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Recurrent Connection Patterns of Corticostriatal Pyramidal
Cells in Frontal Cortex

Mieko Morishima and Yasuo Kawaguchi
Division of Cerebral Circuitry, National Institute for Physiological Sciences, Department of Physiological Sciences, The Graduate University for Advanced
Studies, Aichi, Okazaki 444-8787, Japan

Corticostriatal pyramidal cells are heterogeneous in the frontal cortex. Here, we show that subpopulations of corticostriatal neurons in
the rat frontal cortex are selectively connected with each other based on their subcortical targets. Using paired recordings of retrogradely
labeled cells, we investigated the synaptic connectivity between two projection cell types: those projecting to the pons [corticopontine
(CPn) cell], often with collaterals to the striatum, and those projecting to both sides of the striatum but not to the pons [crossed
corticostriatal (CCS) cell]. The two types were morphologically differentiated in regard to their apical tufts. The dendritic morphologies
of CCS cells were correlated with their somatic depth within the cortex. CCS cells had reciprocal synaptic connections with each other and
also provided synaptic input to CPn cells. However, connections from CPn to CCS cells were rarely found, even in pairs showing CCS to
CPn connectivity. Additionally, CCS cells preferentially innervated the basal dendrites of other CCS cells but made contacts onto both the
basal and apical dendrites of CPn cells. The amplitude of synaptic responses was to some extent correlated with the contact site number.
Ratios of the EPSC amplitude to the contact number tended to be larger in the CCS to CCS connection. Therefore, our data demonstrate
that these two types of corticostriatal cells distinct in their dendritic morphologies show directional and domain-dependent preferences

in their synaptic connectivity.
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Introduction

In the neocortex, pyramidal cells projecting to the same target
areas are aggregated within given cortical layers, with each layer
containing several projection types (Jones, 1984; Kasper et al.,
1994; Gao and Zheng, 2004). Even within microregions of the
same cortical layer, there can exist several projection cell types
(Lévesque et al., 1996b; Vercelli et al., 2004; Gabbott et al., 2005).
Pyramidal cells are recurrently connected with each other
(Markram, 1997; Markram et al., 1997; Thomson and Deuchars,
1997; Gao et al., 2001), and recurrent excitatory interactions in
groups of neurons induce slow rhythmic depolarizations (depo-
larized “up” states) during sleep or anesthesia (Metherate and
Ashe, 1993; Steriade et al., 1993; Stern et al., 1997). Additionally,
reverberating excitation by recurrent connections may be impor-
tant for information processing in cortical circuits (Anderson et
al., 2000; Wang, 2001). Considering the interlaminar connectiv-
ity of pyramidal cells, the reverberating excitation could occur in
individual cortical layers (Thomson and Morris, 2002), perhaps
within layer V (Sanchez-Vives and McCormick, 2000). Although
the specific synaptic connectivity of cortical projection neurons
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within the same layer is not yet established, recent data suggest
that different classes of cortical neurons within a layer may show
selective connectivity (Mercer et al., 2005), a finding that has
important implications for our understanding of the function of
the cortex.

In the frontal cortex, two classes of corticostriatal pyramidal
cells have been identified in layer V based on their axonal projec-
tion patterns (Cowan and Wilson, 1994). Crossed corticostriatal
(CCS) cells innervate both the ipsilateral and contralateral stria-
tum, whereas other corticostriatal cells selectively innervate the
ipsilateral striatum but project also to the brainstem through the
pyramidal tract. Some brainstem projecting neurons include cells
projecting to the pontine nuclei [corticopontine (CPn) cells]. In
the rat frontal cortex, brainstem-projecting layer V neurons also
frequently innervate the ipsilateral striatum (Cowan and Wilson,
1994; Lévesque et al., 1996a; Lévesque and Parent, 1998). These
corticostriatal pyramidal cells transmit the slow oscillation gen-
erated within the frontal cortex to striatal cells (Wilson and
Groves, 1981; Wilson and Kawaguchi, 1996; Stern et al., 1998). It
remains to be determined how the oscillation is produced in the
individual cortical layers and propagated to the striatal neurons
(Stern et al., 1997).

Because different classes of corticostriatal cells innervate dis-
tinct populations of striatal cells (Lei et al., 2004) that have op-
posing effects on the outputs of basal ganglia (Albin et al., 1989;
Alexander and Crutcher, 1990), knowledge of the patterns of
synaptic connectivity between corticostriatal cells may suggest a
physiological substrate for cortical influence on the basal ganglia
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circuitry. To this end, we investigated the synaptic connections
between retrograde-labeled CCS and CPn pyramidal cells. Our
results demonstrate distinct morphologies and selective patterns
of synaptic connectivity between CCS and CPn cells.

Materials and Methods

Dual fluorescent retrograde labeling of CCS and CPn cells. Retrograde
labeling experiments were performed on young [postnatal day 19 (P19)
to P23] Wistar rats. Rats were anesthetized with ketamine (40 mg/kg,
i.m.) and xylazine (4 mg/kg, i.m.). Two different fluorescent retrograde
tracers were applied by pressure injection (PV820; WPI, Sarasota, FL)
into the pons and striatum, respectively, of each animal using glass pi-
pettes (tip diameter, 100 um) (see Fig. 1 A). In the case of striatal injec-
tion, the cortex, hippocampus, and fimbria just caudal to the striatum
were removed by suction, and the tracer was applied obliquely through
the lateral ventricle to prevent tracer spilling into the cortex. Alexa Fluor
555-conjugated cholera toxin subunit B (CTB; Invitrogen, San Diego,
CA) was injected into the striatum contralateral to the cortex investigated
(80-100 nl, 0.8 mm posterior to bregma, 2.5 mm lateral to bregma;
depth, 4 mm) (see Fig. 1AI). Fast Blue (7% in distilled water; Illing
Plastics, Breuberg, Germany) or Fluorogold (4% in distilled water; Flu-
orochrome, Englewood, NJ) was injected into the pons including the
ipsilateral pontine nuclei (80—100 nl, 5.6 mm posterior to bregma, 0.5-1
mm lateral to bregma; depth, 9-9.5 mm) (see Fig. 1 A2). After a survival
period of 4 d, the animals were anesthetized with sodium pentobarbital
(60 mg/kg, i.p.) and perfused transcardially with saline followed by a
fixative containing 4% paraformaldehyde and 0.2% picric acid in 0.1 m
sodium phosphate buffer (PB). The frontal cortex was obliquely sec-
tioned at 20 wm on a cryostat (Kawaguchi, 1992), and sections were
mounted on glass slides and coverslipped in Krystalon mounting me-
dium (EM Science, Fort Washington, PA). The sections were observed by
epifluorescence (excitation, 360 —370 nm; emission, 420- for Fast Blue or
Fluorogold; excitation, 545-580 nm; emission, 610- for Alexa Fluor
555-CTB).

For physiological experiments using an in vitro slice preparation (see
below), rhodamine-labeled latex microspheres (RLMs) (80—100 nl; Lu-
mafluor, Naples, FL) were injected into the contralateral striatum, and
CTB (80-100 nl) into pontine nuclei 2-3 d before the experiment (see
Fig. 1 A). Pyramidal cells labeled with RLMs could be discriminated from
those with CTB, because the former showed a granular staining pattern,
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Right, As in the left but in thionin staining.

Two projection types of pyramidal cells in layer V of the frontal cortex. A, Schematic of method for identification of
two projection neuron types by retrograde tracers. Alexa Fluor 555-conjugated CTB was injected in the contralateral striatum while
Fast Blue (FB) or Fluorogold (FG) was injected into the pontine nuclei. For simultaneous recording from CCS and CPn cells, RLMs
were injected in the contralateral striatum, and CTB was injected in the ipsilateral pons. Ag, Agranular; ant., anterior. A7, Injection
site of RLMs in the striatum. Top, Epifluorescence view. Bottom, As in above, but using bright-field microscopy. The tracer was
applied obliquely through the lateral ventricle after suctioning the overlying cortex to prevent injection into the cortex. A2,
Injection site of Fluorogold in the pons including the ipsilateral pontine nuclei. B, Fluorescence imaging revealed two nonover-
lapping populations of CCS and CPn cells. CPn cells were distributed in patchy regions (asterisks) where CCS cells were absent.
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whereas the latter were homogeneously stained in the cytosol (see Fig.
2A).

Slice preparation. Animals were deeply anesthetized with isoflurane
and decapitated. Brains were quickly removed and submerged into ice-
cold physiological Ringer’s solution. Three hundred-micrometer-thick
sections of frontal cortex (medial agranular and anterior cingulate cor-
tex) were cut and immersed in a buffered solution containing the follow-
ing (in mm): 124 NaCl, 3 KCl, 2.4 CaCl,, 1.2 MgCl,, 26 NaHCO;, 1
NaH,PO,, 10 glucose, 4 lactic acid, 0.2 ascorbic acid. This solution was
continuously aerated with a mixture of 95% O, and 5% CO,. During
recording, lactic acid was omitted. Membrane potentials of retrogradely
labeled cells in the frontal cortex (medial agranular cortex and anterior
cingulate cortex) were recorded in a whole-cell mode at 29°C. Retro-
gradely labeled cells were identified by epifluorescence (excitation, 520—
550 nm; emission, 580), under a 40X water immersion objective.

Electrophysiological recording. The pipette solution for current-clamp
recording consisted of the following (in mm): 126 potassium methylsul-
fate, 6 KCl, 0.6 EGTA, 2 MgCl,, 4 ATP, 0.3 GTP, 10 HEPES, and 0.75%
biocytin (Sigma, St. Louis, MO). The pH of the solution was adjusted to
7.3 with KOH, and the osmolarity was ~290 mOsm. Current-clamp
recordings were made in a fast current-clamp mode of EPC9/dual
(HEKA Elektronik , Lambrecht/Pfalz, Germany).

EPSC analysis. EPSCs were induced by single presynaptic action po-
tentials generated by depolarizing somatic current pulses (duration, 10
ms) in the presynaptic cells and were measured in postsynaptic neurons
voltage clamped at —60 mV ata sampling rate of 20 kHz. Series resistance
of the postsynaptic whole-cell recordings was monitored periodically by
the delivery of small voltage pulses (—5 mV, 10 ms) to the postsynaptic
neuron. Recordings were ended when spikes in the presynaptic cell de-
teriorated or if the series resistance in the postsynaptic cell increased.
Postsynaptic responses to single action potentials were identified from
individual current traces and averaged over at least 20 trials. Electrophys-
iological data were analyzed by IGOR Pro (WaveMetrics, Lake Oswego,
OR). To obtain the peak current of each trace, the current amplitudes
(time window, 0.2 ms; five points) were averaged around the EPSC max-
imum after excluding failure current traces. The baseline current was
defined as the averaged current in a window (2 ms duration) before
application of depolarizing current pulses to the presynaptic cell. The
peak EPSC is the peak current minus the baseline. Spontaneous synaptic
currents were analyzed by Mini Analysis (Synaptosoft, Decatur, GA).

The EPSC rise time was calculated from 20 to 80% of the peak EPSC
amplitude. The onset was defined as the point
at which a line extrapolated from the rise time
crossed the baseline current. Latency was mea-
sured from the peak of the presynaptic spike to
the EPSC onset. The decay time constant was
obtained by fitting a single exponential. To av-
erage EPSC traces, the peaks of presynaptic
spikes were aligned. EPSC frequency character-
istics at 10 Hz were obtained from pairs having
EPSCs with mean amplitudes larger than 6 pA.
The coefficient of variation (CV) was obtained
in the pairs with >40 EPSCs.

Histology. Tissue slices containing biocytin-
loaded cells were fixed by immersion in 4%
paraformaldehyde, 1.25% glutaraldehyde, and
0.2% picric acid overnight at 4°C, and followed
by a freeze-thawing procedure in sucrose-
containing PB using liquid nitrogen twice.
Slices were resectioned at a thickness of 50 wm.
Sections were incubated with avidin-biotin—
peroxidase complex (1:100; Vector Laborato-
ries, Burlingame, CA) in 0.05 M Tris-HCI-
buffered saline (TBS) with 0.04% Triton X-100
overnight at 4°C. After washing in TBS, the
slices were reacted with 3,3’-diaminobenzidine
tetrahydrochloride (0.02%), nickel ammo-
nium sulfate (0.3%), and H,O, (0.003%) in
Tris-HCI buffer. They were then postfixed in
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Figure2. Morphological characteristics of the two projection types of pyramidal cells. A, Simultaneous fluorescent labeling of CCS cells with RLMs (arrowheads) and CPn cells with CTB (arrows).
B1, B2, Firing responses of CCS and CPn cells, respectively. Note the initial doublet firing (*) in a CPn cell. ¢, Dendritic reconstructions of two CCS and two CPn cells, showing the differences in dendritic
patterns, especially in their apical tufts. D, Plot of the differences in the apical tuft area and shaft diameter between CCS (open circles) and CPn (filled triangles) cells. E, Differences in the dendritic

length of layer | tufts and branch points in layer | between CCS and CPn cells.

1% OsO, in PB containing 7% glucose, dehy-

drated, and flat-embedded on silicon-coated

Table 1. Somatic and dendritic comparisons of CCS and CPn cells in layer V

glass slides in Epon. After all of the procedures, © e
the tissue shrank to ~90% in length (Karube et ~ Somata (n=24) (n=10)
al., 2004). The shrinkage was not corrected in Volume (um’) 5150 = 1642 5718 = 1507
the analysis. Basal dendrites (n=125) (=29
Quantitative morphology. Somata, axons, Primary dendrite number 78%13 9+23
and dendrites of stained cells were recon- Nodes (branching points) 243%59 34.6 = 13*
structed three-dimensionally using the Neu- Internode interval (mean, rum) 28%53 485
rolucida system (MicroBrightField, Williston, Internode tortuosity 1.14 = 0.08 12201
VT). Stained cells were drawn for reconstruc- Area (X 100 um?) 731 =293 650 = 200
tion with a 60X or 100X objective combined Endings’
with an additional 1.25X magnification. The Order (mean) 36*05 3804
apical shaft diameter was obtained by the cross- Horizontal direct distances (mean, pm) 110 =18 9*15
sectional area of the straight portion ~20 wm Vertical direct distances (mean, 1m) 71x17 63 = 10"
far from the somatic origin divided by the mea-  Apical dendrites (n=24) (n=8)
sured dendritic length. Reconstructed axons Apical origin (distance from pia, um) 825 + 200 760 103
and dendrites were composed of serial points Shaft diameter (at 20 yum from soma, m) 179 037 234 + 0.48**
with intervals shorter than 1.5 um (see Fig. 8, Oblique branch density (/100 wm) 2305 28+08
inset). Reconstructed neurons were quantita-  Apical tufts (n=26) (n=10)
tively analyzed with NeuroExplorer (Micro- Layer | dendritic length (rm) 878 * 684 3478 = 1431%
BrightField, Colchester, VT). Internode inter- Layer | branch points 6.0 =53 19.8 = 11.1%*
vals are lengths between two successive nodes Tuft area (X 100 wm?) 215 =129 876 * 330**
(branch points) along the dendrite, including Tuft origin (vertical position from pia,? um) 208 + 66° 350 = 110**

those from the soma origin to the first node.
Internode tortuosity is the ratio of the inter-
node interval to the direct distance between
nodes. The basal field and tuft area were areas

Data are means == SD. n, Number of cells. **p < 0.01.
“True endings.

bWhite matter side, positive.

“CCS cells with the tuft structure (n = 20).
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was injected into the pons, including the
ipsilateral pontine nuclei (Fig. 1A). Sec-
tions of the medial agranular and anterior
cingulated cortex were subsequently pro-
cessed and visualized with epifluores-
cence. The labeled cells of both types were
found mostly in layer V, but CCS cells
were sometimes in the lower part of layer
II/III (Fig. 1 B) To count fluorescent cells,
we selected regions where both fluores-
cences overlapped strongly. We found
2298 fluorescently labeled cells from three
rats. Of these, 1141 were labeled with CTB
(CCS cells), and 1157 were labeled with
Fast Blue or Fluorogold (CPn cells). Im-
portantly, double-labeled cells were never
observed, indicating that two types be-
longed to completely separate neuronal
populations. In addition, CPn cells were dis-
tributed in patchy regions where CCS cells
were absent (Fig. 1 B). The two types of py-
ramidal cells seemed to occupy complemen-
tary spaces in layer V.

In layer V, we recorded from CPn cells
labeled with Alexa 555 CTB injected into
the pons, including the ipsilateral pontine
nuclei (Wang and McCormick, 1993) and
CCS cells labeled with RLMs injected into
the contralateral striatum (Fig. 1 A). Red
dyes were used for recording because of
less damage to the cells during fluores-
cence observation. Cells labeled by these
red tracers could be differentiated, be-
cause RLMs generate granular staining,
whereas CTB produces homogeneous flu-
orescence except within nuclei (Fig. 2A).
Resting potentials were —66.4 * 5.4 mV
in CCScells (n = 20) and —62.1 = 4.1 mV
in CPn cells (n = 10), and input resis-
tances were 139.3 = 60.1 M() in CCS and
90.6 = 82.5 MQ) in CPn cells. Among 11

of the plane perpendicular to the pia-white matter axis, onto which the
basal dendrites and apical tufts were projected, respectively. To evaluate
the dendritic extension, we measured direct distances between the soma
centroid and true endings, not endings resulting from slice preparation,
along horizontal and vertical axes (horizontal and vertical distances, re-
spectively) (see Fig. 3B, inset).

Potential synaptic contacts (contact sites) were identified as a close
apposition of an axonal bouton and a postsynaptic dendrite in the same
focal plane at 1250X using a 100X objective (numerical aperture, 1.4)
(Markram et al., 1997; Feldmeyer et al., 1999). When the presynaptic
axons and postsynaptic dendrites came close within 2.5 wm between the
centers of neurites, the nearest encounter sites of dendrites were called
approach points (approaches) (see Fig. 8, inset). Data are given as
mean * SD. For statistical comparison of the mean measurements be-
tween two cell classes, the Mann—Whitney U test was used.

Results

Morphological differences between CCS and CPn cells

To confirm that CCS and CPn cells were distinct cell types, we
used two different fluorescent tracers injected into their projec-
tion target areas (three rats). CTB was injected into the contralat-
eral striatum (n = 3), and Fast Blue (n = 2) or Fluorogold (n = 1)

CPn cells, nine cells showed initial doublet

spikes and in response to step depolariza-
tion (Fig. 2 B2), followed by nonadaptive repetitive firing (Mason
and Larkman, 1990; Hefti and Smith, 2000; Christophe et al.,
2005). In contrast, CCS cells (n = 28) displayed no initial doublet
firing to step depolarizations (Fig. 2BI).

We compared the dendritic and axonal patterns of biocytin-
filled CCS and CPn cells. In the basal dendrites, the primary
dendrite number and internode interval were similar between the
two types (Table 1). The apical dendrites of the two neuronal
types showed similar branch density along the shaft, but CPn cells
had significantly thicker shaft diameters at their base than did
CCS cells (measured at ~20 wm from the somatic origin; p <
0.01) (Fig. 2D, Table 1). Additionally, the apical tufts of the two
types of neuron were morphologically distinct (Fig. 2C-E, Table
1). CPn cells had larger tuft areas, longer lengths of layer I den-
drites, and more branch points in layer I than did CCS cells ( p <
0.01). Additionally, the tufts of CPn cells originated from the
main apical shafts at a greater depth than in CCS cells (Table 1)
(p < 0.01). Both types had axon collaterals around the somata
and included cells innervating layer I (data not shown). Horizon-
tal collaterals were observed in both types, but CPn cells seemed
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to extend further than CCS cells. To-
gether, these data demonstrate that CCS
and CPn cells are morphologically differ-
entiated in regard to their apical tufts.
However, significant heterogeneity was
observed among the apical tufts of both
CPn and CCS cells (Fig. 2D, E).

Depth dependence of dendritic patterns
in CCS cells

We next asked whether the morpholog-
ical diversity observed in CCS and CPn
cells might depend on their somatic lo-
cations within layer V. To test for this,
we aligned dendritic reconstructions of
CCS and CPn cells in accordance with
somatic depth from the pia (Fig. 3A, B).
The dendritic morphologies of CCS cells
changed gradually according to their
depth within layer V. Some superficial
CCS cells had robust apical tufts (tufted
CCS cells), whereas others had poorly
developed tufts (slender CCS cells). The
apical dendrites of deeper CCS cells
tended to have a very reduced or absent
apical tuft resembling the superficial
slender CCS cells. Tuft dendritic lengths
in layer I were heterogeneous in neurons
with superficial somata but were signif-
icantly shorter in neurons with somata in the deeper areas of
layer V (Fig. 3CI1) (p < 0.01). Additionally, the internode
intervals in the basal dendrites were longer in superficial CCS
cells and shorter in deeper CCS cells (Fig. 3DI) (p < 0.01). To
compare the dendritic spatial spread, we measured horizontal
direct distances between soma centroid and true endings.
Horizontal dendritic distances were longer in superficial CCS
cells (Fig. 3E1) (p < 0.01). Correspondingly, the basal den-
dritic fields of superficial layer V CCS cells were larger than
those of deeper CCS cells [correlation coefficient (c.c.), —0.58;
p < 0.01]. These depth-dependent tendencies were absent or
much less pronounced in CPn cells (Fig. 3C2-E2) (tuft
lengths, p = 0.7; internode intervals, p = 0.22; in horizontal
distances, p = 0.31; c.c., —0.24 in basal dendritic field; p =
0.55). Total dendritic length was negatively correlated with the
distance between the pia and soma in CCS cells (c.c., —0.44;
p < 0.05) but positively in CPn cells (c.c., 0.85; p < 0.01)
because of the length increase of apical shaft and their
branches in deeper CPn cells. These data demonstrate that although
CCS cells are heterogeneous in their dendritic structures, there is a
significant correlation between the size and robustness of their den-
dritic fields and their sublaminar position within layer V.

CCS>CCS

Figure 4.

EPSC characteristics and connection patterns

To reveal synaptic connection patterns between CCS and CPn
cells, we investigated the EPSC characteristics and connection
probability using paired recordings consisting of a CCS cell and
another CCS or CPn cell in layer V (Fig. 4 A). EPSCs were induced
with connection probability of 0.1 in pairs from CCS to CCS (n =
308) and 0.11 in CCS to CPn pairs (n = 98) within 100 wm in
distance but were rarely found from CPn to CCS cells. It was only
found once in 96 pairs (Fig. 4B). Among 31 connections from
CCS to CCS cells, four were reciprocal (connection probability,
0.13). EPSC characteristics were examined in cell pairs in which

CCS cell
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Synaptic connections among corticostriatal pyramidal cells. A7, Reconstructions of the dendrites of presynaptic
(gray) and postsynaptic (black) CCS cells and the axon of the presynaptic CCS cell (red). Inset, A presynaptic action potential (top
trace) generates a unitary postsynaptic current (bottom trace). A2, Reconstructions and postsynaptic current of a presynaptic CCS
cell (gray) and postsynaptic CPn (black) cells. B, Connection probability between pyramidal cell subtypes. Note that very few
connections were found from CPn to CCS cells.

Table 2. Unitary EPSC characteristics in CCS and CPn cells, induced by CCS cells

() (Pn
(n=24) n=11)
Latency (ms) 1.6 £ 0.6 1.8 £05
Amplitude (pA) 17.8 =154 147 =96
Rise time (ms) 0.9 £04 1.1£05
Decay time constant (ms) 6.0 =20 63+ 25
Paired-pulse ratio (second/first; 10 Hz) 0.77 * 0.26° 0.93 +0.12°

Data are means = SD. n, Number of cells.
=15
bn =4,

series resistances of postsynaptic recordings were low. EPSC la-
tencies and amplitudes were similar between CCS to CCS (n =
24) and CCS to CPn pairs (n = 11) (p = 0.17 and 0.94, respec-
tively) (Table 2). The EPSC rise time and decay time constants
were also similar (p = 0.12 and 0.78, respectively) (Table 2).
Spontaneous EPSCs were also similar in amplitudes between
CCSand CPncells [10.5 = 1.8 pA in CCS cells (n = 6) and 10.9 =
2.8 pA in CPn cells (n = 6)] but more variable in CPn cells (CV,
0.4 = 0.08 in CCS and 0.82 = 0.55 in CPn cells). Mean ampli-
tudes of evoked unitary EPSCs did not correlate with those of
spontaneous EPSCs (c.c., —0.05; p = 0.88; n = 12), suggesting
unitary EPSC amplitudes were not affected by the postsynaptic
cell condition. To examine short-term synaptic dynamics in these
connections, pairs of EPSCs were generated at 100 ms intervals.
The paired-pulse ratios of the second EPSC to first EPSC were
smaller in CCS cells (n = 15) than in CPn cells (n = 4) (Table 2)
but not significantly different ( p = 0.07). These data show that
CCS cells are connected with other CCS cells and with CPn cells,
but CPn cells are rarely connected with CCS cells. Additionally,
the postsynaptic currents generated by presynaptic CCS cells
were quantitatively similar regardless of their postsynaptic target.

The distances between the somata of connected CCS to CCS
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pairs (c.c., 0.84; p < 0.01; slope, 0.82). Be-
cause the somata of recorded pairs were
typically within 100 wm of each other, it is
likely that the depth dependence of den-
dritic morphology contributes to the mor-
phological resemblance of synaptically
connected CCS cell pairs.

Contact site distributions between
connected pairs and their relation to
EPSC amplitudes

To test whether target-specific differences
exist in synapse formation onto postsyn-
aptic CCS or CPn cells, we reconstructed
the axons and dendrites of paired neurons

B — layer | length C 14 “\(basal dendrites) (Fig. 6A1,A2). Contact. points .between
1 130 ° 0 boutons and postsynaptic dendrites were
3 2500 - o mapped on dendrograms (Fig. 6 A1-A3),
© o ~'Slope=1 O 120 O slope=1 and their distances from somata were
0 2 O/ compared (Fig. 6 B). Contact sites in both
33000 2 B 110 2 P 18 5B >
© o © types of pairs were found on dendritic
s, <, 100 ° branches within layer V. No significant
@150 3 . o 7 63 o f n .
N o, ® g0 4, o differences were ound when comparing
=4 500 8 o) the mean distances of contact sites from
oo@’ o 80— the soma (Table 3) or the dendritic order
0l O4 — ! of contact sites (Table 3). However, CCS
| T T 1 T T T 1 i ;
Hm 1000 2000  3000pm “™ 70 80 90 100110 120 130 140 ym Zi‘;ﬁil;oiit;%:i;ﬁ;;ili??;ﬁh::lglfﬁzfien
resynaptic cell resynaptic cell . .
presynap presynap CCS cells (Figs. 6B, 9A,B). The apical
. contact ratio (contacts on apical branches/
Figure5. Synaptically connected CCS cells show similar dendritic morphologies. A, Dendritic reconstructions of four connected

(CS cell pairs (1-4). The leftis presynaptic cells. In pair 4, the cells were bidirectionally connected. Spatially overlapped neuronsin
the pairs are separate to see individual morphologies. Note the comparable dendritic patterns between CCS cell pairs. B, Compar-
ison of dendritic lengths in layer | between presynaptic and postsynaptic cells. ¢, Comparison of mean horizontal direct distances
ofendings (Fig. 3, inset). Note the presynapticand postsynaptic dendritic similarity. Numbers (1—4) in Band C correspond to those

of pairsinA.

pairs reconstructed were 63 = 42 um (22 = 16 wm in horizontal
direction and 54 *= 46 um in vertical one; n = 19). Those of
connected CCS to CPn pairs were 84 = 53 um ( p = 0.39;25 = 25
um in horizontal direction and 76 = 53 wm in vertical one; n =
9). These values are consistent with previous data showing that
the highest density of connected pyramidal cells is found within
25 pum in the horizontal direction and 50 wm in the vertical one,
and that the connection probability and EPSP amplitude are
greatly reduced when the distance between pairs is larger than 100
pm (Holmgren et al., 2003).

Because CCS cells at the same depth within layer V tended to
have similar dendritic patterns (Fig. 3), and most connections
were found between neurons with somata within 100 wm of each
other, connected CCS cells tended to have similar dendritic mor-
phologies (Fig. 5A4). No such correlation was found between the
dendritic morphologies of synaptically connected CCS and CPn
pairs. The dendritic lengths of tuft branches in layer I were found
to be similar in connected CCS pairs (Fig. 5B) (c.c.,0.68; p < 0.05;
slope against the presynaptic cell, 0.6), as were their basal den-
dritic structures. The mean internode intervals of basal dendrites
were similar in CCS pairs that were synaptically connected (c.c.,
0.46; p = 0.16; slope, 0.71). The connected CCS pairs correlated
in horizontal distances (Fig. 5C) (c.c., 0.91; p < 0.01; slope, 1.01)
and in vertical distances (c.c., 0.74; p < 0.01; slope, 1.12). The
area of basal dendritic field was also correlated in connected CCS

total contacts) was lower in CCS cells than
in CPn cells ( p < 0.05) (Table 3).

To test whether unitary currents were
correlated with the morphological distri-
bution of contacts in the postsynaptic
cells, we compared mean EPSC ampli-
tudes with the number and position of
contacts (Fig. 6 B). EPSCs were detected
even in the case of a single bouton located 220 wm from the soma
(4.5 pA) (Fig. 6 B). EPSC amplitudes per contact (see below) did
not correlate well with the mean distance of contacts from the
soma (c.c.,0.18, p = 0.56 in CCS to CCS pairs; c.c., —0.57,p = 0.2
in CCS to CPn pairs). EPSC amplitudes were better correlated
with the number of contact sites rather than their spatial distri-
bution (Figs. 6 B, 7A). Additionally, this correlation was stronger
in CCS to CCS pairs than in CCS to CPn pairs (c.c., 0.83, p < 0.01
in the former; c.c., 0.35, p = 0.46 in the latter). As expected, the
EPSC CV was inversely correlated with the number of contact
sites (Fig. 7B). These data suggest that the contact number reflects
the number of synaptic release sites to some extent. When com-
paring between cell classes, significantly fewer contact sites were
observed in CCS cells than were made onto CPn cells ( p = 0.01)
(Table 3). In the pairs for which both presynaptic and postsyn-
aptic cells were reconstructed, mean somatic EPSC amplitudes
were similar between CCS and CPn cells ( p = 0.91) (Table 3).
The EPSC amplitude divided by the number of contacts tended to
be larger in CCS cells than CPn cells (p = 0.06) (Table 3), sug-
gesting that the efficacy of individual synaptic release sites may be
stronger in CCS to CCS cell pairs.

Contact formation probability between nearby neurites
Given the data above, we hypothesized that CCS and CPn cells
show specificity in synapse formation onto postsynaptic den-



4400 - ). Neurosci., April 19, 2006 - 26(16):4394 — 4405

drites. To investigate whether CCS cells
show preferences in postsynaptic targets,
we compared the number of contacts gen-
erated by presynaptic axons onto postsyn- |
aptic dendrites with the total number of
approaches (potential contact sites) in
CCS to CCS or CCS to CPn pairs. First, we
confirmed that contacts were never ob-
served in pairs in which EPSCs were not
detected (Fig. 9B). Two situations could
explain this lack of connectivity: (1) if pre-
synaptic axons do not come within range
of the second neuron, synaptic formation
would be impossible; or (2) presynaptic
axons may approach the postsynaptic
dendrites (within distances potential for
synapse formation) but avoid making syn-
aptic contacts (Fig. 8, inset). To discrimi-
nate between these two possibilities, we
mapped the dendrites of potential
postsynaptic neurons and identified all

A1 CCs» CCS

apical
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ints i tH 6
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approach points in the nonsynaptically
and synaptically connected neurons, re-  Figure6. Contactsites hetween presynaptic axons and postsynaptic dendrites. 4, Examples of dendritic contact sites in a CCS

spectively, was 7.2 = 6.7 (n = 6) and
11.1 £5(n=13;p =0.1) (Fig. 9B). In the
CCS—CPn pairs, neurons with no EPSC
detected had approximately half the num-
ber of approach points (mean, 7 * 6.4;
n = 7) onto their basal dendrites as did
neurons with synaptic responses (mean,

to CCS connection (A7; 1-3) and a (CS to CPn connection (42; 1-5). Dendrites are shown in gray, and axons are shown in blue.
Contactsites (red circles) are shown on the dendrograms of the apical and basal dendrites. Apical tufts are shown in light gray. A3,
Photograph of a contact site between axon and dendrite ina CCS to CCS pair. The presynaptic axon is marked by arrows. B, Plot of
the distribution of contact sites along the dendrites of 13 CCS and 7 CPn cells (left) and the corresponding EPSC amplitude (right).
Contacts on apical branches are marked by asterisks.

Table 3. Morphological contact sites and EPSC characteristics in the reconstructed pairs

14.6 = 6.7; n = 7; p = 0.05). In the apical
branches of CCS—CCS pairs, the number

of approach points in neurons without
postsynaptic EPSCs (1 * 1.6) was approx-
imately one-third of those in neurons with
observable EPSCs (3.4 = 2.6; p = 0.05)
(Fig. 9C). Similarly, in CCS—-CPn pairs,
the number of apical approaches in non-

s (Pn
(n=13) (n=7)

Contact sites on dendrites

Contact site number 3114 49 +1.1*

Distance from somatic origin (.m) 90.9 * 55.2 97.8 = 57.8

Dendrite order 4319 43+29

Apical contact ratio (contacts on apical branches/total contacts) 0.06 = 0.16 0.19 = 0.18*
Unitary EPSCamplitude (pA) 202 £17.9 16.6 = 10.1
Unitary EPSC amplitude/contact site number (pA) 6.0 =32 3418

responding neurons (1.3 £ 1.8) was one-
third of those in synaptically responsive
neurons (4.7 * 4.6; p = 0.08). These data
demonstrate that opportunities for synaptic connections onto
nontargeted neurons exist as evidenced by approach points onto
both apical and basal dendrites.

We next compared the dendritic and spatial distribution pat-
terns between approaches and contacts. The dendritic distribu-
tion patterns were similar between contacts and all approaches in
the basal dendrites of connected pairs from CCS to CCS (Fig.
9A1, Table 4) (Kolmogorov—Smirnov test; p = 0.59 in basal den-
drites) or CCS to CPn cells (Fig. 9A2, Table 4) ( p = 0.56 in basal

Data are means == SD. n, Number of cells. *p << 0.05

dendrites). The vertical spatial distributions of contact sites and
approaches were similar in CCS to CPn pairs (Table 4) (p =
0.34). In CCS to CCS pairs, however, contact sites were more
skewed toward the white matter side than approaches (Table
4) (p < 0.05), suggesting spatial selectivity during contact
formation.

To estimate the probability of contact formation on nearby
neurites, we compared the ratio of contacts to approaches (con-
tactratio) in basal dendrites and apical branches (Fig. 9B). CCS to
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Figure 7.  Relationship of contact site number and EPSC characteristics. A, Relationship of
contact site numbers with the corresponding EPSC amplitudes. The correlation in CCS to (CS
pairs (linear fitting line in red) was stronger than that in CCS to CPn pairs (linear fitting line in
gray). B, Relationship of CV of EPSC amplitudes with the corresponding number of morpholog-
ical contact sites, which were inversely correlated (c.c., —0.51; p < 0.05).

CCS pairs significantly favored synapse generation onto basal
dendrites, with the contact ratio of the basal dendrites being
0.28 = 0.14 (n = 13), compared with a contact ratio of only
0.09 = 0.28 (p < 0.01) in apical branches. Conversely, CCS to
CPn pairs showed greater balance in synapse formation onto
basal and apical dendrites, with the contact ratio being 0.31 *
0.14 (n = 7) in the basal dendrites and 0.24 = 0.36 ( p = 0.13) in
the apical branches. These data suggest that the location of syn-
apse formation between presynaptic CCS cells and nearby pyra-
midal neurons is target specific, and that synapses onto basal
dendrites are favored when establishing contacts onto other CCS
cells, although synapse formation onto CPn cells occurs on both
basal and apical branches.

Discussion

Synaptic connection selectivity between pyramidal

cell subtypes

Pyramidal cells are functionally connected with each other by
local collaterals (Thomson and Deuchars, 1994; Markram et al.,
1997; Mercer et al., 2005), and pyramidal cells in different
layers are selectively connected (Thomson and Bannister, 2003;
Feldmeyer et al., 2005). Pyramidal cells in the same layer appear
to be connected in nonrandom ways (Markram et al., 1997; Song
et al., 2005). Although subtypes of pyramidal neurons show dif-
ferential patterns in their axonal projections to subcortical struc-
tures (Jones, 1984), it remains to be investigated how selective
and precise the recurrent connections are among pyramidal cell
subtypes within the neocortex. In this study, for the first time, we
investigated the synaptic connection patterns of corticostriatal
subtypes identified by both their axonal projection pattern and
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their dendritic structure. Our data demonstrate that there is sig-
nificant specificity in the connectivity of cortical pyramidal
neurons.

Layer V pyramidal neurons with distinct tuft structures were
differentially connected in a direction-selective way (Fig. 10):
CCS cells formed synapses onto CPn cells, but there were few
connections from CPn to CCS cells, although the axons of CPn
cells frequently approached CCS dendrites at distances close
enough to facilitate synapse formation. In addition to direction
selectivity, CCS cells preferentially innervate the basal dendrites
of other CCS cells but show more balanced innervation of the
basal and apical dendrites of CPn cells.

In one case, a single bouton, further than 200 wm, was found
to generate a unitary CCS to CCS EPSC at the soma. More gen-
erally, EPSC amplitudes induced in CCS cells by other CCS cells
were correlated with the number of presynaptic boutons to some
extent. This suggests that the number of contact sites in CCS to
CCS pairs is correlated with the functional synaptic number
(Markram et al., 1997; Kalisman et al., 2005). Different ratios of
the EPSC amplitude to contact number were found between the
two connections, although not significant. There may be target-
specific differences in synaptic efficacy or synaptic integration in
these two cell types (Feldmeyer and Sakmann, 2000).

In the case of CCS to CCS connections, slender cells tended to
form synaptic connections with other slender cells, although
tufted cells preferred similarly tufted neurons. These correlations
likely result, in part, because CCS cells in the same sublaminar
area of layer V tended to have similar dendritic morphologies
(Fig. 10), and most synaptically connected neurons were found
within 100 wm of each other. These findings suggest that CCS
pyramidal cells with similar dendritic morphologies (and there-
fore to some extent similar afferent input) may be locally clus-
tered within layer V and show preferential synaptic connectivity.
This may reflect vertical aggregates of neurons with a similar
target during cortical formation (Vercelli et al., 2004).

Corticostriatal cell heterogeneity and their

intracortical connections

Pyramidal cells projecting to the striatum are considered to be
functionally heterogeneous (Wilson, 2004). To date, two sub-
types of corticostriatal cells have been identified. The first iden-
tified subtype, demonstrated in both primates (Jones et al., 1977)
and rats (Wilson, 1987), are corticostriatal neurons that do not
project to the brainstem but that innervate the contralateral stri-
atum. This innervation pattern was later confirmed using intra-
cellular staining of axons (Cowan and Wilson, 1994; Lévesque et
al., 1996a,b). A second subtype of CCS cell identified in rats
projects to the brainstem (Donoghue and Kitai, 1981; Cowan and
Wilson, 1994; Lévesque et al., 1996a). Although it remains to be
investigated how often collaterals are issued from axons descend-
ing to the brainstem in the primate (Bauswein et al., 1989), in the
rat frontal cortex, brainstem-projecting layer V neurons also fre-
quently innervate the ipsilateral striatum (Lévesque et al., 1996a;
Lévesque and Parent, 1998). In this study, we confirmed that CCS
and CPn cells are mutually exclusive groups using double-
fluorescence markers. Apical dendritic tufts are different in size
among pyramidal cell subtypes (Hallman et al., 1988; Hiibener et
al., 1990; Kasper et al., 1994; Gao and Zheng, 2004). In addition to
their striking differences in axonal projection, we found signifi-
cant morphological differences in their apical tuft structures (Fig.
10). Furthermore, CCS cells were heterogeneous with regard to
their tuft branching pattern, showing significant correlation be-
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tween somatic depth and the degree of
dendritic arborization in layer 1.

Because CCS and CPn cells are differ-
entiated in their dendritic structures, syn-
aptic connectivity, and extracortical pro-
jection sites, it is possible that they receive
distinct types of inputs within the frontal
cortex. Information transfer in the frontal
cortical circuit is a crucial point for the
forebrain neural loop through the cortex,
basal ganglia, and thalamus, involved in
the context-dependent release of various
motor and cognitive circuits (Graybiel et
al., 1994; Hikosaka et al., 2002). Therefore,
it is important to know how these two
types of corticostriatal cells are innervated
by afferent fibers from the mediodorsal
and parafascicular thalamic nuclei, areas
that receive GABAergic inhibition from
the basal ganglia (Kuroda et al., 1998; Ce-
bridn et al., 2005). Thalamic fibers distrib-
ute in layer I and the deep part of layer
II/IIT (Deschénes et al., 1996; Marini et al.,
1996; Jones, 2001). Both CCS and CPn
cells have apical branches in the deeper
layer II/III, whereas the apical tuft expan-
sions within layer I are distinct between
CCS and CPn cells and heterogeneous
among CCS cells. It remains to be investi-
gated which subtypes of layer V corticos-
triatal cells receive thalamic inputs directly
at the layer I tufts at or at deeper layer
1I/111.

Thalamic afferents innervate layer 11/
III pyramidal cells in addition to layer V .
cells (Kuroda et al., 1998). Layer II/III py-
ramidal cells preferentially innervate thick
tufted layer V pyramidal cells rather than
slender layer V pyramidal cells (Thomson
and Bannister, 1998; Thomson and Mor-
ris, 2002). Therefore, layer II/III pyrami-
dal cells with direct inputs from the tha-
lamic nuclei may preferentially innervate
CPn cells over CCS cells. Additional inves-
tigations elucidating the specifics of intra-
cortical wiring between specific classes of
cortical neurons will be needed to under-
stand the influence of cortical circuits on
striatal output.

approach
point

<2.5um

Figure 8.

Functional differentiation of corticostriatal pathways
In this study, we found that differential axonal projections and
apical tuft structures segregate corticostriatal cells into two types,
with CCS cells further differentiated according to their depth-
dependent differences in dendritic morphology. This suggests
that corticostriatal neurons are heterogeneous according to their
extracortical target and the laminar location. Similarly, in the
striatum, projection cells are heterogeneous from two indepen-
dent points of view: the extrastriatal target and intrastriatal
location.

In terms of extrastriatal targets, they are divided mainly into
two groups (Gerfen and Young, 1988; Kawaguchi et al., 1990;
Parent et al., 1995). These two types are considered to affect basal

dendrite
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100 CPn basal
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Distributions of approach points along reconstructed dendrites and dendrograms of example postsynaptic neurons
(basal dendrites of a CCS cell, and basal and apical dendrites of a CPn cell). Contact sites are shown in red, and noncontact approach
points are shown in blue. Inset, Example of an approach point (blue circle) of an axon (red line) to a dendrite (gray line).
Reconstructed axons and dendrites were composed of serial points (circles) with intervals shorter than 1.5 um. Approach points
were defined as dendritic sites where axons passed within 2.5 pm.

ganglia outputs in opposite ways (Albin et al., 1989; Alexander
and Crutcher, 1990). One group exclusively projects to the exter-
nal pallidal segment (GPe-exclusive cells; indirect pathway),
whereas another group, while sending axon collaterals to the ex-
ternal pallidal segment, directly projects to output structures in
the basal ganglia (direct pathway cells) (Kawaguchi et al., 1990;
Lévesque and Parent, 2005). Direct pathway cells are considered
to promote desired movements, and GPe-exclusive cells are con-
sidered to inhibit unwanted movement (Albin et al., 1989; De-
Long, 1990; Lei et al., 2004). Recently, it has been revealed that
two types of corticostriatal cells differentially innervate one of the
above two striatal output cells (Reiner et al., 2003; Lei et al., 2004).
In light of these data, it is likely that CPn cells preferentially
innervate GPe-exclusive cells while CCS cells innervate direct
pathway cells. Therefore, activity in CPn cells may promote dis-
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Figure 9.  Frequency of axonal contacts onto nearby postsynaptic dendrites. A7, A2, Dendritic distance distributions of total

approaches and contacts along dendrites from soma in connected CCS to CCS (A7; from 13 cells) and CCS to CPn (42; from 7 cells)
pairs; those at the top are in apical branches, and those at the bottom are in basal dendrites. The distribution patterns were similar
between approaches and contacts in basal dendrites of connected pairs. Apical branch contacts were more frequent in connected
(CSto CPn thanin CCS to CCS pairs. B, Mean number of approach points and contact sites in CCS—CCS and CCS—CPn pairs. Data are
shown separately for basal and apical branches. Pairs with unitary EPSCs (marked by +) always showed contact sites. Uncon-
nected pairs had no contact sites and fewer approaches. Note that contact site ratios in basal dendrites of both types and apical
dendrites of CPn cells were similar (0.2—0.3), but those in apical dendrites of CCS cells were much lower. Data are means = SD.

Table 4. Dendritic and spatial distributions of contact sites and approach points
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