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Cellular/Molecular

Dichotomous Anatomical Properties of Adult Striatal
Medium Spiny Neurons

Tracy S. Gertler, C. Savio Chan, and D. James Surmeier
Department of Physiology, Feinberg School of Medicine, Northwestern University, Chicago, Illinois 60611

Principal medium spiny projection neurons (MSNs) of the striatum have long been thought to be homogeneous in their somatodendritic
morphology and physiology. Recent work using transgenic mice, in which the two major classes of MSN are labeled, has challenged this
assumption. To explore the basis for this difference, D, and D, receptor-expressing MSNs (D, and D, MSNs) in brain slices from adult
transgenic mice were characterized electrophysiologically and anatomically. These studies revealed that D, MSNs were less excitable than
D, MSNs over a broad range of developmental time points. Although M, muscarinic receptor signaling was a factor, it was not sufficient
to explain the dichotomy between D, and D, MSNs. Reconstructions of biocytin-filled MSNs revealed that the physiological divergence
was paralleled by a divergence in total dendritic area. Experimentally grounded simulations suggested that the dichotomy in MSN
dendritic area was a major contributor to the dichotomy in electrophysiological properties. Thus, rather than being an intrinsically
homogenous population, striatal MSNs have dichotomous somatodendritic properties that mirror differences in their network connec-
tions and biochemistry.
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Introduction

A point of convergence for cortical and thalamic excitatory sig-
nals, the striatum is thought to participate in a wide range of
psychomotor behaviors (Ragsdale and Graybiel, 1981; Schultz,
2006; Balleine et al., 2007). The principal target of these signals is
the GABAergic medium spiny projection neuron (MSN). MSNs
are commonly divided into two major subsets based on their
expression of both releasable peptides and dopamine (DA) recep-
tors, and their axonal projection targets (Gerfen and Young,
1988; Le Moine et al., 1991). MSNs with axonal projections to the
substantia nigra pars reticulata (SNr) express substance P, dynor-
phin, and D, DA receptors (D, MSNs), whereas MSNs with prin-
cipal axon projections to the globus pallidus express enkephalin
and D, DA receptors (D, MSNs).

Although less well characterized than the biochemical and
anatomical differences, MSNs also appear to differ in their syn-
aptic connectivity. For example, striatal neurons have been di-
vided into type [ and II neurons based on paired-pulse responses
to cortical stimulation, a feature attributable to variable striatal
GABAergic interneuron connectivity (Gerfen and Young, 1988).
Although the correlation between these two response types and
D, and D, MSNs has been suggested (Onn et al., 1994), it has not
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been established. MSNs also differ in their activity level during
cortically driven up-states in anesthetized rodents (Wickens and
Wilson, 1998). As the cortical glutamatergic input to D, and D,
MSNs appears to arise from distinct projection systems (Lei et al.,
2004), it is possible that variation in presynaptic sites and release
properties could account for the observed dichotomy, but again
there is no clear linkage with the D, and D, MSN phenotypes.
Despite the dichotomies in axonal projections and synaptic
connectivity, D; and D, MSNs have been thought of as homoge-
nous in their somatodendritic morphology and intrinsic physio-
logical properties. Until recently, distinguishing MSNs while re-
cording has been technically difficult and labor intensive,
requiring either single-cell gene profiling (Surmeier et al., 1996)
or axonal tracing (Kawaguchi et al., 1990). The development of
bacterial artificial chromosome (BAC) transgenic mice express-
ing enhanced green fluorescent protein (eGFP) under the control
of promoters for the D, and D, receptors has eliminated this
problem (Day et al., 2006; Wang et al., 2006; Kreitzer and
Malenka, 2007; Shen et al., 2007; Ade et al., 2008; Cepeda et al.,
2008). Based on work with BAC transgenic mice, Kreitzer and
Malenka (2007) have suggested that in 3-week-old mice, D,
MSNs are more responsive to intrasomatic current injection than
are D; MSNs. To pursue this observation, whole-cell patch-
clamp recordings were obtained from identified D, and D, MSNs
in brain slices from BAC transgenic mice between 3 and 10 weeks
of age. MSNs were characterized electrophysiologically, filled
with biocytin, and anatomically reconstructed. These studies con-
firmed that D, MSNs are more responsive to intrasomatic current
injection, but more importantly provided an important clue as to
why: D, MSNs had significantly smaller dendritic trees than did D,
MSNs. Computer simulations suggested that this anatomical di-
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Figure 1.

exclusive populations of MSNs.

chotomy was a major factor underlying the electrophysiological
dichotomy.

Materials and Methods

Slice preparation. All experiments detailed are in accord with the North-
western University Animal Care and Use Committee. D, and D,
receptor-eGFP BAC transgenic mice on an FVB background, developed
by the GENSAT project (Heintz, 2004), between postnatal days 35—-45
(unless otherwise indicated), were anesthetized with ketamine/xylazine
and perfused transcardially with ice-cold artificial CSF (aCSF), contain-
ing in mm: 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 2.0 CaCl,, 1.0 MgCl,, 25
NaHCO;, and 12.5 glucose, bubbled continuously with carbogen (95%
0, and 5% CO,). The brains were rapidly removed, glued to the stage of
a VT1000S slicer (Leica), and immersed in ice-cold aCSF. Striatal slices
were cut at a thickness of 230-275 wm and transferred to a holding
chamber, where they were submerged in aCSF, incubated at 35°C for 30
min, and returned to room temperature before recording.

Single-cell RT-PCR. In slices, cells were identified as D, MSNs or D,
MSNss based on eGFP expression. After recording, negative pressure was
used, while maintaining a tight seal, to aspirate cytoplasmic content into
the pipette. After aspiration, the electrode was broken and contents
ejected into a 0.5 ml Eppendorf tube containing 5 ul of
diethylpyrocarbonate-treated water, 0.5 ul of superasin (28,000 U/ml),
and 0.5 ul of dithiothreitol (DTT) (0.1 m). Oligo(dT) (0.5 ug/ul) and
random hexanucleotides (50 ng/ul) were used to prime reverse tran-
scription (RT) using: SuperScript I reverse transcriptase (1 ul, 200 U/ul)
and buffer [4 ul, 5X First Strand Buffer: (in mm) 250 Tris-HCI, 375 KCl,
15 MgClL,], Superase-In (1 ul, 20 U/ul), DTT (1.5 ul, 0.1 M), and mixed
deoxynucleotide triphosphates (1 ul, 10 mm). After RNA digestion by 1
ulof RNase H (2 U/ul), cDNA from the RT reaction was amplified by the
PCR. PCR from the single-cell cDNA was performed for substance P and
enkephalin as described previously (Wang et al., 2002).

Retrograde tracing. BAC transgenic mice aged postnatal day 28-30
(P28-P30) were first anesthetized with ketamine/xylazine. After immo-
bilization on a stereotaxic frame (Model 940; David Kopf Instruments)
with a Cunningham adaptor (Harvard Apparatus), a hole was drilled at
3.0 mm posterior and 1.4 mm lateral to bregma for injection into the SNr.
Alexa Fluor-Cholera toxin subunit B [1 ul (I mg/ml); Invitrogen] in

20 um

Identification of D, and D, MSNs. a, A sagittal slice taken from a P40 FVB mouse. Ctx, Cortex; Cpu, caudate putamen;
GP, globus pallidus; e, external capsule; ic, internal capsule. b, Confocal image of eGFP-positive MSNs from a BAC transgenic
animal. ¢, Visualized whole-cell recordings were made with contrast-enhanced IR-DICmicroscopy (see Materials and Methods). d,
Single-cell RT-PCR (scRT-PCR) verification of substance P (sp) and enkephalin (enk) expression in D, and D, spiny neurons. e, f,
Injection of Cholera toxin subunit B-Alexa 647 into the SNr of BAC D, and D,-eGFP mice displays overlapping and mutually
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sterile PBS was delivered using a calibrated glass
micropipette (2-000-00; Drummond Scien-
tific) at a depth of 4.7 mm from the surface of
the skull. The micropipette remained in situ for
30 min postinjection to minimize tracer diffu-
sion to other regions. Animals were perfused
and fixed with 4% paraformaldehyde 14 d later;
50 wm slices were sectioned and imaged as sin-
gle frames on a laser-scanning confocal micro-
scope (see below) with a 63X/1.4 numerical
aperture (NA) oil-immersion objective.

Whole-cell patch-clamp recording. Record-
ings were made at room temperature
(20-22°C) with patch electrodes (1.5 mm outer
diameter) fabricated from filamented, thick-
wall borosilicate-glass (Sutter Instruments)
pulled on a Flaming-Brown puller (P-97; Sutter
Instruments) and fire polished immediately be-
fore use. Pipette resistance was typically ~3-5
MQ when filled with internal solution consist-
ing of (in mm): 135 KMeSO,, 5 KCl, 10 Na-
phosphocreatine, 5.0 EGTA, 0.5 CaCl,, 2.0 Mg-
ATP, 0.5 Na;-GTP, 5 HEPES, 0.2% w/v
biocytin, pH 7.25-7.30, 300 mOsm. The liquid
junction potential in recordings was ~7 mV
and not corrected for. MSNs within the dorsal
striatum were identified by their somatic mor-
phological characteristics under infrared differ-
ential interference contrast (IR-DIC) optics.
Somatic eGFP expression was verified routinely
in cell-attach mode using epifluorescence mi-
croscopy to confirm cell identity before breaking into whole-cell mode.
Current- and voltage-clamp data were obtained and compared from
both eGFP-positive neurons from a D, eGFP animal and eGFP-negative
neurons from a D,-eGFP animal; as no differences in this sampling strat-
egy were noted, data were pooled and labeled as D; MSNs. Somatic
whole-cell patch-clamp recordings were obtained with a MultiClamp
700B amplifier (Molecular Devices) interfaced to a Pentium-based PC
running pClamp9 (Molecular Devices). The signal for voltage-clamp
recordings was filtered at 1 kHz and digitized at 10 kHz with a Digidata
1322A (Molecular Devices), except for adjusted whole-cell capacitance
estimates. A 10 ms pulse was used to adjust the amplifier compensation
for voltage-clamp recording and capacitance compensation. To obtain
more accurate whole-cell capacitance measurements, whole-cell capaci-
tance was measured using a 5 mV, 100 ms step from —80 mV, with a
Bessel filter of 10 kHz, averaged 50—100 times to avoid sampling error.
The plateau phase of the step was fit with a line constrained to a slope of
zero, from which the y-intercept was measured and used to constrain a
biexponential fit to the peak of the capacitive transient; a weighted 7 was
calculated and used for whole-cell capacitance calculations (supplemen-
tal Fig. 2, available at www.jneurosci.org as supplemental material). Pop-
ulation data for which compensation measurements alone were available
were recalculated using a linear regression calculated from a subset of
cells (n = 50) with both amplifier compensation and 5 mV pulse mea-
surements. For current-clamp recordings, the amplifier bridge circuit
was adjusted to compensate for electrode resistance and subsequently
monitored. Rheobase current was defined as the first current step, within
a series of + 20 pA steps beginning at —150 pA, capable of eliciting one
action potential.

Confocal imaging/anatomical reconstruction. For anatomical recon-
struction, 0.2% biocytin was included in the internal solution described
above and recorded in whole-cell mode for at least 30 min. Slices recov-
ered were flat-mounted on nitrocellulose filters (Millipore) and fixed in
4% paraformaldehyde (with 15% picric acid, prepared in 0.1 mm PB at
pH 7.4) for 7-12 d. After several washes, slices were then reacted with 2
pg/ml streptavidin-AlexaFluor 594 (Invitrogen) in 2% Triton-X, 1%
NGS prepared in PBS overnight at room temperature in the dark. Sec-
tions were then washed and coverslipped in an aqueous-based mounting
medium. A cell was rejected if the soma was not intact or any dye was seen

D1-eGPF/SNr-CTX-B
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in neighboring cells or processes, suggesting
processes of compromised integrity. Serial op- @
tical sections (Z-stacks) were acquired on a
laser-scanning confocal microscope (LSM 510;
Zeiss) with a 40X/1 NA oil-immersion objec-
tive (Zeiss) at 1 um intervals. Images were
stored at 16-bit image depth at a resolution of
1024 X 1024 pixels (0.22 X 0.22 X 1 pm).
Z-series of the same cell were stitched together
using Volume Integration and Alignment Soft-
ware (VIAS; Mt. Sinai Computational Neurobi-
ology and Imaging Center), and subsequently
reconstructed and analyzed using the Neurolu-
cida/Neuroexplorer suite (MicroBrightField).
No correction was applied for tissue shrinkage
during fixation.

Corticostriatal coculture. Corticostriatal co-
culture was prepared as described previously
(Segal et al., 2003). Striata from D,-eGFP BAC
mice and cortices from embryonic day 18-19
C57BL/6 mice were isolated, digested with pa-
pain (Worthington Biochemical ), and dissoci-
ated with 1 ml pipet tips as described previously
(Brewer, 1997). Striatal cells and cortical cells -86 mV
were mixed at a ratio of 3:1 and plated on 12
mm coverslips coated with polyethylenimine
(Sigma) at a density of 1 X 10°/cm?. Coverslips
were placed in 24-well plates with Neurobasal A
medium (Invitrogen) supplemented with 0.5
mMm glutamine (Invitrogen), 1XB27 (Invitro-
gen), 50 mg/1 penicillin/streptomycin (Invitro-
gen), 50 ng/ml BDNF (Sigma), and 30 ng/ml
GDNEF (Sigma). After initial plating, one quar-
ter of the medium was exchanged with fresh
medium without BDNF and GDNF every 3—4
d. Cultures (21 d old) were fixed with 4% para-
formaldehyde in PBS buffer, pH 7.4, for 20 min
at room temperature. Fixed cells were incu-
bated in blocking buffer containing 0.2% Tri-
ton X-100, 1% BSA, 5% normal donkey serum
(Jackson ImmunoResearch Laboratories), and 0.01% sodium azide in
PBS for 1 h at room temperature. The coverslips were then exposed to
goat anti-eGFP antibody (1:5000; Abcam) or rat anti-D, receptor anti-
body (1:500; Sigma). After a brief wash, cells were stained with appropri-
ate secondary antibodies (Invitrogen). Single frame images of eGFP-
positive D; MSN cells were captured using with a laser-scanning confocal
microscope (see above).

NEURON modeling. MSNs were modeled with NEURON, version 6.0
(Hines and Carnevale, 1997, 2001). The canonical model neuron [Func-
tional Reconstruction for Examining Dendrites (FRED)] was con-
structed of a cylindrical soma [length (L), 30 wm; diameter (D), 12 um],
4 to 10 dendrites, an axon initial segment (L, 10 um; D, 1.4 um), and a
cylindrical axon consisting of a sequence of five sections (L, 100 wm; D, 1
um) separated by four nodes (L, 1 wm; D, 1 um). Each dendrite con-
sisted of one primary section (L, 30 wm; diameter tapers from 2.5-2 um),
two secondary sections (L, 50 um; diameter tapers from 2 to 1 um), two
tertiary sections (L, 75 wm; diameter tapers from 1.92—0.6 um), and two
quaternary sections (L, 94 um; D, 0.6 um). Segment number and length
estimates were taken from reconstructed neurons and dendritic diame-
ters from previous electron microscopic studies (Wilson et al., 1983;
Koosetal., 2004). Spines were represented as a doubling of surface area of
the tertiary and quaternary sections (incorporated in the dimensions that
are listed this section), and a fourfold increase in axial resistivity to rep-
resent cross-sectional electrical impedance. Axial resistivity was 100
€)-cm, except in the tertiary and quaternary dendritic sections where it
was 400 {)-cm to compensate for increased cross-sectional area (Jack et
al., 1989; Larkman et al., 1992). Specific membrane capacitance was ad-
justed to 1.2 uF/cm?. Alternatively, spine calculations were made with a
doubling of specific membrane capacitance and a halving of membrane

210pA

-86 mV

IZOmV

200 ms

Figure 2.

significance.

150 pA
120 pA

D7 MSN
D2 MSN

84

861

£ -85

_%_FL ]

Gertler et al. @ Dichotomous Anatomy of Adult MSNs

b —~ e ~~ h
_ 88+
— s
< 3004 S 120 £
e % = -90
= g 100 £
@ 250 -
E g & 92
3 ) bS]
5 2004 2 go a
@ 2 o -94-
o I°3 %
S 1504 5 60 b
g 3 S 964 Dy MSN
£ 1004 £ 3 Ryy=51 MQ
40~ =z
T T T T
DIR+ D2R+ DIR+ D2R+ 2100 80 60  -40
. Current (pA)
C x f x i
— —
_ 80 G 180 z°
2 5 s
£ 82 8 160 ]
] s 5
.8 Il T
2 . 2 2.
9 ‘% 140 S
- QJ
O < o
a @ c
) 2120 s
< s 2
= E
4 € 100 §
< o =
=
DIR+ D2R+ DIR+ D2R+ (100 0 100 200 300
Current (pA)
d *
9_ .. Js
E 64 z
— = .
S 5 g
£ & 5 £
£ 2 S 20
T 40 § z Dy MSN
<} v o
< v 4= = 154
i €
g = E}
= bt =
W -5 2 34 g 10
&
gé 2 g 5= D7 MSN
) g 2= 8
i = e e ST s
DR+ D2R+ DIR+ D2R+ 00 200 300 400
Current (pA)

Differences in the membrane properties of D, and D, MSNs. a, b, Rheobase current is significantly higher in D; MSNs
(D, MSNs: median, 270 pA, n = 35; D, MSNs: median, 130 pA, n = 31; p << 0.001). ¢, Resting membrane potential is significantly
more depolarized in D, MSNs (D, MSNs: median, —87.2mV, n = 35; D, MSNs: median, —85.4mV, n = 31;p < 0.05).d, Spike
threshold is not significantly different. e, Input resistance measured with a — 150 pA hyperpolarizing step is significantly smaller
in D, MSNs (D, MSNs: median, 53.1 M2, n = 35; D, MSNs: median, 93.1 M€, n = 31; p < 0.05). e, f, Membrane time constant
and resistance measured with a 5 mV pulse in voltage clamp from —80 mV are significantly different (R, D, MSNs: median,
124.40 M€, n = 35; D, MSNs: median, 154.83 M(2, n = 31; p < 0.05; 7: D, MSNs: median, 2.9 ms, n = 28; D, MSNs: median,
2.3ms, n = 30; p < 0.05). h, i, Membrane responses to intrasomatic current injection reveal a subthreshold divergence. A linear
fit across resting membrane potential reveals a difference in input resistance. j, Voltage responses of D, and D, MSNs to intraso-
matic current steps demonstrate increased excitability in the D, MSN population, as displayed in an F-/ plot. *Statistical

resistance; outcome measures reported, such as whole-cell capacitance
and rheobase current measured through a simulated somatic whole-cell
recording, were not qualitatively or quantitatively significantly different,
as has been reported previously (Vetter et al., 2001).

The cell model incorporated biophysically accurate ion channel mod-
els describing Nav, Kv1, Kv2, Kv4, Kir2, Cav, and SK channels, as well as
a Ca*" buffering system, which were constrained by experimental data
(Baranauskas et al., 1999, 2003; Tkatch et al., 2000; Chan et al., 2004;
Shen et al., 2004, 2005) or acquired from NEURON database mod files
from previous simulations (Migliore et al., 1995; Wang et al., 2002;
Khaliq et al., 2003) and incorporated into the appropriate compart-
ments. AMPA-mediated synaptic input was simulated at 120 uwm eccen-
tricities from the soma with a rise time of 0.2 ms, a decay time of 4 ms, and
a maximum conductance of 2.5 nS. All simulations were done at 23°C
and with an E, of 50 mV and Eg of —90 mV. NEURON mod files
providing a complete description of the model are available on request
and will be posted on the ModelDB web site (http://senselab.
med.yale.edu/neurondb).

Additionally, reconstructions of prototypical D, and D, MSNs were
imported from Neurolucida (MicroBrightField) into NEURON using
the Import 3D tool. A soma, similar in size to the soma of the FRED
models, was created in NEURON and attached to the reconstructed den-
drites. The reconstruction models incorporated the same specific mem-
brane capacitance and ion channel properties (i.e., identities, kinetics,
and densities) as the FRED models, with channels distributed according
to dendritic branch order: primary, secondary, tertiary and quaternary.

Data and statistical analyses. Curve fitting and data analyses were done
with Igor Pro 6.0 (WaveMetrics) and Sigmastat (Systat Software). Box
plots were used for graphic representation, whereby the central line rep-
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below, D, and D, MSNs identified by their
expression of eGFP differed significantly
in their intrinsic excitability. eGFP-
negative MSNs sampled from D, BAC
slices were electrophysiologically indistin-
guishable from D; MSNs sampled in slices
from D, BAC mice (supplemental Fig. 1,
available at www.jneurosci.org as supple-
mental material). As a consequence, each
MSN population was studied in a single
slice to control for variability in founder
populations and slice viability.

200 250 300

D, and D, medium spiny neurons
differed in intrinsic excitability
Whole-cell patch-clamp recordings were
made in current-clamp mode to survey the
intrinsic properties of D; and D, MSNs
(Fig. 2). After seal rupture and equilibra-
tion, the resting membrane potential of D,
MSNs was more hyperpolarized than that
of D, MSNs (D, MSN: median, —87.2 mV,
n = 35; D, MSN: median, —85.4 mV, n =
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Figure 3.  Differences in Kir2 channel current amplitude and whole-cell capacitance between D, and D, MSNs. a, Sample

voltage-clamp recording of a spiny neuron, with a focus on the inwardly rectifying Kir2 current present during a voltage ramp. b,
Mean current-voltage relationships of D, (red) and D, (blue) MSNs as measured with a 200 ms ramp, displayed with shaded SEM.
Note the divergence of the two populations, with a difference current (inset) mirroring the Kir2 current rectification and reversal
profile. Arrow indicates £,. ¢, Overlapping, yet significantly different, Gaussian distributions of whole-cell capacitance measure-
ments taken from D, and D, MSNs (D; MSN: median, 192 pF, n = 28; D, MSN: median, 157 pF, n = 30; p < 0.05). d, Peak Kir2/K
leak channel conductance (measured with — 150 mV step; see arrow in a) is positively correlated to whole-cell capacitance in D,

and D, MSNSs.

resents the median, the edges represent the interquartile ranges, and the
whiskers represent the overall distribution. Non-normal distributions
were assumed for all data sets regardless of sample size and variance.
Pairwise comparisons were performed using a Mann—Whitney rank sum
test with a threshold of p < 0.05 for significance; correlations were ex-
amined by a Spearman rank correlation test.

Results

Medium spiny neurons can be identified by eGFP expression
Whole-cell recordings were obtained from MSNs in parasagittal
slices from BAC transgenic mice (P35-P45) (Fig. 1a). With the
aid of eGFP expression, D, receptor expressing striatonigral
MSNs (D; MSNs) and D, receptor expressing striatopallidal
MSNs (D, MSNs) were identified within the slice (Fig. 1b). To
confirm the identity of these cells, a subset of cells identified by
eGFP expression were profiled using single-cell RT-PCR (Fig.
1d). As previously described, substance P and enkephalin expres-
sion were restricted to D, and D, MSNs, respectively (Gerfen et
al.,, 1990; Surmeier et al., 1992, 1996). Finally, to determine
whether D, and D, receptors were coexpressed in a subset of
neurons, cholera toxin subunit B (CTX-B), a retrograde tracer,
(Ericson and Blomqvist, 1988) was injected into the SNr of D,
and D, BAC mice. Confocal imaging of the striatum revealed
complete colocalization of eGFP with CTX-B in striata from D,
BAC mice, whereas no colocalization was found in striata from
D, BAC mice (Fig. le,f). Neurons labeled with CTX-B, but not
eGFP, were not readily observed, in contrast to the suggestion of
a recent study that there is a significant unlabeled population
(~30%) of MSNs in D; BAC mice (Shuen et al., 2008). As noted

Whole-Cell Capacitance (pF)

160 180 200 31; p < 0.05). The rheobase current was
significantly greater in D, MSNs (D, MSN:
median, 270 pA, n = 35; D, MSN: median,
130 pA, n = 31; p < 0.001). Thus, the cur-
rent step used to evoke a single spike in a
D, MSN failed to push a D; MSN to spike
threshold; conversely, intrasomatic injec-
tion of a typical rheobase current step in a
D, MSN evoked a train of action potentials
in a D, MSN (Fig. 2a). The differences in
rheobase were not reflective of differences
in spike threshold (D; MSN: median,
—43.3 mV, n = 35; D, MSN: median, —44.2 mV, n = 31). How-
ever, there was a significant difference in input resistance mea-
sured with a —150 pA hyperpolarizing step from the resting
membrane potential (D; MSN: median, 53.1 MQ, n = 35; D,
MSN: median, 93.1 M), n = 31; p < 0.05). [nput resistance was
also calculated from a linear fit to a voltage—current plot for
comparison with other reports. A 5 mV voltage-clamp step from
—80 mV revealed that D, MSNs had a shorter membrane time
constant than D; MSNs (D; MSN: median, 2.9 ms, n = 35; D,
MSN: median, 2.3 ms, n = 31; p < 0.05). Last, the relationship
between spiking frequency and injected current (F-I plot) was
shifted leftward in D, MSNs compared with D; MSNs.

The predominant channel open at the resting membrane po-
tential (typically —80 to —90 mV) in adult MSNis is the inwardly
rectifying K™ (Kir2) channel (Uchimura et al., 1989; Jiang and
North, 1991; Nisenbaum and Wilson, 1995). Somatic voltage
ramps from —150 to —50 mV (0.6 mV/ms) were used to measure
the currents through these Ba** sensitive channels (Fig. 3). The
total current was modeled as a sum of currents through an in-
wardly rectifying Kir2 channel and a linear K™ selective leak
channel (K,.,) (Shen et al., 2007). The Kir2/K,.,. currents had
similar properties in D, and D, MSNs, but differed in amplitude,
being significantly larger in D, MSNs (median, —1836 pA, n =
35; D, MSN: median, —1159 pA, n = 31, p < 0.05).

A difference in the magnitude of the current measured with a
somatic recording could be attributed to differences in channel
density, channel distribution, or the surface area of the mem-
brane in which channels are expressed. The K™ conductance at



10818 - J. Neurosci., October 22, 2008 - 28(43):10814 10824

—150 mV in the sample was positively cor-
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related with whole-cell capacitance (rg = D1 MSN, P16 Z 5007
0.77, p < 0.001). Whole-cell capacitance < 200
estimates of D; MSNs were consistently it ] Dy MSN
larger than those of D, MSNs, suggesting 5 300 4 é
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To determine whether the differences in
intrinsic excitability of MSNs were devel-

age (postnatal day)

opmentally regulated, D, and D, MSNs
from 2.5 to 10 weeks of age were examined.
The dichotomy in rheobase was apparent
as early as 2.5 weeks postnatally and was
maintained through the oldest animal
studied (10 weeks) (Fig. 4). Similarly, the
inward current measured in our voltage ramp protocol (Fig. 3),
which was carried predominantly by Kir2 channels, increases
sharply with age, past the 5- to 6-week-old time point and out to
10 weeks of age. Thus, the differences between D, and D, MSNs
in both rheobase and Kir2 channel currents were evident from
early developmental stages through adulthood.

Figure 4.

development.

Differences between MSNs were not solely attributable to M,
muscarinic receptors
Previous work by our group has shown that Kir2 channels in D,
and D, MSNs are differentially modulated by M, muscarinic
receptor signaling (Shen et al., 2007). In particular, M, receptors
downregulate Kir2 channels (via G,;,-mediated PIP, depletion)
in D, MSNs, but have little effect on Kir2 channels in D; MSNs.
Hence, one possible explanation for the dichotomy between D,
and D, MSNs is that it reflects basal M, receptor modulation. To
test this possibility, whole-cell recordings were taken from D,-
eGFP BAC mice crossed with M, receptor knock-out mice (Shen
et al., 2007). In current-clamp mode, the F-I relationship was
shifted to the right (less excitable) in D, MSNs lacking M, recep-
tors, whereas D; MSNs were unaltered (Fig. 5a—d). Voltage-
clamp experiments demonstrated that Kir2 channel currents
were larger in D, MSNs lacking M, receptors, whereas they were
indistinguishable in D; MSNs (Fig. 5e—h). Although these differ-
ences corroborate previous studies and demonstrate the exis-
tence of ambient muscarinic receptor stimulation in the in vitro
slice preparation, they were not of sufficient magnitude to ac-
count for the physiological dichotomy between D, and D, MSNs.
Another possible explanation of the differences between D,
and D, MSNss is a dichotomy in the tonic activation of GABA
and GABAg receptors (Ade et al., 2008). The addition of gabazine
(10 uMm; to block GABA, receptors) and CGP55845 (1 um; to
block GABAj, receptors) produced a 1-2 mV depolarization in
some MSNs; however, this effect was not consistent and failed to
reduce the difference between the F-I plots of D; and D, MSNs
(n = 5, data not shown).

The difference between D, and D, MSNs is stable through development. a, Current-clamp recordings from D, MSNs
spiny throughout development. b, Rheobase current increases for all MSNs through 10 weeks of age. ¢, Peak inward current, as
measured by a voltage step from —80 to —150 mV in voltage-clamp mode, also increases for hoth MSN subtypes through

D, medium spiny neurons had more primary dendrites

A straightforward explanation for the dichotomy in whole-cell
capacitance and excitability of D, and D, MSNis is that they differ
in surface area. To test this hypothesis, D, and D, MSNs were
identified by epifluorescence in slices from BAC mice and then
patched with electrodes containing biocytin (Horikawa and
Armstrong, 1988). After filling, slices were processed, and re-
corded MSNs were reconstructed, preserving as much three-
dimensional architecture as possible (Fig. 6). Dendritic length
and branching pattern were measured in a population of D, (n =
15) and D, MSNs (n = 16). A three-dimensional (3D) Sholl
analysis was performed to determine the number of dendritic
processes in concentric shells centered on the soma (Fig. 7a). D,
MSNSs had more intersections than D, MSNs from 10 to 135 wm
from the soma. From the 3D Sholl analysis, the cumulative den-
dritic length within spheres of increasing diameter was measured
and averaged to determine where branching diverged (Fig. 7b).
Approximately 25 um from the soma, the difference in cumulative
dendritic length reached ~20% and remained constant (Fig. 6b).
Total dendritic length was positively correlated with whole-cell ca-
pacitance (rg = 0.549, p < 0.05), confirming the expected relation-
ship between the electrical and anatomical measurements.

The difference in total dendritic length (D, MSNs: median,
3283 wm, n = 15; D, MSNs: median, 2532 um, n = 16; p < 0.001)
was attributable to a difference in the number of primary den-
drites (D; MSNs: median, 8, n = 15; D, MSNs: median, 6, n = 16;
p < 0.05), as the mean tree length (i.e., total dendritic length/
number of primary dendrites) was similar in the two types of
MSNs. To test this inference, we calculated dendritic electrotonic
length from a hyperpolarizing current step (Rall, 1969, 1977;
Brown et al., 1981a,b); these measurements showed that D, and
D, MSN dendrites were indistinguishable in electrotonic length,
confirming the anatomical analysis (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material) (D, MSN:
median, 0.6, n = 10; D, MSN: median, 0.6, n = 11). Although the
dendrites did not differ in length, D, MSNs had significantly more
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mental) factors. A simple way to begin to
examine this question is to see whether the
differences can be recapitulated in a simple
system, such as a two-dimensional, disso-
ciated corticostriatal culture where the
normal striatal environment and the to-
pography of cortical connections with

b MR-/-D, MSN MSNss has been disruptfed. MSNss in these
210pA cultures develop a relatively normal den-

_’E‘Eﬁ: dritic morphology, including spines (Segal
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Figure 5.  Basal muscarinic tone suppresses the excitability of D, MSNs but is insufficient to explain the physiological dichot-  previous experimental and simulation
omy. a, b, Sample current-clamp recordings from wild-type and M;R —/— D, spiny neurons. ¢, d, F=/ relationships of D; and D,  work; adjustments were made in the distal
wild-typeand M;R —/— MSNs. Note the decrease in firing in the D, MSN population from M;R —/— mice.e, f, /- Vrelationships  Jendrites to account for the presence of
of wild-type versus M,R —/— D, MSNs and wild-type (wt) versus D, MSNs. g, h, Peak current measured at — 150 mV does not spines (see Materials and Methods). With

differin the D, MSNs. (D, MSN wt: median, — 1836 pA, n = 35; D, MSN M;R —/—:median, —2045 pA,n = 14).M;R —/—D,
MSNs show increased inward currents in the absence of M;R tone (D, MSN wt: median, —1159 pA, n = 31; D, MSNM;R —/—:

median, —1298 pA, n = 14; p < 0.05). *Statistical significance.

branch points and tips (D; MSNs: median, 28 branch points, 38 tips,
n = 15; D, MSNs: median, 19 branch points, 28.5 tips, n = 16; p <
0.05 for both measures); this was attributable to their having more
primary dendrites. Furthermore, the mean number and length of
dendritic segments as a function of branch order was not signifi-
cantly different between D, and D, MSNs (Table 1). A convex hull
analysis was used to estimate the three-dimensional space occupied
by dendritic trees (this algorithm takes into account the three-
dimensional space occupied by a set of dendritic processes, allowing
for a more complex polygonal surface rendering than assuming a
cubic or spherical distribution). D; MSNs occupied significantly
more space than D, MSNs (Table 1), which again was attributable to
the difference in the number of primary dendrites, not the branching
pattern or length of the dendrites.

It is not obvious whether this difference in dendritic anatomy
depends on intrinsic (cell autonomous) or extrinsic (environ-

a simulated somatic patch electrode, the
models were then tested as MSNs in tissue
slices. For both the D; and D, MSN mod-
els, the whole-cell capacitance, input resis-
tance, and rheobase were similar to those of the cells used for the
reconstructions (Fig. 8a,b).

In a second set of experiments, canonical models of D, and D,
MSNs were constructed with dendrites of a stereotyped branch-
ing structure constrained by our anatomical reconstructions,
having primary dendrites with a secondary and tertiary branch-
ing structure that mimicked the prototypical D; or D, MSN.
Again, channel densities in each compartment and nondendritic
anatomical features (soma, axon initial segment, and axon) were
held constant across models. These models were given the acro-
nym FRED (Fig. 8¢). The two models representing the median of
the D, and D, MSN distributions (FRED-8 and FRED-6, respec-
tively) differed as expected in the relative magnitude of their Kir2
channel currents, in their whole-cell capacitance, and in their
rheobase currents (Fig. 84,f). The two models also recapitulated
the dichotomy of the two MSNs in their F- relationship (Fig. 8e).
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Reconstructions of biocytin-filled D, and D, MSNs. a— ¢, Striatal neurons from P35—-P45 BAC transgenic mice were biocytin-filled, imaged, and reconstructed in three dimensions. A

GABAergic interneuron is included for comparison. d, Fan-in diagrams displayed no apparent preferred orientation in either the D, or D, MSN populations. e, Dendrograms displaying in two

dimensions the length, number, and connectivity of dendritic segments in sample neurons.

To determine the impact of the differences in dendritic anat-
omy on synaptic integration, simulated synapses were placed on
the tertiary dendrites of each model at an identical distance from
the soma (Fig. 8¢). The somatic EPSP was 24% larger in the
FRED-6 model than in the FRED-8 model (FRED-6, 4.2 mV;
FRED-8, 3.2 mV). A similar result was obtained with a train of
synaptic inputs (five impulses at 50 Hz); the difference in the
EPSP amplitude was 26% (FRED-6, 5.2 mV; FRED-8, 3.9 mV).
To determine how the integration of spatially distributed synap-
tic inputs would be affected, a single synapse was placed at the
same position on five different dendrites. The difference in the
somatic EPSP evoked in the two models by simultaneously acti-
vating these synapses was similar to that seen with a single syn-
aptic location (26%), although the peak somatic depolarization
was slightly larger in both models (FRED-6, 5.4 mV; FRED-8, 4.0
mV). The dendrites of the models were invested with Kir2 chan-
nels, which oppose voltage deflections and thus synaptic integra-
tion. To examine the contribution of this channel to the differ-
ences between the models, the density of this channel was
reduced to zero and the simulation with the spatially distributed
synapses was repeated. In this situation, somatic EPSP amplitude
was increased in both models, but the difference between them
remained (25% difference; FRED-6, 21.7 mV; FRED-8, 16.2
mV). We used intradendritic current steps at the same “postsyn-
aptic site” on a tertiary dendrite to generate F-I curves, as seen
from a simulated somatic electrode. The change in current injec-
tion site altered the curve of the F-I relationship in both models
to a similar extent, adding support for the relationship seen with
intrasomatic current injection (data not shown). To compare
back-propagation of somatic spikes into dendrites, we injected
near-rheobase intrasomatic current to both canonical models
and found no difference in the height of the action potential in
either the soma or in distal, tertiary dendrites (data not shown).

Discussion

D, striatonigral and D, striatopallidal MSNs have long been re-
garded as a single population with respect to somatodendritic
morphology, regardless of differences along neurochemical or
axonal dimensions (Fox et al., 1971; DiFiglia et al., 1976; Kawagu-
chi et al., 1989). Although parsimonious, this assumption has
been difficult to test until the introduction of D, and D, BAC
transgenic mice (Gong et al., 2003; Heintz, 2004). The capacity to
distinguish MSNs without post hoc analyses (e.g., single-cell RT-
PCR) has led to the discovery of unappreciated differences be-
tween these two principal populations (Day et al., 2006; Kreitzer
and Malenka, 2007; Cepeda et al., 2008). Our results extend this
literature, showing for the first time that there is a dichotomy in
the dendritic anatomy of D, and D, MSNs that contributes to
differences in their excitability.

Anatomical dichotomy between medium spiny neurons

Three-dimensional reconstructions of biocytin-filled MSNs re-
vealed that the total dendritic length of D, MSNs was significantly
greater than that of D, MSNs in adult mice. Although measures of
whole-cell capacitance derived from somatic voltage steps under-
estimate membrane surface area, they were strongly correlated
with our anatomical measures of total dendritic length. Further-
more, the number of branch points and terminal endings (“tips”)
was significantly higher in D; MSNs. However, normalizing the
branching parameters (tips, intersections) by the number of pri-
mary dendrites eliminated the difference between MSNs. We also
found the length of each segment and the number of segments to
be the same in each primary dendritic branch, regardless of the
cell type from which it emerged. These results argue that the
branching structure within individual primary dendrites or
branchlets is the same in the two MSN types. This conclusion was
consistent with the electrotonic length equivalence of the den-
dritic tree in the two MSN populations (Rall, 1969, 1977; Brown
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D, MSN: median, 2878.3 um, n = 16; p << 0.001). *Statistical significance.

Table 1. Dendritic dimensions of reconstructed D, and D, MSNs
D, MSN (n = 15)

D, MSN (n = 16)

Branch order Number Length (m) Number Length (um)
1° Dendrite 7.8 (%0.6) 248 (+1.8) 59(+0.4) 29.9 (£2.7)
2° Dendrite 124 (*=1.0) 48.5(£3.9) 9.9(*+0.8) 47.7 (£3.6)
3° Dendrite 15.8(*=13) 55.1(=*+3.9) 11.5(%=1.0) 57.9 (%3.4)
4° Dendrite 127(+1 1) 59.8 (£4.2) 83(+1.1) 60.9 (£8.5)
5° Dendrite 9 (+0.9) 59.9 (+5.9) 6.3 (*+0.8) 56.0 (*£4.1)
6° Dendrite 44(*+0.8) 59.7 (£4.7) 49(*+0.7) 58.9 (£10.3)
7° Dendrite 8(*1.2) 47.2(*+18.3) 5.0 (*0.6) 58.2(*£14.2)
Total tree 471.8 378.8

Dendritic segments of 15 D and 16 D, reconstructed MSNs were compared with respect to average number per neuron and segment length (reported as
mean == SEM). The absolute number of segments per cell was significantly higherin D, MSNs than in D, MSNs for 1 4° branch orders, but not significant once
normalized to the number of primary dendrites. The total length of a dendritic tree emerging from a single primary dendrite was not significantly different
between D, and D, MSNs. The space occupied by D; MSNs was significantly larger, whereas that occupied by a D, MSN dendritic tree was not significantly
different from that of a D, MSN. The total convex hull surface for D, MSNs was significantly larger than D, MSNs (D, MSN, 105.7 mm?; D, MSN, 89.6 mm? p
< 0.05), although the area per primary dendrite was not different (D, MSN, 8.5 mm? D, MSN, 12.3 mm?).

et al., 1981a,b, Wilson, 1992). Thus, the difference in dendritic
surface area between MSNs was not attributable to longer or
more richly branched dendrites, but rather to D, MSNs having
more primary dendrites.

J. Neurosci., October 22, 2008 - 28(43):10814-10824 + 10821

The more extensive dendritic arbor of
D, MSNs introduces the possibility that
they receive a larger number of glutama-
tergic synapses than do D, MSNGs, if syn-
aptic density is the same in each popula-
tion. To our knowledge, the density of
spines (the principal site of glutamater-
gic synapses in MSNs) is similar in D,
and D, MSNs (cf. Day et al., 2006), al-
though this has not been rigorously ex-
plored in older animals. Recent work
suggests that synapses formed on D,
MSNs are smaller (Lei et al., 2004), rais-
ing the possibility that relatively more
need to exist to achieve the same level of
synaptic depolarization. However, con-
trary to this prediction, the distributions
of glutamatergic mEPSC amplitudes in
D, and D, MSNs are not significantly
different (Kreitzer and Malenka, 2007;
Cepeda et al., 2008; Ding et al., 2008).
There is also the possibility that D,
MSNs integrate a broader array of gluta-
matergic synaptic inputs from the cerebral
cortex or thalamus than do D, MSNs
(Hersch et al., 1995; Smith et al., 2004).

Mechanisms of controlling

dendritic development

The factors controlling dendritic dichot-
omy between MSNs are unknown. A po-
tential clue comes from recapitulation of
the larger dendritic tree in D; MSNs in
corticostriatal cocultures. In these cul-
tures, synapses formed on MSNs by corti-
cal glutamatergic neurons induce spine
formation and promote dendritic elabora-
tion (Segal et al., 2003). This is consistent
with studies in other neurons pointing to
the importance of ionotropic glutamate
receptors in the expansion of dendritic
surface area (Rajan and Cline, 1998; Sin et
al., 2002; Richards et al., 2005). Although
this environment is permissive for den-
dritic development, it cannot reproduce
the cellular specificity of glutamatergic
connections onto D; and D, MSNs found
in vivo. The retention of the dendritic di-
chotomy between MSNs in this environ-
ment suggests that its determinants are
largely cell autonomous.

Dichotomous morphology contributes
to physiological differences between D,
and D, MSNs

As with recent studies of younger mice
(Kreitzer and Malenka, 2007; Ade et al.,
2008; Cepeda et al., 2008), we found a very
clear difference in the excitability of stria-

tal D, and D, MSNs from 5 to 6-week-old mice. Over a broad
range of intrasomatic current amplitudes, D, MSNs consistently
spiked at higher frequencies than did D; MSNs. In older MSNs,
differences in resting membrane potential, input resistance, and
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rheobase current accompanied this differ-
ence in the F-I relationship. The physio-
logical dichotomy was evident 3 weeks
postnatally and was maintained in the old-
est mice studied (10 weeks postnatal). This
pattern is in agreement with previous
work showing that MSN membrane prop-
erties are qualitatively established by 3
weeks postnatally (Tepper et al., 1998).
Spine and asymmetric synaptic densities
achieve stable densities at a similar time
point (approximately the fourth postnatal
week) (Wilson et al., 1983, 1992; Sharpe
and Tepper, 1998). Our results suggest
that although synaptic density stabilizes
early, dendritic area continues to increase
in both D, and D, MSNs for at least an-
other 4 weeks, well past puberty into adult-
hood. In parallel, there are quantitative
changes in physiological parameters that
reflect the dendritic growth.

The physiological differences between
MSNss visible with somatic current injec-
tion could not be ascribed to synaptic in-
fluences. Although it might be important
in younger MSN’s (Ade et al., 2008), differ-
ences in tonic GABAergic synaptic input
were not significant in older MSNs. Fur-
thermore, genetically deleting M; musca-
rinic receptor signaling, which is known to
target K™ channels (i.e., Kir2, Kv7 chan-
nels) that shape input resistance and the
F-Irelationship in MSNs (Nisenbaum and
Wilson, 1995; Shen et al., 2007), reduced
but did not eliminate the differences be-
tween MSNE.

The simplest explanation for the phys-
iological dichotomy lay in the anatomical
divergence of the two MSNs. Computer
simulations provided clear support for this
proposition. Two types of simulations
were performed. Simulations using ca-
nonical MSN models with a variable num-
ber of identical dendrites (constrained by
our reconstructions) were able to repro-
duce the basic current- and voltage-clamp
properties of the two MSN populations
observed experimentally. The models dif-
fered only in their dendritic morphology,
havingidentical channel properties in each
segment and standardized nondendritic
components (soma, axon initial segment,
and axon). To make sure that nuanced
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Figure8. Simulations suggest that the differencesin D, and D, MSN physiology reflect the dendritic dichotomy. a, b, NEURON
models constrained to anatomical reconstructions of biocytin-filled and imaged spiny projection neurons, fit with identical
channel distributions and densities, display different excitability in current-clamp simulations. The D; MSN reconstruction model
had a whole-cell capacitance of 203 pF (recorded in vitro, 209 pF) and a rheobase current of 210 pF, compared with the D, MSN
reconstruction model with a whole-cell capacitance of 182 pF (recorded in vitro, 168 pF) and a rheobase current of 160 pA. ¢, d,
FRED NEURON models constructed with eight or six primary dendrites to simulate a D; and D, MSN, respectively. FRED-8 (whole-
cell capacitance, 213 pF) and FRED-6 (whole-cell capacitance, 173 pF) have rheobase currents of 210 and 165 pF, respectively. e,
A frequency— current plot demonstrating increased firing frequency in FRED-8 for all levels of intrasomatic current injection. f,
Current—voltage relationships displaying a Kir2 current of increased amplitude in the FRED-8 model. g, Somatic depolarization in
FRED-6 and FRED-8 models from an AMPA-mediated PSP to a single tertiary dendrite and to five tertiary dendrites at 50 Hz with
and without Kir2 channels.

dendritic branching was not a factor, anatomical reconstructions
of prototypical D, and D, MSNs with identical channel densities
and distributions were examined. Again, the two models dis-
played dichotomous physiological properties that mirrored those
seen experimentally. Although the models were constrained to
yield inwardly rectifying K™ current amplitudes matching those
recorded from neurons in the in vitro slice preparation, the dichot-
omous behavior of the models was relatively insensitive to absolute
channel densities. A difference in the behavior of the models was
seen across a spectrum of ion channel densities and kinetics.

Although the simulations suggest that differences in dendritic
anatomy contribute significantly to the physiological dichotomy
between D, and D, MSNs, there are compelling reasons to believe
this is not the only way in which these neurons differ. First, the
simulations were not able to recapture the magnitude of the dif-
ferences in rheobase current between the two MSNs (compare
Figs. 2, 8). Second, the simulations were not able to recapture the
shape of the experimental F-I curves, suggesting that other fac-
tors also contribute to repetitive spiking. These features of MSN
spiking may be further shaped by conductances within nonden-
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dritic regions, such as the axon initial segment (Bean, 2007).
Third, recent studies of dendritic excitability suggest that somat-
ically initiated spikes decrement more rapidly with distance from
the soma in the dendrites of D; MSNs than D, MSN:gs; this differ-
ence appears attributable to asymmetries in the density of den-
dritic Kv4 channels (M. Day and D. J. Surmeier, unpublished
observations). It is likely that future studies will identify other
physiological differences between MSNs produced by variation
in the expression and distribution of ion channels that help shape
their physiology.

How the anatomical dichotomy between MSNs affects synap-
tically driven activity patterns remains to be explored. Dendritic
branching pattern is a key determinant of somatic spiking
(Mainen and Sejnowski, 1996), as well as forward propagation of
EPSPs and back-propagation of spikes (Golding et al., 2001; Vet-
ter etal., 2001). The similarity of dendritic branching structure in
the two types of MSN significantly narrows the range of features
that should be affected by the dichotomy. For example, back-
propagation of spikes should not be affected by the difference in
the number of primary dendrites; this inference was confirmed in
our simulations. However, forward propagation of EPSPs should
be sensitive to total dendritic area. In our simulations, identical
synaptic events generated smaller EPSPs in D; MSNs than D,
MSNss. Similar results were obtained when synaptic inputs were
temporally or spatially summed. Not unexpectedly, injecting cur-
rent into dendrites of simulated D; MSNs was also less effective in
generating repetitive spiking than in the D, MSNs (as with intra-
somatic current injection). Given this dichotomy, it is puzzling
that EPSC amplitudes in D; and D, MSNs do not appear to differ
(Kreitzer and Malenka, 2007); this raises the possibility that there
are compensatory synaptic scaling mechanisms in MSNs, as in
other brain neurons (Smith et al., 2003).

In summary, our results demonstrate that there is an anatom-
ical dichotomy between D, and D, MSNs in adult mice that leads
to a difference in their intrinsic excitability. These results have
basic implications on the connectivity of these two principal
MSN types and their integration of synaptic information.
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