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The medial prefrontal cortex (mPFC) has been implicated in cognitive
and executive processes including decision making, working
memory and behavioral flexibility. Cortical processing depends on
the interaction between distinct neuronal cell types in different corti-
cal layers. To better understand cortical processing in the rat mPFC,
we studied the diversity of pyramidal neurons using in vitro whole-
cell patch clamp recordings and biocytin staining of neurons, fol-
lowed by morphological analysis. Using unsupervised cluster analy-
sis for the objective grouping of neurons, we identified more than 10
different pyramidal subtypes spread across the different cortical
layers. Layer 2 pyramidal neurons possessed a unique morphology
with wide apical dendritic field spans and a narrow basal field span.
Layer 3 contained the only subtype that showed a burst of action
potentials upon current injection. Layer 5 pyramidal neurons showed
the largest voltage sags. Finally, pyramidal neurons in layer 6 (L6)
showed a great variety in their morphology with 39% of L6 neurons
possessing tall apical dendrites that extend into layer 1. Future
experiments on the functional role of the mPFC should take into
account the great diversity of pyramidal neurons.

Keywords: 3D reconstructions, classification, cluster analysis,
heterogeneity, layers, patch clamp

Introduction

The medial prefrontal cortex (mPFC) is important for several
cognitive and executive processes such as attention, decision
making, working memory, and behavioral flexibility
(Goldman-Rakic 1995; Fuster 2000, 2001; Miller 2000; Ragozzi-
no 2007). The mPFC of rodents consists of several areas includ-
ing the prelimbic and infralimbic cortices (Van Eden and
Uylings 1985; Uylings et al. 2003; Hoover and Vertes 2007).
The prelimbic cortex is involved in behavioral flexibility
(Marquis et al. 2007; Ragozzino 2007), whereas the infralimbic
cortex seems to be involved in impulse behavior and habit for-
mation (Chudasama et al. 2003; Killcross and Coutureau 2003;
Murphy et al. 2005). Dysfunction of the prefrontal cortex, re-
sulting from sleep deprivation or pathological conditions like
schizophrenia, can result in cognitive malfunctions such as at-
tention deficits and decreased working memory, behavioral
preservation or stereotypy, increased irritability, and apathy
(Broersen et al. 1995; Yang et al. 1999; Harrison et al. 2000;
Muzur et al. 2002; Ragozzino 2007; Van Der Werf et al. 2009).

Cortical processing depends on the interaction between dis-
tinct neuronal cell types in different cortical layers and areas.
Pyramidal neurons in the main output layer of the neocortex,

layer 5 (L5), have been studied most extensively at the func-
tional and structural levels. These studies have revealed differ-
ences in subcortical projection areas of different pyramidal cell
subtypes as well as differences in intralaminar connections,
suggesting that they can form subnetworks depending on pyr-
amidal cell type (Molnar and Cheung 2006; Wang et al. 2006;
Otsuka and Kawaguchi 2008; Brown and Hestrin 2009;
Dembrow et al. 2010). In addition, pyramidal cell subtypes,
like interneurons, are differentially affected by neuromodu-
lators such as acetylcholine, noradrenaline, serotonin, and ade-
nosine (Beique et al. 2007; Couey et al. 2007; Eggermann and
Feldmeyer 2009; Dembrow et al. 2010; Poorthuis et al. 2013;
Van Aerde et al. 2013).

Cortical circuit organization has been studied predominantly
in sensory cortices such as the visual and somatosensory cor-
tices. These studies have led to a serial model of cortical circuit
organization whereby the main thalamic input to layer 4 (L4) is
forwarded to supragranular layer 2/3 (L2/3). Here, it is inte-
grated with input from other cortical areas (Feldmeyer et al.
2002; Douglas and Martin 2004; Schubert et al. 2007; Feld-
meyer 2012; Oberlaender et al. 2012). The resulting activity is
then relayed to output L5 pyramidal neurons that drive subcor-
tical structures involved in action, like the basal ganglia. L5
neurons also innervate L6 pyramidal neurons that feedback to
the thalamus, and thus influence the synaptic input to the neo-
cortex. Several shortcuts in this circuit have also been ident-
ified such as direct connections from L4 to L5A (Feldmeyer
et al. 2005). How cortical circuits are organized in agranular
cortices like the prefrontal cortex, which lack a granular L4, is
less clear (Shepherd 2009; Hooks et al. 2011).

To better understand signal processing in the prefrontal
cortex, it is essential to identify the different neuronal elements
forming the cortical microcircuit. In this study, we probed the
diversity of pyramidal neuron subtypes that are present in the
rat mPFC. Although a certain level of similarity to sensory cor-
tices can be expected, the agranular character and the unique
functional role of the mPFC is likely reflected in a unique neur-
onal network. Indeed, it is estimated that pyramidal neurons in
the prefrontal cortex have on average up to 23 times more den-
dritic spines than those in the visual cortex (Elston 2003).

To study the functional and structural diversity of pyramidal
neurons throughout all cortical layers of the mPFC, we made
whole-cell patch clamp recordings and simultaneous biocytin
fillings in rat brain slices. Post hoc staining of the labelled
neurons and 3D reconstructions provided a basis for morpho-
logical analysis of the neurons. Subsequently, we used an un-
supervised cluster analysis (CA) based on physiological and
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morphological parameters to classify pyramidal neurons. So
far, an objective classification like the one described in this
study, including an extensive morphological analysis, has not
been performed for pyramidal neurons in the mPFC. More-
over, because recording conditions were identical for neurons
recorded in different layers, we were able to pinpoint the
unique characteristics of pyramidal cells in each cortical layer.
We found that broad tufted regular spiking (RS) neurons in L5
are the most distinct subtype in the rat PFC. L2 pyramidal
neurons were unique in their morphology, being the only cell
type where the field span of its apical dendrites was much
larger than that of its basal dendrites. L3 contained the only
subtype that responded to a depolarizing current injection
with a burst of action potentials (APs). Finally, L6 pyramidal
neurons showed a great variety in their morphology. Typical
for the mPFC seems to be that a high percentage of them have
apical dendrites that ascend to Layer 1 (L1). The distinction
between pyramidal subtypes is important for understanding
cortical processing in the mPFC. Indeed, we found in our ac-
companying article that the neuromodulator adenosine exerts
differential effects depending on pyramidal cell subtype (Van
Aerde et al. 2013).

Materials and Methods

Slice Preparation
All experimental procedures were carried out in accordance with the
German Animal Welfare Act, the European Directive on the Protection
of Animals used for Scientific Purposes, and the guidelines of the Fed-
eration of European Laboratory Animal Science Association.

Wistar rats (Charles River, either sex) aged 24–46 postnatal days
(P24–46) were anesthetized with isoflurane and decapitated, their
brains were quickly removed, and placed in ice-cold artificial cere-
brospinal fluid (ACSF) containing: 125 mM NaCl, 2.5 mM KCl, 1.25 mM
NaH2PO4, 5 mMMgSO4, 1 mM CaCl2, 25 mM NaHCO3, 25 mM glucose,
3 mM Myo-Inositol, 2 mM Na-pyruvate, and 0.4 mM vitamin C (300
mOsm).

For prefrontal cortical slices, coronal sections (350 μm) of the pre-
limbic mPFC were cut in ice-cold ACSF solution bubbled with carbo-
gen gas (95% O2/5% CO2) using a MICROM vibratome slicer (Walldorf,
Germany). For older animals (>P35), a sucrose-based slicing solu-
tion was used containing: 206 mM sucrose, 2.5 mM KCl, 1.25 mM
NaH2PO4, 3 mM MgSO4, 1 mM CaCl2, 25 mM NaHCO3, and 25 mM
glucose (300 mOsm).

Slices were then transferred to a holding chamber placed in a water
bath at 35 °C and left to recover for at least 1 h; subsequently, the water
bath was allowed to cool down to room temperature. Slices were
stored for up to 8 h in ACSF containing: 125 mM NaCl, 2.5 mM KCl,
1.25 mM NaH2PO4, 1 mM MgSO4, 2 mM CaCl2, 25 mM NaHCO3, and
25 mM glucose, bubbled with carbogen gas (95% O2/5% CO2).

Electrophysiology
Pyramidal cells, visualized using infrared differential interference con-
trast microscopy, were selected on the basis of their morphology and
firing pattern. All experiments were performed at 30 ± 1 °C. This re-
cording temperature was chosen to limit the decrease in oxygenation
that occurs at higher temperatures. Basic cell passive and active prop-
erties were assessed by initial hyperpolarizations, followed by stepped
depolarizations.

Recordings were made using an EPC10 amplifier (HEKA, Lam-
brecht, Germany). Signals were sampled at 10 kHz, filtered at 2.9 kHz
using Patchmaster software (HEKA), and later analyzed off-line (Igor
Pro software, Wavemetrics, Lake Oswego, OR, USA).

Patch pipettes (4–8 MΩ) were pulled from thick-wall borosilicate ca-
pillaries (outer diameter: 2 mm; inner diameter: 1 mm) and filled with
intracellular solution containing 135 mM K-gluconate, 4 mM KCl, 10

mM HEPES, 10 mM Na-phosphocreatine, 4 mM ATP-Mg, and 0.3 mM
GTP-Na (pH adjusted to 7.3 with KOH; osmolarity, ∼300 mOsm). Bio-
cytin at a concentration of 3–5 mg/mL was added to the internal sol-
ution (Sigma-Aldrich, Steinheim, Germany).

Whole-cell series resistance was on average 29.6 ± 8.9 MΩ (mean ±
SD, n = 108) and was compensated by 80%. Neurons were excluded
from the analysis when their series resistance was larger than 50 MΩ or
changed by more than 25% during an experiment.

Histological Procedures
After intracellular recording, the slices were fixed in 4% paraformalde-
hyde in 0.1 M phosphate buffer (PB; pH 7.4) for at least 24 h, followed
by several rinses with PB. Then slices were treated with 1% H2O2 in PB
for 10 min, to reduce endogenous peroxidase activity. Biocytin-filled
cells were visualized using avidin-biotinylated horseradish peroxi-
dase complex reaction (ABC-Elite; Camon, Wiesbaden, Germany) with
3,3′-diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA) as chromo-
gen giving a dark reaction product. After dehydration and embedding
in Moviol (Clariant, Sulzbach, Germany) or in Eukitt (Marienfeld Lab.
Glassware, Lauda-Königshof, Germany), neurons were reconstructed
using NEUROLUCIDA® software (MBF Bioscience) at 1000-fold magni-
fication (Radnikow et al. 2012; Marx et al. 2012).

Data Analysis
Electrophysiological data were analyzed using custom-written pro-
cedures in Igor Pro 6.0 (Wavemetrics).

Passive Cell Properties and Spike-Time Adaptation
The input resistance (Rin) was calculated as the slope of the linear fit
between −60 to −70 mV of the current–voltage (I–V) relationship. The
membrane time constant (τm) was estimated with a mono-exponential
fit of the voltage response after a current step of −50 pA. The voltage
sag was the percentage difference between the initial and sustained
response upon 1 s current injections that would cause a hyperpolariz-
ation of approximately −7.5 mV. Rheobase current, the minimal
current that elicited an AP, was determined using a small step size
of 10 pA.

Spike-time adaptation is shown for the current step when at least 10
APs were elicited. We took the approach of comparing neurons with
approximately the same number of APs instead of the response to the
same amount of current injection, because individual differences in
rheobase current and Rin would lead to a highly variable number of eli-
cited APs with a fixed current injection. Although spike-time adap-
tation was similar for individual neurons for current steps that elicited
more than ∼7 APs, especially the first interspike interval was variable
for lower current injections when <7 APs were elicited. RS and adapt-
ing neurons showed a tendency to develop a faster first interspike
interval (ISI), or doublet, only upon higher current injections when
more than 5 APs were elicited. This is in stark contrast to initial burst-
ing neurons which generally displayed an even faster doublet already
at the rheobase current. Because the variation between neurons was
largest for the ratio with the first 3 interspike intervals, we selected
these parameters for an unsupervised CA to group the pyramidal
neurons.

The slope of the input–output relation (i.e., firing rate (F) as a func-
tion of current injection (I)) was calculated with a linear fit between
0 and 300 pA. This limitation was necessary for 2 reasons: 1) Not all
neurons were injected with higher current values, and 2) L3 bursting
neurons typically showed a nonlinear F–I relationships: Initially, firing
rates increased only slowly, followed by a steeper slope at higher
current injections. Because the initial slope was different for the L3
subtypes, we limited our analysis to the initial part.

Morphology
Neurons were three-dimensionally reconstructed using NEUROLUCI-
DA® software (MBF Bioscience). The field span of apical and basal
dendrites was defined as the widest distance between apical or basal
dendrites, measured parallel to the pia. Other morphological par-
ameters such as total dendritic length, number of branches, and soma
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size were analyzed with NEUROEXPLORER® software (MBF Bio-
science). The soma size was calculated as the maximal soma circumfer-
ence from the projection in the 2D plane.

For L3 pyramidal neurons that could have more or less extensive
oblique side branches originating in L3, which could make up a con-
siderable part of the total sums for slender tufted neurons, we included
only measurements from L1: Field span in L1, combined total length in
L1, and number of branches in L1.

Definition of Cortical Layers
The definition of layer borders is important for the identification and
proper classification of mPFC pyramidal cells. Layer borders were
drawn under low light microscopic magnification conditions using en-
hanced contrast. Embedding of slices in Eukitt (see above) prevented
fading of cytoarchitectural features and improved the contrast between
layers considerably (Marx et al. 2012). Layer borders were defined
based on cytoarchitectural features of which cell density and cell soma
size were most important in agreement with earlier studies of the pre-
frontal cortex (Van Eden and Uylings 1985; Gabbott et al. 1997;
Gabbott et al. 2005). In acute prelimbic cortex slices, L2 is clearly dis-
tinguishable from L1 and L3 as a thin dark band that is densely packed
with neuron somata. L2 is situated directly beneath L1, which is almost
devoid of neurons apart from a few interneuron types that are dis-
persed between dendrites and axon collaterals (Fig. 1A). After fixation,
the difference in cell density between L2 and L3 is still visible (see, e.g.,
Fig. 5B,C). L2 is the thinnest layer of the prefrontal cortex containing
only a few “rows” of pyramidal neurons. L3 is about 2–3 times wider
than L2 and has about the same width as L1 (Van Eden and Uylings

1985; Gabbott et al. 1997, 2005). L1 is particularly wide in the prefron-
tal cortex compared with other cortical regions. Because rodents lack a
L4 in some cortical areas including the mPFC (Uylings and Van Eden
1990; Uylings et al. 2003), L3 borders directly on L5. The border
between L3 and L5 was based on the difference in cell soma size
between L3 and L5 neurons (Table 2 and Supplementary Fig. 1). In the
acute slice, this difference in soma size can be best seen under high
magnification (×40 objective). After fixation and embedding in Eukitt,
this border is clearly discernible under lowmagnification (×4 objective,
Fig. 5B,C). L5 comprises roughly the middle third of the prelimbic
cortex. Although at the macroscopic level, some indications can be
seen for a subdivision of L5 in a superficial L5A and a deep L5B, this is
not as clearly discernible as in sensory cortical areas like the somato-
sensory cortex (Feldmeyer et al. 2005; Schubert et al. 2006). Therefore,
we did not subdivide L5 into different sublaminae. Layer 6 (L6) com-
prises the lower third of the cortex (Van Eden and Uylings 1985;
Gabbott et al. 1997, 2005). The border between L5 and L6 is expected
to be approximately halfway of the distance between the border of L3–
L5 and the border of L6 with the white matter. In the acute slice, the
difference in soma size marks the difference between L5 and L6 pyra-
midal neurons (Table 2 and Supplementary Fig. 1). In addition, in con-
trast to L5 pyramidal neurons that all have ascending apical dendrites
pointing towards the pia, L6 neurons often show oblique, horizontally
orientated or inverted main dendrites. Although the main dendrite
cannot be followed far in the acute slice, the departure and thus the
orientation of the main dendrite with respect to the pial surface, is
often clearly visible. After fixation, the border between L5 and L6 in
the mPFC is much more difficult to identify. In primary sensory cor-
tices, L6 can be subdivided in L6A and L6B (Tömböl 1984; Valverde

Figure 1. L2 pyramidal neurons. (A) Left, DIC image at low magnification where pia, successive layers (L) and white matter (WM) are indicated. Note the patch pipette in left layer
2. Right, DIC image from another brain slice at higher magnification (comparable to the boxed region at the left) where layers can be particularly well recognized. (B) Morphological
reconstruction of soma and dendrites from L2 pyramidal neurons. Note the large span width of apical dendrites compared with basal dendrites, and the asymmetric apical dendrite
tree in some neurons. (C) Electrophysiological profile of a regular spiking neuron (RS, left), an adapting neuron (Ad, right), and an intermediate neuron (Ad-RS, middle): The upper
panel shows the response when a minimum of 10 action potentials were elicited with the corresponding current step in gray. The inset shows a magnification of the first spikes
(scale bar: 20 mV, 50 ms). Below, adaptation ratios from interspike interval 1–8 with the 9th interspike interval (ISI-9) are shown in color code, that is, the ratio between the first ISI
(ISI-1) and ISI-9 is shown at the most left, followed by the ratio between ISI-2 and ISI-9 and so forth. The lower panel shows the response to a negative current step (gray, bottom)
that would lead to an ∼−7.5 mV hyperpolarization of the membrane potential. Current steps are indicated below. Note the virtual absence of a voltage sag in these neurons.
(D) Ratio of ISI-2 to ISI-9 and ISI-3 to ISI-9 shows a continuum of responses between regular spiking (RS, circles, n=3) and adapting (Ad, crosses, n=4) pyramidal neurons
(Ad-RS, hourglass, n=4). (E) Subtypes defined by spike timing are not different for passive physiological properties (legend as in D). (F) Subtypes defined by spike timing are not
different for morphological properties (legend as in D).
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et al. 1989; Marx and Feldmeyer 2012). We did not observe such a clear
sublamination in L6 in the mPFC at the macroscopic level. However, as
our recordings were made primarily in the upper two-thirds of L6, the
majority of the neurons described here are most likely L6A pyramidal
neurons.

Cluster Analysis and Statistics
Data are represented as mean ± standard error of the mean (SEM).
Statistical analysis used either the unpaired Student’s t-test or ANOVA
test for multiple comparisons, followed by a post hoc Tukey test or
a Student Newman–Keuls test when more than 3 groups were com-
pared. Correlation analysis was performed by calculating Pearson cor-
relation coefficients. Unsupervised CA was performed using Euclidean
distances and the Ward method. The final number of clusters was
suggested by the Thorndike procedure, where the maximal derivative
of the sorted linkage distances was taken as cutoff value (Thorndike
1953). Each parameter was normalized as min–max normalization.
Principal component analysis (PCA) was used to eliminate correlated
variables to avoid double weighting or misinterpretation of the CA
(data not shown). Parameters that were often, but not always, contri-
buting in a similar way to the PCA were the ratio of ISI1/ISI9 and ISI2/
ISI9. Morphological parameters that were often correlated were the
total length and number of branches of apical or basal dendrites. Using
this approach, we were able to exclude all parameters that were highly
correlated from the CA. To eliminate uninformative parameters, the re-
sulting groups or clusters of the CA were then compared for each par-
ameter using ANOVA tests, and the CA was repeated with only those
parameters included that showed significant different values between
the groups. The resulting parameters that were thus used for the final
CA are listed in Table 1 for the different layers.

All statistical tests were performed using XLSTAT software (Addin-
soft, Andernach, Germany). Single and double asterisks represent
P < 0.05 and P < 0.01 respectively.

Results

For the classification of different pyramidal subtypes, we re-
corded 119 pyramidal neurons located throughout L2 to L6 in
acute slices of the rat prelimbic cortex, which is part of the rat
mPFC. The prelimbic cortex is situated along the midline of
the cortex and is bordered by the anterior cingulate cortex and
the infralimbic cortex (Paxinos and Watson 2005). After elec-
trophysiological recordings, slices were fixed and processed

for staining, and neurons were reconstructed to analyze their
morphology. Only neurons with stable resting membrane
potentials (RMP) of below −60 mV and with excellent staining
of soma and dendrites were used for electrophysiological and
morphological data analysis.

Layer 2 Pyramidal Neurons
We recorded from 12 L2 pyramidal neurons, 1 of which was
excluded from electrophysiological analysis because the series
resistance was too high. Morphologically, L2 pyramidal neu-
rons are unique in the relative field span of their apical and
basal dendrites (Table 2; for reconstructions of all L2 neurons,
see Supplementary Fig. 2). In contrast to L3 or L5 pyramidal
neurons, the field span of the apical dendritic tuft of L2
neurons is much larger than that of basal dendrites (Fig. 1B,
field span of apical dendrites 339 ± 20 μm, basal dendrites
198 ± 9 μm, n = 11, P < 0.01). Another prominent feature is a
very short apical trunk (measured from the soma to the apical
tuft, Fig. 1B). Finally, the apical dendritic tree of L2 pyramidal
cells is often asymmetric (Fig. 1B, most right example). To cir-
cumvent the possibility that the asymmetric nature of L2 pyra-
midal neurons is resulting in a biased measurement of the field
span, we determined the total length of the apical dendrite.
This parameter is independent of the shape of the apical
dendritic tree. L2 neurons have higher total apical dendritic
lengths compared with some other subtypes, such as L3
neurons, but it is especially the relation between apical and
basal dendrites that sets these neurons apart. Whereas most
pyramidal subtypes do not exceed a ratio of about 1:1 for the
total length of apical and basal dendrites, and broad tufted L5
neurons have on average 1.5 times more apical dendritic
length, L2 and L6 tall neurons have about 2.5 times more apical
than basal dendritic length (Table 2). In the case of L2
neurons, this is also reflected in the ratio of apical to basal field
span (ratio field span: 1.73 ± 0.09, Table 2). However, as the
ratio of field span is less than the ratio of total length, the asym-
metric nature of L2 pyramidal neurons does not lead to an
overestimation of the size of the apical tree for these neurons.

Table 1
Morphological and electrophysiological parameters that were used for unsupervised cluster analysis (CA)

Morphological Electrophysiological

Active Passive

Layer 2 neurons Field span in L1 (μm)
Total length apical Dendrites (μm)
Number of apical branches

ISI-1
ISI-3
Increase in firing frequency per 100 pA

RMP (mV)
Voltage sag (%)
Input resistance (MΩ)
Time constant (ms)
Rheobase (pA)

Layer 3 neurons Field span in L1 (μm)
Number of apical branches

ISI-2
ISI-3
Increase in firing frequency per 100 pA

RMP (mV)
Voltage sag (%)
Time constant (ms)
Rheobase (pA)

Layer 5 neurons Field span in L1 (μm)
Field span apical dendrite (μm)
Total length basal Dendrites (μm)
Number of apical branches
Number of basal branches

ISI-3 RMP (mV)
Voltage sag (%)
Input resistance (MΩ)
Time constant (ms)
Rheobase (pA)

Layer 6 neurons Field span basal dendrites (μm)
Total length apical Dendrites (μm)
Total length basal Dendrites (μm)
Vertical span apical Dendrite (ending layer)

- RMP (mV)
Voltage sag (%)
Input resistance (MΩ)
Time constant (ms)
Rheobase (pA)

Note: RMP, resting membrane potential; rheobase, minimal current to elicit an action potential.
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Instead, this suggests that L2 pyramidal neurons have particu-
larly dense apical trees. This is indeed reflected in the high
number of apical branches which is higher than for other pyra-
midal subtypes with the exception of broad tufted L5 neurons
(Table 2).

Electrophysiologically, the AP firing pattern of pyramidal
neurons varied in response to current injection. L2 pyramidal
neurons displayed a continuum of firing patterns that ranged
from RS to adapting patterns (Fig. 1C,D). Of note is that all L2
pyramidal neurons showed a relatively hyperpolarized RMP of
−76.5 ± 1.3 (P < 0.05 compared with other layers, Table 3) and
virtually lacked a voltage sag following a hyperpolarizing
current step, indicating low expression, or even absence, of
hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels in L2 pyramidal neurons (Fig. 1C bottom and
Table 3). The high rheobase value indicated a particularly low
excitability for these cells (P < 0.01 in comparison with L5 or
L6 pyramidal neurons, Table 3).

The firing pattern of L2 pyramidal neurons were not corre-
lated to the passive properties of these neurons such as the
RMP, membrane time constant (τm), cellular input resistance
(Rin), or the rheobase current (minimal current to elicit an AP,
Fig. 1E and Table 4). Likewise, there was no correlation with
morphological parameters such as the field span, the total
length, and the number of branches of apical and basal den-
drites (Fig. 1F and Table 4). In addition, categorizations based
on passive physiological properties or morphological proper-
ties resulted in subtypes that were similar in other parameters
(Supplementary Tables 1 and 2).

To summarize, the high ratio of the apical to basal field
span, as well as the ratio of the apical to basal dendritic
length are unique for L2 pyramidal neurons (Table 2). It
appears that there is no correlation between active and passive
physiological properties, or between the morphology and elec-
trophysiology of L2 pyramidal neurons. Subclasses based on
these different parameter sets did not overlap substantially,
suggesting that L2 neurons are rather homogenous, and that
small differences in physiological or morphological par-
ameters do not seem to correspond to different subtypes.

Layer 3 Pyramidal Neurons
To investigate the diversity of L3 pyramidal neurons, we ran-
domly patched 24 pyramidal neurons in this layer (see Sup-
plementary Fig. 3 for reconstructions of all L3 pyramidal
neurons). Two of those were excluded from the electrophysio-
logical analysis, and 1 neuron was stained insufficiently. L3
pyramidal neurons were found to be highly diverse in their
electrophysiological properties. Apart from RS and adapting
neurons, a subpopulation of L3 pyramidal neurons responded
with bursts of APs after electrical stimulation (Fig. 2A). This
bursting behavior was not seen in pyramidal neurons from any
other layer of the mPFC. Bursting neurons typically had a non-
linear input–output relationship with an initial shallow rising
phase in the firing rate that become markedly stronger upon
increased current stimulation (Fig. 2A, bottom). We therefore
used the initial part of the slope of the firing rate curve as a par-
ameter for the CA. Other parameters that were used are listed
in Table 1.

All L3 pyramidal neurons showed prominent apical den-
drites that bifurcated in L1. Unsupervised CA of morphological
properties of L3 neurons divided these neurons in broad andTa
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slender tufted neurons (Fig. 2B and Supplementary Table 4).
Two neurons with more extensive basal dendrites were classi-
fied as a third, separate, class. The location of these 2 neurons
was on the border of L3–L5 and these 2 neurons were later ac-
tually classified as L5 neurons in the CA that included all pyra-
midal neurons (Fig. 5A,E and Supplementary Fig. 6C).
Although the field span of the apical dendrite showed similar
measures for a subset of slender and broad pyramidal neurons,
broad tufted neurons usually displayed a more dense apical
tree with more branches and a higher total length of the apical
dendrite (Fig. 2B and Supplementary Table 4). All RS neurons
had broad apical tufts, whereas all bursting L3 neurons had
slender tufts. Adapting neurons had either broad or slender
morphologies (Supplementary Table 3).

Because the CA of morphological and electrophysiological
parameters led to very similar categorizations (Supplementary
Tables 3 and 4), we combined morphological and electro-
physiological parameters in one CA (Fig. 2C). This resulted in
3 main subclasses: broad tufted RS neurons (RS, n = 6, or 29%),
broad tufted adapting neurons (n = 4, or 19%), and slender
tufted neurons (n = 11, or 52%; Fig. 2C–F and Table 5). The
slender tufted neurons could be subdivided further in those
with an adapting (n = 5, or 24%) and those with a bursting
firing pattern (n = 6, or 29%). The total length and the number
of apical dendritic collaterals of slender tufted neurons was
about half that of broad tufted L3 pyramidal neurons.
However, the properties of the basal dendrites of these L3 pyr-
amidal subtypes did not differ (Table 5). Electrophysiologi-
cally, slender tufted neurons had a more depolarized RMP of
−66.6 ± 0.6 mV and a larger voltage sag (n = 11; Table 5); in
contrast, both broad tufted RS and broad tufted adapting L3
pyramidal neurons showed little if any voltage sag and had
RMPs of −78.8 ± 0.8 and −71.5 ± 1.9 mV, respectively (P < 0.001
between all groups). Slender tufted bursting neurons and
slender tufted adapting neurons were very similar, and differed
only in the slope of the firing rate (Fig. 2E,F). Their similar mor-
phology and values for other electrophysiological properties
explain why these subtypes are clustered together in the CA.
However, because bursting neurons were very distinct in their
firing rate, we considered these neurons as a separate subtype.

To summarize, based on morphological and electrophysio-
logical parameters 4 pyramidal cell subtypes could be charac-
terized in L3: broad tufted RS neurons, broad tufted adapting
neurons, slender tufted adapting neurons, and slender tufted
bursting neurons. The last subtype is unique for L3 and was
not observed in any of the other layers of the mPFC.

Layer 5 Pyramidal Neurons
Pyramidal neurons in L5 are the best studied cell type in the
mPFC, and they have been categorized according to their elec-
trophysiological and morphological properties (Yang et al.
1996; Degenetais et al. 2002; Wang et al. 2006; Chang and
Luebke 2007). However, an unsupervised CA combining mor-
phological and physiological properties has not been per-
formed to date. Previous studies have used the membrane Rin,
the AP firing pattern (RS, adapting or burst firing), and the AP
waveform (presence of a depolarizing after potential (DAP))
(Yang et al. 1996; Degenetais et al. 2002; Chang and Luebke
2007) to categorize these neurons. Morphologically, L5 pyra-
midal cells can be categorized as “broad tufted” L5 pyramidal
neurons that possess a complex apical dendrite with numerousTa
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branches, or “slender tufted” L5 pyramidal neurons that have a
more restricted field span of the apical dendritic tree and less
side branches (Wang et al. 2006).

To characterize L5 pyramidal subtypes using unsupervised
CA, we recorded 65 L5 pyramidal neurons, of which 62 neurons
could be morphologically reconstructed (see Supplementary
Fig. 4 for reconstructions of L5 neurons). For 4 morphological
identified neurons, we did not obtain electrophysiological data.

The majority of L5 pyramidal neurons showed clear apical
dendrites with bifurcations in L1, that could be characterized
either as slender or broad tufts (Fig. 3B). Only a few L5
neurons were untufted (n = 3 of 62, 5%; Supplementary Fig. 4).
In one instance, a L5 pyramidal neuron with a secondary main
dendrite was observed (Supplementary Fig. 4). Electrophysio-
logically, L5 pyramidal neurons displayed RS or adapting firing
trains (Fig. 3A). A minority of neurons responded with an AP
doublet upon current stimulation (5 of 61; ∼8%). Increasing
the stimulation strength always revealed an adapting firing
pattern of these neurons, which was indistinguishable from
that of other adapting neurons; bursts of APs as seen in some
L3 pyramidal neurons were never observed under our record-
ing conditions. Notably, the first interspike interval became
considerably shorter for all L5 pyramidal neurons with higher
stimulation strength, as was also the case for L2 and L3 pyrami-
dal neurons.

A CA based on morphological or electrophysiological par-
ameters alone resulted in 3 main groups of L5 neurons, with
considerable overlap (Table 1 and Supplementary Tables 5 and
6). A CA with combined morphological and electrophysiologi-
cal parameters was performed. L5 pyramidal neurons could be
categorized as broad tufted RS neurons exhibiting a wide and
complex apical dendritic tree (n = 18 or 31%) and slender
tufted, adapting neurons with simpler and fewer apical
oblique and tuft dendrites (n = 40 or 69%, Fig. 3A–C). Slender
tufted adapting L5 pyramidal neurons could be further subdi-
vided into those with a high cellular input resistance (Ad-HR,
n = 13, or 22%) and those with a lower input resistance (Ad-LR,
n = 27, or 47%, P < 0.001 between all subtypes, Table 6). In
addition, the 2 slender-adapting subtypes differed in their
basal dendritic morphology: Ad-HR neurons had a reduced

total dendritic length and a lower number of basal branches
compared with Ad-LR and RS pyramidal neurons (P < 0.001,
Table 6). Thus, in contrast to L3 pyramidal neurons, the mor-
phology of the basal dendritic arbor is a relevant parameter for
the definition of L5 pyramidal subtypes.

In general, L5 pyramidal neurons had larger cell bodies than
pyramidal neurons in other layers (Table 2 and Supplementary
Fig. 1). Among the different L5 subtypes, broad tufted neurons
had the largest soma size (Table 6). The relative location of L5
subtypes within L5 was not different and all cell classes could
be found in either superficial or deep L5 (Table 6 and Sup-
plementary Fig. 4).

Electrophysiologically, L5 pyramidal subtypes differed sub-
stantially in their excitability. RS neurons were the least excit-
able with an average rheobase value of 179 ± 10 pA, followed
by Ad-LR neurons with 124 ± 7 pA. Ad-HR neurons could be
brought to spike with only 66 ± 4 pA, a value that is almost
threefold lower than that for RS neurons (P < 0.001 between all
subtypes, Table 6).

The size of the voltage sag was among the most variable par-
ameters with a coefficient of variation of 0.43. Virtually, all L5
pyramidal neurons displayed a voltage sag, suggesting that
HCN channels are expressed in L5 pyramidal subtypes, albeit
to a different extent. We calculated the percentage voltage sag
in response to a negative current step that caused an approxi-
mately −7.5 mV hyperpolarization of the membrane potential
(see Materials and Methods). In this way, differences in input
resistances are compensated for. Large voltage sags (>13% sag)
were present in broad tufted RS L5 neurons, whereas both
types off adapting L5 neurons could display large or small
voltage sags (<13% sag, Fig. 3F and Table 6, large voltage sags:
18 of 18 (100%) RS neurons, 6 of 13 (46%) Ad-HR neurons, 5 of
27 (56%) Ad-LR neurons, P < 0.01).

Another parameter used to classify L5 pyramidal neurons is
the presence of a DAP (Fig. 3G) (Yang et al. 1996). DAPs were
common among RS neurons but more rare among adapting
neurons (DAP present: 76% (RS), 38% (Ad-HR), and 22%
(Ad-LR), χ2 test P < 0.01).

To summarize, pyramidal neurons in L5 can be subdivided
in 3 subtypes: 1) Broad tufted RS neurons, 2) slender tufted

Table 4
Electrophysiological subtypes of L2 pyramidal neurons differ in adaptation ratios, but not in passive electrical properties or morphological parameters

Regular spiking (n= 3) Ad-RS (n= 4) Adapting (n= 8) P

Electrophysiology
Ratio ISI-1/ISI-9 0.32 ± 0.05* 0.19 ± 0.02 0.15 ± 0.02 <0.05
Ratio ISI-2/ISI-9 0.71 ± 0.03 0.49 ± 0.07 0.34 ± 0.05 <0.01
Ratio ISI-3/ISI-9 0.86 ± 0.02 0.82 ± 0.02 0.50 ± 0.06** <0.01
Increase in firing frequency (Hz/100 pA) 8.1 ± 1.1 5.3 ± 0.4 5.1 ± 0.4 <0.05
Membrane potential (mV) −78.5 ± 2.5 −74.3 ± 1.0 −77.3 ± 2.8 0.38
Input resistance (MΩ) 218 ± 65 149 ± 10 162 ± 17 0.15
Rheobase (pA) 183 ± 43 183 ± 14 203 ± 26 0.79
Time constant (ms) 17.3 ± 1.2 19.6 ± 1.5 21.8 ± 2.4 0.18
Voltage sag (%) 1.5 ± 0.8 2.8 ± 0.7 3.7 ± 2.0 0.34

Morphology
Location in L2 (%) 57 ± 9 75 ± 10 71 ± 11 0.50
Field span apical dendrites (μm) 290 ± 43 324 ± 29 376 ± 25 0.22
Field span basal dendrites (μm) 203 ± 9 178 ± 18 213 ± 9 0.21
Total length apical dendrites (μm) 3066 ± 341 3621 ± 397 3669 ± 521 0.62
Total length basal dendrites (μm) 1530 ± 230 1452 ± 259 2090 ± 239 0.19
Soma (μm2) 216 ± 7 196 ± 16 218 ± 9 0.39
Number of apical branches 28.0 ± 2.1 29.0 ± 4.7 29.5 ± 3.3 0.96
Number of basal branches 17.0 ± 1.5 17.8 ± 1.6 25.5 ± 4.0 0.12

Note: For clarity, the results of the post hoc comparison of groups is only given (values in bold followed with asterisks) when a cell type is different from all other cell types. *P< 0.05, **P< 0.01.
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adapting neurons with a high Rin, and (3) Slender tufted adapt-
ing neurons with low Rin. The latter 2 subclasses also differ in
other physiological and morphological properties. Large voltage
sags and the presence of a DAP were more common in RS
neurons, but not exclusively so. The 3 subtypes were present
throughout L5, without any preference for either superficial or
deep L5.

Layer 6 Pyramidal Neurons
We recorded and reconstructed 18 L6 pyramidal neurons, of
which 14 neurons were selected for electrophysiological data

analysis (see Supplementary Fig. 5 for reconstructions of L6
neurons).

We found that L6 pyramidal neurons in the mPFC showed a
great morphological variety (Fig. 4A and Supplementary Fig.
5), ranging from neurons with apical dendrites that spanned
all cortical layers and terminated in L1 to small L6 pyramidal
neurons with a dendritic tree that was exclusively restricted to
L6. Also, the horizontal field span of L6 pyramidal neurons was
very diverse: Pyramidal neurons with both the broadest and
the smallest field span of all mPFC pyramidal neurons
were found in L6. Some L6 pyramidal neurons had inverted
apical dendrites pointing towards the white matter. The high

Figure 2. Pyramidal neuron subclasses in layer 3. (A) Electrophysiological profile of L3 subtypes: slender tufted adapting or bursting neurons (left), and broad tufted adapting or
regular spiking neurons (right). Top, voltage response when a minimum of 10 action potentials were elicited with corresponding current steps in gray. The inset shows a
magnification of the first spikes (scale bar: 25 mV, 50 ms). Beneath, adaptation ratios from interspike interval 1–8 with the 9th interspike interval (ISI-9) as shown in color code.
Middle, response to the first current step that initiated an action potential (rheobase value), and to a hyperpolarizing current injection that would hyperpolarize the neurons with
∼7.5 mV. Bottom, responses to the rheobase value + 100–200 pA reveal a low increase in action potential number for bursting neurons upon increased current stimulation. Note
that bursting neurons often show a doublet or triplet at rheobase values. (B) Morphological reconstruction of dendrites from L3 pyramidal cells. Top, example neurons with slender
tufted apical dendrites, bottom example neurons with broad tufted apical dendrites. Note that slender tufted neurons show less bifurcations and branches of apical dendrites. Below
each neuron the electrophysiological subtype is indicated. (C) Dendrogram resulting from CA of electrophysiological and morphological parameters reveals 3 main clusters. Dashed
line indicates the threshold as determined by the Thorndike procedure. Slender tufted neurons included both adapting (Ad) and bursting (B) neurons. (D) L3 subtypes differ in field
span and/or number of branches of the apical dendrite. Note that all bursting neurons were slender tufted, whereas all RS neurons were broad tufted. Adapting neurons could have
slender or broad tufted morphologies. (E) Firing rate as a function of injected current. Note that this relation is nonlinear for bursting pyramidal neurons. (F) Initial slope of firing rate
as a function of current plotted against rheobase. Averages for regular spiking (triangles), bursting (circles), slender tufted adapting (squares), and broad tufted adapting (diamonds)
neurons are shown with error bars.
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percentage of L6 pyramidal neurons with apical dendrites as-
cending to L1 appears to be a characteristic feature of L6 pyra-
midal neurons in the mPFC: In our study, 39% of L6 neurons
exhibited such long apical dendrites, whereas a fraction of
<5% has been reported in other cortical areas (Katz 1987; Van
Brederode and Snyder 1992; Bailey et al. 2012).

L6 pyramidal neurons appeared to be less diverse with
respect to their electrophysiological properties. Although L6
neurons show variations in active and passive properties, this
was perhaps less than one could expect given the substantial
morphological diversity between these neurons. For example,
11 of 14 L6 pyramidal neurons displayed a RS firing pattern
(Fig. 4B,C and Table 7). The 3 exceptions were neurons, one of
which had an accelerating firing pattern, an adapting firing
pattern, and a firing pattern with an initial burst of 3 AP fol-
lowed after a longer ISI by RS. Of note is that the RS neurons in
L6 showed a more RS right from the beginning of the voltage
step; they lacked the very short first ISI seen in RS neurons
from other layers (P < 0.01 compared with other layers, Fig. 4B
and Table 3). Another property that set L6 pyramidal neurons
apart from pyramidal neurons in other layers was the steep in-
crease of the firing frequency upon increased current injection
(Table 3), a feature that can be explained by the high cellular
Rin of these neurons. Note however that adapting L5 pyramidal
neurons with a similarly high cellular Rin (L5 Ad-HR neurons)
had input–output relationships with much shallower slopes
(input resistance: 255 ± 20 MΩ (L5 Ad-HR), 306 ± 30 MΩ (L6),
P = 0.17; slope 6.4 ± 0.7 Hz/100 pA (L5 Ad-HR), 15.0 ± 1.5 Hz/
100 pA (L6), P < 0.001).

Because almost all L6 pyramidal neurons showed a RS firing
pattern, we performed a CA based on passive physiological
properties alone (Table 1); however, the resulting clusters did
not differ in their morphological properties (Supplementary
Table 7). Similarly, a CA based only on morphological proper-
ties did not reveal any clear differences in the physiological
parameters (Table 7). Therefore, it appears that for L6 pyrami-
dal neurons, like L2 pyramidal neurons, there is no clear corre-
lation between the electrophysiological properties and the
dendritic morphology. The CA based on the morphological

properties of L6 pyramidal neurons alone revealed 3 main clus-
ters: 1) tall L6 pyramidal neurons with apical dendrites project-
ing to L1 (n = 5 or 28%); 2) wide L6 pyramidal neurons with
very large field spans of basal dendrites (n = 3 or 18%); 3) short
L6 pyramidal neurons with apical dendrites confined to L3–L6
(n = 10 or 56%, Table 7). This last category could be subdivided
in short L6 pyramidal neurons with a wider field span of basal
dendrites (“short and broad”, n = 5 or 28%) and L6 pyramidal
neurons with more confined dendritic trees (“small”, n = 5 or
28%). Short and broad L6 neurons had simpler and fewer
apical oblique and tuft dendrites compared with tall L6
neurons (Table 7 and Supplementary Fig. 5).

To summarize, L6 pyramidal neurons are more diverse in
their morphological appearance than pyramidal neurons in
other layers. L6 pyramidal neurons in the mPFC often have
apical dendrites that extend to L1. Physiologically, L6 neurons
displayed RS firing patterns, had a high cellular Rin and were
highly excitable in comparison to pyramidal neurons from
other layers (Tables 2 and 3).

CA of Pyramidal Neurons of all Layers
Finally, we performed a CA on the pyramidal neurons from all
layers. We included all morphological and electrophysiological
parameters listed in Table 8. This enabled us to compare how
different the pyramidal subtypes are in comparison to each
other. The CA revealed 4 main subtypes: 1) RS L5 neurons con-
stituted the first cluster; 2) adapting L5, adapting L3 and burst-
ing L3 neurons constituted the second cluster; the third 3)
cluster contained all L2 pyramidal neurons and RS L3 neurons;
and lastly, the fourth (4) cluster consisted of L6 pyramidal
neurons. Further subdivision of the second cluster at a lower
cutoff led to a separation of adapting L5 neurons with high or
low cellular input resistances (L5-HR and L5-LR) and L3 burst-
ing and broad tufted adapting pyramidal neurons, further sub-
division of the third cluster led to a separation of L2 and RS L3
neurons, and further subdivision of the fourth cluster led to a
separation of tall and small L6 neurons (Fig. 5A).

The results from this CA show that RS L5 neurons are the
most distinct pyramidal neuron subtype in the mPFC. These

Table 5
L3 pyramidal neuron subtypes differ in electrophysiological and morphological parameters

Slender tufted Broad tufted P

Adapting (n= 5) Bursting (n= 6) Adapting (n= 4) Regular spiking (n= 6)

Electrophysiology
Ratio ISI-1/ISI-9 0.15 ± 0.03 0.09 ± 0.02 0.11 ± 0.01 0.21 ± 0.05 0.07
Ratio ISI-2/ISI-9 0.28 ± 0.06 0.14 ± 0.04 0.28 ± 0.03 0.51 ± 0.10 <0.01
Ratio ISI-3/ISI-9 0.42 ± 0.07 0.21 ± 0.06 0.53 ± 0.04 0.77 ± 0.08 <0.01
Increase in firing frequency (Hz/100 pA) 6.1 ± 0.3 1.3 ± 0.2** 8.0 ± 1.0 6.5 ± 0.8 <0.01
Membrane potential (mV) −67.0 ± 0.1 −66.2 ± 1.0 −71.5 ± 1.9 −78.8 ± 0.8** <0.01
Input resistance (MΩ) 152 ± 24 138 ± 13 185 ± 9 143 ± 10 0.21
Rheobase (pA) 110 ± 24 122 ± 11 115 ± 16 238 ± 11** <0.01
Time constant (ms) 32.0 ± 5.9 27.6 ± 1.3 27.1 ± 2.7 18.7 ± 0.5 0.04*
Voltage sag (%) 11.7 ± 3.2 11.7 ± 1.5 3.0 ± 1.4 0.2 ± 0.4 <0.01
Morphology
Location in L3 (%) 62 ± 14 49 ± 8 29 ± 6 21 ± 7 0.02*
Field span apical dendrites (μm) 214 ± 12 193 ± 20 312 ± 14 249 ± 10 <0.01
Field span basal dendrites (μm) 338 ± 56 276 ± 13 270 ± 19 252 ± 17 0.23
Total length apical dendrites (μm) 1081 ± 89 1244 ± 119 2011 ± 146 2448 ± 265 <0.01
Total length basal dendrites (μm) 3733 ± 734 3123 ± 248 2609 ± 330 2901 ± 243 0.36
Soma (μm2) 258 ± 32 193 ± 20 178 ± 14 181 ± 7 0.05*
Number of apical branches 7.4 ± 0.4 7.5 ± 0.6 13.8 ± 1.5 16.7 ± 2.1 <0.01
Number of basal branches 26.2 ± 3.0 24.0 ± 2.5 23.5 ± 3.2 25.3 ± 1.3 0.87

Note: For clarity, the results of the post hoc comparison of groups is only given (values in bold followed with asterisks) when a cell type is different from all other cell types. *P< 0.05, **P< 0.01.
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neurons had the longest dendritic length, the highest number
of apical oblique and tuft branches and the largest cell somata
of all subtypes (P < 0.01, Tables 3–6). In addition, RS L5 neurons
had the most pronounced voltage sags (P < 0.01, Tables 3–6).

The CA also indicates that bursting and adapting L3 neurons
resemble more adapting L5 neurons, while RS L3 neurons are
more similar to L2 neurons. Indeed, physiological properties
in which RS L3 pyramidal neurons are distinct from other L3
neurons were similar to the characteristics of L2 neurons such
as a high rheobase value and a slow membrane time constant
(Table 3). However, morphologically, L2 and L3 neurons differ
in the ratio of apical and basal field span and relative total
length of apical and basal dendrites (P < 0.01, Table 2). L3

bursting neurons and broad tufted adapting L3 neurons still
existed as subgroups in the CA, stressing the unique character-
istics of these subtypes. Slender tufted adapting L3 pyramidal
neurons were more similar to slender tufted adapting L5
neurons and mixed with this subgroup.

Apart from slender tufted L3 neurons, practically all other
individual neurons followed the laminar subdivision of cell
types (94 from 103 neurons). Notably, leaving out the par-
ameter of the cortical location would lead to the exact same
classification for 99 from 103 neurons, underscoring the point
that laminar subtypes have truly unique characteristics. For
example, leaving out the cortical location of neurons did
not group RS L5 pyramidal neurons together with RS L3

Figure 3. Pyramidal neuron subclasses in layer 5. (A) Electrophysiological profile of L5 neurons. The upper panel shows the response when a minimum of 10 action potentials were
elicited with corresponding current steps in gray. The inset shows a magnification of the first 3–4 spikes (scale bar: 25 mV, 50 ms). Beneath, adaptation ratios from interspike
interval 1–8 with the 9th interspike interval (ISI9) are shown in color code. The lower panel shows the response (black) to a hyperpolarizing step of −50 pA (gray). Note the different
size of the voltage response due to different values for the cellular input resistance. (B) Morphological reconstruction of dendrites from L5 pyramidal neurons. Top, example neurons
with broad tufted apical dendrites. Bottom, example neurons with slender tufted apical dendrites. Below each neuron morphological and/or electrophysiological subclasses are
indicated. Note the examples of rare subtypes like pyramidal neurons with a double apical dendrite (top right) or an untufted apical dendrite (bottom, middle). (C) Dendrogram
resulting from CA of electrophysiological and morphological parameters (Table 1) reveals 3 main clusters. Asterisks mark the example neurons shown in A. (D) Regular spiking (RS)
neurons have higher adaptation ratios than adapting neurons with low (Ad-LR) or high (Ad-HR) input resistance (P< 0.01). (E) The dendritic tree of the apical dendrite of RS neurons
has a wider field span and more branches than the apical dendrite of Ad-LR and Ad-HR neurons (P< 0.01). (F) Ad-HR neurons have sparser basal dendrites and a higher cellular
input resistance compared with RS and Ad-LR neurons (P< 0.01). RS and Ad-LR neurons differed in cellular input resistance (P< 0.01), but not in the total length of the basal
dendrites. (G) RS neurons have on average a larger voltage sag compared with Ad-LR or Ad-HR neurons (P< 0.01). Left, example traces: the sag is calculated as the percentage
change from the maximal response to hyperpolarizing step of ∼ −7.5 mV. Also note the difference in the membrane time constant for the 3 subtypes. (H) RS neurons had more
often depolarizing after potentials (DAPs) than Ad-HR or Ad-LR neurons (P< 0.01).
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pyramidal neurons. Apart from morphological differences
between RS neurons from different layers, these neurons also
differ in their passive physiological properties (Supplementary
Table 8). Similarly, adapting neurons from different layers

differed in almost every physiological parameter (Supplemen-
tary Table 9).

For 9 of 103 neurons, the CA of all neurons suggested a
different layer for their soma location than that we had

Table 6
L5 pyramidal neuron subtypes differ in electrophysiological and morphological parameters

Slender tufted Broad tufted

High-resistance (n= 13) Low-resistance (n= 27) Regular spiking (n= 18) P

Electrophysiology
Ratio ISI-1/ISI-9 0.25 ± 0.03 0.22 ± 0.01 0.22 ± 0.02 0.70
Ratio ISI-2/ISI-9 0.43 ± 0.05 0.46 ± 0.03 0.79 ± 0.04** <0.01
Ratio ISI-3/ISI-9 0.56 ± 0.06 0.65 ± 0.03 0.91 ± 0.02** <0.01
Increase in firing frequency (Hz/100 pA) 6.4 ± 0.7 5.6 ± 0.4 6.4 ± 0.2 0.27
Membrane potential (mV) −65.5 ± 0.09 −67.4 ± 0.6 −64.0 ± 0.7 <0.01
Input resistance (MΩ) 255 ± 20** 145 ± 6** 90 ± 5** <0.01
Rheobase (pA) 66 ± 4** 124 ± 7** 179 ± 10** <0.01
Time constant (ms) 40.1 ± 2.4** 31.9 ± 1.3** 21.2 ± 1.0** <0.01
Voltage sag (%) 13.1 ± 1.9 14.7 ± 1.5 23.8 ± 1.7** <0.01
Morphology
Location in L5 (%) 34 ± 6 30 ± 4 38 ± 4 0.50
Field span apical dendrites (μm) 307 ± 31 288 ± 19 482 ± 24** <0.01
Field span basal dendrites (μm) 403 ± 60 394 ± 10 325 ± 9 0.07
Total length apical dendrites (μm) 3346 ± 462 3187 ± 113 6530 ± 310** <0.01
Total length basal dendrites (μm) 3271 ± 219** 5260 ± 224 4580 ± 220 <0.01
Soma (μm2) 301 ± 18 298 ± 11 367 ± 19** <0.01
Number of apical branches 19.2 ± 2.2 17.7 ± 0.7 37.7 ± 1.9** <0.01
Number of basal branches 21.3 ± 1.7** 31.0 ± 1.2* 36.8 ± 1.7** <0.01

Note: For clarity, the results of the post hoc comparison of groups is only given (values in bold followed with asterisks) when a cell type is different from all other cell types. *P< 0.05, **P< 0.01.

Figure 4. Layer 6 pyramidal neurons. (A) Morphological reconstruction of soma and dendrites from L6 pyramidal neurons. Note the large diversity in horizontal and vertical span of
dendrites. (B) Electrophysiological profile of a typical regular spiking L6 neuron: the upper panel shows the response when a minimum of 10 action potentials were elicited with the
corresponding current step in gray. Beneath, adaptation ratios from interspike interval 1–8 with the 9th interspike interval (ISI9) are shown in color code. Note that the ratio of ISI1/
ISI9 is higher compared with pyramidal neurons in other layers. The lower panel shows the response to a hyperpolarizing step of −20 pA. Note that this small current injection
already causes a large hyperpolarization due to the high cellular input resistance of L6 neurons. (C) The majority of L6 neurons showed a regular spiking firing pattern. (D)
Dendrogram from CA of morphological parameters. (E) L6 pyramidal subtypes differ in length of apical dendrites and the field span of basal dendrites. (F) L6 pyramidal subtypes
differ in their vertical span, expressed as the layer where the apical dendrite terminates or “ending layer.” Note that the short neuron with a high apical dendritic length had an
inverted apical dendrite (inv).
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estimated ourselves (Fig. 5B–E). For 3 of those, the location of
the soma was clearly within the layer as determined by us
(Fig. 5B and Supplementary Fig. 6A,B). Thus, although these
neurons showed more similarities with neurons in other layers
than they were located in, we considered these neurons as rare
exceptions. For 6 neurons, however, the location was not so
clear-cut: these pyramidal neurons were all located at or near
borders of mPFC layers (Fig. 5C–E). Because neuron types can
intermingle around layer borders (Oberlaender et al. 2012), we
decided to follow the CA for the final categorization for these 6
borderline cases. Although the number of neurons that had to
be changed between the datasets for the individual layers was
small, 6 of 103, we repeated the CA of the individual neurons
to see how the addition and removal of these 6 neurons af-
fected the clustering of the other neurons in each layer. Repeat-
ing the CA had no effect on the clustering of the remaining
neurons in L2, L3, and L6. For L5 neurons, 2 from 58 neurons
changed subclass after including more neurons to the CA.
Thus, for the far majority of pyramidal neurons, the results
from the CA of all neurons confirmed their membership of the
subclass that was suggested by the CA of neurons within the
individual layers. We found only 2 exceptions to this: first, the
3 “wide” pyramidal neurons that we first identified in L6, were
all identified as L5 neurons in the CA of all neurons. The 2
neurons with the widest basal field span and the fewest arbori-
zations (the left and middle neuron in Fig. 4A) appear to form
a small subclass together with 2 L5 neurons (Fig. 5A and Sup-
plementary Fig. 6D–G). Therefore, we have removed the wide
subclass from L6 neurons in the overview that is given in
Figure 6, and we consider these neurons as a rare subtype of
L5 pyramidal neurons. Second, 4 from 5 slender tufted adapt-
ing neurons in L3 were categorized as slender tufted L5
neurons. Two of those were actually among the neurons that
were located at the border, and thus may actually be L5
neurons. Nevertheless, the mixture of some of the remaining
neurons shows that slender tufted adapting neurons from L3
are relatively similar to slender tufted adapting neurons from

L5. This is specific for this L3 subclass only, as none of the
bursting or broad tufted adapting L3 neurons were grouped to-
gether with L5 neurons.

Thus, a CA with physiological and morphological par-
ameters grouped mPFC pyramidal neurons in 4 main clusters:
1) RS L5 neurons, 2) adapting and bursting L3 neurons and
adapting L5 neurons, 3) L2 and RS L3 neurons, and 4) L6
neurons. Further subdivision revealed all subclasses that were
identified from CAs of individual layers, except for slender
tufted L3 adapting neurons. In addition, one new subclass
emerged of wide pyramidal neurons that consisted of a L5 pyr-
amidal neuron and pyramidal neurons that were located near
the L5–L6 border. Importantly, repeating the CA without any
parameter of cortical location lead to the same classification for

Table 7
Morphological subtypes in L6 differ only marginally in electrophysiological properties

Tall L6 Wide L6 Short L6 Small L6 P

Morphology N= 5 N= 3 N= 5 N= 5
Location in L6 (%) 31%± 6% 13%± 8% 49%± 17% 30%± 9% 0.28
Field span apical dendrites (μm) 295 ± 27 201 ± 63 361 ± 127 147 ± 10 0.22
Field span basal dendrites (μm) 215 ± 8 751 ± 184** 300 ± 10 181 ± 8 <0.01
Total length apical dendrites (μm) 3853 ± 371* 1930 ± 329 2470 ± 533 1083 ± 144 <0.01
Total length basal dendrites (μm) 1685 ± 250 3387 ± 487* 2464 ± 187* 1597 ± 131 <0.01
Soma (μm2) 186 ± 20 189 ± 24 218 ± 24 185 ± 9 0.57
Number of apical branches 25.2 ± 2.5* 9.0 ± 3.6 15.0 ± 4.5 13.6 ± 2.1 0.03*
Number of basal branches 19.6 ± 2.8 17.3 ± 3.8 21.2 ± 3.6 18.0 ± 3.1 0.85
Vertical span (ending layer) 5 × L1 2 × L1

1 × L3
2 × L3
1 × L5
2 × L6

4 × L5
1 × L6

<0.01

Electrophysiology N= 4 N= 3 N= 4 N= 2
Ratio ISI-1/ISI-9 0.49 ± 0.05 0.35 ± 0.14 0.42 ± 0.12 1.06 ± 0.42 0.53
Ratio ISI-2/ISI-9 0.79 ± 0.07 0.58 ± 0.15 0.66 ± 0.19 1.28 ± 0.39 0.27
Ratio ISI-3/ISI-9 0.93 ± 0.03 0.88 ± 0.06 1.12 ± 0.14 1.35 ± 0.20 0.08
Increase in firing frequency (Hz/100 pA) 15.6 ± 1.5 12.2 ± 1.8 11.6 ± 1.8 24.8 ± 1.3 0.64
Membrane potential (mV) −68.1 ± 1.9 −66.8 ± 0.8 −75.2 ± 2.9 −76.1 ± 1.3 0.01*
Input resistance (MΩ) 276 ± 47 354 ± 85 236 ± 18 433 ± 40 0.67
Rheobase (pA) 78 ± 22 60 ± 10 125 ± 23 65 ± 5 0.32
Time constant (ms) 29.7 ± 4.0 33.1 ± 1.7 21.4 ± 4.7 21.8 ± 5.5 0.09
Voltage sag (%) 10.3 ± 2.5 13.1 ± 3.9 4.4 ± 2.9 6.9 ± 1.4 0.11

Note: For clarity, the results of the post hoc comparison of groups is only given (values in bold followed with asterisks) when a cell type is different from all other cell types. *P< 0.05, **P< 0.01. Note
that, for vertical span, the χ2 test was used. In the comparison of electrophysiological properties, “short” and “small” L6 pyramidal neurons were grouped to increase the number of observations. Short and
small L6 pyramidal neurons are 2 subdivisions of the third cluster of the CA.

Table 8
Parameters for CA of pyramidal neurons in L2–L6

Morphological
Location in cortex (%)
Field span tuft apical dendrites (μm)
Field span basal dendrites (μm)
Vertical span apical dendrites (ending layer)
Ratio field span apical/basal dendrites
Total length apical dendrites (μm)
Total length basal dendrites (μm)
Ratio length apical/basal dendrites
Sum length apical + basal dendrites (μm)
Soma (μm2)
Number of apical branches
Number of basal branches
Total number of branches

Electrophysiological
Ratio ISI-1/ISI-9
Ratio ISI-2/ISI-9
Ratio ISI-3/ISI-9
Increase in firing frequency (Hz/100 pA)
Resting membrane potential (mV)
Input resistance (MΩ)
Rheobase (pA)
Time constant (ms)
Voltage sag (%)
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Figure 5. Pyramidal subtypes in the mPFC. (A) Dendrogram from CA of electrophysiological and morphological parameters (Table 8) reveals 4 main clusters and several subclusters.
Neurons that are clustered in a subgroup from another cortical layer are indicated (“L…,” n= 9). Six from these were located at layer borders (red colored “L…”). All L3 neurons
that are marked are slender tufted adapting neurons (n= 4). Neurons that are clustered with another subtype of the same cortical layer are indicated with a cross (#, n= 8). For
the remaining 86 neurons, the identity of the subtypes is as outlined at the bottom. (B) L5 neuron that was classified as L6 neuron is located at the upper part of L5. Layer borders
are indicated at the right. Note that this L5 neuron resembled L6 neurons for several parameters such as total dendritic length, cellular input resistance and firing pattern. (C) L6
neuron that was classified as L5-HR neuron is located at the border of layers 5–6. Layer borders are indicated at the right. (D) L2 neuron that was classified as a L3-RS neuron is
located at the border of layer 2–3. Layer borders are indicated at the right. Inset shows reconstructed neuron and borders of L2. (E) Slender tufted adapting L3 neuron that was
classified as L5-LR neuron is located at the border of layer 3–5. Layer borders are indicated at the right.
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99 from 103 neurons. These results underscore the point that
subtypes have truly unique characteristics.

Discussion

We characterized pyramidal neurons throughout L2–L6 of
the mPFC on the basis of their passive and active elec-
trophysiological properties and their dendritic morphology
(Fig. 6). Unsupervised CAs based on morphological and/or
electrophysiological parameters were performed to allow an
objective classification of neurons. To investigate if morpho-
logical subtypes also display electrophysiological differences
and vice versa, we first performed CAs based only on morpho-
logical or on electrophysiological parameters. When we found
that these separate analysis procedures led to similar grouping
of neurons, we combined morphological and electrophysio-
logical parameters in one CA. We identified between 1 and 4
pyramidal subtypes for each cortical layer. For L3 and L5 pyra-
midal neurons, a clear correlation between physiological prop-
erties and the dendritic morphology of these neurons was
found. This enabled us to make a classification based on the

combined structural and functional characteristics of these
cells. L2 and L6 pyramidal neurons showed no such correlation
of structural and functional characteristics, and classifications
were based either on active or passive electrophysiological par-
ameters, or morphological parameters.

Layer 2
L2 pyramidal neurons showed no correlation between the elec-
trophysiological and morphological data. This could be due to
the fact that these neurons share similar morphological fea-
tures such as a broad tufted apical dendrites, of which the
field span is wider than that of basal dendrites. Hence, poten-
tial physiological subtypes would show similar morphologies.
Electrophysiologically, L2 pyramidal neurons were also similar.
Although individual neurons could show a more RS or a more
adapting firing pattern, this was not mirrored in the passive
physiological properties. Indeed, all L2 pyramidal neurons had
a very hyperpolarized RMP that set them apart from pyramidal
neurons of other layers. Thus, when compared with pyramidal
cells of other layers L2 neurons appeared to be a rather hom-
ogenous neuron class, and small differences in physiological or

Figure 6. Overview of pyramidal subtypes in the rat mPFC. Top, morphological reconstruction of soma and dendrites of 5 example cells for each morphological subtype. Cortical
layers are indicated with dashed lines. Bottom, electrophysiological profile of pyramidal subtypes: The upper panel shows the response when a minimum of 10 action potentials
were elicited with corresponding current steps in gray. The inset shows a magnification of the first 3–4 spikes (scale bar: 25 mV, 50 ms). Beneath, adaptation ratios from interspike
interval 1–8 with the 9th interspike interval (ISI-9) are shown in gray scale. The lower panel shows the response (black) to a hyperpolarizing step of −50 pA (gray). The resting
membrane potential is indicated. Note the different size of the voltage response due to different values for the cellular input resistance.
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morphological parameters do not seem to reflect intrinsically
different subtypes. This result may not be surprising considering
the small size of L2.

The border between L2 and L3 is remarkably clear in the
mPFC. Macroscopically, L2 can be seen as a thin dark band di-
rectly below the optically empty L1 (Fig. 1A). At the micro-
scopic level, a decrease in cell density can be observed that is
characteristic for the border with L3. In the mPFC, L2 is only a
thin layer, about a quarter of the size of L3, consisting of only a
couple of “rows” of densely packed pyramidal neurons.
Physiologically, broad tufted RS L3 pyramidal neurons
resembled those in L2 pyramidal neurons to a significant
extent, explaining why these 2 subtypes cluster together and
only separate at lower cutoff values in the CA (Fig. 5A). RS L3
neurons were however unique in their extremely low excit-
ability: the rheobase value for RS L3 neurons was not only
different from L2 neurons, but was the highest of all subtypes
(Table 3 and Supplementary Table 10). Morphologically, L2
and RS L3 neuron subtypes were very different: L2 neurons
possessed a wider apical tree that contained more branches,
whereas the basal dendritic tree was more developed in RS L3
neurons (Supplementary Table 10).

Layer 3
L3 pyramidal neurons with adapting firing patterns exhibited
either a slender tufted or a broad tufted apical dendrite. This is
in marked contrast to L5 pyramidal neurons of the mPFC,
where adapting neurons always possessed a slender tufted
apical dendrite and broad tufted morphologies exclusively be-
longed to RS L5 neurons. Electrophysiologically, both types of
slender tufted L3 neurons, namely, bursting and adapting
neurons, differed from both types of broad tufted neurons, RS
and adapting, in the RMP and size of the voltage sag: the broad
tufted subtypes had more hyperpolarized RMPs and virtually
lacked a voltage sag (Table 5). Therefore, also for electro-
physiological properties broad tufted adapting L3 neurons
differ more from slender tufted L5 neurons than their slender
tufted counterparts. Thus, it is not surprising that slender
tufted adapting L3 neurons mixed to some extent with slender
tufted L5 neurons in the CA of all pyramidal neurons, whereas
broad tufted adapting L3 neurons remained as a separate
cluster (Fig. 5). The total dendritic length of both subtypes of
slender tufted L5 neuron was significantly larger than that of
slender tufted Ad L3 neurons; however, the ratio of basal
versus apical dendritic length were comparable for slender
tufted Ad L3 and L5-LR neurons (Supplementary Table 11).
Thus, slender tufted Ad L3 neurons could be regarded as
“down-sized” versions of slender tufted L5-LR neurons:
smaller, but with the same shape of the dendritic tree and a
similar physiology.

Bursting neurons were found exclusively in L3 and were the
only subtype that upon medium current (<300 pA) stimulation
responded with a short burst of APs alone. Pyramidal neurons
with this electrophysiological profile have been described
before as “fast-adapting RS” cells in Degenetais et al. (2002)
where 2 of the 3 reconstructed neurons were found in rat pre-
frontal L2/3. The study by Chang and Luebke (2007) found
that 5% of L5 pyramidal neurons in monkey prefrontal cortex
showed a similar bursting electrophysiological profile (intrin-
sic bursting cells). The only “IB” neuron that could be recon-
structed however had a very superficial location of its soma at

the border of L3–L5. We would therefore hypothesize that their
“L5 IB” neurons are in fact similar to the L3 bursting neurons
presented in this article.

Layer 5
Prefrontal L5 pyramidal neurons have been described more ex-
tensively, and have been categorized according to their electro-
physiological or morphological properties, and/or their axonal
projection targets. Although some studies combine physiologi-
cal and morphological analysis of pyramidal neurons subtypes
(Dembrow et al. 2010), most studies show only representative
examples of the morphology of neurons to accompany their
physiological analysis (Yang et al. 1996; Degenetais et al. 2002;
Chang and Luebke 2007), or vice versa show an example
voltage trace for their defined morphological subtypes (Wang
et al. 2006). In our study, an unsupervised CA of electrophysio-
logical and morphological properties identified 3 L5 pyramidal
neuron subtypes: 1) broad tufted RS neurons, 2) slender tufted
adapting neurons with high cellular Rin and sparse basal den-
drites (L5-HR), and 3) slender tufted adapting neurons with
lower Rin and numerous basal dendrites (L5-LR). The main div-
ision of broad versus slender tufted and RS versus adapting
spiking seems to be in line with previous studies in mPFC
(Wang et al. 2006; Dembrow et al. 2010; Avesar and Gulledge
2012).

Previous studies in primary sensory cortices have described
the relation between the axonal projection targets and the mor-
phological and physiological properties of L5 pyramidal
neurons (Molnar and Cheung 2006; Hattox and Nelson 2007).
It has been suggested that L5 pyramidal neurons in the neo-
cortex can be divided in at least 2 subpopulations: 1) “broad”
or “thick” tufted pyramidal neurons with long-range corticofu-
gal projections to the brain stem, thalamus, superior colliculus,
pons, and trigeminal nucleus and 2) “slender” or “thin” tufted
pyramidal neurons that project to the contralateral cortex (“cal-
losal” neurons) or to the striatum. Importantly, not only mor-
phological differences are found between projection types, but
also differences in physiological properties and intracortical
connectivity (Otsuka and Kawaguchi 2008; Brown and Hestrin
2009).

For the mPFC, differences in morphological and physiologi-
cal properties have been described for L5 pyramidal neurons
that project to the pons (corticopontine, CPn) or to the con-
tralateral cortex (commisural, COM) that match our results
(Dembrow et al. 2010). CPn neurons had a lower cellular input
resistance, a faster membrane time constant and a larger
voltage sag compared with COM neurons. Also, in our dataset,
RS L5 neurons differed significantly from both types
of adapting L5 neurons in these physiological properties. Like-
wise, CPn neurons possessed a broad tufted apical dendrite,
whereas COM neurons were slender tufted. These similarities
in morphological and electrophysiological properties suggest
that the broad tufted RS L5 pyramidal neurons we identified
may be CPn projecting neurons, and the slender tufted
adapting L5 pyramidal neurons may project to the contralateral
cortex (Dembrow et al. 2010). Interestingly, in the above
quoted study, the observed variation for physiological proper-
ties was larger for COM neurons than for CPn neurons,
suggesting that the COM-projecting pyramidal neurons may ac-
tually consist of both slender tufted subtypes we identified in
this study: L5-LR and L5-HR neurons. Gee et al. (2012) used
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the amplitude of h-current to distinguish between corticothala-
mic (CT) and corticocortico (CC) projecting L5 mPFC pyrami-
dal neurons. Similarly, we also found that broad tufted L5
neurons displayed a larger voltage sag, albeit not in the nono-
verlapping manner reported in their study. However, in other
frontal cortex areas, the correlation between physiological
subtype and projection target is not always found to be so
clear-cut, especially for L5 pyramidal neurons projecting to the
contralateral cortex (Otsuka and Kawaguchi 2008, 2011).

A tripartite division of L5 pyramidal neurons in the frontal
cortex has been suggested by Otsuka and Kawaguchi (2008,
2011). Their classification is based solely on the firing pattern
of pyramidal neurons and distinguishes RS neurons (slow-
adapting) with or without a doublet spike, and adapting
neurons (fast-adapting). In our study, such a classification did
not lead to clear clusters. We did not observe a clear-cut differ-
ence between RS neurons with or without doublets. Instead,
the first ISI of RS L5 neurons in our study would display a con-
tinuum, suggesting possible regional differences between L5
pyramidal subtypes.

The detailed morphological analysis that we performed
showed that the morphology of the basal dendrites is also an
important factor distinguishing the 2 subtypes of slender tufted
adapting L5 neurons. Apart from the total length and number of
branches of basal dendrites, these subtypes also differed in their
passive electrophysiological properties displaying significant
differences in cell excitability and temporal summation kinetics.

Some studies report subtypes that we did not encounter:
“rhythmic oscillatory bursting” neurons and “noninactivating
bursting cells” (Yang et al. 1996; Degenetais et al. 2002). As
these types are rare (7–13%), we may have missed them despite
our relatively large sample size of 65 L5 pyramidal neurons.
Another possible explanation could lie in different ages of the
test animals or differences of the internal solution used in this
and other studies (Staiger et al. 2004). Moreover, noninactivating
bursting neurons have thus far been found only in in vivo prep-
arations (Degenetais et al. 2002).

Layer 6
The large morphological diversity of L6 pyramidal neurons
makes a correlation with physiological parameters very diffi-
cult. L6 has been described previously in other cortical regions
as extremely heterogeneous, and this appears to apply also to
the mPFC (Tömböl 1984; Valverde et al. 1989; Van Brederode
and Snyder 1992; Zhang and Deschenes 1997; Zarrinpar and
Callaway 2006; Kumar and Ohana 2008; Thomson 2010; Marx
and Feldmeyer 2012; Pichon et al. 2012). Contrary to the mor-
phological diversity, however, L6 pyramidal neurons in the
mPFC were unique in their low adaptation rate and high excit-
ability, partly due to their high cellular input resistance
(Table 3). Therefore, despite some morphological similarities
between tall L6 neurons and slender tufted L5 pyramidal
neurons, these pyramidal subtypes differed substantially for
several parameters (Supplementary Table 12). We did not
observe significant differences in the electrophysiological
properties between morphological subtypes as has been de-
scribed for L6 neurons in the visual cortex (Mercer et al. 2005).
However, it will be necessary to increase the number of re-
corded L6 pyramidal neurons significantly to clearly identify
different morphological subtypes and their morphological and
electrophysiological characteristics. Indeed, a purely qualitative

analysis would classify half of the reconstructed neurons as
unique morphologies (Supplementary Fig. 5).

Despite the diversity of L6 pyramidal cell morphologies, it is
striking that almost 40% of them have ascending apical den-
drites that end in L1. This percentage can be even higher in
juvenile mice and seems to be dependent on the developmen-
tal switch in nicotinic receptor subunits (Bailey et al. 2012).
Although this morphology has been described before in cat
and rat visual cortex for “claustrum projection pyramidal
neurons,” they form only a small fraction (∼5% of neurons) in
these cortices (Katz 1987; Van Brederode and Snyder 1992;
Thomson 2010). For somatosensory cortex, this cell type is not
mentioned in the literature, although findings in our laboratory
indicate that it is also present, albeit to a significantly smaller
degree (∼10%, personal observations Drs Robert Günter and
Guanxiao Qi). About 40% of L6 pyramidal neurons in the mPFC
send their axons to the thalamus, the main projection area of
these neurons (Hoover and Vertes 2007). The second and third
largest known projection targets are the lateral hypothalamus
(11%) and the dorsal striatum (6%) (Hoover and Vertes 2007).
However, for an estimated 40% of L6 neurons the projection
area is still unknown. Therefore, it is conceivable that tall L6 pyr-
amidal neurons may have different projection targets.

Classification Based on Lineage, Birthday,
or Molecular Markers
In the neocortex, cell fate is closely related to cell birthday:
Pyramidal neurons in deeper layers are born earlier than pyra-
midal neurons from upper layers, the so-called inside-out con-
figuration (Angevine and Sidman 1961; Rakic 1974). Several
neuronal progenitors have been identified that give rise to pyr-
amidal neurons in upper or deeper layers (Kawaguchi et al.
2008; Leone et al. 2008; Kowalczyk et al. 2009). In recent
years, much progress has been made in the identification of
specific molecular markers, such as developmental transcrip-
tion factors, that identify cell lineages (Hevner et al. 2003;
Gaspard et al. 2008; Harwell et al. 2012). Thus, specific
markers could be used to identify neuronal subpopulations.
For example, in the neocortex different markers are expressed
among L5 corticofugal and callosal neurons pyramidal neurons
(Arlotta et al. 2005; Leone et al. 2008). Further progress in this
field of study will help to ultimately classify pyramidal cell
types based on cell lineage and molecular markers, as well as
axonal projections, neuronal morphology, and electrophysio-
logical properties.

Future Directions
In order to comprehend the functional consequences of the
here identified pyramidal subtypes, it would be worthwhile to
investigate the specific projection targets of each subtype.
Especially for L3 and L6 subtypes, this is at present unex-
plored. Not only will it be interesting to know if these subtypes
project to different regions outside the mPFC, also the intracor-
tical connectivity is largely unknown. Additionally, microarray
analysis could be used to identify genes that are expressed in a
cell-type-specific way (Sugino et al. 2006; Bernard et al. 2009).
Such studies will greatly contribute to our understanding of
cortical processing in the mPFC.

Conclusion
Pyramidal neurons in the mPFC are highly heterogeneous. Un-
supervised CA of electrophysiological and/or morphological
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properties enabled us to identify more than 10 different pyra-
midal subtypes spread across the different cortical layers.

For future experiments, it is important to consider the
exact pyramidal subtypes that are studied. Indeed, for several
neuromodulators, it is already known that they affect L5 pyra-
midal neurons in a subtype-specific way (Beique et al. 2007;
Dembrow et al. 2010). This also extends to pyramidal subtypes
in L3, which show marked differences in sensitivity to the
neuromodulator adenosine (Van Aerde et al. 2013). A detailed
knowledge of the role of neuromodulators for pyramidal
neuron subtypes throughout the cortical layers of the mPFC
could lead to a deepened understanding of cortical processing
under various behavioral conditions.

Supplementary Material
Supplementary material can be found at: http://www.cercor.oxford-
journals.org/.
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