
Axonal Projection, Input and Output Synapses, and Synaptic
Physiology of Cajal–Retzius Cells in the Developing Rat Neocortex

Gabriele Radnikow,1 Dirk Feldmeyer,1 and Joachim Lübke2
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Cajal–Retzius (CR) cells are among the earliest generated neu-
rons and are thought to play a role in corticogenesis and early
neuronal migration. However, the role of CR cells in an early
cortical microcircuit is still rather unclear. We therefore have
investigated the morphology and physiology of CR cells by
using whole-cell patch-clamp recordings combined with intra-
cellular biocytin filling in acute brain slices of postnatal day
5–11 rats. CR cells are characterized by a long horizontally
oriented dendrite; the axonal collaterals form a dense horizon-
tally oriented plexus in layer 1 and to a certain extent in layer
2/3, projecting over �2 mm of cortical surface. The bouton
density is relatively high, and synaptic contacts are established
preferentially with dendritic spines or shafts of excitatory neu-
rons, presumably terminal tuft dendrites of pyramidal neurons.
In turn, CR cells receive dense GABAergic and non-GABAergic
input on somata, dendritic shafts, and spine-like appendages.

Extracellular stimulation in layer 1 could activate both
GABAergic and glutamatergic synaptic inputs. The GABAergic
response was blocked by the GABAA receptor antagonist bicu-
culline. The glutamatergic response was mediated solely by
NMDA receptors and was highly sensitive to ifenprodil, indicat-
ing that it was mediated mainly via NR1/NR2B subunit-
containing receptors. NMDA EPSPs were apparent in 1 mM

extracellular Mg2�, suggesting that this pure NMDA synapse is
not silent functionally. Together, the long-range horizontal pro-
jection of the axon, the high density of synaptic boutons, and
the functional synaptic input of CR cells suggest that they are
an integral part of an early cortical network.
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Cajal–Retzius cells, originally described by Ramón y Cajal
(1891) and Retzius (1893, 1894), are early generated neurons of
the ventricular zone that migrate from their place of birth into the
cortical preplate, also known as the early marginal zone (Marı́n-
Padilla, 1978; Luskin and Shatz, 1985) (for review, see Frotscher,
1998; Marı́n-Padilla, 1998). Because they are generated at the
onset of corticogenesis at approximately embryonic day (E) 12–15
in rat, these neurons often have been considered as pioneer
neurons (König and Marty, 1981; Luskin and Shatz, 1985; Bayer
and Altman, 1990) (for review, see Meyer et al., 1998; Mienville,
1999). As the neocortex develops, the marginal zone becomes
layer 1; subsequently, CR cells begin to disappear, in rat at
approximately postnatal day 15 (P15) (Derer and Derer, 1990;
Del Rio et al., 1996, 1997; Mienville and Pesold, 1999). The fate
of CR cells is the subject of ongoing controversy, being attributed
to cell death, to dilution in the developing neocortex, or to
differentiation into other cortical cell types (Edmunds and Par-
navelas, 1982; Parnavelas and Edmunds, 1983; Derer and Derer,
1990, 1992; Zecevic and Rakic, 2001) (for review, see Marı́n-
Padilla, 1998; Meyer et al., 1999; Mienville, 1999).

CR cells have been suggested to play a key role in the structural

and functional organization of the neocortex, in particular in
layer formation and the inside first–outside last patterning
(Luskin and Shatz, 1985; Noctor et al., 1999, 2001) (for review,
see Rakic and Caviness, 1995). It has been shown that the
degeneration of CR cells in newborn animals results in a dramatic
decrease in the number of radial glial cells and to their early
transformation into astrocytes. Radial glia are thought to provide
a scaffold along which neurons can migrate to their respective
layers. As a consequence, CR cell degeneration interrupts cortical
layer formation (Supèr et al., 2000). Together, these findings
suggest an essential role of CR cells in corticogenesis.

However, the role of CR cells is still rather unknown and is
subject to ongoing discussion (Derer and Derer, 1990, 1992;
Verney and Derer, 1995; Del Rio et al., 1996, 1997; Supèr et al.,
1998, 2000; Meyer et al., 2000; Perez-Garcia et al., 2001) (for
review, see Frotscher, 1998; Marı́n-Padilla, 1998). A detailed
knowledge of the input and output structures of CR cells is
required to understand how CR cells may contribute to an early
cortical microcircuitry. Here we investigated CR cells in the
developing rat neocortex, in particular their axonal projection,
their input–output relations, and synaptic physiology, by using
whole-cell patch-clamp recordings combined with intracellular
biocytin filling and subsequent electron microscopy. Our morpho-
logical findings, in particular the long-range horizontal projec-
tion, the input–output relations, and the synaptic physiology,
suggest that CR cells are active elements in an early neuronal
network.

MATERIALS AND METHODS
Preparation of acute brain slices. All experiments were performed in
accordance with the animal welfare guidelines of the Max Planck Society
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and the University of Freiburg. Wistar rats (P5–P11) were anesthetized
and then decapitated. Coronal slices (350–400 �m in thickness cut from
the rostral surface) and parasagittal slices (right and left hemispheres
separated, tissue fixed on the midline of the brain, cut from the lateral
surface) were prepared with a vibrating microslicer (DTK-1000; Dosaka,
Kyoto, Japan). Slices were incubated at room temperature (20–23°C) for
30 min before recordings were made.

Solutions and drugs. Slices were superfused continuously with extra-
cellular solution containing (in mM): 125 NaCl, 2.5 KCl, 25 glucose, 25
NaHCO3, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2 oxygenated with 95%
O2/5% CO2. In experiments to identify the evoked NMDA EPSC,
MgCl2 was omitted from the bath solution. The intracellular pipette
solution contained (in mM): 105 K-gluconate, 30 KCl, 10 HEPES, 10
phosphocreatine, 4 ATP-Mg, and 0.3 GTP (pH-adjusted to 7.3 with 300
mOsm KOH) and for some voltage-clamp experiments 105 Cs-gluconate,
30 CsCl, 10 HEPES, 10 phosphocreatine, 4 ATP-Mg, and 0.3 GTP
(pH-adjusted to 7.3 with 300 mOsm CsOH). For morphological analysis
1–2 mg/ml biocytin (Fluka, Hamburg, Germany) was added routinely to
the internal solution.

D-AP-5 (D(�)-2-amino-phosphonopentanoic acid), 7-chlorokynurenate,
and NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-
sulfonamide) were purchased from Tocris Cookson (Bristol, UK); bicu-
culline methiodide and ifenprodil were from Sigma-Aldrich (Deisen-
hofen, Germany).

Visual identification of CR cells. Slices were placed in the recording
chamber under an upright microscope (Axioskop; Zeiss, Göttingen,
Germany). CR cells were identified visually at 40� magnification with
the use of infrared-gradient contrast (IR-GC) microscopy by their loca-
tion in cortical layer 1, by the size and shape of their somata, and by the
appearance of a thick stem dendrite originating from one pole of the
soma. To improve slice viability, we performed all measurements at
29–31°C.

Electrophysiolog ical recordings and data analysis. During recording and
biocytin filling the membrane properties and firing characteristics of CR
cells were determined in the fast current-clamp configuration. Potentials
were amplified with an EPC9–2 (HEKA Electronics, Lambrecht, Ger-
many). Recordings were filtered at 2–5 kHz, digitized at 5–10 kHz with
an ITC-16 interface (Instrutech, Great Neck, NY), and stored on a hard
disk of a Macintosh computer. Extracellular stimulation in layers 1 and
2/3 was performed with patch pipettes filled with 1 M NaCl. The stimulus
intensity was adjusted to 5–50 V. The stimulus frequency never exceeded
0.033 Hz.

Decay time constants were determined from single-exponential fits to
the decay phase of the NMDA EPSCs and from double-exponential fits
to the decay phase of the GABA PSCs of averaged synaptic responses,
respectively. All mean values are given with the SD.

Histolog ical procedures. After recording and intracellular filling with
biocytin, the brain slices were fixed in 100 mM PBS, pH 7.4, containing
1% paraformaldehyde and 2.5% glutaraldehyde at 4°C for at least 24 hr.
They then were processed for light and/or electron microscopy as de-
scribed previously (Lübke et al., 2000). In brief, after incubation in ABC
Elite solution (Camon, Wiesbaden, Germany) overnight, the slices were
preincubated in 3�3-diaminobenzidine (Sigma-Aldrich) and visualized
by adding 0.025% H2O2 to the solution. The reaction was stopped when
dendritic and axonal processes were clearly visible. After several washing
steps in 100 mM PBS, the sections after brief postfixation in osmium
tetroxide (1–2 min) were embedded in Moviol (Hoechst AG, Frankfurt
AM, Germany; light microscopy) or after longer osmification (0.5%
OsO4 in 100 mM PBS; 30 min) and dehydration in ethanol were processed
for conventional electron microscopy. Ultrathin sections were cut with an
ultramicrotome (Leitz Ultracut, Hamburg, Germany), counterstained,
and examined with a Philips CM 100 electron microscope (Philips,
Eindhoven, The Netherlands).

Morphological reconstructions of biocytin-filled neurons. Only neurons
for which a complete physiological analysis was made and that had no
obvious truncation of their dendritic and axonal profiles were used for
qualitative and quantitative analysis of their morphology. Neurons were
photographed at various magnifications to document their dendritic
morphology and axonal projection. Representative examples were drawn
with the aid of a camera lucida attached to an Olympus BX50 microscope
(Olympus, Hamburg, Germany) at a final magnification of 720� (60�
objective and 12� eyepiece). These reconstructions provided the basis
for further quantitative morphological analysis of the following param-
eters: (1) mean length of the stem dendrites, (2) total length of the axon,
(3) total number and density of synaptic boutons, and (4) maximal

horizontal field span of axonal collaterals. Measurements were not cor-
rected for shrinkage. For all data the means � SD were calculated.

GABA-postembedding immunogold labeling. The immunogold staining
procedure was performed as described by Somogyi and Hodgson (1985),
using a commercially available antiserum against GABA (Sigma,
München, Germany). The immunostaining was performed on droplets of
Millipore-filtered solutions in humid Petri dishes. Immersion in 1%
periodate (10 min) was followed by several washes in double-distilled
water. Thereafter, the grids were transferred via 2 or 5% sodium meta-
periodate (10–30 min) and rinsed several times in double-distilled water
and three times in Tris-buffered saline (TBS), pH 7.4. After preincuba-
tion in 1% ovalbumin dissolved in TBS (30 min), the grids were incu-
bated in rabbit anti-GABA antiserum (1:5000 in 1% normal goat serum
in TBS). After being rinsed in TBS and 50 mM Tris buffer, pH 7.4,
containing 1% bovine serum and 0.5% Tween 20 (10 min), the grids were
incubated in the secondary antibody (goat anti-rabbit IgG-coated colloi-
dal gold; 10 nm) for 2 hr (diluted 1:10, in darkness). After being rinsed
in 2% glutaraldehyde (10 min), the grids were washed again in double-
distilled water and stained with uranyl acetate and lead citrate. In control
experiments without the primary antibody and sections processed for
GABA after immunogold labeling, almost no or only low background
labeling was detected, whereas the labeling of GABAergic structures
clearly exceeded the mean gold particle density of the maximum back-
ground staining (by at least 4 SD).

RESULTS
Morphology of CR cells
CR cells can be found throughout the entire layer 1; however, the
majority was located directly underneath the pial surface. They
were identified under IR-GC optics by the size and shape of their
somata, a prominent and mainly horizontally oriented stem den-
drite originating from one pole of the soma, and by their charac-
teristic action potential firing pattern (Hestrin and Armstrong,
1996; Zhou and Hablitz, 1996a,b; Kilb and Luhmann, 2000; this
study).

Typical CR cells
Typical CR cells represented the majority (n � 126; 75% of the
total population) of these neurons in layer 1 (Figs. 1, 2, 12B).
Typical CR cells had ovoid or elongated somata with a horizontal
diameter of 25.7 � 5.3 �m (see also Table 1) and were charac-
terized by a prominent horizontally oriented thick stem dendrite
originating from one pole of the soma (Figs. 1A1–A3, 2). Along
its course this dendrite gave rise to short (20–50 �m) secondary
and tertiary dendrites that were oriented mainly vertically toward
the pial surface (Fig. 1A1–A3). The majority of CR dendrites was
covered with spine-like protrusions (Fig. 1A1,A3); however, some
neurons had smooth dendrites without any appendages and short
dendrites (Fig. 1A2). Occasionally, CR cells also formed a termi-
nal tuft at the most distal portion of the stem dendrite (Fig. 1A3).
Some of the stem dendrites could be followed over wide dis-
tances, with a mean dendritic length of 181.9 � 54.1 �m (mini-
mum, 92.1 �m; maximum, 315.8 �m; see also Table 1). Some of
the dendrites terminated in growth cones that could be found
even on CR cells injected in P10 rats, suggesting that these
neurons were still in the process of maturation (data not shown).

The main axon originates always from the opposite pole of the
soma and never from the stem dendrite. The majority of CR cells
that were investigated (�70%) possessed an axon that projected
over a wide range of cortical surface, with individual long-range
horizontal collaterals that were �1 mm in length at this age (Figs.
1B1,B2, 2; see also Table 2). These long-range horizontal collat-
erals were seen to run parallel to the pial surface, with a maxi-
mum field span of 1710.0 � 238.6 �m (minimum, 1013.2 �m;
maximum, 2243.6 �m; n � 20). On its course the main axon gave
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rise to several mainly vertically oriented side branches that, near
the soma, formed cluster-like domains in layer 1 (Figs. 1B1,B2,
2A–C). For typical CR cells the axons were confined entirely to
layer 1 (Figs. 1B1,B2, 2, 12B). Occasionally, axonal growth cones
could be observed (Fig. 1B2–B4), indicating that some of these
axons were still in the process of elongation.

Another striking feature of CR cells was the high density of
synaptic boutons found at this age (see Table 2). For comparison,
the number of synaptic boutons counted per 100 �m axonal
segment of spiny stellate and pyramidal neurons was not signifi-
cantly higher, but these data were from older animals (15–25 d;
Lübke et al., 2000). The finding that CR cells possess an extensive
axonal projection already at an early postnatal stage raised the
question of its functional relevance. The long-range horizontal
projection of the axon, together with a comparably high density of
synaptic boutons, may indicate the existence of a rather extensive
neuronal network in layer 1. One may speculate that CR cells
could integrate cortical signal flow originating from neurons in
the underlying cortical layers over a wide area of cortical surface
already in an immature cortex (P5–P15).

Atypical CR cells
A subpopulation of CR cells differed from typical CR cells in
their dendritic configuration (Fig. 3) and/or the projections of
their axons (Figs. 4, 12B) and therefore was classified as “atypi-
cal” CR cells. They were fewer in number, and their location in
layer 1 was different from those of typical CR cells.

The somata of atypical CR cells (horizontal diameter, 25.9 �
8.7 �m; see Table 1) were located right underneath the pial
surface, in the middle half of layer 1, or near the border between
layers 1 and 2/3 (Fig. 4). From the soma of atypical CR cells either
two or more thick stem dendrites of similar size originated
directly from the soma (Fig. 3A). More frequently, the stem
dendrites gave rise to twinned dendrites (Fig. 3B) or had shorter
secondary and higher order dendrites that branched off and then
took a vertical and/or horizontal course (Fig. 3C). Some of these
dendrites were seen to terminate in layer 2/3. In a few cases even
somata and proximal dendrites were oriented vertically (Fig. 3D).
As shown for typical CR cells, the majority of dendrites was
covered with spine-like protrusions. Some neurons formed small

Figure 1. Dendritic and axonal mor-
phology of typical CR cells. A1–A3,
Light microscopic images of biocytin-
filled CR cells showing the heterogene-
ity in their dendritic morphology with
respect to the length of the stem den-
drite, side branches, and frequency of
spine-like appendages. The CR cell in
A1 has a relatively high number of side
branches and spine-like appendages (in-
dicated by arrows); the CR cell in A2 has
a single smooth stem dendrite; the CR
cell in A3 is an example with a short-
stem dendrite terminating in a terminal
tuft-like structure with short spine-like
appendages. Scale bars: A1, 20 �m; A2,
A3, 25 �m. B1, B2, Axonal projections
of typical CR cells. The main axon
emerges directly from the soma, run-
ning parallel to the pial surface with
short collaterals that form periodically
spaced cluster-like structures. The en-
tire axonal arborization is confined to
layer 1. The f ramed area in B2 is shown
at higher magnification in B3. Scale
bars: B1, B2, 50 �m. B3, High magnifi-
cation of a cluster-like axonal arboriza-
tion with an axonal growth cone (aster-
isk). Scale bar, 10 �m. B4, Axonal
growth cone of a CR cell axon in layer
1. Note the typical filopodia. Scale bar, 5
�m. All figures are oriented such that
the pial surface is on top.
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terminal tufts at their tips (Fig. 3A, inset), whereas others had
smooth dendrites without any appendages.

For most CR cells with an atypical dendritic configuration the
axonal projection and density of synaptic boutons were similar to
those of typical CR cells with a maximal field span of 1.5–2 mm.
However, CR cells were found that, besides their projection
within layer 1, had descending axonal collaterals that were seen to
terminate in layer 2/3 (Figs. 4, 12B). Furthermore, the axonal
plexus of such neurons was less dense than that of typical CR cells
(compare Figs. 4, 12C with 2, 12B).

Electrophysiological characteristics
Membrane properties and firing pattern were not different in
typical and atypical CR cells and corresponded well to the elec-
trophysiological characteristics described previously for CR cells
in younger animals (Kim et al., 1995; Hestrin and Armstrong,
1996; Zhou and Hablitz, 1996a; Kilb and Luhmann, 2000). CR
cells had a relatively depolarized average resting membrane po-
tential of �44.6 � 7 mV and a high input resistance of 1.2 � 0.8
G	. However, no change in resting membrane potential with age
was observed within the time window that was investigated (P5–
P11), as described by Zhou and Hablitz (1996a). Regular action
potential firing could be initiated by depolarizing current injec-
tion in the majority of CR cells (Fig. 5A1,A2). Some cells fired
only a few initial action potentials at depolarization; in some cases
the sequences of action potentials were separated by silent inter-
vals with no firing (data not shown). A sequence of action poten-
tials was characterized by a pronounced spike broadening (Fig.
5A1,A2). A sag, indicating the existence of an Ih current, was
activated by hyperpolarizing current pulses (Fig. 5A1,A2). At
29–31°C and a membrane potential of �60 mV the action poten-
tials had a long half-width of 6.4 � 2.3 msec (n � 22). There was
no significant difference in the half-width of action potentials
elicited from hyperpolarized membrane potentials (�90 and �80
mV) to remove Na� channel inactivation (data not shown). In

contrast, layer 1 interneurons at the same age were fast-spiking,
with short-duration action potentials (half-width, 1.9 � 1.3 msec)
and pronounced afterhyperpolarizations (Fig. 5B,C; cf. Hestrin
and Armstrong, 1996).

Input synapses to CR cells
The existence of synaptic input to CR cells is still discussed
controversially. Somatic and dendritic input synapses have been
found on embryonic CR cells (König and Marty, 1981), but only
a few postnatal cells appear to bear synapses (König and Marty,
1981; Derer and Derer, 1990, 1992). Furthermore, morphological
data on the neurotransmitter phenotype of these inputs are pres-
ently not available; however, electrophysiological and imaging
studies in rat and mouse suggest that CR cells may receive
glutamatergic, GABAergic, serotonergic, and noradrenergic in-
puts (Kim et al., 1995; Schwartz et al., 1998; Aguiló et al., 1999;
Kilb et al., 2001). We therefore looked for synaptic inputs on
morphologically and physiologically identified CR cells, using a
combination of intracellular biocytin labeling and GABA-
postembedding immunohistochemistry (n � 5 CR cells). In con-
trast to previous studies, CR cells receive dense synaptic input
(Fig. 6A). Synaptic boutons terminating onto CR cells were found
on somata (Fig. 6A–C), proximal (Fig. 6D,E) and distal dendrites
(Fig. 6F,G) directly on dendritic shafts (Fig. 6E–G), or on spine-
like appendages (Fig. 6D). CR cells received input from both
GABAergic and non-GABAergic synapses. Dense GABAergic
input was found particularly at the somatic region (Fig. 6B,C) and
proximal parts of the stem dendrite. Non-GABAergic inputs were
found both on the proximal and distal dendrites of CR cells
(Fig. 6D,F).

Postsynaptic target structures of CR cells
It is not known whether cortical CR cells establish functional
output synapses. However, as shown in Table 2, CR cells have a
relatively high density of synaptic boutons for this developmental

Figure 2. Camera lucida reconstruc-
tions of typical CR cells. A–C, Three
representative examples of CR cells
with a typical axonal projection that is
confined to layer 1 (L1). The somata
and dendrites are drawn in black and
the axonal arborization in gray. Top
lines indicate the pial surface; dashed
lines indicate the border between layer 1
and layer 2/3. In B, the middle line rep-
resents the pial surface–ependymal
transition zone. All CR cells have long-
range horizontal axons that project up
to 2 mm of cortical surface. Scale bar,
100 �m.
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stage when compared with bouton counts of principal neurons
taken from older rats (Lübke et al., 2000). We therefore exam-
ined whether CR cells establish synaptic contacts and what their
postsynaptic target structures are. Synaptic contacts between the
axonal collaterals of biocytin-labeled CR cells and postsynaptic
target structures could be identified in serial ultrathin sections
through the entire axonal domain of CR cells (n � 4). Axonal
collaterals and synaptic boutons could be identified easily by the
presence of the dark diaminobenzidine-reaction product. Asym-

metric synaptic contacts with the following features were ob-
served: the presence of synaptic vesicles in the bouton, a clear
synaptic cleft, and a postsynaptic dense region (Fig. 7).

To identify further the transmitter phenotype of the postsyn-
aptic target structures, we performed GABA-postembedding im-
munogold labeling. Synaptic boutons were found on dendritic
shafts (Fig. 7A,C,D) and spine-like appendages (Fig. 7B). The
majority was established on dendritic shafts that were variable in
size. All biocytin-labeled boutons that were investigated (n � 53)
formed en passant synapses on non-GABAergic dendritic profiles,
suggesting that CR cells specifically innervate non-GABAergic,
presumably glutamatergic, structures. Postsynaptic targets could
be terminal tuft dendrites of pyramidal neurons, although in layer
1 GABAergic synapses, dendrites and somata (indicated by gold
grains) were observed frequently at this age (data not shown). We
cannot rule out the possibility that CR cell axons also may establish
synaptic contacts with GABAergic neurons. However, our findings
suggest that the target neurons of CR cells are predominantly
non-GABAergic, presumably glutamatergic, neurons.

Synaptic physiology of CR cells
To verify that the morphologically identified input synapses are
functional, we performed extracellular stimulation experiments
to activate postsynaptic responses in CR cells, which then were
characterized pharmacologically. In all experiments the postsyn-
aptic CR cell was filled with biocytin via the recording pipettes to
allow for a morphological cell identification. No spontaneous
synaptic activity was present in CR cells in the time window that
was investigated (P5–P11).

Figure 8 shows synaptic responses evoked by extracellular
stimulation in layer 1 in a morphologically identified CR cell. In
control saline (Fig. 8B1) a large postsynaptic potential was elic-

Table 1. Quantitative parameters of somata and dendrites of Cajal–
Retzius cells

Typical Cajal–
Retzius cells
(n � 28)

Atypical Cajal–
Retzius cells
(n � 24)

Vertical soma diameter (�m) 10.1 � 1.8 10.9 � 2.8
Minimum 7.1 5.1
Maximum 14.1 16.6
Horizontal soma diameter (�m) 25.7 � 5.3 25.9 � 8.7
Minimum 15.4 12.8
Maximum 34.6 52.6
Length of stem dendrite (�m) 181.9 � 54.1 188.8 � 81.2*

176.3 � 60.7*
149.2 � 73.6*

Number of side branches 5.5 � 3.2 5.2 � 3.3
Minimum 0 0
Maximum 16 13
Occurrence of dendritic spines 70% 75%

*Indicates primary, secondary, and tertiary stem dendrites of atypical Cajal–Retzius
cells. These dendrites either emerge directly from the soma or very proximal 
25
�m from the stem dendrite. All values are given as mean � SD.

Table 2. Quantitative parameters of the axon of Cajal–Retzius cells in layer 1

Reference number
Total length of ax-
onal collaterals (�m)

Maximal field span of
axonal collaterals (�m)

Total number of
synaptic boutons

Number of boutons/100
�m axonal segment

CR230500C 7094.9 1832.1 713 10.0
CR050600A 7384.6 1817.9 837 11.3
CR050600B 6571.3 1870.5 937 14.3
CR110700C 9325.8 1839.8 974 10.5
CR190700C 9637.5 1783.3 1179 12.2
CR191000D 8081.3 1711.5 971 12.1
CR191200C 5211.9 1611.8 639 12.3
CR191200D 6219.7 1498.6 709 11.4
CR100101A 6144.7 1666.7 717 11.7
CR100101B 5513.2 1013.2 648 11.8
CR290301D 6973.7 2243.6 1180 16.9
CR050401A 6987.7 1537.8 747 10.7
CR100401A 6033.7 1799.7 787 15.0
CR300401A 7324.5 1877.9 1021 13.9
CR030501D 6856.4 1598.9 803 11.7
CR170501B 5539.5 1469.2 785 14.2
CR220501C 7197.4 1948.7 726 10.0
CR110601A 8221.6 1876.3 836 10.2
CR110601B 7023.1 1655.3 757 10.8
CR150601D 6367.9 1609.7 678 10.6
Mean 6930.0 1710.0 825.3 12.0
SD 1162.6 238.6 160.4 1.7
Median 6973.7 1711.5 785.0 11.7

To demonstrate variability of morphological parameters between different CR cells, data from individual neurons are listed.
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ited that either was blocked (n � 3) or was reduced significantly
(n � 11) by the GABAA receptor antagonist bicuculline (20 �M)
(Fig. 8B2). The subsequent application of the non-NMDA recep-
tor antagonist NBQX (10 �M) (Fig. 8B3) was without effect (n �
6), whereas the NMDA receptor antagonist D-AP-5 (50 �M) (Fig.

8B4) caused a complete inhibition of the synaptic response (n �
6). Reversing the order of the glutamate receptor antagonists
(i.e., application of D-AP-5 before NBQX) resulted in a complete
block of the synaptic response directly after the D-AP-5 applica-
tion, indicating that glutamatergic synaptic responses in CR cells
are mediated exclusively by NMDA receptors.

GABAergic synaptic responses
To characterize the synaptic response, we evoked GABAA

receptor-mediated PSPs and PSCs in the presence of glutamate
receptor antagonists (10 �M NBQX and 50 �M D-AP-5 or 25 �M

7-chlorokynurenate). Very low stimulation frequencies (0.025–
0.016 Hz) had to be used to prevent a rapid rundown of the
synaptic response. Under these conditions GABAA receptor-
mediated PSPs showed little fluctuation, and their amplitude was
comparatively stable (Fig. 9A,B). The evoked GABAA PSC had a
slow time course and decayed in a double-exponential manner
(�1 � 13.2 � 7.6 msec; �2 � 134.1 � 84.9 msec; n � 9) (Fig. 9C,D).
In all of the cases that were tested, bicuculline blocked the
GABAA PSC entirely (n � 11) (Fig. 9C).

Glutamatergic synaptic responses
When GABAergic synaptic activity was blocked with bicuculline,
small EPSPs (0.5–1 mV) could be evoked even in the presence of
1 mM Mg2� (at �60 mV) (Fig. 8B3). When Mg2� was removed
from the bath solution, extracellular stimulation resulted in a
synaptic current that was mediated entirely by NMDA receptors
and inhibited completely by 50 �M D-AP-5 (Fig. 10A). In the time
window that was investigated (P5–P11), no AMPA receptor-
mediated synaptic current could be evoked. In 0 Mg2� and at
�30°C the NMDA EPSC decayed exponentially with a time
constant of 118.9 � 16.9 msec (n � 9) (Fig. 10B). For dihetero-
meric recombinant NMDA receptors composed of the NR1 and
the NR2B subunit, a decay time constant of 300 msec was mea-
sured at room temperature (Monyer et al., 1994). Given a tem-
perature difference of �8°C between room temperature and our
recording temperature and a Q10 of 2–3, the decay time constants
are in good agreement. In addition, at a concentration of 1 �M the
noncompetitive NMDA receptor antagonist ifenprodil (Williams,

Figure 3. Dendritic morphology of atypical CR cells. A–D, Light micro-
scopic images of biocytin-filled CR cells with an atypical dendritic con-
figuration. Atypical CR cells are characterized by two prominent den-
drites of similar caliber and length emerging directly from the soma ( A),
by twinned dendrites of similar size and length (B), vertically and hori-
zontally oriented dendrites of different order and size (C), and stem
dendrites that are oriented vertically toward the pial surface (D). Some of
these dendrites form terminal tufts at their tips (inset in A). Intracellular
injection of biocytin in an individual CR cell often results in additional
staining of a cluster of 4–10 neurons in the underlying cortical layers. All
figures are oriented such that the pial surface is on top. Scale bars: A, 100
�m; inset in A, 10 �m; B–D, 25 �m.

Figure 4. CR cell with an atypical ax-
onal projection. A, Low-power light mi-
croscopic image of a CR cell with an
axonal projection that is not confined to
layer 1. The soma and dendrites of the
neuron are located at the border between
layer 1 and layer 2/3. In this case the ax-
onal arborization in layer 1 is not as dense
as for typical CR cells and has numerous
vertically oriented collaterals. Scale bar,
100 �m. B, Corresponding camera lucida
reconstruction of the neuron shown in A.
The soma and dendrites are drawn in
black and the axonal arborization is
drawn in red. Top black line indicates the
ependymal surface; the dashed line indi-
cates the border between layer 1 and
layer 2/3. Bottom black line represents the
pial surface–ependymal transition zone.
A large fraction of the axonal collaterals
in layer 1 is vertically oriented, terminat-
ing in the ependymal zone. Several ax-
onal collaterals are located clearly in
layer 2/3. Scale bar, 100 �m.
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1993) reduced the NMDA EPSC amplitude by 38.9 � 8.9% (n �
7) (Fig. 10C,D). Increasing the ifenprodil concentration to 10 �M

suppressed the NMDA EPSC by 85.8 � 9.5% (n � 4) (Fig. 10D);
higher ifenprodil concentrations led to a complete inhibition of
the synaptic NMDA receptor response.

At �60 mV and in the presence of 1 mM Mg2� a clear (0.5–2
mV) NMDA receptor-mediated EPSP could be evoked in CR
cells (Fig. 11A). However, when we switched to voltage clamp,
only a very small NMDA receptor current was discernible (Fig.
11B, gray trace). Washout of extracellular Mg2� revealed a clear
NMDA receptor-mediated EPSC that was blocked by 50 �M

D-AP-5. This indicates that the pure NMDA synapses onto CR
cells are not “silent” synapses as have been proposed for other
central neurons (Isaac et al., 1995; Liao et al., 1995) but are
functional, in particular at depolarized membrane potentials.

Dye coupling between CR cells and other
neocortical neurons
Dye coupling is a frequent observation in the immature neocortex
(Gutnick and Prince, 1981; LoTurco and Kriegstein, 1991; Yuste
et al., 1992; Peinado et al., 1993b; Rörig et al., 1996) (for review,
see Peinado et al., 1993a). In 25% of the biocytin-labeled CR cells
dye coupling to a group of 5–10 pyramidal neurons in layers 2/3
and 5 was observed (Fig. 12B,C). Occasionally, costained nonpy-
ramidal neurons also were found. The intensity of the staining

varied with distance to the intracellularly labeled CR cells, al-
though most pyramidal neurons were spatially very close to the
CR cell. The staining was always very clear without any extracel-
lular dye deposits in the surrounding tissue. At the light micro-
scopic level some of the apical dendrites of the pyramidal neurons
crossed the stem dendrites of CR cells in close apposition (Figs.
3A, 12A), suggesting the existence of gap junctional coupling in
addition to chemical synapses. Dye coupling was observed through-
out the entire time window that was investigated (P5–P11).

DISCUSSION
Long-range axonal projection and high density of
synaptic boutons
Together, our results suggest that CR cells are active elements in
an early neuronal network. All CR cells described here were
characterized by long-range horizontal axons (1000–2000 �m),
which is in contrast to previous studies in mouse, rat, and humans
where the axonal field span never exceeded 500 �m (Derer and
Derer, 1990; Marı́n-Padilla, 1990; Hestrin and Armstrong, 1996;
Aguiló et al., 1999; Kilb and Luhmann, 2001). Such widespread
axons, together with the relatively high number of synaptic bou-
tons and synaptic contacts preferentially established with non-
GABAergic profiles, suggest a role for CR cells in an early
cortical network. Long-range horizontal excitatory connections in
the visual cortex of mature cats and monkeys that project over
long distances are thought to integrate visual information of
cortical columns that share the same iso-orientation (Katz et al.,
1989; Bosking et al., 1997; Kisvárday et al., 1997). Taking into
account that CR cells possess such long-range horizontal axons
very early in development, one might speculate that CR cells
integrate synaptic activity of developing pyramidal cells in the
underlying cortical plate, thereby contributing to the establish-
ment of cortical domains.

Postsynaptic target structures of CR cells
It is still unknown whether CR cells form functional output
synapses, one prerequisite for an active role in a cortical network.
It has been suggested previously that CR cell axons form synaptic
contacts with pyramidal cell dendrites (Derer and Derer, 1990;
Marı́n-Padilla, 1998), although direct evidence so far has been
lacking. Here we demonstrate that CR cells establish en passant
asymmetric synaptic contacts preferentially on dendritic shafts or
spines of non-GABAergic neurons. Because the terminal tuft
dendrites of neocortical pyramidal neurons are the most frequent
non-GABAergic structures found in layer 1 (for review, see
Marı́n-Padilla, 1998), these neurons are the most likely target
structures of CR cells. However, the ultimate experimental proof
will be paired recordings from CR cells and their postsynaptic
target neurons.

Synaptic inputs to CR cells
No studies are presently available that provide detailed informa-
tion about the nature, extent, or origin of synaptic inputs to CR
cells. Ultrastructural data, so far, suggest that early postnatal CR
cells receive either no synaptic input (König and Marty, 1981) or
only a few synapses (Edmunds and Parnavelas, 1982; Parnavelas
and Edmunds, 1983; Derer and Derer, 1990, 1992). Furthermore,
the fate of synaptic inputs during development is still a matter of
debate: their number either may increase (Parnavelas and Ed-
munds, 1983) or may decrease (Derer and Derer, 1990, 1992). In
line with Edmunds and Parnavelas (1982) we found that, in
P5–P11 animals, CR cells receive relatively dense synaptic input

Figure 5. Electrophysiological characteristics of typical and atypical CR
cells compared with GABAergic interneurons in layer 1. A, Voltage
responses of a typical (A1) and an atypical CR cell (A2) to depolarizing
and hyperpolarizing current pulses of 1 sec duration; the membrane
potential of both cells was held close to �60 mV. There were no signifi-
cant differences in the firing patterns of CR cells with typical and atypical
morphologies. Both types of CR cells fired long-duration action potentials
(pooled data: half-width, 6.4 � 2.4 msec). A train of action potentials was
characterized by adaptation and spike broadening. Both CR cells show a
characteristic sag in the hyperpolarizing response indicative of the pres-
ence of Ih. B, Recordings showing the voltage responses of a GABAergic
interneuron in layer 1 to depolarizing and hyperpolarizing current pulses.
The GABAergic interneuron (a neurogliaform cell) fires a high-
frequency train of short-duration action potentials with clear afterhyper-
polarizations and no adaptation or spike broadening. A small sag was
visible in the hyperpolarizing response. C, Comparison of action poten-
tial duration in a CR cell (A1; solid line) and the interneuron (B; dashed
line). The action potentials of the two cells have been aligned to the
beginning of the upstroke. The action potential firing threshold of the
neurogliaform cell was �10 mV more negative than that in the CR cell.

6914 J. Neurosci., August 15, 2002, 22(16):6908–6919 Radnikow et al. • Morphology and Physiology of Cajal–Retzius Cells



not only on the somatic region but also on proximal as well as
distal dendrites and spine-like protrusions. Both GABAergic and
non-GABAergic input synapses were present at all ages that were
investigated.

In agreement with the morphological findings we could evoke
GABAergic and glutamatergic synaptic responses in morphologi-
cally identified CR cells of the same age range. Kilb and Luhmann
(2001) reported spontaneous GABAA PSCs; however, spontane-
ous activity ceased after P4, consistent with our observations.

Glutamatergic inputs to morphologically identified CR cells
were characterized pharmacologically as pure NMDA receptor-
mediated EPSPs or EPSCs, respectively. No AMPA/kainate
receptor-mediated responses could be elicited in all of the CR
cells that were investigated. Similarly, only whole-cell NMDA
responses were present in mouse CR cells, whereas AMPA re-
ceptor responses were present in human CR cells (Lu et al.,
2001). In addition, calcium imaging of CR cells showed a much
weaker response to AMPA than to NMDA (Schwartz et al.,
1998). However, in young rat CR cells (P0–P4) the occurrence of
both non-NMDA and NMDA EPSCs has been reported previ-
ously (Kim et al., 1995).

NMDA receptor-mediated EPSCs had a relatively slow decay
time course and were highly susceptible to block by ifenprodil,
indicating that the underlying receptors were composed of the
NR1 and NR2B subunits (Williams, 1993; Monyer et al., 1994).
Supporting this interpretation, low ifenprodil concentrations in-
hibited agonist-evoked NMDA responses in CR cells (Mienville
and Pesold, 1999; Lu et al., 2001). The presynaptic sites of these
glutamatergic inputs may be association fibers in layer 1 or axons
of pyramidal neurons in the underlying cortical layers.

Besides the inputs described here, CR cells may receive syn-
aptic inputs via other neurotransmitters. Serotonergic inputs from
the raphe nuclei or noradrenergic inputs from locus ceruleus
reach the cortex early during development (Parnavelas et al.,
1988) and may establish synaptic contacts with CR cells. This idea
is supported further by calcium imaging (Schwartz et al., 1998),
suggesting the presence of �-adrenergic receptors on CR cells.
Furthermore, �2A-adrenergic receptors have been detected in
monkey CR cells (Wang and Lidow, 1997).

Dye coupling between CR cells and other neurons
In 25% of all intracellular biocytin fillings, dye coupling between
CR cells and clusters of pyramidal neurons or, to a lesser extent,
nonpyramidal neurons was observed at P5–P11. Because of the
relatively long distance between the injected CR cell and the
costained neurons (� 50 �m), somatic uptake of the dye appears
rather unlikely. In support of this view, the region around the
intracellularly injected CR cell was devoid of extracellular dye
deposits.

Dye coupling between neocortical neurons has been proposed
to be an indicator for the presence of gap junctions (Gutnick and
Prince, 1981; Connors et al., 1983; LoTurco and Kriegstein; 1991;
Yuste et al., 1992; Peinado et al., 1993b; Rörig et al., 1996). It
occurs between pyramidal neurons but also has been observed
between neurons of superficial layers (Gutnick and Prince, 1981;
Kim et al., 1995). The incidence of coupling decreases dramati-
cally during postnatal development, being almost nonexistent
after the second postnatal week (Connors et al., 1983; LoTurco
and Kriegstein, 1991; Kim et al., 1995; Rörig et al., 1996). This
parallels the developmental decrease in the expression of the

Figure 6. Synaptic input to CR cells. A,
Low-power electron microscopic image
of the somatic region with the initial seg-
ment of the stem dendrite emerging from
one pole of the soma of a typical CR cell
filled with biocytin (as indicated by the
dark reaction product). CR cells receive
relatively dense GABAergic and non-
GABAergic input at the somatic region
and dendrites, as shown at higher magni-
fication in B–G. The nucleus (nu) of this
CR cell showed an eccentric location in
the cytoplasm. Circled areas mark the dis-
tribution of synaptic contacts along the
soma and the initial segment of the stem
dendrite. Note the large extracellular
space within the neuropil that is charac-
teristic for this age (P9). Scale bar, 2 �m.
B–G, Typical examples of input synapses
at the somatic region (so; A–C) and prox-
imal (D, E) and distal dendrites (d; F, G).
The synaptic contact in D is established
with a dendritic spine (sp). Both GABAer-
gic (after immunogold labeling for GABA
as indicated by gold grains in B, C, G) and
non-GABAergic (absence of gold grains
in B, D–F ) synapses were found. Scale
bars: B–G, 0.25 �m.
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neuronal connexins 36 and 47 (Belluardo et al., 2000; Teubner et
al., 2001). Together, it is likely that CR cells are coupled to other
neurons not only via chemical synapses but also via gap junctions.

Immaturity of CR cells
It has been suggested that CR cells remain in “a state of persis-
tent immaturity” (Derer and Derer, 1992) because they exhibit a
number of features characteristic for immature neurons.

CR cell axons and dendrites possess growth cones (Derer and
Derer, 1990; this study), and their dendrites often bear immature
spine-like filopodia. They have a high input resistance and long-
duration action potentials suggesting a low Na� channel density
(Kim et al., 1995; Hestrin and Armstrong, 1996; Zhou and
Hablitz, 1996a; Kilb and Luhmann, 2000). The membrane poten-
tial is depolarized; because of a high intracellular Cl� concen-
tration (up to 50 mM), a switch to lower Cl� concentrations does
not occur (Mienville, 1998). Under these conditions both
GABAergic and glutamatergic synaptic inputs are depolarizing,
as suggested for developing neocortical neurons (Luhmann and
Prince, 1991; Agmon et al., 1996; Owens et al., 1996). Another
immature feature of CR cells are glutamatergic synapses contain-
ing only NMDA receptors of the NR1/NR2B subunit composi-
tion (Monyer et al., 1994; Sheng et al., 1994; Takahashi et al.,
1996; Flint et al., 1997; Stocca and Vicini, 1998; Tovar and
Westbrook, 1999). Last, there appears to be a high incidence of
gap junctional coupling between CR cells and other neurons,
another feature of the developing neocortex.

In contrast to the persisting neurons of the neocortex, CR cells

Figure 7. Postsynaptic target structures of CR cells. Shown is electron
microscopy of synaptic contacts established by the axonal collaterals of
CR cells on postsynaptic target structures. En passant synaptic boutons
(b) are located either on dendritic shafts (d) as shown in A, C, and D or
on the spines (sp) in B. Note that all postsynaptic target structures are
GABA-negative, as indicated by the absence of gold particles in these
structures. Scale bar for A–D, 0.25 �m.

Figure 8. Synaptic responses in an identified CR cell. A, Reconstruction
(A1; soma and dendrites, black; axon, red) and photomicrograph (A2) of
a typical CR cell that was recovered after synaptic stimulation. Scale bars:
A1, 100 �m; A2, 50 �m. B, Synaptic responses evoked in a CR cell by
stimulation in layer 1. B1, EPSP in control saline. B2, After the addition
of 20 �M bicuculline (BCC) the EPSP was strongly reduced. B3, Subse-
quent application of 10 �M NBQX had no effect. B4, Additional applica-
tion of 50 �M D-AP-5 abolished the response. The traces represent
averages of 10–15 EPSPs.

Figure 9. GABAA receptor-mediated PSPs and PSCs. A, GABAA PSPs
evoked in the presence of glutamate receptor antagonists at a holding
potential of �60 mV. Gray traces represent single responses; the black
trace represents the average PSP. Note the slow decay time course of the
GABAA PSPs. B, Peak amplitude of GABAA PSPs stimulated at a
frequency of 0.05 Hz. Higher frequency caused a rapid rundown of the
signal. C, GABAA PSCs evoked in the presence of glutamate receptor
antagonists. The application of 20 �M bicuculline resulted in a complete
block of the synaptic response. The traces represent averages of 10–15
sweeps. D, Evoked GABAA PSCs decayed in a double-exponential man-
ner with a fast time constant (�1 ) of 13.2 � 7.6 msec and a slow time
constant (�2 ) of 134.1 � 84.9 msec (significantly different, p 
 0.001; t test;
n � 9).
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remain in a developing state, failing to acquire the features of
adult neurons. They therefore may be transient in nature and
destined to undergo cell death at a time when layer formation is
completed. A proposed mechanism for this is excessive Ca2�

influx via NMDA receptors (Schwartz et al., 1998; Mienville and
Pesold, 1999). This mechanism will be enhanced by the depolar-

izing GABAA PSPs (Mienville, 1998). However, the NMDA
receptors involved in this process are not only extrajunctional
(Mienville and Pesold, 1999) but also located at synaptic sites, as
shown here. This may result in a more pronounced Ca2� influx
than by activation via ambient glutamate alone.

A possible functional role of CR cells
In this study we demonstrate that CR cells receive dense
GABAergic and glutamatergic synaptic input and in turn provide
synaptic output preferentially to pyramidal neurons of the under-
lying cortical layers, thereby constituting an integrative element
of an early cortical network. The total population of CR cells
provides a dense axonal network that establishes synaptic con-
tacts over a wide range of cortical surface. Thus it appears
plausible that synaptic input from CR cells is required to anchor
the apical dendrites of their postsynaptic target cells in layer 1, as
hypothesized by Marı́n-Padilla (1998). The interaction between

Figure 10. NMDA receptor-mediated postsynaptic currents in CR cells.
A, Evoked NMDA receptor EPSC recorded at a holding potential of �60
mV in the presence of 20 �M bicuculline in a 0 Mg 2� solution. The EPSC
was abolished completely by the addition of 50 �M D-AP-5; no non-
NMDA component of the EPSC was observed. The traces represent
averages of 10–12 sweeps. B, Histogram of the NMDA EPSC decay time
constants. The mean value was 118.9 � 16.9 msec (n � 6). C, Evoked
NMDA EPSC in 0 Mg 2� and 20 �M bicuculline in the absence and
presence of 1 �M ifenprodil. The traces represent averages of 10–15
sweeps. D, Effect of 1 and 10 �M ifenprodil on the peak amplitude of
evoked NMDA EPSCs. The NMDA EPSC amplitude was reduced by
38.9 � 8.9% (n � 7) and 85.8 � 9.5% (n � 4) by 1 and 10 �M ifenprodil,
respectively.

Figure 11. Pure NMDA synapses in CR cells are functional. A, Evoked
NMDA EPSP recorded at �60 mV in the presence of 20 �M bicuculline
and 1 mM extracellular Mg 2�. B, After switching to voltage clamp without
changing the stimulus intensity and location, we could elicit only a small
NMDA EPSC ( gray trace corresponds to the EPSP shown in A). Removal
of extracellular Mg 2� resulted in an �10-fold increase of the EPSC
amplitude. The addition of 50 �M D-AP-5 caused a complete block of the
NMDA EPSC.

Figure 12. Dye coupling between CR cells and neurons in the underlying
cortical layers. A, Low-power light microscopic image of a typical CR cell
located right beneath the pial surface. A costained pyramidal neuron is
visible in layer 2/3. The apical dendrite of this neuron is in close vicinity
to the stem dendrite of the CR cell (arrow). Scale bar, 100 �m. B, C,
Camera lucida reconstructions of biocytin-filled CR cells with additional
labeling of a cluster of dye-coupled neurons (blue) in layer 2/3. The
pyramidal neurons were well stained, whereas the surrounding tissue
showed no trace of extracellular dye deposits, suggesting that dye spillover
was not the cause for the labeling. Dye coupling was observed in 25% of
cases and may indicate the presence of gap junctional coupling between
CR cells and neurons of different cortical layers. The color code of CR
cells is the same as in the previous drawings. Scale bar, 100 �m.
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CR cells and pyramidal cells may constitute an interface until the
latter receive their final afferents in the mature neocortex.

With respect to neocortical organization, CR cells may play a
role reminiscent of that of subplate neurons, which provide a
scaffold for thalamocortical afferents (McConnell et al., 1989;
Friauf et al., 1990; Goodman and Shatz, 1993) with the difference
that subplate neurons are transient targets of these afferents,
whereas CR cells provide synaptic input to pyramidal neurons.
One may speculate that this scaffold is required during early
stages of sensory map formation. The secretion of reelin may be
one way by which CR cells communicate with other neurons in
the developing neocortex. Reelin is a glycoprotein that has been
proposed to act as a stop signal for migrating neurons, promote
synaptogenesis and neurite outgrowth (D’Arcangelo et al., 1995;
Del Rio et al., 1997; Borrell et al., 1999; Rodriguez et al., 2000).
This may help to achieve a concerted action of CR cells and their
partner neurons during early stages in the development of syn-
aptic circuits.
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