced long distances along their dendritic and axonal 
trees and were considered to be neurons projecting to 
the striatal tissue. The number of  such intensively 
stained neurons varied considerably from stain to 
stain from 10 to over 40 neurons. For  morphological  
reconstruction of  labeled neurons, the fluorescent dye 
was photoconverted into a dark, stable stain (see 
Experimental  Procedures). 

Cell bodies of  retrogradely labeled cells in most 
cases were confined to a horizontal band in the lower 
part of  the cortex (Fig. 6A). All labeled cells pos- 
sessed dendritic spines and were of  pyramidal shape 
(Fig. 6B, C). The basal dendritic trees were locally 
restricted (compare Fig. 6B with Fig. 9D). The apical 
dendrite appeared to be sparsely branched and did 
not arborize extensively near the upper cortical bor- 
der (Fig. 6B, C). The detailed morphology and axonal 
projections of  a corticostriatal projection cell were 
reconstructed (Fig. 6B). The projection neuron was a 
pyramidal cell and showed several noteworthy fea- 
tures concerning its axonal tree. The main axon was 
heading straight towards the striatum. One axonal 
collateral ran along the horizontal extent of  the 
cortex and a second collateral ran parallel to the 
projection axon down to the lower cortical border. 
Two other collaterals were heading directly towards 
the upper cortical border. 

No  cultures, over a period of  two years, showed 
retrograde transport of  DiI from the cortical to the 
striatal tissue. Thus, we conclude that in the co-cul- 
ture the flow of activity is directed from the cortex to 
the striatum. 

Electrophysiology and morphology of  neuron classes 

Five neuronal classes were identified electrophysio- 
logically in the co-cultures (Table 1). The criteria 
leading to the various cell classes themselves will be 
explained in detail during the discussion of  each 
single class. The neurons were examined on average 
at the beginning of  the fourth postnatal week. Except 
for striatal type II neurons, no significant correlations 
(r > 0.5; linear regression) of  the parameters with age 
were observed, 

We will first consider the characteristics of  the two 
main cell classes in the cortical and the striatal 
cultures. Striatal principal cells were significantly 
more polarized than cortical pyramidal cells and had 
a lower membrane time constant (P < 0.005; t-test). 
Both classes had a rectification ratio larger than one, 

with significantly larger values in striatal principal 
cells (P < 0.005; t-test). Pyramidal cells and striatal 
principal cells were remarkably similar with respect to 
input resistance, threshold and action potential wave 
form: no significant differences were found (P < 0.05; 
Wilcoxon's rank sum test). 

In the striatal tissue, type Ia and II neurons had the 
highest resting membrane potential, while principal 
cells had the lowest. Type Ia and II cells did not  
differ in their average resting membrane potential 
(P <0.05;  Wilcoxon's rank sum test; see also 
Fig. 7B). Type Ib neurons took an intermediate 
position among the striatal classes. The membrane 
time constant for principal cells was shorter than for 
type Ia and II cells, but similar to the membrane time 
constant of  type Ib neurons (P < 0.05; Wilcoxon's  
rank sum test). Strong differences were found be- 
tween the striatal cell classes regarding the steady- 
state non-linearities. Whereas striatal type II neurons 
showed linear steady-state dynamics, striatal princi- 
pal neurons showed a rectification ratio very much 
larger than one. Striatal type la neurons showed a 
strong outward rectification in the subthreshold 
range, leading to a quotient less than one. Striatal 
type Ib neurons showed a unique sigmoid steady- 
state membrane behavior. For  this type of  non-linear- 
ity, the steady-state dynamics were described using a 
hyperbolic tangent (Table 2). The threshold was 
similar in all cell classes (P < 0.05; Wilcoxon's rank 
sum test). The spike width was significantly longer for 
principal neurons than for secondary neurons 
(P < 0.001; Wilcoxon's rank sum test). These differ- 
ences in spike widths between principal and sec- 
ondary cells were due to significant differences in the 
action potential falling rate (P < 0.0005; t-test). The 
spike width of  type II neurons was significantly 
longer than for type I neurons (P < 0.05; t-test). In 
contrast to striatal principal cells, secondary cells 
expressed a prominent afterhyperpolarization (AHP) 
with a maximum hyperpolarization of  - 12 mV. The 
time to the maximum A H P  amplitude was signifi- 
cantly shorter for type Ia and Ib neurons than for 
type II neurons (P < 0.05; t-test). 

Although only one cortical interneuron was 
recorded, the position of  this interneuron among the 
various cell classes can be considered. A high resting 
membrane potential, a rectification value smaller 
than one, a small spike width, the value of  the ratio 
between maximum rise and fall of  spike and the 
prominent  A H P  show this neuron to be similar to 
striatal type I cells. 

Resting membrane potential and threshold 

A comparative analysis of  the position each class 
occupies within the network dynamics was carried 
out. Our first approach was to plot the resting 
membrane potential against the absolute threshold 
for each type of  neuron. The result of  this analysis is 
shown in Fig. 7. In Fig. 7A it can be seen that cortical 
neurons behave as if their resting and threshold 
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potent ia ls  were unrelated.  The resting potent ia ls  oc- 
cupied the complete  range from more  than  20 mV to 
only a few millivolts from threshold.  In the striatal  
network,  a similar range of  resting m e m b r a n e  poten-  
tials was covered by principal  and  secondary neurons  
together.  However,  a s t rong negative corre la t ion was 
found between the resting potent ia l  and  the absolute  
threshold,  which is connected to the division among  
different cell classes. Whereas  principal  cells were 
si tuated far away from threshold,  type la and  | I  
s tr iatal  in te rneurons  were close to threshold.  The 
class of  type Ib secondary neurons  is dis tr ibuted over 
the complete  range covered by the o ther  classes. 

Cortical pyramidal neurons 

Dur ing  the first pos tna ta l  weeks there is a promi-  
nent  m a t u r a t i o n  of  the morphologica l  and  electro- 
physiological  parameters  of  cortical neurons  in vitro. 91 

Thus,  we examined the m a t u r a t i o n  of  cortical neur- 
ons in the co-culture system. 

The electrophysiological  and  morphological  
characteris t ics  of  cul tured cortical pyramidal  neurons  
are summarized in Figs 8 and  9. Figure 8 il lustrates 

the electrophysiological characterist ics of the most  
commonly  found type of  pyramidal  neuron.  In all of  
these neurons  inward rectification typical of  pyrami-  
dal neurons  was seen. This rectification appeared by 
the end of  the third week and was clearly expressed 
after the fourth  week in culture (Fig. 8A). Fur ther  
characterist ics refer to the change in A H P  of  the first 
spike (Fig. 8B). At  the end of  the fourth  week a short  
af terdepolar izat ion preceded the A H P  (Fig. 8C, ar- 
row). The membrane  potent ia l  decay from sub- 
threshold and  supra threshold  levels was fitted by one 
exponent ia l  (Fig. 8D). In three cases rectification in 
the very hyperpolar ized range was revealed (Fig. 9A). 
These neurons  also showed p rominen t  rebounds  and 
hyperpolar iza t ions  at  the end of  hyper- and  depolar-  
izing current  injections, respectively (Fig. 9B, arrow). 
Relatively young cortical neurons  showed a promi-  
nent  burst  A H P  (Fig. 9C). All reconstructed cortical 
cells (n = 12), which showed the electrophysiological 
characterist ics ment ioned,  were identified as pyrami-  
dal neurons.  In Fig. 9D, a pyramidal  neuron  from the 
upper  cortical region is reconstructed.  The axon 
collaterals of  this neuron  showed a te rmina t ion  field 

Table 1. Neuron classes in cortex striatum co-cultures: electrophysiological characteristics 

Cortex Striatum 

Secondary 
Pyramidal Principal Secondary 

cell Interneuron cell type Ia type Ib type II 

age (days) 22 + 5 18 23 + 5 23 + 3 22 + 3 
um (mV) -57_+5 49 62-+3 - 5 0 + 4  -58_+6  - 5 3 + 5  
rm* (Mf~) 69 + 25 25 57 _+ 20 63 -+ 30 48 + 24 56 _+ 29 
taut  (ms) 12+3  7 6 + 2  9 + 3  7_+2 9_+2 
rect+ + 1.5+0.5 0.6 6.4_+3.2 0.65+0.2 - -  1.1 +0.4 
thr§ (mV) 44 _+ 7 - 4 0  - 4 8  _+ 4 - 4 4  _+ 5 - 4 7  _+ 7 45 -+ 6 
ap[I (mV) 65 _+ 8 54 65 -+ 6 56 + I0 62 +_ 9 61 _+ 6 
apw¶ (ms) 1.6_+0.4 1.0 1.5+0.4 0.7+0.1 0.7_+0.1 0.9_+0.2 
ri (V/s) 63 + 21 54 63 + 18 83 + 20 74 _+ 25 81 -+ 24 
fa (V/s) - 2 3 + 1 0  - 4 7  - 2 8 +  13 - 6 3 + 3 2  -55-+  18 -50_+24 
ri/fa 3.0_+0.9 1.I 2.5+0.7 1.64-0.4 1.3+0.2 1.8-+0.6 
AHP** (mV) 7.5 - 1 2 + 3  -11_+3 12_+3 
AHPt'i't (ms) 1.4 2.4-+0.6 2.1 + 1.0 3.7_+ 1.4 
cell num 27 I 34 9 8 15 

Data are taken as mean -+ S.D.: age, days cultured in vitro; um, resting membrane potential; rm, input 
resistance; tau, membrane time constant; rect, non-linearity in steady-state response; thr, spike 
threshold; ap, spike amplitude; apw, half width of spike amplitude; ri, maximum rising rate of 
spike; fa, maximum falling rate of spike; ri/fa, ratio between maximum rise and fall of spike; AHP, 
amplitude of spike afterhyperpolarization; AHPt, time to AHP; cell hum, number of cells 
examined. 

*Linear regression analysis within +5 10 mV deflection from resting membrane potential. 
tCalculated from responses to weak hyperpolarizing current injections (50 ms). 
:~Ratio between the apparent steady state input resistances measured just below threshold and at 

- 2 0  mV hyperpolarized state. 
§Measured using depolarizing current pulses from resting potential. The resting membrane potential 

minus the minimal depolarization necessary to elicit a spike was taken as absolute threshold value. 
IlMeasured from resting potential to spike peak. 
¶On average, 100 200 spontaneously occurring action potentials were averaged for each cell. The 

beginning of an action potential was defined by the time point, when the rising rate exceeds 20% 
of the maximum value. 

**On average, 100-200 spontaneously occurring action potentials were averaged for each cell. Under 
such conditions only in some classes could a clear AHP be delineated. The amplitude difference 
between the beginning of a spike (see ¶) and the peak spike after hyperpolarization was taken as 
the AHP amplitude. 

reCalculated as the time from spike peak to the AHP. 
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Fig. 7. Distribution of the resting membrane potential and threshold for cortical (A) and striatal (B) 
neurons in the cortex striatum co-culture system. 

in the same cortical layer 2 0 0 p m  away from the 
soma. A pyramidal neuron from the lower cortical 
region is shown in Fig. 9E. 

Cortical interneurons 

The neuron was located in the lower half of  the 
cortical tissue. The current-voltage plot was charac- 
terized by a strong outward rectification in the sub- 
threshold range (Fig. 10A). Other features of this 
neuron included vigorous bursting; the membrane 
potential decay from depolarized levels was best fitted 
by two exponentials (Fig. 10B, C). The action poten- 
tials were followed by prominent  AHPs. The neuron 
had smooth, varicose dendrites and a densely 
branched local axonal field (Fig. 10D). 

Striatal principal cells 

Thirty-four neurons were identified as principal 
cells by the presence of an anomalous rectification at 
hyperpolarized levels and the absence of outward 
rectification in the subthreshold range (Fig. 11A). In 
these neurons, the decay of the membrane potential 
from subthreshold and suprathreshold depolarized 
states was best fitted by a single exponential 
(Fig. lIB).  In contrast to this, when tested the 
relaxation from hyperpolarized levels clearly revealed 
the existence of an additional fast process having a 
time constant  below 2 ms  ( 1 . 8 + 0 . 4 m s ;  n = 4 ;  
Fig. lIB).  Reconstructed cells showed a cell body 
area of 116 + 26 # m  2 (n = 10), which matches the cell 

body area of the majority of cells in the striatal 
culture (Fig. 5D). Four  to five primary dendrites gave 
rise to a dendritic tree of circular or ellipsoidal shape 
(Fig. 12). The dendrites were densely covered with 
spines (Fig. 12B). In contrast to the situation in vivo, 
the dendrites also showed very proximal spine-like 
protrusions. The axonal field largely overlapped with 
the dendritic field. 

Striatal secondary type I neurons 

Nine neurons showed (i) an outward rectification 
in the subthreshold range (Fig. 13A) and (ii) a slow 
component  of membrane potential relaxation from 
depolarized levels (Type Ia; Fig. ! 3A, B). A further 
eight neurons also possessed an additional inward 
rectification at hyperpolarized levels (Type Ib; 
Fig. 13C, D). Both types did not differ significantly in 
other electrophysiological parameters, except that 
type Ib neurons included very polarized cells, leading 
on average to a more polarized resting potential 
(Fig. 7B; Table 1). 

The membrane potential decay from depolarized 
levels showed the presence of at least two time 
components (Fig. 13B, D). After a spike, the time 
constant  of the secondary, slow component  increased 
(Fig. 13C, D). Table 3 summarizes these findings. In 
two cases the secondary, slow component  was only 
revealed after a spike. In three type Ib neurons the 
time constant  for the secondary, slow process in- 
creased to approximately half a second after a burst. 

Table 2. Average current voltage steady-state relationship in secondary type Ib neurons [ y ( x )  = (A 1 - - A 2 ) /  
(1 + exp((x -- Xo)/dx ) + A2) ] 

A 1 (mV) A 2 (mY) x o (nA) dx (nA) •2 

Secondary type Ib (n =8) - 2 3 + 9  19+7 -0.04-t-0.03 -0 .13 ___0.04 -0 .22+0.19  
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components using a semilogarithmic plot for the first 40 ms. 

U p o n  slight increases in current  injection, type I 
cells fired in bursts  (Fig. 13A), which often showed 
spike cessat ion (Fig. 15A; see also the compan ion  
paper).  Morpholog ica l  reconst ruct ions  revealed a cell 
body area of  292 + 60 p m  2 (n = 6) and  three to six 
thick pr imary  dendri tes  with varicosities on higher  
order  dendri tes,  and  no spines (Fig. 14). Axonal  
t e rmina t ion  fields were found several hundreds  of  

micrometers  beyond the dendri t ic  field (Fig. 14B, 
open arrows). 

One type Ib neuron  closely resembled a principal  
neuron  with respect to morphology.  It was located 
well within the striatal  culture and showed a medium- 
sized cell body,  an  asymmetr ic  dendri t ic  field and  thin 
dendri tes  with spines faintly visible (Fig. 2F, PC; 
Fig. 14C). Its high l ikelihood of  being a principal  
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a pyramidal cell localized in the lower part of  a cortical culture (spines are not  drawn). 
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Fig. 10. Electrophysiological and morphological characteristics of  a cortical interneuron in the cor- 
tex str iatum co-culture (18 days in vitro, d18). (A) Intracellular membrane  potential responses to 
hyperpolarizing and depolarizing current pulses with equidistant amplitudes. Membrane potential values 
reached after 50 ms were plotted against current amplitudes used (right). Linear regression (dotted line) 
was calculated based on the first four hyperpolarizing membrane  potential values viewed from the resting 
potential. The neuron shows a strong outward rectification in the subthreshold range. (B, C) The responses 
(upper traces) change with respect to current injections (lower traces). Short-lasting, subthreshold 
depolarizing current pulses lead to a quick decay to the resting potential after the pulse. Long-lasting 
subthreshold current injections lead to a short-lasting subthreshold oscillation and a long-lasting decay 
(arrow). A slight further increase of current amplitude induces a strong spike burst with even longer lasting 
decay. Note the increased delay between the first and the second spikes compared to the following spike 
intervals. Inset shows the complete response• All experiments were done shortly after a local blockade of 
non-N-methyl-D-aspartate receptors using 6-cyano-7-nitroquinoxaline-2,3-dione. (C) Semilogarithmic 
display of the membrane  potential decays after depolarizing current pulses. (D) Reconstruction (neuro- 
biotin) of  the cortical interneuron localized in the center of  the cortex. The thick proximal axon trunk 

(arrow) emanates  from the cell body. Scale bar = 100/lm. 
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neuron was further supported by its very strong 
inward rectification (Fig. 13C) and its very low time 
constant for the slow component  (T2 = 28 ms; com- 
pare Table 3). As most visualized type I neurons 
resembled strongly parvalbumin-posit ive neurons in 
the co-culture system, we conclude that type I neur- 
ons are likely to be striatal GABAergic  interneurons. 

The spiking characteristics for both Ia and Ib 
neurons included bursting and spike cessation 
(Fig. 15A, B; see also the companion paper). During 
the spike cessation the membrane potential was gov- 
erned by intrinsic currents. Spontaneous input activity 
resulted in spiking after a delay (Fig. 15C). The 
intrinsic membrane currents observed in these cells did 
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Fig. 12. (A) Morphology of the dendritic and axonal trees of a principal cell injected with neurobiotin. 
Only the largest spine-like protrusions at proximal dendrites are indicated. The axon (arrow) emanates 
from the cell body. Neurobiotin reconstruction. (B) Dendritic tree of striatal medium-spiny neuron at 

higher magnification (40 days in vitro, d40). Scale bar = 10/lm. 

not lead to a depolarized, subthreshold state under 
conditions of  spontaneous activity (Fig. 15D; see 
companion paper). 

Striatal secondary type H neurons 

Fifteen cells were identified as type II neurons. 
These neurons were characterized by their linear I V 
characteristics and a very prominent  A H P  (Fig. 16A, 
Table 1). The membrane potential decay from de- 
polarized subthreshold and suprathreshold levels 
showed a single component  (Fig. 16B, C). Often, 
these neurons exhibited transient, subthreshold oscil- 
lations upon depolarization, resulting in doublet 
spikes with highly constant interspike intervals 
(Fig. 16D; see also the companion paper). They were 
characterized morphologically by a large elongated- 

polygonal cell body of 348 + 64#m2 (n = 9 )  and 
extended, sparsely branched smooth dendrites. When 
visualized, these neurons resembled striatal cholin- 
ergic interneurons (Figs 2F, 16E). 

Further  indications that type II neurons in the 
striatum are cholinergic neurons came from develop- 
mental studies. ChAT-posi t ive neurons in the rat 
neostriatum undergo a shrinkage in cell body area 
during the fourth week in vivo. 51 Such a shrinkage 
might be paralleled by an increase in apparent input 
resistance and a decrease in apparent input capaci- 
tance (ratio between membrane time constant and 
apparent input resistance). Indeed, a comparison of 
type II cells at the end of  the third week (18 21 days 
in vitro; 2 0 + 1  days in vitro; n = 9 )  and at the 
beginning of  the fourth week (22-27 days in vitro; 
24 _+ 2 days in vitro; n = 6) revealed clear changes. 
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Table 3. Time constants of the fast (rl) and slow component (%) in type Ia and lb neurons (the 
two cell classes are not significantly different at the P < 0.05 level; Wilcoxon's rank sum 

Decay time 
constant (ms) Secondary type Ia Cell number Secondary type Ib Cell number 

r t 4.5 _+ 1.1 9 4.7 + 1.2 8 

~2 (subthreshold) 14 +_ 7 7 19 + 4 8 
v2 (after spike) 69 _+ 44 9 67 _+ 48 8 
~2 (after burst) - - -  590 _+ 150 3 

The apparent input resistance and the apparent input 
capacitance at the end of  the third week were 
39_+ 17Mf~ and 0.23_+0.007mF, respectively. 
During the fourth week the input resistance increased 
to 82_+ 24 Mf~ and the apparent input capacitance 
decreased to 0.12 + 0.04 mF (P < 0.005; Wilcoxon's  
rank sum test). Similar changes could not be detected 
in the other cell classes and for other parameters. 

DISCUSSION 

Parvalbumin-pos i t i t ,  e neurons  

Cor tex .  The distribution of  parvalbumin-positive 
cells described for the cortical part in the co-cultures 
is very similar to the results obtained in vivo from 
parietal, somatosensory and primary motor  cortex of  
the rat. Parvalbumin-posit ive cells were found in the 
rat and monkey in cortical layers I |  VI, with a clear 
accumulation in the middle layers. 2~'56'8~'t3° The lami- 
nar pattern shown in the parvalbumin stain indicates 
the presence of  cortical layers in the organotypic 
co-culture. This is in accordance with earlier findings 
based on field potential reversal, 36 Nissl stain and 
fiber bundles ~t~ in single organotypic mouse cortex 
explants taken from early postnatal days. 

The degree of  overlap between parvalbumin- 
positive cells and GABAergic  interneurons is not 
complete and changes with species and brain area 
examined (see e.g. Refs 39 and 111). Nevertheless, 
some comparisons with GABAergic  interneuron 
classes in organotypic single cortex cultures can be 
made. In single cortices taken at age around P7 and 
cultured for several weeks, GABAergic  bipolar and 
GABAergic  "basket"  cells are present. 25 Further-  
more, a specific vasoactive intestinal polypeptide- 
positive, GABAergic  class of  bipolar interneurons 
situated in the upper cortical layers was shown to 
develop in single cortex slices taken into culture at 
P0-P2. 49"5° These V | P  interneurons resemble very 
closely the parvalbumin-posit ive cell types described 
for the upper regions of  the cortical tissue in the 
co-culture system. 

S t r ia tum.  The strongly parvalbumin-posit ive cell 
type described for the adult rat striatum is a fusional- 
polygonal neuron with varicose dendrites, which 
strongly correlates with the striatal aspiny GABA-  
ergic interneuron. 3°'3s'78 In the co-culture system 
the morphological  features of  striatal strongly 
parvalbumin-posit ive cells closely match strongly 

parvalbumin-positive cells 3578 and striatal GABA-  
ergic interneurons in vivo. ~3'~ Thus, we conclude 
that the striatal aspiny GABAergic  interneuron is 
expressed in cortex striatum co-cultures. 

Strongly parvalbumin-positive neurons showed a 
much more variable morphology than ChAT-posit ive 
cells in the co-culture. This heterogeneity in mor- 
phology might indicate further subclassifications, 67 as 
is the case in the hippocampus/t~ The average cell 
body area of  these cells is comparable to that of  
intensively stained striatal parvalbumin-positive cells 
in adult rats in vitro TM and of  glutamate decarboxylase 
(GAD)-posi t ive interneurons in single organotypic 
striatal cultures. ~°t 

In the striatal culture, single axons of  parvalbumin- 
positive cells could be followed over long distances. 
In such cases, multiple boutons were often seen 
aligned to parvalbumin-negative cell bodies (Fig. 3B). 
Similar accumulations of  parvalbumin-positive 
boutons have been reported in z,ivo. TM Furthermore,  in 
the co-cultures we were able to trace these accumu- 
lations of  boutons with respect to the dendritic tree 
of  the cell. Often, such "baskets"  were found several 
hundred micrometers away from the dendritic tree. 
Thus, these neurons can transmit information be- 
tween different striatal regions (see type I neurons 
and the companion paper). 

In single organotypic single striatal cultures, 
GABA-  and GAD-posi t ive  neurons have been de- 
scribed, ~°~ which the strongly parvalbumin-positive 
neurons described here resemble. However,  in single 
organotypic cultures protospines are present on these 
neurons, indicating an immature state. In the present 
study strongly labeled striatal parvalbumin-positive 
neurons are morphologically indistinguishable from 
those described in t,i~,o, and no protospines were 
observed (compare, for example, Figs 5 and 6 with 
Kita et al. TM and Cowan et al.3~). These differences 
suggest that cortical input influences the morphology 
of  striatal GABAergic  interneurons, altering it to a 
mature state. A functional role of  cortical input onto 
striatal GABAergic  interneurons is further supported 
by the high numbers of  asymmetrical, probably cor- 
tical, synapses onto dendrites of these neurons 
in t~it)o. 7~'83 

Apart  from the strongly parvalbumin-positive 
cells, a large number of  weakly stained cell bodies was 
also visible: weakly parvalbumin- and GAD-posi t ive  
cell bodies in the adult striatum and in single organ- 
otypic striatal cultures are commonly considered to 
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be striatal principal neurons. 78'1°1 In the co-culture 
system, large striatal parvalbumin-posit ive cell bodies 
could, in some instances, be found (Fig. 2C), similar 
to findings reported for GAD-posi t ive  cells in single 
striatal cultures TM and for GABA-posi t ive  cells 
in v ivo .  1°3 

Choline acetyltransferase-positive neurons 

The morphology of  striatal ChAT-posi t ive neurons 
in the co-cultures is remarkably similar to CHAT- 
positive neurons in the neostriatum of  young 5~ and 

adul t  15'3°'72'107'146 rats in vivo and in single organotypic 

striatal cultures in vi tro) °~ The average cell body area 
of  327 -I- 99 # m  2 after 22 days in culture is similar to 
the value obtained from cholinergic neurons of  three- 
week-old rats in vivo (333-1-16#m2; corrected for 
shrinkage by 220/0). 5' The relatively large area found 
here was also reported for the adult rat striatum 
in vivoJ °7 In addition, large ChAT-posi t ive neurons, 
contrasted by a majority of  smaller, labeled neurons, 
have been reported in the adult striatum" and in single 
organotypic striatal culturesJ °1 
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Fig. 14. Dendritic (A, B) and axonal (B) morphologies of secondary type I neurons. Arrows point to the 
axons emanating from the cell body. At least three regions of axonal branching distant from the dendritic 
field were revealed in one neuron (B; open arrows). (C) Reconstruction of the morphology of the secondary 

neuron type Ib with "principal cell"-like morphology (neurobiotin; compare with Fig. 2F, PC). 
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Fig. 15. Spiking cessation in striatal secondary type I neurons. (A) Intracellular membrane  potential 
responses to depolarizing current pulses of  increasing amplitudes (same neuron as in Fig. 13C). A 
characteristic delay in spike discharge upon depolarization can be observed. When current amplitude is 
further enhanced, a characteristic cessation in spike discharge occurs after the first spike. (B) Spiking 
behavior to sinusoidal current injections (upper trace: 10 Hz, 0.25 nA; middle trace: 10 Hz, 0.75 nA; lower 
trace: 3 Hz, 0.75 hA). Under  conditions of  strong input current, the regular spike amplitude decreases 
down to a level of  complete spike blockade. At the end of  such a "breakdown",  the membrane potential 
seems to be dominated by strong outwardly rectifying currents (middle trace; arrow). By lowering the 
frequency it can be shown that the strong outwardly rectifying current(s) start before the occurrence of 
a spike (lower trace; arrow). (C) Delayed spike response to spontaneous synaptic activity, which is similar 
to the delayed response upon current injection at the cell body (different neuron than in A). (D) 
Spontaneous intracellular activity and corresponding membrane  potential distribution from a secondary 

type Ib neuron (same neuron as in A). Membrane potential values were taken at 2 ms intervals. 
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ChAT-posi t ive cells in the co-cultures were mainly 
restricted to the striatal part. In some instances, 
regions devoid of  labeled cells were present. This 
indicates a partial heterogeneity of  the striatal tissue; 
in vivo, striatal "patches"  seem to be devoid of  

cholinergic, i.e. large aspiny, cell bodies. 3'65'93 The 

existence of  a patch/matrix organization in the co- 
culture system would be in contrast to the situation 
in single organotypic striatal cultures, where, at 
the end of  the third week, any postnatal patchy 
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organization based on acetylcholinesterase or ChAT 
immunoreactivity disappears. '°~ 

In one preparation some ChAT-positive cells were 
found in the cortical tissue. These neurons probably 
originated in the cortical culture, as in the rat cortex 
ChAT-positive cells are present at low density. 5~ 

Calbindin-positive neurons 

In the cortex the spatial distributions of calbindin- 
and parvalbumin-positive cells were inversely corre- 
lated corresponding to findings in the cortex of 
ratsZ8.i16 and monkeys. 33'56 Strongly stained calbindin- 
positive cells were only present in small numbers at 
the border of the striatal tissue. The neuropil was 
devoid of labeled fibers; however, weakly stained 
medium-sized cell bodies were present. As we cul- 
tured striatal tissue mainly from dorsolateral and 
lateral regions, but not from ventromedial and ven- 
tral regions (see Experimental Procedures), our find- 
ings are in accordance with results obtained in the 
acute slice. 69 

Corticostriatal projection neurons 

The most prominent corticostriatal projection 
neuron is characterized by its medium-sized cell 
body, TM its small basal dendritic field, a sparsely 
branched apical dendrite and a huge axonal arboriza- 
tion in both the cortex and the striatum. 34'~36 In the 
medial agranular cortex, this type of corticostriatal 
projection neuron is found in the lower part of layer 
III and superficial layer V. 136 In the somatosensory 
cortex, medium-sized corticostriatal projection cells 
are mainly situated in superficial layer V, 144 although 
some corticostriatal projection cells have been re- 
ported in layers II and III. H7 

In the co-culture system, corticostriatal projection 
neurons were found mainly in the lower part of the 
cortical culture, which most probably corresponds to 
layer V in vivo. A characteristic feature of these cells 
was their small basal dendritic tree and their sparsely 
branched or unbranched apical dendrite. This is 
probably a genuine finding for the following reasons. 
Firstly, a reduced dendritic tree size due to incom- 
plete staining seems to be very unlikely, because of 
the intense stain of even finer, multiple branched 
axonal collaterals. Secondly, no change in mor- 
phology with longer exposure to DiI was observed. 
Thirdly, it is known that pyramidal cells in organ- 
otypic cortex cultures show a reduction in 
branching and an elongation of interbranch segments 
compared with pyramidal cells in uit)o. 26 However, in 
organotypic visual cortex-visual cortex, visual 
cortex thalamus 16"17'99 and visual cortex tectum 8° co- 
cultures, cortical projection cell classes have been 
described, which also include large-sized pyramidal 
neurons with intensively branched basal and apical 
dendritic trees. Thus, we conclude that the popu- 
lation of projection cells revealed is a specific class of 
pyramidal cells similar to the class of medium-sized 

corticostriatal/corticocortical projection cells de- 
scribed in vivo for the medial agranular cortex. 34'136 
The characteristic morphology and the laminar pos- 
ition of these projection neurons strongly suggests 
that the corticostriatal projection which develops in 
the co-culture system shares common features with 
the projection system in vivo. Such specificity in the 
development of internuclei projections is supported 
by findings in other co-culture systems. 16 

The cortex was densely labeled by axon collaterals 
from corticostriatal projection neurons. Besides col- 
laterals spreading along cortical layers, collaterals 
running straight to the upper cortical border were 
also present. This indicates that corticostriatal projec- 
tion neurons, in addition to transmitting information 
directly to the striatum, influence other cortical neur- 
ons within a single column and, through horizontal 
collaterals, across several columns. 

The type of corticopyramidal tract projection cell 
which emits short axonal collaterals into the stria- 
turn 34'42'82 was not found in the co-culture system. 
Finely branched axons of short length sent to the 
striatal tissue might have escaped our analysis. 

Electrophysiologically characterized cell types m the 
co-culture system 

Cortical pyramidal neurons. Adult pyramidal neur- 
ons in vivo from supragranular layers are character- 
ized by their inward rectification in the subthreshold 
range 59m (rat; slice) and the change in AHP after the 
first spike (Fig. 8B; compare guinea-pigg°). Pyramidal 
cells from layer V are further distinguished by an 
inward rectification at very hyperpolarized levels and 
the rebound and hyperpolarization after hyper- and 
depolarizing current injections, respectively (rat; 
slice). 29'84'91 All these features were found in cortical 
pyramidal cells of the co-culture. We will now con- 
sider in more detail the various electrophysiological 
parameters. 

Resting membrane potential. Cortical pyramidal 
cells in the co-culture system showed a 15 25 mV 
more positive resting potential than in the acute slice 
preparation. 2'1°'32'4°'59'84 We attribute this difference to 
the [K+]o of 5.8mM in our preparation and the 
spontaneous activity in the co-culture system. 

Input resistance. The relatively high input resist- 
ance of pyramidal cells in the co-cultures is similar to 
findings in single organotypic ~45 and dissociated 6° 
cortical cultures. The resistance is approximately 
four-fold larger than in vivo and approximately two- 
fold larger than in the acute slice preparation. L°'32"sg'89 
In single organotypic cortical cultures, pyramidal 
cells have a less dense arborization and a slightly 
reduced spine density compared to pyramidal cells 
in uit)o. 26 Both effects should lead to a reduced 
membrane area of cultured neurons and may explain 
the increased input resistance seen in our preparation. 

Spike wave form. The short spike width of cultured 
cortical neurons indicates the mature developmental 
stage 88,91 and is similar to the spike width found in 
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dissociated cortical cultures. 6° The absolute spike rise 
time in our preparation is lower than obtained by 
others in organotypic ~45 and dissociated 6° cortical 
cultures. We attribute this difference to the low 
sampling rate and the averaging procedure used. The 
ratio between the rising and the falling rate of the 
action potential is similar to the ratios measured in 
acute slice preparation. 9~ In contrast to young pyra- 
midal neurons, adult neurons have a triphasic AHP: 
a short-lasting and a long-lasting AHP separated by 
a depolarization. 2'84'89 This feature is seen in the 
co-culture system at the end of the fourth week 
(Fig. 8C). 

Morphology. Pyramidal cells in the co-cultures 
show typical morphological characteristics such as 
the cell body form and the basal and apical dendrites 
being covered with spines. 

To summarize, cortical pyramidal neurons in the 
co-culture system show a similar degree of maturity 
as cortical neurons in vivo of similar age. However, 
cultured pyramidal cells have a higher input resist- 
ance than in vivo. 

Cortical interneurons. The cortical interneuron de- 
scribed is similar to cortical interneurons in the r a t  66'68 

and fast spiking, cortical interneurons in the guinea- 
pig. 9° The spike width of 1 ms and two-fold higher 
rate of decrease of the spike than for pyramidal 
neurons found by us was also reported for inhibitory 
neurons in dissociated cortical cultures. 6° As the 
cortical interneuron was located in a layer expressing 
a dense band of parvalbumin-positive cells (cf. Fig. 1) 
it is probably of the parvalbumin-positive type. This 
view is supported by the very short time-to-peak of 
the AHP typical for parvalbumin-positive inter- 
neurons in rat prefrontal cortex. TM 

Striatal principal cells 

Resting membrane potential and passive parameters. 
Principal cells were the most polarized cells in the 
co-culture (Table 1), which is in accordance with 
findings in vivo 24'113'126'138 140,143 and in acute slices 
in vi tro .  7'23'75'79~96"97 The absolute resting membrane 
potential of principal neurons is strongly dependent 
on the extracellular potassium concentration. 7 
Given the extracellular potassium concentration 
of 5.8mM, the resting membrane potential we 
found is in good agreement with findings in adult 
rats in vivo 24"126 and in in vitro slice studies using 
similar [K+]o concentrations. 7'23 Similar to the situ- 
ation for pyramidal neurons, the input resistance is 
twice as large as in vivo 24'126 and in in vitro slice 
preparations. 69,79 

Steady-state non-linearity and spike wave form. The 
steady-state non-linearity described here for cultured 
principal cells is typical for principal cells in vivo and 
in acute s l ices .  7'22'23'69"79 The action potential width of 
unidentified striatal cells in vivo 24 and in vitro 23'69 is in 
the range of 1.0 1.5 ms. As pointed out by Kita 
e t  al. ,  76 this value holds for the first spike in a burst, 
whereas subsequent spikes are broadened. Thus, the 

average spike half width of 1.5 ms reported here 
points to a mature spike. In comparison with striatal 
secondary neurons, principal cells showed a longer 
spike width and a smaller AHP, which is similar to 
the situation in the in vitro slice. 65 

Morphology. The cell body area of electrophysio- 
logically identified principal cells matches that of the 
most abundant neuron type in the striatal culture 
(Fig. 5) and is similar to the cell body area reported 
for electrophysiologically identified and morphologi- 
cally reconstructed rat principal cells. 11,65.108 The mor- 
phological features of cultured principal cells are 
typical for most principal cells in vivo and 
in l)itro. 11'14'65'69"1°8 However, in contrast to the situ- 
ation in vivo, spine-like protrusions can be found on 
the very proximal dendrites. 

To summarize, the polarized resting membrane 
potential, the rectification characteristics, the small 
AHP, the small cell body size, the spiny dendritic tree 
and the densely branched axonal field are typical 
features of striatal GABAergic medium-spiny projec- 
tion neurons (=  principal cells), which are expressed 
in the co-culture system. 

Striatal secondary cell types. A comparative analy- 
sis of the intracellular electrophysiological behavior 
of striatal interneurons is particularly difficult and is 
limited by the different methods and recording con- 
ditions used (whole-cell patch-clamp in immature 
s l i ces  65'6v in vivo under various experimental con- 
ditions; ~41 adult slice preparation63). 

Striatal secondary type I neurons 

Outward rectification. The outward rectification 
reported in this study refers to the first 50 ms after 
depolarization onset. In immature slices under 
"whole cell" patch conditions, striatal GABAergic 
interneurons expressed rectifications similar to those 
reported here. 67 In two other studies with similar 
large numbers of analysed interneurons, 63"~4~ neurons 
were sampled by chance and thus might be biased 
towards very large-sized cholinergic interneurons 
without outward rectification (see below). 

Membrane potential decay from depolarized levels. 
The slow component was a very robust feature in all 
secondary cells of type I, regardless of their resting 
membrane potential. No differences were found re- 
garding type Ia and Ib cells (Table 3). In the most 
intensive study on striatal GABAergic interneurons 67 
these particular dynamics have not been reported, 
probably due to the method used. 

Firing behavior. Secondary type I neurons ex- 
pressed the most complex intrinsic membrane dynam- 
ics found in the co-culture system. We will show 
in the companion paper that these dynamics can 
explain the complex, but stereotypical firing patterns 
found in these neurons. The characteristic spike 
cessation seems to be robust against changes in the 
interior milieu, as it was also found in striatal 
GABAergic interneurons under "whole cell" patch 
conditions. 65,67 
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Inward rectification at hyperpolarized levels. In type 
Ib neurons strong inward rectification was demon- 
strated at hyperpolarized levels. As type Ia neurons 
were relatively depolarized, such inward rectification 
might have gone undetected. We suggest that both 
types represent one single neuron type. 

Morphology. The dendritic morphology of  type I 
neurons was similar to the morphology of  striatal 
strongly parvalbumin-posit ive interneurons, which 
are equivalent to GABAergic  interneurons.13'77'78'105-112 

Furthermore,  type I cells showed axonal arboriza- 
tions at various different striatal regions outside their 
dendritic field. Similar, although incomplete, recon- 
structions of  the dendritic and axonal fields were 
revealed for strongly parvalbumin-posit ive striatal 
cells (cf. Figs 3, 14). These dendritic and axonal 
arborizations described in this study correspond well 
with the common morphology of  striatal GABAergic  
interneurons found in immature slices of  the rat. 67 

Secondary type Ib cells with "principal cell"-like 
morphology. One type I cell showed a distinct "prin- 
cipal cell"-like morphology and a strong asymmetric 
dendritic tree (Fig. 14C), although its prominent  
outward rectification (Fig. 13C) separated this 
neuron from principal cells. However,  principal cells 
with a sigmoid steady-state non-linearity have been 
reported in the caudate nucleus of  the cat. 123 

Striatal secondary type H neurons 

Resting membrane potential and passive membrane 
parameters. The high resting membrane potential of  
striatal type II cells is similar to the resting membrane 
potentials reported for large aspiny neurons in vivo, TM 

the class of  secondary neurons in acute slices 63 and 
the populat ion of  striatal cholinergic interneurons 
recorded under "whole-cell"  patch conditions in im- 
mature rat slices. 67 However,  the input resistance of  
type II cells is lower than in acute slice prep- 
arations 63'65'67 and in the anesthetized rat .  TM We at- 
tribute this low input resistance to the excitatory 
input these neurons receive in the co-culture system 
(see Ref. 107a). The linear steady-state membrane 
dynamics of  type II cells within the first 50 ms have 
also been reported for large-sized, 63"65'~41 cholinergic 67 
striatal interneurons from acute preparations. In 
addition, strong inward rectification below - 7 0  mV 
has been reported for striatal cholinergic 67 inter- 
neurons. 63'67 This rectification develops slowly on a 
time scale of  several hundreds of  milliseconds. The 
high resting potential of  type II cells, the low input 
resistance and the short-lasting current pulses we 
used might explain why this rectification was not seen 
in our experiments. 

Spike wave form. The spike wave form with its 
prominent  A H P  is in accordance with findings on 

striatal interneurons from the acute slice prep- 
arations 63'65'67 and in vivo.  141 The time to maximum 

A H P  in type II cells is much shorter than reported for 
the slice preparation using the "whole-cell"  patch 
approach. 65'67 As this A H P  is mediated by the open- 
ing of IKtcal,67 the disturbance of  the internal calcium 
concentration might account for this difference. 
Nevertheless, type II neurons showed slower time to 
peak A H P  than type I neurons, which agrees with 
findings in acute immature slices. 67 

Morphology. The average cell body area of  type II 
neurons is similar to that obtained for the CHAT- 
positive neurons in the co-cultures and for cholin- 
ergic 67 interneurons reported in acute striatal 
slices. 63'65'67 It is slightly lower than for the striatal 
interneurons reported by Wilson et al. TM Type II cells 
were characterized by a large, slightly elongated cell 
body with long, smooth and sparsely branched den- 
drites. These morphological  features are similar to the 
ones observed in the ChAT-posi t ive neurons in the 
co-culture system. In combined Golgi and immuno- 
histochemical C h A T  studies in vivo it was shown that 
these morphological  features are typical for striatal 
ChAT-posi t ive neurons in the rat. ~5 We conclude that 
striatal type II neurons in the co-cultures are striatal 
cholinergic interneurons. 

Other striatal interneuron classes. Besides the two 
interneuron classes reported here, a variety of  other 
small to medium-sized interneuron classes are present 
in the s t r ia tum) '38'124"128 Among these classes, at least 
NADPH-diaphorase-posi t ive  interneurons 38'67~33 
have cell body sizes 133 which make them likely to be 
sampled by our visual selection criterion. 67 The com- 
plex and very characteristic spiking behavior of these 
cells under hyperpolarized conditions makes it easy to 
discriminate them from other cell classes. 67 

CONCLUSIONS 

From anatomy and physiology we conclude that 
organotypic cortex-str iatum co-cultures show strong 
similarities with the cortex and the striatum in vivo. 
These similarities apply to the macroscopic organiz- 
ation as well as to the various cortical and striatal cell 
classes studied. In the companion paper we will 
demonstrate that this high degree of  similarity can be 
extended to the neural interaction at the network 
level. 
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