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Subplate (SP) neurons are important for the proper development of thalamocortical innervation. They are necessary for formation of
ocular dominance and orientation columns in visual cortex. During the perinatal period, many SP neurons die. The surviving cohort
forms interstitial cells in the white matter (WM) and a band of horizontally oriented cells below layer VI (layer VIb, layer VII, or subplate
cells). Although the function of embryonic SP neurons has been well established, the functional roles of WM and postnatal SP cells are not
known. We used a combination of anatomical, immunohistochemical, and electrophysiological techniques to explore the dendritic
morphology, neurotransmitter phenotype, intrinsic electrophysiological, and synaptic input properties of these surviving cells in the rat
visual cortex. The density of SP and WM cells significantly decreases during the first month of life. Both populations express neuronal
markers and have extensive dendritic arborizations within the SP, WM, and to the overlying visual cortex. Some intrinsic electrophysi-
ological properties of SP and WM cells are similar: each generates high-frequency slowly adapting trains of action potentials in response
to a sustained depolarization. However, SP cells exhibit greater frequency-dependent action potential broadening than WM neurons.
Both cell types receive predominantly AMPA/kainate receptor-mediated excitatory synaptic input that undergoes paired-pulse facilita-
tion as well as NMDA receptor and GABAergic input. Synaptic inputs to these cells can also undergo long-term synaptic plasticity. Thus,
surviving SP and WM cells are functional electrogenic neurons integrated within the postnatal visual cortical circuit.
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Introduction
Embryonic subplate (SP) neurons are important for the develop-
ment of proper synaptic connectivity in neocortex. Removal of
SP neurons during embryonic development leads to aberrant
thalamocortical connections (Ghosh et al., 1990; Ghosh and
Shatz, 1994; Molnar et al., 1998). In the visual cortex, after SP
ablation, ocular dominance and orientation columns do not de-
velop correctly (Ghosh and Shatz, 1992; Lein et al., 1999; Gross-
berg and Seitz, 2003; Kanold et al., 2003; Kanold, 2004).

During maturation, layer IV neurons receive convergent syn-
aptic input from SP and thalamic axons (Kanold et al., 2003;
Kanold, 2004). A competitive process weakens the disynaptic
thalamic–SP–layer IV circuit and strengthens thalamic–layer IV
monosynaptic connections, leading to elimination of the SP–
layer IV pathway with formation of the mature thalamocortical
pathway (Friauf et al., 1990; Kanold et al., 2003). After refinement
of the synaptic inputs to layer IV, many SP neurons undergo
programmed cell death during late embryonic and early postna-
tal development (Al Ghoul and Miller, 1989; Naegele et al., 1991;
Ghosh and Shatz, 1993; Allendoerfer and Shatz, 1994; Valverde et
al., 1995; DeFreitas et al., 2001; McQuillen et al., 2002). The sur-
viving cells are situated interstitially in the white matter (WM)

[WM neurons (Valverde and Facal-Valverde, 1988; Chun and
Shatz, 1989; Shering and Lowenstein, 1994)] and as a narrow
band just below layer VI [SP neurons, layer VIb, layer VII, sub-
griseal neurons (Reep and Goodwin, 1988; Vandevelde et al.,
1996; Clancy and Cauller, 1999; Reep, 2000)].

Embryonic SP neurons may function exclusively during a re-
stricted phase of development, contributing only to refinement
of the thalamocortical innervation (Allendoerfer and Shatz, 1994;
Kanold, 2004). Alternatively, because some SP neurons (�20%)
survive, they may perform other functions in the postnatal neo-
cortex, becoming integrated into the microcircuitry of the six
major cortical laminase. Data in support of this alternative in-
clude the following: fluorescent tracers applied to layer I in juve-
nile and adult rats retrogradely label somata of SP and WM cells
(Clancy and Cauller, 1999); SP neurons that survive pro-
grammed cell death do not show evidence of atrophy of their
dendritic trees or nuclear shrinkage (Robertson et al., 2000); and
SP cells receive functional synaptic input during the first days
[postnatal day 0 (P0) to P3] of postnatal life in the rat (Hanganu
et al., 2001, 2002). However, the fate and functional properties of
these cells beyond the immediate perinatal period are unknown.

We determined the following: the declining density of SP and
WM cells stabilizes by P30; both smooth and spiny neurons sur-
vive in the SP with their dendrites oriented along the WM border
and toward the pial surface; both cell types generate high-
frequency slowly adapting trains of action potentials (APs) with
some spike broadening over the course of an action potential
train; both groups of neurons receive excitatory glutamatergic
synaptic input, primarily onto AMPA/kainate receptors, as well
as GABAA and NMDA receptor (NMDAR)-mediated input; and
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the synaptic inputs to SP and WM neurons undergo short- and
long-term plasticity. Thus, surviving SP and WM cells are func-
tional neuronal elements that become integrated into the postna-
tal neocortical network.

Materials and Methods
General methods
All methods were performed according to guidelines by the Institutional
Animal Care and Use Committees of the University of Alabama at Bir-
mingham and Baylor College of Medicine. P10 –P20 Sprague Dawley rats
were deeply anesthetized with sodium pentobarbital (35 mg/kg) and
killed with a guillotine. The brain was rapidly removed and chilled in
artificial CSF (aCSF) containing 124 mM NaCl, 2 mM KCl, 2 mM MgSO4,
2 mM CaCl2, 1.25 mM KH2PO4, 26 mM NaHCO3, and 10 mM dextrose,
and saturated with 95% O2/5% CO2 to obtain a final pH of 7.4. The
hemispheres were divided, the frontal part of the brain was removed to
the level of the central sulcus, and 300 �m coronal slices of the visual
cortex were prepared using a Vibratome 1000 (Technical Products Inter-
national, St. Louis, MO). Slices were incubated at 33°C for 30 min in a
holding chamber using a heated water bath (Fisher Scientific, Pittsburgh,
PA) and allowed to reach room temperature throughout the day. After
incubation for at least 1 h, slices were transferred to a submerged record-
ing chamber (Warner Instruments, Hamden, CT) and superfused con-
tinuously at 1.5 ml/min with oxygenated aCSF at room temperature
(�24°C). An upright microscope (Axioskope FS1; Zeiss, Oberkochen,
Germany) equipped with an Achroplan 40� 0.8 numerical aperture wa-
ter immersion lens and differential interference contrast video micros-
copy was used to view neurons in the slices.

Glass micropipettes [8250 glass (1.5 outer diameter, 0.86 inner diam-
eter); A-M Systems, Carlsborg, WA] were pulled in a vertical puller (PP-
830; Narishige, Tokyo, Japan) to an open tip resistance of 3.5– 6 M� and
filled with the following (in mM): 125 K-gluconate, 10 HEPES, 1 NaCl, 2
Mg-ATP, 0.2 Na-GTP, 0.2 EGTA, and 10 KCL, pH adjusted to 7.4 by
KOH. Osmolarity was adjusted to 280 –290 mOsm using a Wescor (Lo-
gan, UT) 5500 vapor pressure osmometer. Sometimes 0.5% biocytin
(Sigma, St. Louis, MO) was added to this solution to identify recorded
cells and confirm their position. Cells were filled with biocytin by passive
diffusion during the course of an experiment. Slices were transferred to
chilled 4% paraformaldehyde after recording and fixed overnight at 4°C.

Because experiments were only performed in postnatal and not em-
bryonic SP, any mention of SP from this point on indicates the postnatal
variety unless indicated otherwise. For all experiments, the SP region was
established as the most immediate band of cells above the WM and below
layer VI. These cells have a horizontal organization, which is distinct
from the more columnar organization in layer VI. A clear band of axons
could also be observed above the SP in live and fixed tissue. Cells that
were between the fibers of the WM proper were classified as WM cells.
When a cell was close to the interface between SP and WM, its identifi-
cation was based on the location of neighboring neurons. Only when the
cell was clearly below the band formed by SP cells was it classified as a
WM cell.

Histology and immunohistochemistry
Biocytin processing. After overnight fixation, sections were incubated in
an avidin/biotin/HRP complex overnight at 4°C with 0.1% Triton X-100
(Vector Elite; Vector Laboratories, Burlingame, CA) and developed us-
ing DAB (Vector Laboratories). The tissue was counterstained with cr-
esyl violet and coverslipped with DPX (EM Sciences, Ft. Washington,
PA).

Somatodendritic analysis. To examine the somatodendritic phenotype
and morphology of the dendritic tree, biocytin-filled cells were drawn at
500� using camera lucida. Cells were classified as spiny if spines were
readily observed on all dendritic processes by examination at 1250�. A
series of concentric rings 25 �m apart was superimposed on the drawing
and centered at the cell body (Sholl, 1953). The rings were divided in four
quadrants labeled clockwise to determine the location and orientation of
the dendritic processes. Quadrant 1 was placed parallel to the normal
vector from the pia to the WM. Dendritic crossings were noted by dis-
tance from the soma and the quadrant in which they occurred and were

only noted when a neurite crossed or touched one of the rings. The
orientation of the dendritic tree in relation to the plane of the slice (hor-
izontal or vertical) was determined by calculating the ratio of crossings of
quadrants 1 and 3 (vertical orientation) versus 2 and 4 (horizontal
orientation).

Immunohistochemistry. To test whether there was a developmental
decrease in SP and WM cells, the age span examined was expanded.
Sprague Dawley rats ages P2, P9, P16, P23, and P30 were anesthetized
with sodium pentobarbital (100 mg/kg) and then perfused with 4% para-
formaldehyde and 0.3% glutaraldehyde in a phosphate-buffered artificial
saline solution at pH 7.4 for preparation of subsequent immunohisto-
chemical analysis of their visual cortex with primary antisera for specific
neurochemicals. After perfusion, the brain was removed, and the pri-
mary visual cortex was blocked and sectioned on a vibratome at 100 �m.
Primary antibodies were against neuronal-specific nuclear protein
(NeuN) (mouse, 1:500; Millipore, Temecula, CA) and microtubule asso-
ciated protein-2 (MAP-2) (mouse, 1:1000; Millipore). After staining with
the aforementioned antibodies, secondary antibodies were used with a
chromagen to visualize the antigenic molecules within the cortical sec-
tions with conventional light microscopy.

For the development analysis, the distribution and number of neurons
and their developmental gradients were quantified by setting an immu-
nopositivity threshold for detecting cells in material. Data were analyzed
with an Olympus Optical (Melville, NY) IX70 microscope and IP Lab
software (Scanalytics, Fairfax, VA). The complete area of SP or WM was
outlined in each slice, and the number of positive cells was counted
manually through the thickness of the slice. Determination of whether a
cell was in the SP or WM was done as described above. A marker was
placed electronically in each soma to prevent double counting. The area
of the SP or WM section was multiplied by the section thickness (100
�m) to calculate tissue volume, and the density of each particular immu-
nopositive cell type was calculated and expressed as positive cells per
cubic millimeter. MAP-2 could not be used to label SP cells because the
density of processes is too high and does not allow reliable counting.

Electrophysiological recordings
All records were collected with either an Axopatch-1B or a MultiClamp
700 amplifier (both from Molecular Devices, Union City, CA), ampli-
fied, filtered on-line at 10 kHz with a four-pole Bessel low-pass filter, and
digitized at 20 kHz with a Digidata 1200 and Clampex 8 or 9 software
(Molecular Devices) unless otherwise noted. Cells that were significantly
depolarized (above �50 mV) or with high access resistance (�40 M� or
�20% the value of the input resistance for that cell) were discarded
immediately. In all cases, high access resistance correlated with a “blunt-
ing” of the APs and was readily observable.

Spike frequency and intrinsic physiology experiments
SP and WM cells were recorded in whole-cell configuration using the
visualized patch technique. Cells were patched in voltage clamp and
switched to current clamp, and their membrane potential was noted. A
10 –20 mV hyperpolarizing pulse in voltage clamp was sometimes used to
calculate the input resistance of the cell. To study AP properties, a single
5–10 ms, 800 –900 pA step depolarization was applied to the cell to elicit
a spike. This was repeated at 0.1 Hz for 10 trials. The spike amplitude,
threshold for spike initiation, and half-width at half-height were re-
corded. AP amplitude was measured from the resting membrane poten-
tial (Em) to the peak of the AP. The threshold for spike initiation was
obtained at the intersection of two linear fits over the rising phase of the
AP and the depolarizing phase.

For the evaluation of spike frequency adaptation properties, 500 ms
step depolarization pulses (20 –200 pA in 20 pA increments) were used in
pseudorandom order to elicit a train of APs. Each depolarizing pulse was
applied at 0.1 Hz for 10 trials each for a total of 100 trials. Overlying
pyramidal neurons (layer II/III) were also recorded as controls in these
experiments. In most cases, these neurons were recorded in the same
slices in which either a WM or SP cell was recorded. Spike train traces
were sorted using custom Visual Basic routines in Excel (Microsoft, Red-
mond, WA) according to the depolarization level (i.e., 20 pA, 150 pA).
The time of peak of each AP in a train was measured using a threshold-
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crossing-based algorithm in either Origin (OriginLab, Northampton,
MA) or Clampfit 9 (Molecular Devices). The instantaneous frequency
for each AP was calculated for each interval in the train. To compare
across groups, each instantaneous firing frequency at a particular depo-
larization level in a cell was averaged and then normalized to the highest
average frequency for that cell (usually a point in the 200 pA depolariza-
tion). Spike broadening was also examined in trains of APs using Clamp-
fit 9. The half-width for each AP at each depolarization level was calcu-
lated and normalized based on the first AP for that depolarization.

Synaptic physiology and pharmacology
SP and WM cells were recorded in whole-cell configuration using the
visualized patch technique. Cells were patched in voltage-clamp and held
at �70 mV. In some cases, experiments were also done by stepping the
cell to �50 or �30 mV during the trial. Monosynaptic postsynaptic
currents (PSCs) were elicited by constant-current square-wave pulses of
20 –300 �A in amplitude and 50 �s in duration delivered with a concen-
tric bipolar electrode (CBARC75; Frederick Haer Company, Bowdoin-
ham, ME) positioned offset from the cell within the fibers of the WM or
the SP region. The stimulating electrode was positioned to elicit the
maximal evoked synaptic response by trying up to five to eight positions.
Of course, it was not possible to be absolutely certain that the most
optimal stimulating electrode position was selected because this would
have required many placements with possible resultant tissue damage.
However, because we were able to find a stimulation site for most of the
cells in which the evoked postsynaptic potential (PSP) reached spiking
threshold, it is likely that the values we derived for the half threshold PSP
and the PSC amplitude at threshold are reasonable in most cases. For a
series of control experiments, layer II/III pyramidal cells were recorded.
The monosynaptic nature of inputs to SP or to WM cells in response to
“off beam” stimulation of afferents within the adjacent SP or WM or of
layer II/III pyramidal cells in response to “on beam” stimulation of affer-
ents in layer 4 was verified by the short (�5 ms) and regular (�0.5 ms)
synaptic delay of the responses. The stimulating electrode was moved
closer or farther from the cell until a reliable synaptic response (consis-
tent peak amplitude) was obtained. The differences in electrode position-
ing does not allow for reliable comparisons of absolute size of PSCs
between experiments. In some cases, a reliable synaptic response could
not be obtained, and a new cell was patched. This was an issue mostly
with WM cells but not for SP cells. Stimulation from the overlying neo-
cortex was attempted in several cases, but it usually showed either only
antidromic spikes or polysynaptic responses. A qualitative input– output
curve was determined for the evoked PSPs in current-clamp mode for
each neuron studied in this manner. The stimulation intensity that
yielded a PSP with a peak amplitude of �50% of that required for spike
threshold was used for most of the subsequent recording, including phar-
macological analysis of the synaptic responses (see below) to standardize
across cells. Quantitative input– output curves were recorded for a subset
of cells in current clamp. The PSC amplitude at threshold evoked was
calculated by increasing the stimulus intensity while recording in
current-clamp mode until a reliable spike was generated. The stimulus
intensity was then lowered to the level that was just below that required to
trigger a spike in current-clamp mode, and the recording condition was
then switched to voltage-clamp mode in which the evoked PSC was
recorded for 10 trials. The evoked PSC at the stimulation intensity that
was just below that required to elicit spiking in current-clamp mode was
then noted for each cell and compared between groups. A 10 –20 mV
hyperpolarizing pulse was used to monitor input and access resistance.
Cells were discarded if the holding current increased rapidly or exceeded
�150 pA.

Bath application of 20 �M 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), 50 �M D-2-amino-5-phosphonovaleric acid (APV), and 10 �M

bicuculline methiodide (all from Sigma) was done sequentially to block
AMPA/kainate, NMDA, and GABAA receptors, respectively. Each drug
was applied for at least 2 min after reaching the slice chamber and before
recording responses. In most cases, the application order was as de-
scribed above to prevent hyperexcitability of the slice after bicuculline
application. We also altered the drug application order in some cases to
better isolate each synaptic component by avoiding any order effects. For

data analysis, the control was defined as either the drug or control period
before application of either bicuculline, APV, or CNQX. For example, in
some cases, the drug application protocol was control solution (aCSF)
followed by bicuculline, whereas in others it was CNQX/APV followed by
CNQX/APV/bicuculline, with the bicuculline effect taken as the differ-
ence between the APV/CNQX response and the APV/CNQX/bicuculline
response, and so on. In a subset of experiments, putative NMDA
receptor-mediated synaptic currents were evaluated by decreasing
[MgSO4] to 1 mM and increasing [CaCl2] to 3 mM in the aCSF with
CNQX and bicuculline added and evoking synaptic responses while
holding the Em of the cell at depolarized levels (�30 mV). These currents
were compared with those during bath application of D-APV. For all drug
applications, the effect was observed within 20 s of the drug reaching the
slice chamber. At least 10 –20 trials of synaptic stimuli at 0.1 Hz were
delivered before and after each drug condition.

The PSC peak amplitudes were measured in Clampfit by the difference
between a window over the baseline after the stimulus artifact and before
the onset of the PSC and a second window around the PSC. The ampli-
tude was calculated using a smoothing window using the average of seven
points around the peak (the peak point and three points on each side). At
20 kHz, the smoothing window was 0.3 ms. Significant differences were
determined using a paired t test. Data were collected as described before,
amplified 10 –20 times, low-pass filtered on-line at 4 kHz, and digitized at
20 kHz.

Short- and long-term synaptic plasticity
Short-term plasticity was examined by delivering pseudorandomized
paired extracellular stimuli to fibers in the WM or SP regions at 0.2 Hz
with 12.5–200 ms interstimulus intervals (ISIs). Ten to 20 trials of each
ISI were collected. Each trial was sorted using custom routines in Excel
based on the ISI delivered. To measure the amplitude of each PSC, a
baseline window was located right before the onset of each PSC in the
pair, and the peak amplitude was calculated using a 0.3 ms smoothing
window as described before. The paired-pulse ratio (PPR) was calculated
for each ISI by dividing the average peak amplitude of the second PSC
over the first. Not every cell recorded received all ISI pulses. The PPR for
each ISI was classified as showing significant paired-pulse facilitation
(PPF) or depression (PPD) based on the average PPR (facilitation above
1.0; depression below 1.0) and whether it was significantly different from
the calculated baseline variability of the PPR expected for a PSC at that
particular ISI. This baseline PPR was calculated from the first PSC in the
pair in trial n � 1 divided by the first PSC in trial n (equal to a 5 s ISI).

Long-term plasticity was examined using either a low-frequency con-
ditioning protocol that consisted of extracellular stimulation of afferents
at 1 Hz for 15 min (900 trials) or a pairing protocol that consisted of 100
ms direct depolarization of the neuron that elicited three to six spikes
paired with a synaptic stimulus10 ms after the start of the depolarizing
pulse (60 pairings over 10 min at 0.1 Hz). In both cases, the conditioning
protocol was applied in current-clamp mode. The baseline and postcon-
ditioning periods were recorded in voltage-clamp mode, at a holding
potential of �70 mV. Pre-pairing control data collection began when a
stable baseline was observed after acquiring whole-cell configuration
(usually after 5–10 min). The baseline was recorded for 10 –15 min before
starting the conditioning protocol and at least 30 min after conditioning.
Biocytin was not included in the pipette in these experiments. Cells were
rejected when obvious drift in the current was observed or when the
access resistance changed by �20%.

Trials were normalized to the 10 min of pre-conditioning baseline
control period with the average of the PSC peak amplitudes assigned a
value of 1.0; during the 1 Hz conditioning period in current clamp, the
first trial PSP peak amplitude was assigned a value of 1.0; and for the
postconditioning period in voltage clamp, the PSC peak amplitude val-
ues were normalized to the average of the PSC peak amplitudes during
the pre-conditioning control period. The values recorded during the last
10 min of the post-conditioning period were averaged into a single score
for each cell and compared with pre-conditioning values (10 min before
induction) to compute the amount of potentiation or depression. Signif-
icance relative to baseline was tested with paired t test. For all statistical
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analyses, differences were considered significant if p � 0.05. Results are
reported as mean � SEM in each case.

Results
Changes in neuronal density in SP and WM
A period of programmed cell death in embryonic SP neurons has
been demonstrated (Allendoerfer and Shatz, 1994; Robertson et
al., 2000). To determine whether similar changes occur in the SP
and WM regions, cells were immunolabeled using MAP-2 and
NeuN between P2 and P30. A total of 120 slices (84 for NeuN and
36 for MAP-2) from 25 animals were used. Both of these markers
label only neurons. Figure 1 shows representative photomicro-
graphs of visual cortical slices labeled with NeuN at P2 (A1), P16
(A2), and P30 (A3). At P2, a clear distinction is present between SP
cells and cells of the overlying cortex. The SP region has a con-
densed appearance and a cell-sparse zone above. By P30, the SP
region is more homogeneous in appearance with cortical layer
VI, but cells can be distinguished by their horizontal somatic
orientation (Luskin and Shatz, 1985; Chun and Shatz, 1989;
Finney et al., 1998). The WM region can be identified easily at all

ages studied. Immunostained cells are in-
dicated by filled arrows. In live tissue, WM
cells become more difficult to locate in
older animals because of increased myeli-
nation. We found a 61% reduction of SP
(Fig. 1B) and an 85% reduction of WM
(Fig. 1C) cell density during the first 30
postnatal days ( p � 0.01 in both cases). A
similar reduction in WM cell density has
been reported (Clancy et al., 2001). Ap-
proximately 29,000 � 1800 neurons/mm 3

remain within the SP and 500 � 60 neu-
rons/mm 3 in the WM by P30. Therefore,
SP and WM cells are immunopositive for
neuronal markers, and their density de-
clines during the first postnatal month un-
til stabilizing.

Dendritic morphology
To examine the dendritic morphology and
density of projections of SP cells, 30 cells
were filled with biocytin and drawn using
light microscopy. We reported a similar
analysis previously for WM neurons
(Clancy et al., 2001). Representative exam-
ples of a spiny (Fig. 1D) and a smooth (Fig.
1E) cell within the SP region are shown. A
section of the dendrite in each cell (red
box) is shown in the photomicrographs. In
some SP cells, spines were readily visible at
the light microscopic level, whereas others
required closer inspection of different ar-
eas of the dendritic tree. Smooth cells were
completely devoid of spines. Fifty-three
percent of the SP cells were spiny (n 	 16)
and 47% smooth (n 	 14). SP cells had
prominent dendritic projections parallel
to the SP region and dendrites that radi-
ated into the overlying cortical laminae.

The extent and orientation of the den-
dritic arborizations of 31 SP and 22 WM
cells (data not shown) were quantified.
Both groups were similar in the average
number of dendritic crossings at each dis-

tance interval from the soma. There was no difference between SP
and WM cells in the distribution of dendrites in each quadrant
with the majority of the dendrites located in quadrants 1, 2, and 4
(horizontally along the laminar borders and vertically toward the
pial surface) but not in quadrant 3 (toward the WM). Thus,
postnatal SP and WM cells have robust dendritic processes that
project to overlying cortical laminae.

Passive membrane and action potential firing properties
To better understand the role that SP and WM cells may play in
the postnatal cortical circuit, we examined their passive mem-
brane and active AP generating properties. SP and WM cells (ba-
sic electrophysiological properties are summarized in Table 1)
were similar in their input resistance (SP, n 	 42; WM, n 	 28),
threshold for spike initiation (SP, n 	 35; WM, n 	 16), and AP
half-width (SP, n 	 21; WM, n 	 9). WM cells were significantly
more depolarized at rest (n 	 71) than SP (n 	 74; p 	 0.003) and
pyramidal neurons (n 	 16, p 	 0.002). There was a slight but
statistically significant difference in the ages of the samples be-

Figure 1. SP and WM cells decrease in density during the first month postnatally. A, Representative examples of NeuN-stained
rat visual cortex at P2 (A1), P16 (A2), and P30 (A3). Filled arrows indicate WM cells at each age. B, C, Plots of neuronal density of SP
(B) and WM (C) cells during the first month after birth in rat visual cortex. A developmental decrease was observed in both
populations. D, E, Camera lucida drawings of a spiny (D) and smooth (E) SP cell. Insets are photomicrographs of the area of
dendrite indicated by the red box in each drawing. Approximate location of the layers is indicated on the left of each drawing. Scale
bars: photomicrographs, 50 �m; drawings, 20 �m; insets, 5 �m.
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tween SP and WM cells (1.3 d), with mean ages of 12.1 � 0.4 d for
WM and 13.4 � 0.3 d for SP neurons ( p 	 0.008). However, this
slight age difference is unlikely to account for the difference in
properties because when only the SP and WM cells from the same
age range were compared the difference in properties remained.
Interestingly, WM cells had significantly higher input resistances
when compared with pyramidal neurons (WM, n 	 28; pyrami-

dal, n 	 8; p � 0.001), and SP cells had
larger APs (SP, n 	 21; pyramidal, n 	 6;
p 	 0.02). The AP half-width was larger
in pyramidal than in SP or WM cells (SP,
n 	 21; WM, n 	 9; pyramidal, n 	 6; p �
0.05).

Spike broadening during a train of ac-
tion potentials is a well described
frequency-dependent phenomenon in the
cortex (Aldrich et al., 1979; Gillette et al.,
1980; Koester and Alevizos, 1989; Zhou
and Hablitz, 1996). We compared pyrami-
dal (n 	 6), SP (n 	 21), and WM (n 	 8)
spike trains. SP and WM neurons under-
went frequency-dependent spike broaden-
ing as did pyramidal cells. In comparisons
between groups, however, the WM cells
underwent significantly less ( p � 0.05)
spike broadening than the SP or pyramidal
cells (Table 1).

Although SP and WM cells share
many similar intrinsic membrane prop-
erties, there are substantial differences
between these groups and cortical pyra-
midal neurons with respect to their spike
train generating properties in response
to sustained depolarizing input. We used
direct current injections to study the
spike train properties of SP (n 	 22) and
WM (n 	 10) cells and compared them
with pyramidal cells (n 	 6) of layer II/
III. Representative examples are shown
for pyramidal (Fig. 2 A1,A2), SP (Fig.
2 B1,B2), and WM (Fig. 2C1,C2) cells at
the current injection levels indicated. Ex-
amples are shown at 80 and 180 pA for
pyramidal neurons because most did not
exhibit consistent spikes before 80 pA,
and there was no significant difference
between 180 and 200 pA in the number
of spikes. The maximum instantaneous
firing frequency of the pyramidal neuron
shown in Figure 2 D was lower (31 Hz)
than that of the SP (38 Hz) (Fig. 2 E) and
WM (53 Hz) (Fig. 2 F) cells. The WM cell
had a higher firing frequency (53 vs 38
Hz) and number of spikes (18 vs 12) than
the SP cell. Interestingly, the WM cell
had a fast initial adaptation period that

stabilized after the fourth interval (200 pA) (Fig. 2 F), whereas
the SP neuron adapted only slowly throughout the train (200
pA) (Fig. 2 E). The group data demonstrate that pyramidal
neurons (Fig. 2G) exhibit a faster rate of spike frequency ad-
aptation, which leads to fewer spikes per depolarization (10 at
180 pA). SP cells are more slowly adapting (Fig. 2 H), whereas

Figure 2. SP and WM cells exhibit slow spike frequency adaptation. Traces and graphs shown for each group are arranged in
columns. A–C, Representative traces for a pyramidal (A1, A2), SP (B1, B2), and WM (C1, C2) cell at the depolarization level indicated
on the left. D–F, Instantaneous spike frequency analysis for the cell shown in the examples for pyramidal (D), SP (E), and WM (F ).
Each line represents a different depolarization level, and each point is a particular interval number. G–I, Analysis of spike fre-
quency adaptation group data in pyramidal (G), SP (H ), and WM (I ) cells. Data were normalized to the largest instantaneous
current in each cell. Traces shown for pyramidal cells start at a higher depolarization level because spikes were rarely present below
80 pA. J, Comparison of instantaneous frequency for each cell group versus spike interval number at 200 pA depolarization. K,
Comparison of the adaptation rate between each cell group. Gray lines are single-exponential fits. For J and K, pyramidal cells are
indicated by light gray bars and triangles, SP cells are indicated by black bars and circles, and WM cells are indicated by dark gray
bars and gray circles. Significance calculated for the difference between SP and WM neurons. *p � 0.05.

Table 1. Electrophysiological properties of subplate and white matter neurons

Cell phenotype Em (mV) Input resistance (M�)
Threshold
(mV)

AP amplitude
(mV) AP HW (ms) Spike broadening (normalized AP HW at 5th spike)

SP �60.6 � 0.8** 622 � 120 �40.6 � 0.8 108 � 2.4** 1.45 � 0.1 1.68 � 0.06*
WM �56.8 � 0.8** 876 � 81** �37.9 � 2.0 91 � 6.2* 1.24 � 0.3* 1.41 � 0.09
Pyr �63.8 � 1.9** 259 � 39 �40.9 � 1.9 97 � 3.8 2.18 � 0.1 1.72 � 0.33

Pyr, Pyramidal neurons; HW, half-width at half-height; sAHP, slow afterhyperpolarization amplitude. *p � 0.05; **p � 0.01.

]
] ]

] ]
]
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WM cells spike trains barely adapt (Fig. 2 I). The group data
for SP and WM cells are shown up to 12 intervals, because after
this range not all cells show spikes and the data are skewed.
WM cells showed up to 21 spikes when depolarized to 180 –
200 pA, and SP cells showed only up to 19 spikes at 200 pA
depolarization. Thus, WM cells have a higher average firing
frequency than SP cells. When the instantaneous firing fre-
quency at 200 pA is compared between the groups (Fig. 2 J),
WM neurons (dark gray bars) had a significantly higher firing
frequency than SP neurons (black bars) at all intervals except
the first ( p � 0.05). Pyramidal neurons (light gray bars) had
the lowest firing frequency of the three groups. The rate of
adaptation for each cell group at 200 pA depolarization was
fitted with a single exponential (Fig. 2 K, gray lines) using the
equation y 	 yo � ae �bx, where 1/b was the tau. Although all
cells showed some adaptation to responses eventually, the rate
of adaptation of pyramidal neurons was faster (Fig. 2 K, light
gray triangles; 1.86 intervals, 54% overall reduction in firing
rate), followed by WM cells (Fig. 2 K, dark gray circles; 3.92
intervals, 22% reduction in firing rate) and SP cells (Fig. 2 K,
black circles; 6.19 intervals, 39% reduction in firing rate).

Functional synaptic input to subplate and white matter cells
To determine whether SP and WM cells are synaptically inte-
grated in the cortical network, we evoked PSPs, generated input–
output curves for these cells, and compared them with pyramidal
neurons. Both SP and WM cells receive functional synaptic input.
Figure 3 shows representative input– output curves of PSP peak
amplitude versus stimulus intensity under current clamp for a
typical pyramidal (Fig. 3A), SP (Fig. 3B), and WM (Fig. 3C) cell.
The inset traces are recordings at various stimulation intensities;

several traces just at spike threshold are
clustered near the peak recorded ampli-
tude (traces with spikes were omitted for
clarity of the PSPs). The 50% amplitude of
the PSP to spike threshold and the extra-
cellular stimulus current intensity used to
evoke that 50% response are indicated by
the intersecting lines on the input– output
curves. The 50% amplitude of the PSPs to
spike threshold are plotted (Fig. 3D) for
the grouped data for the pyramidal (8.9 �
0.8 mV; n 	 6), SP (8.0 � 0.6 mV; n 	 6),
and WM (7.0 � 1.3 mV; n 	 4) cells. In a
separate set of experiments done in voltage
clamp (Fig. 3E), the PSC amplitude evoked
just below spike threshold that was previ-
ously recorded in current clamp for that
same cell was noted. Sample PSCs re-
corded in response to stimulation current
intensities just below spike threshold as
previously determined in current clamp
are shown above each group bar (Fig. 3E).
The PSC peak amplitudes recorded in
voltage clamp in response to stimulation
intensities determined to be just below
spike threshold for each cell (initially mea-
sured in current clamp while recording
evoked PSPs) were �53 � 10 pA in WM
cells (n 	 10), �141 � 25 pA in pyramidal
cells (n 	 6), and �214 � 45 pA in SP cells
(n 	 6). The WM PSCs evoked at just be-
low the spike threshold intensity were sig-
nificantly smaller ( p � 0.01) than the py-

ramidal or SP cell PSCs.
To determine the receptors that mediate the synaptic re-

sponses, we isolated the PSC components pharmacologically in
23 SP and 12 WM cells (and five control layer II/III pyramidal
cells). CNQX significantly reduced the peak current in both SP
and WM cells (Fig. 4). Representative controls in aCSF and
records in CNQX are shown for an SP (Fig. 4A) and WM (Fig.
4B) cell, respectively. CNQX eliminated �80% of the current in
each group (SP control, �74 � 14 pA; CNQX, �13 � 5 pA; n 	
12; WM control, �55 � 13 pA; CNQX, �4 � 1 pA; n 	 5; p �
0.01 in each case). The results summarized in Figure 4C are con-
sistent with a substantial AMPA/kainate receptor-mediated in-
put to both cell groups.

We also evaluated possible contributions of NMDA receptors
to the evoked synaptic responses in several types of experiments.
The effect of bath application of APV on the averaged evoked
synaptic response is shown for an SP (Fig. 4D) and WM (Fig. 4E)
cell recorded at �70 mV. The results are summarized in Figure
4F. There was no significant change in the peak amplitudes of the
PSCs in either the SP or WM cell groups (
 	 �25 and �13% for
SP and WM, respectively; SP control, �12 � 1 pA; APV, �15 �
3 pA; n 	 4; p 	 0.13; WM control, �23 � 3 pA; APV, �26 � 7
pA; n 	 5; p 	 0.35). However, if the AMPA/kainate receptor-
mediated responses were first blocked with CNQX, bath applica-
tion of APV at �70 mV resulted in a small but significant change
in the peak amplitudes of the PSCs in both cell groups (�33 and
�50% for SP and WM, respectively). Example recordings are
shown for a single SP and WM cell (Figs. 4G,H). For the SP
neurons (n 	 10), the peak PSC was reduced from �15 � 5 to
�10 � 4 pA ( p 	 0.02) (Fig. 4 I). For the WM neurons (n 	 4),

Figure 3. Synaptic input– output properties in pyramidal, SP, and WM cells. A–C, Representative examples of input– output
curves in pyramidal (A), SP (B), and WM (C) cells. Gray lines indicate the half-threshold PSP amplitude and stimulus intensity for
each cell. Insets are PSPs for each indicated cell type on top. D, Plot of average � SEM half-threshold PSP amplitude in pyramidal
(black bar; n 	 6), SP (light gray bar; n 	 6) and WM (dark gray bar; n 	 4) neurons. E, Plot of the average � SEM. PSC amplitude
at threshold evoked in voltage clamp at a synaptic stimulating current amplitude that was used for that same cell in current-clamp
mode to evoke a PSP that was just below spike threshold for pyramidal (black bar; n 	6), SP (light gray bar; n 	6), and WM (dark
gray bar; n 	 10) cells. Insets are PSCs for each cell type below. Statistical comparisons are between WM and the other cell groups.
**p � 0.01.
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the peak PSC was reduced from �4 � 1 to
�2 � 0.4 pA ( p 	 0.02) (Fig. 4 I). Al-
though these results suggest that an
NMDA receptor-mediated component to
the evoked synaptic response can be iden-
tified in isolation from the AMPA/kainate
component, it is important to note that the
reduction for WM neurons is with respect
to a small residual PSC component in the
presence of CNQX alone at �70mV (�4
pA) (Fig. 4F) and that the 33% reduction
for SP neurons was primarily attributable
to two cells in the group of 10 tested.

Because in many cases neither CNQX
nor APV completely eliminated the
evoked synaptic responses, we also inves-
tigated the possibility of a GABAergic in-
put to these cells. Addition of bicuculline
significantly reduced the peak PSC for
some cells in both the SP (Fig. 4 J) and WM
(Fig. 4K) groups. Because the addition of
bicuculline to the bath sometimes fol-
lowed evaluation of AMPA/kainate and/or
NMDA components of the synaptic re-
sponses, the results of the different exper-
imental protocols (all performed at �70
mV) are graphically represented together
in Figure 4, J and K, but with the peak PSC
in the absence and presence of bicuculline
for each cell indicated. The individual peak
evoked synaptic responses in the various
solutions containing either aCSF, APV, or
CNQX/APV but without bicuculline
present (pre-bicuc) are compared with
those same solutions but with bicuculline
also present (peri-bicuc). Bicuculline
caused a 74% reduction in overall PSC am-
plitude in SP cells (pre-bicuc, �15 � 5 pA;
peri-bicuc, �4 � 2 pA; p 	 0.01) (Fig. 4 J)
and a 34% reduction in overall PSC peak
amplitude in WM cells (pre-bicuc, �6 � 2
pA; peri-bicuc, �4 � 2 pA; p 	 0.03) (Fig.
4K). This effect was primarily attributable
to a subset (6 of 16 SP and 3 of 11 WM
neurons) of the cells tested as can been
seen from the response peak plots in Fig-
ure 4, J and K.

Because APV had only minor effects on
the synaptic responses evoked at �70 mV
in control aCSF, we also used conditions
that are more conducive to revealing
NMDAR-mediated responses. Several SP
and WM cells were tested at more depolar-
ized levels. Figure 5A shows recordings
from an SP neuron at a �70 mV (top
traces) and at a �30 mV (bottom traces) holding potential. Each
trace is the average for the condition indicated. An inward (top)
and outward (bottom) current can be seen. This current was
reduced by CNQX application at �70 mV but remained un-
changed at �30 mV. APV reduced the remaining current by only
a small amount, whereas bicuculline eliminated the current at
both holding potentials. Figure 5B shows the results of adding
APV to CNQX at �30 mV for individual SP cells. Group analysis

of the peak synaptic responses of the SP cells recorded at �30 mV
showed no significant change (CNQX at �30 mV, �96 � 32 pA;
CNQX/APV at �30 mV, �94 � 32 pA; p 	 0.50). WM neurons
were not tested at �30 mV. SP and WM cells were also tested at
�50 mV, but APV did not have a significant effect on the PSCs at
that membrane potential either. Individual examples are shown
for SP (Fig. 5C) and WM (Fig. 5D) cells, (SP control at �50 mV,
�13 � 2 pA; APV at �50 mV, �10 � 4 pA; WM control at �50

Figure 4. Effect of AMPA/kainate, NMDA, and GABAA receptor pharmacological inhibition on synaptic responses evoked in SP
and WM cells. Panels correspond to the cell type (SP or WM) indicated at the top of each column. A–C, Effects of CNQX alone on
synaptic responses evoked at �70 mV. Representative examples of averaged evoked synaptic responses from an SP (A) and a WM
(B) cell in aCSF (control; large black traces) and in CNQX (small gray traces). Summary of effects of CNQX on normalized peak
evoked synaptic responses at �70 mV (C). D–F, Effect of APV alone on evoked synaptic currents at �70 mV. Representative
examples of averaged evoked synaptic responses from an SP (D) and a WM (E) cell in aCSF (control; black traces) and in APV (gray
traces). Summary of effects of APV on normalized peak evoked synaptic currents at �70 mV (F ). G–I, Effect of APV and CNQX on
evoked synaptic currents at �70 mV. Small currents remain in some cells at �70 mV after blockade of AMPA/kainate receptors
with CNQX. Representative examples of average evoked synaptic responses from an SP (G) and a WM (H ) cell in CNQX alone (black
traces) and in CNQX/APV (gray traces). Summary of effect of APV/CNQX (vs CNQX alone) on normalized peak evoked synaptic
responses at�70 mV (I ). J, K, Effects of bicuculline on amplitude of average peak evoked synaptic responses of SP (J ) and WM (K )
cells. The peak responses are plotted for each individual cell tested in the control (Pre-Bicuc) condition and the experimental
(Peri-Bicuc) condition. The control responses varied in their amplitude ranges as the bicuculline was applied after a no-drug
control condition (aCSF), in conjunction with APV after application of APV alone, or in conjunction with CNQX/APV after application
of CNQX/APV. *p � 0.05; **p � 0.01.
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mV, �17 � 6 pA; APV at �50, �17 � 8). To further optimize the
conditions for revealing a potential NMDA component of the
synaptic response of SP cells, we also compared responses at �30
mV with an elevated Ca 2�/Mg 2� ratio (3:1 vs 1:1) and with phar-
macological inhibition of AMPA and GABAA receptor-mediated
currents (with CNQX and bicuculline, respectively) with and
without APV present. These results are illustrated in Figure 5, E
and F. APV completely eliminated the residual synaptic currents
(�115 � 35 pA in CNQX/bicuculline; �0.3 � 3 pA in CNQX/
bicuculline/APV; p � 0.01). However, although the APV inhibi-
tion is consistent with an NMDAR response, the inward nature of
the synaptic currents, even at �30 mV, suggest that other pro-
cesses may be contributing to this response or its apparent polar-
ity (see Discussion).

The temporal interactions of synaptic inputs to SP and WM
neurons was evaluated with a pseudorandomized paired-pulse
protocol (n 	 21 SP and n 	 17 WM neurons) that included ISIs
ranging from 12.5 to 200 ms with at least five ISIs tested for 21 of
the cells (n 	 11 SP and n 	 10 WM). In both populations,

responses of some cells underwent facilita-
tion, whereas others underwent depres-
sion. The PPR for each interval was ana-
lyzed for each SP and WM cell. Example
recordings for a 50 and 200 ms ISI are
shown for an example SP (Fig. 6A, inset
traces) and WM (Fig. 6B, inset traces) cell.
When analyzed as a group, synaptic inputs
to SP cells (Fig. 6A) showed significant
PPF at 25, 50, and 100 ms ISIs ( p � 0.01
for each ISI). WM cells (Fig. 6B) showed
significant facilitation at 50 and 250 ms
ISIs ( p � 0.05 for each ISI). In both cell
groups, the response at a given ISI was
considered significant only when it was
different from the calculated baseline vari-
ability expected of the PPR expected for a
PSC at that particular ISI (light gray region
in graph).

It was of interest to determine whether
synaptic inputs to SP and WM cells were
capable of plasticity in response to stan-
dard activity-dependent conditioning par-
adigms. Induction of long-term (�30
min) synaptic plasticity was evaluated us-
ing two standard protocols. One was a
low-frequency (1 Hz) afferent stimulation
paradigm generally used to induce long-
term depression (LTD) (Dudek and Bear,
1993; Kirkwood et al., 1993; Kirkwood and
Bear, 1995; Perrett et al., 2001). A sche-
matic of this protocol is shown at the top of
Figure 7. Baseline PSCs were collected at
0.1 Hz for 10 –15 min in voltage clamp be-
fore stimulating at 1 Hz for 15 min in cur-
rent clamp (inset shows the PSPs). The
postconditioning responses (also obtained
at 0.1 Hz) were collected in voltage clamp
for the remaining period. Time plots of
representative examples of peak ampli-
tudes of PSCs before, during, and after
conditioning for an example SP (Fig. 7A)
and WM (Fig. 7B) cell are shown. Insets
are the average PSCs for the 10 min before

conditioning (top left in each figure) and the last 10 min of re-
cording (top right in each figure) in the post-conditioning pe-
riod. The peak amplitudes of the PSPs collected under current
clamp during the conditioning period were normalized to the
first PSP elicited and were included to demonstrate the time
course of development of depression. Points are shown every 20 s
during the baseline and post-conditioning period. Points are
shown every second during the conditioning phase. Baseline sta-
bility was confirmed by comparing the first and last 2 min of the
baseline region (SP, p 	 0.25; WM, p 	 0.61; two-tailed t test).
Significant LTD occurred in both examples ( p � 0.001 in both
cases). Group data are shown in minute averages for all SP (n 	 8)
(Fig. 7C) and WM (n 	 7) (Fig. 7D) cells. SP and WM cells exhibit
significant LTD ( p � 0.001). The depression was greater in WM
cells (55% WM vs 31% SP; p � 0.001).

Responses to a conditioning protocol that pairs synaptic input
with postsynaptic depolarization was also evaluated (Fig. 8, pro-
tocol schematic at the top). This pairing protocol resulted in
variable plasticity outcomes. Examples in which LTD was in-

Figure 5. Effects of APV application on evoked synaptic responses in the presence of CNQX at �70 and �30 mV before and
after application of bicuculline. Example (A) synaptic responses of an SP cell recorded at �70 and �30 mV holding potential. An
inward (control, �70 mV) and the corresponding outward (�30 mV) current are seen at the two holding potentials. The current
is significantly decreased by CNQX at �70 mV (�52%; p � 0.01) but is not significantly affected by APV (�3%; p � 0.05) at
either potential. Bicuculline eliminated the remaining current at both membrane potentials. Individual (B) data for SP cells (n 	
3) that were depolarized to�30 mV in the presence of CNQX (CNQX� 30) and in the presence of CNQX/APV (CNQX� APV � 30).
The NMDA receptor component was not observed when SP (n 	 4) (C) or WM (n 	 4) (D) cells were depolarized to �50 mV.
Inward PSCs are seen at �30 mV when SP cells are recorded in low Mg 2�/high Ca 2� and during blockade of AMPA/kainate and
GABAA receptors (E1). The current is eliminated by application of APV (E2). Individual data (F ) for SP cells (n 	 5) depolarized to
�30 mV in the presence of CNQX and bicuculline (CNQX � Bicuc) and in the presence of CNQX, bicuculline, and APV (CNQX �
Bicuc � APV).
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duced in an SP cell and long-term poten-
tiation (LTP) was induced in a WM neu-
ron are illustrated in Figure 8, A (�40%;
p � 0.001) and B (�15%; p 	 0.006), re-
spectively. The insets show the average
current response before conditioning and
during the last 10 min of recording. The
grouped data for the sample of cells from
the SP and WM groups are illustrated in
minute averages in Figure 8, C and D, re-
spectively. Although there were variable
outcomes for individual cells in both
groups, the SP group underwent signifi-
cant depression (�19%; p � 0.001) (Fig.
8C), whereas the WM group did not sig-
nificantly change (3%; p 	 0.36) (Fig. 8D).
Table 2 summarizes the individual out-
comes for each cell tested.

Discussion
The aim of this study was to determine
whether those SP and WM cells that sur-
vive the period of early programmed cell
death are functional neurons and, if so, to
what degree they are integrated into the cortical circuitry. Surviv-
ing SP and WM cells do have neuronal phenotypes: SP cells are
positive for neuronal markers and can have spiny or smooth
dendrites. Aside from differences in Em and AP amplitude, SP
and WM neurons share many characteristics, including weak
spike frequency adaptation, progressive AP broadening during
sustained firing (data not shown), and receipt of glutamatergic
and GABAergic inputs.

Decrease in density of subplate and white matter neurons in
postnatal cortex
Programmed cell death has been postulated for eliminating neu-
rons in the SP during perinatal development (Wahle and Meyer,
1987; Al Ghoul and Miller, 1989; Naegele et al., 1991; Allendoer-
fer and Shatz, 1994; DeFreitas et al., 2001; Arias et al., 2002; Mc-
Quillen et al., 2002). We observed a decline in cell density in SP
during the first postnatal month of cortical development (Fig.
1B,C). It is unlikely that this decrease is attributable to a sampling
error because a similar time course for the elimination of SP
neurons occurs in cat visual cortex (Chun and Shatz, 1989). Sam-
pling errors would have been more likely at P30 when the distinc-
tion between SP and layer VI is less clear. However, that should
lead to an increase in the number of neurons counted. The reduc-
tion in SP cell density is not caused by cortical expansion because
the decrease of cortical neurons in the upper layers is significantly
less than that observed in SP neurons (Woo et al., 1991) (but see
Valverde et al., 1995). In the mouse WM, there is a 75-fold de-
crease in neurons between birth and P21 but only a 15-fold in-
crease in WM volume (Wood et al., 1992); therefore, the decrease
in neuronal density is not caused by a dilution effect.

Potential sources of synaptic input to SP and WM neurons
SP neurons have rich dendritic arborizations (Fig. 1D,E) extend-
ing parallel to the cortical laminae and toward the overlying neo-
cortex, positioning them to sample intracortical synapses (Gil-
bert and Kelly, 1975; Anderson et al., 1992; Callaway and Katz,
1992; Douglas and Martin, 2004). Moreover, individual supra-
granular neurons in visual cortex (Kisvarday et al., 1987; Martin,
2002; Binzegger et al., 2004, 2005; Douglas and Martin, 2004)

issue axon collaterals deep in layer VI and even into the WM that
may potentially innervate SP and/or WM neurons. In rodent
cortex, corticocortical fibers travel superficially in WM, close to
and through the SP, callosal projections follow a trajectory in the
middle of the WM, whereas corticofugal axons travel deeper
(Aggoun-Aouaoui et al., 1996; Del Rio et al., 2000). Thalamocor-
tical axons from the dorsal lateral geniculate nucleus also travel
through the SP and upper WM (Catalano et al., 1991; Miller et al.,
1993; Lopez-Bendito and Molnar, 2003), raising the possibility
for the dendrites of SP and WM neurons to receive synaptic in-
puts from collaterals of thalamocortical, ipsilateral corticocorti-
cal, and/or callosal afferents (Miller et al., 1993; Aggoun-Aouaoui
et al., 1996; Del Rio et al., 2000). Thus, SP and WM neurons may
provide feedback to intracortical microcircuits and sample out-
puts from neuromodulatory systems (dopamine, acetylcholine,
serotonin, and norepinephrine) that innervate the layer VI–WM
border and layer VI (Wilson and Molliver, 1991; Phillipson et al.,
1987; Mechawar et al., 2000; Latsari et al., 2002). SP and WM cells
could also receive synaptic input from like-type neighbors, be-
cause bouton-studded axons of WM neurons are present within
SP and WM (Clancy et al., 2001).

Functional properties of synaptic input to subplate and white
matter neurons
The amplitudes of the evoked synaptic currents just below
threshold differ between pyramidal, SP, and WM neurons (Fig.
3E), paralleling the intrinsic physiology of each cell type. WM
neurons had more depolarized resting membrane potentials and
higher input resistance, but their thresholds were not different
from SP or pyramidal neurons (Table 1); therefore, smaller cur-
rents are sufficient to trigger an action potential. Synaptic inputs
to SP and WM cells are glutamatergic and GABAergic (Fig. 4).
Local GABAergic neurons also are located in cat and rat layer VI
(Kisvardy et al., 1987; Ling et al., 2005). A distinct NMDAR-
mediated component was not readily demonstrable in the synap-
tic responses in SP cells while clamping the soma at �70 or �50
mV in a normal calcium/magnesium aCSF (Fig. 5A–D). The only
experimental conditions in which APV clearly abolished a dis-
tinct component of the synaptic response were when the

Figure 6. Responses of SP and WM cells to paired-pulse synaptic stimulation. Inset traces at top are recorded averaged
paired-pulse evoked PSCs from an example SP (left) and WM (right) cell for the 50 and 200 ms ISI. A, B, Analysis of group PPR in SP
(A; n 	 21) and WM (B; n 	 17) cells. Horizontal lines at 1.0 PPR indicate the interface between paired-pulse depression (�1.0)
and paired-pulse facilitation (�1.0). Gray region indicates the variability in the PPR expected from normal variability of a single
PSC (the mean � SEM PPR for the ratio of the first PSC in each trial related to the first PSC in the previous trial with 5 s intertrial
intervals). Filled circles in the group data represent the mean � SEM of the PPR at each ISI. *p � 0.05; **p � 0.01.
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[Ca 2�]o/[Mg 2�]o ratio was increased, the cell was depolarized
(�30 mV), and AMPA/kainate and GABAA receptor input was
pharmacologically inhibited. However, even under these condi-
tions, the current that was blocked by APV was inward, unchar-
acteristic of an NMDAR-mediated response. Interestingly,
NMDARs, active at �70 mV, have been described in early SP
neurons (Hanganu et al., 2002), which may be eliminated
through an NMDAR-mediated process (Csillik et al., 2002). Al-
though it is possible that the APV was not effective (Monaghan
and Larsen, 1997; Stocca and Vicini, 1998; Hanganu et al., 2002)
at blocking the responses recorded at �70 or �50 mV, that is
unlikely because, at �30 mV with an elevated [Ca 2�]o/[Mg 2�]o

ratio, the responses were eliminated by APV. The net inward
synaptic current at �30 mV that APV blocked may, under con-
ditions of elevated [Ca 2�]o, be below the EPSC and presumably be
carried predominantly by a combination of sodium and calcium.
Alternatively the inward synaptic current at �30 mV may be a
manifestation of another calcium activated (or inactivated) cur-
rent [K� or Cl� (Owen et al., 1984; Zorumski et al., 1989; Shah

and Haylett, 2002; Wang et al., 2006)]. Al-
though the ionic mechanism of this cur-
rent are beyond the scope of this present
study, the capacity for APV to eliminate
these synaptically evoked currents is con-
sistent with them having at least an initial
NMDA receptor-mediated component. It
is also possible that the sites of the synaptic
input on these SP and WM cells may have
been so electrotonically distant that they
are not effectively voltage clamped, lead-
ing to the inward current blocked by APV
(Spruston et al., 1993; Carnevale et al.,
1997).

Overall, the synaptic inputs to SP and
WM underwent short-term facilitation,
consistent with a low probability of base-
line neurotransmitter release (Dobrunz
and Stevens, 1997). However, on an indi-
vidual cell basis, short-term plasticity was
variable, suggesting the following: (1) in-
dividual postsynaptic target neurons may
contribute differentially (Davis, 1995;
Levenes et al., 2001; Diana et al., 2002); (2)
multiple sources of afferent inputs with
variable release properties innervate indi-
vidual SP/WM neurons; and/or (3) extra-
cellular stimulation activates heteroge-
neous afferents to a given cell. Paired-
pulse plasticity is generally attributed to
presynaptic terminals (Dobrunz et al.,
1997; Canepari and Treves, 2001; von
Gersdorff and Borst, 2002). Our protocol
should have minimized selective activa-
tion of different afferent populations be-
tween experiments and cells. Because inhi-
bition was not blocked, local inhibitory
circuits may have contributed to the vari-
ability of the responses. Modulation of
short-term synaptic transmission via
GABAB receptors may also play a role in
the variability observed. In the frontal cor-
tex, GABAB receptors change PPD to PPF
through heterosynaptic depression of ex-

citatory synaptic transmission (Chu and Hablitz, 2003), and
there is a high expression of GABAB receptor within the SP region
(Princivalle et al., 2000).

In addition to PPF, both SP and WM neurons underwent
longer-term plasticity, primarily LTD (Fig. 7C,D) in response to 1
Hz conditioning, and, in some SP neurons, LTD was induced in
response to pairing (Fig. 8A) that is generally thought to favor
LTP (Abraham and Bear, 1996; Lee et al., 2000). Layer II/III py-
ramidal neurons respond similarly to a pairing protocol with
variable plasticity outcomes (Ismailov et al., 2004). This may be
attributable to different histories of the synapses (Abraham and
Bear, 1996; Heynen et al., 1996; Philpot et al., 2003) or neuronal
states (Montgomery and Madison, 2002; Montgomery and Mad-
ison, 2004).

Role for surviving subplate and white matter neurons in the
visual cortical microcircuit
Our results suggest a cohesive development of SP and WM neu-
rons that positions them to play a role in the mature cortical

Figure 7. Responses of SP and WM cells to 1 Hz synaptic conditioning for plasticity induction. Schematic shows the organiza-
tion of the experimental protocol (for details, see Materials and Methods). Inset traces are examples of the recorded PSCs and PSPs
in current and voltage clamp, respectively. Arrow in the insets represents the location of extracellular stimulation. Gray bars
indicate the conditioning period. A, B, Representative time plots of PSCs before and after 15 min 1 Hz synaptic stimulation for an
individual SP and WM cell that exhibited LTD, respectively. Insets are average PSCs 10 min before 1 Hz stimulation and from 25–35
min after 1 Hz stimulation (horizontal bars). Horizontal line indicates the interface between depression and facilitation. C, D,
Group data for all SP (n 	 8) and WM (n 	 7) cells, respectively. Significant LTD ( p � 0.001) was observed in both cases. The
mean group LTD in SP cells was 31%, whereas it was 55% in WM cells.
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circuit. Embryonic SP neurons have been
shown to be glutamatergic and provide ex-
citatory drive to the cortex during devel-
opment (Finney et al., 1998). Although the
axonal projections of postnatal SP neurons
have not been examined, axons of WM
neurons including a subset of neurons
called “border neurons” that matches the
location of the postnatal SP neurons de-
scribed in our study innervate all cortical
layers (Clancy et al., 2001). Furthermore,
tracers applied to layer I of the cortex ret-
rogradely label a population of neurons
just below layer VI (Clancy and Cauller,
1999), exactly where the SP/WM neurons
we studied are located. Therefore, it is pos-
sible that the neurons described in our
study provide glutamatergic drive to the
cortex, perhaps innervating inhibitory
neurons in overlying cortex. Consistent
with this suggestion, lesioning embryonic
SP neurons causes seizures (Lein et al.,
1999).
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