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The Largest Group of Superficial Neocortical GABAergic
Interneurons Expresses Ionotropic Serotonin Receptors

SooHyun Lee,>>** Jens Hjerling-Leffler,"** Edward Zagha,>* Gord Fishell,"* and Bernardo Rudy'>
'Smilow Neuroscience Program, Departments of 2Physiology and Neuroscience, *Biochemistry, and Cell Biology, Smilow Research Center, New York
University School of Medicine, New York, New York 10016

A highly diverse population of neocortical GABAergic inhibitory interneurons has been implicated in multiple functions in information
processing within cortical circuits. The diversity of cortical interneurons is determined during development and primarily depends on
their embryonic origins either from the medial (MGE) or the caudal (CGE) ganglionic eminences. Although MGE-derived parvalbumin
(PV)- or somatostatin (SST)-expressing interneurons are well characterized, less is known about the other types of cortical GABAergic
interneurons, especially those of CGE lineage, because of the lack of specific neuronal markers for these interneuron subtypes. Using a
bacterial artificial chromosome transgenic mouse line, we show that, in the somatosensory cortex of the mouse, the serotonin
5-hydroxytryptamine 3A (5-HT;, ) receptor, the only ionotropic serotonergic receptor, is expressed in most, if not all, neocortical
GABAergic interneurons that do not express PV or SST. Genetic fate mapping and neurochemical profile demonstrate that 5-HT,,R-
expressing neurons include the entire spectrum of CGE-derived interneurons. We report that, in addition to serotonergic responsiveness
via 5-HT;,Rs, acetylcholine also depolarizes 5-HT;,R-expressing neurons via nicotinic receptors. 5-HT;,R-expressing neurons in
thalamocortical (TC) recipient areas receive weak but direct monosynaptic inputs from the thalamus. TC input depolarizes a subset of
TC-recipient 5-HT;,R neurons as strongly as fast-spiking cells, in part because of their high input resistance. Hence, fast modulation of
serotonergic and cholinergic transmission may influence cortical activity through an enhancement of GABAergic synaptic transmission

from 5-HT;,R-expressing neurons during sensory process depending on different behavioral states.

Introduction

Neuromodulator systems provide a mechanism by which small
groups of neurons in subcortical nuclei can broadly influence
cortical activity. Conversely, disruption of such modulation may
impair various physiological processes and can potentially lead to
neurological disorders (Freund, 2003; Lewis and Hashimoto,
2007). The profound influence of these neuromodulators on the
cortex, likely in part stems from their preferential targeting of
inhibitory cortical interneurons releasing GABA (Beaulieu and
Somogyi, 1991; Smiley and Goldman-Rakic, 1996). Cortical
GABAergic interneurons play critical roles in controlling activity
through feedforward and feedback inhibition (Freund and
Buzsaki, 1996; McBain and Fisahn, 2001; Freund, 2003; Buzsaki
et al., 2004) and are heterogeneous with regards to their de-
velopmental origin, expression of neurochemical markers,
electrophysiological properties, morphology, and cellular and
subcellular location of output synaptic contacts (Ascoli et al., 2008).
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Understanding cortical interneuron diversity is critical to under-
standing the emergence and function of cortical networks.

Here, we focus on cortical interneurons that express the
5-hydroxytryptamine (serotonin) receptor 3A (5-HT;,R), which
is the only known murine serotonergic ionotropic receptor
(Barnes and Sharp, 1999; Chameau and van Hooft, 2006). In the
mature neocortex the 5-HT;, R is present exclusively in GABAer-
gic interneurons (Morales and Bloom, 1997; Chameau and van
Hooft, 2006), including vasoactive intestinal peptide (VIP)-
and/or cholecystokinin (CCK)-positive bipolar cells and multi-
polar neuropeptide Y (NPY)-expressing cells (Férézou et al.,
2002; Inta et al., 2008; Varga et al., 2009; Vucurovic et al., 2010).
However, the full extent of the expression of the 5-HT; R in cortical
interneurons and the representation of 5-HT;,R-expressing inter-
neurons of the total interneuron population are unknown. This
knowledge is critical to understand the function of fast serotonergic
signaling in cortex. By taking advantage of 5HT3aR-BAC*“** trans-
genic mice, we have undertaken a systematic approach to under-
standing the population of 5-HT;,R-expressing interneurons in
somatosensory cortex. We find that the population of 5-HT;,R-
expressing interneurons is large, particularly in supragranular layers,
in which it represents the major interneuron population. In fact,
nearly all interneurons that do not express parvalbumin (PV) or
somatostatin (SST) are 5-HT;,R expressing. Thus, most, if not all,
cortical interneurons can be assigned to one of three groups, PV-,
SST-, or 5-HT;,R-expressing interneurons.

Although PV and SST are derived from the medial ganglionic
eminence (MGE), the caudal ganglionic eminence (CGE) is the
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origin of most interneurons that do not express these markers
(Nery et al., 2002; Xu et al., 2004; Butt et al., 2005; Cobos et al.,
2006; Miyoshi et al., 2010). This includes the reelin-expressing
late-spiking neurogliaform cells as well as bipolar/bitufted VIP-
expressing cells. Using genetic fate mapping, we directly show the
CGE origin of a majority of 5-HT;,R-expressing neurons and ex-
clude the MGE as a source. Accordingly, we find the same anatom-
ical and electrophysiological subtypes as those described in the CGE-
derived population. Although heterogeneous, the 5-HT;,R-
expressing populations uniformly respond to serotonergic and
cholinergic modulation. In addition, a subpopulation of these inter-
neurons receives weak thalamocortical (TC) inputs whose influence
on cortical networks might be functionally gated by their serotoner-
gic input. Thus, 5-HT;,R-expressing interneurons are uniquely
posed to influence cortical sensory processes through their ability to
convey fast effects of convergent long-range cortical afferents. Some
of these data have been presented in abstract form (Zagha et al., 2005).

Materials and Methods

In vivo fate mapping. To perform genetic fate mapping of the CGE and
MGE, respectively, male mouse mutants for Mash1 -BACCreER (heterozy-
gous or homozygous) (Battiste et al., 2007) or Nkx2—1-BAC™ (heterozy-
gous) (Xuetal.,2008) ona R2GRMREP (homozygous) background (Luche
etal., 2007) was crossed to 5HT3aR-BAC“"™ (heterozygous) females. In
the case of inducible genetic fate mapping using the Mash1-BAC“"R, 4
mg of tamoxifen was administered orally between noon and 2:00 P.M. at
embryonic day 12.5 (E12.5), E14.5, and E16.5.

Tissue preparation for immunocytochemistry and in situ hybridization.
For in situ, postnatal brains were fixed by transcardiac perfusion followed
by 1 h postfixation with 4% PFA on ice. Embryonic brains were dissected
and then fixed overnight in 4% paraformaldehyde (PFA) at 4°C. Brain
tissue was cryoprotected using a 15% followed by 30% sucrose/PBS so-
lution overnight at 4°C. Tissues were embedded in Tissue-Tek, frozen on
dry ice, and sectioned at 20 um. For immunohistochemistry, mice were
fixed by transcardiac perfusion with 0.9% saline containing heparin (1
U/ml), followed by 30-50 ml of 0.1 M phosphate buffer, pH 7.4, contain-
ing 4% paraformaldehyde. Dissected brains were further fixed in the
same fixative solution for 1 h at 4°C and then placed in a 30% sucrose
solution at 4°C for 24 h. Using a sliding microtome, 40-um-thick frozen
coronal sections were collected in 0.1 m PBS.

Immunohistochemistry. Sections were washed in PBS and then incu-
bated in a blocking solution (10% normal goat serum, 1% BSA, 0.2%
cold fish gelatin, and 0.2% Triton X-100 in PBS) for 1 h at room temper-
ature. Sections were then incubated in primary antibodies in a diluted
(1:10) blocking solution overnight at 4°C, washed in PBS four times for 5
min each time and 1 h of secondary antibody incubation at room tempera-
ture, followed by PBS washes four times for 5 min each time. Nuclear coun-
terstaining was performed with 100 ng/ml 4,6-diamidino-2-phenylindole
(DAPI) solution in water for 10 min. Primary antibodies were used in the
following concentrations: mouse anti-parvalbumin (1:1000; Sigma-
Aldrich), rat anti-somatostatin (1:500; Millipore Bioscience Research Re-
agents), rabbit anti-somatostatin (1:1000; Millipore Bioscience Research
Reagents), rat anti-PDGEFR (platelet-derived growth factor receptor) (1:500;
BD Biosciences Pharmingen), rabbit anti-neuropeptide Y (1:500; Incstar),
sheep anti-neuropeptide Y (1:500; Abcam), rabbit anti-vasoactive intestinal
polypeptide (1:500; Incstar), rabbit anti-calretinin (CR) (1:1000; Millipore
Bioscience Research Reagents), mouse anti-calretinin (1:1000; Millipore
Bioscience Research Reagents), mouse anti-reelin (1:500; MBL), mouse
anti-cholecystokinin (1:1500; Sigma-Aldrich), rabbit anti-SatB2 (1:1000;
Abcam), rat anti-enhanced green fluorescent protein (EGFP) (1:2000; Na-
calai Tesque), and rabbit anti-Olig2 (1:1000; Millipore Bioscience Research
Reagents). Secondary antibodies conjugated with Cy3, and Cy5 (1:200; Jack-
son ImmunoResearch) or Alexa Fluor dyes 488 and 594 (1:1000; Invitrogen)
were used to visualize the signals. Fluorescent images for cell counting were
taken using a Zeiss LSM 510 META confocal microscope.

Double in situ hybridization. Sections were dried for 1 h before 10 min
fixation in 4% PFA. After wash, endogenous peroxidase activity was

J. Neurosci., December 15, 2010 - 30(50):16796 —16808 * 16797

quenched by 1.5% H,O, in methanol for 15 min at room temperature.
Sections were then treated in 0.2 M HCI for 8 min before a proteinase K
treatment (10 pwg/ml; Roche) for 3 min and a postfixation in 4% PFA for
10 min at 4°C with washing steps in between. Before hybridization, the
tissue was acetylated in TEA (tetraethylammonium) (0.185 g/ml; Sigma-
Aldrich), 0.5N NaOH, and 0.25% acetic anhydride (Sigma-Aldrich). The
digoxigenin (DIG)- and FITC-labeled probes (full-length cDNA probes
of Gad67, PV, SST, EGFP, and 5HT3aR) were mixed 2 ul per slide in 250
wl of hybridization buffer (50% formamide, 10% dextrane sulfate, 0.25
mg/ml yeast RNA, 0.3 M NaCl, 20 mm Tris, 5 mm EDTA, 10 mm NaPO,,
and 1% n-lauroylsarcosine in Denhardt’s solution) and denatured at
80°C for 2 min. Hybridization was made overnight at 55°C. After hybrid-
ization, the sections was rinsed in a 2X SSC with 50% formamide solu-
tion for 30 min at 65°C before several washes in RNase buffer (0.5 m
NaCl, 10 mm Tris, pH 7.5, and 5 mm EDTA, pH 8.0). The tissue was
treated with RNase (20 wg/ml; Roche) in RNase buffer for 30 min at 37°C
before rinsing in decreasing amounts of SSC (2X, 0.2X, and 0.1 X) for 15
min at 37°C each. After equilibrating in TN buffer (0.1 m Tris, pH 7.5, and
0.15 M NaCl), the sections were blocked in 0.5% blocking reagent
(Roche) in TN buffer for 30 min at room temperature. The sections were
then incubated with primary antibody against FITC or DIG (whichever is
the weakest probe) overnight at 4°C. On the third day, sections were
rinsed in TNT buffer (TN buffer with 0.05% Tween 20) before amplifi-
cation and visualization step using the TSA Plus Cyanine 3/Fluores-
cein System (PerkinElmer) according to the manufacturer’s
instruction (10—60 min incubation). After washes in TNT, the per-
oxidase was quenched in 3% H,O, in TN for 2 h at room temperature
before incubation with the other primary antibody for 1 h at room
temperature followed by visualization using the same kit as above.
After washes in TNT, sections were incubated in DAPI before mount-
ing in Fluoromount-G. Images were obtained by fluorescent micros-
copy on a Zeiss Axioskop using Spot Advanced software and/or by
confocal microscopy using a Zeiss LSM 510 Meta system.

Slice preparation for electrophysiology. All procedures were conducted
in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. The 5SHT3aR-BAC"“* transgenic mouse
line was provided by GENSAT. Mice (14-21 d of age) were anesthetized
with intraperitoneal injection of pentobarbital (100 mg/kg body weight)
and decapitated. The brain was quickly removed and immersed in ice-
cold oxygenated artificial CSF (ACSF) containing the following (in mm):
125NaCl, 26 NaHCO;, 2.5 KCl, 1.25 NaH,PO,, 2 CaCl,, 2 MgCl,, and 10
glucose. Coronal slices (300 um) were made using Vibratome 1000 Plus
(Vibratome), incubated at room temperature in ACSF for 1 h before
recording. For thalamocortical recording, TC slices (400 wm) were pre-
pared from mice aged postnatal day 14 (P14) to P17, as previously de-
scribed (Agmon and Connors, 1991; Kruglikov and Rudy, 2008). The
ACSF solution was continuously equilibrated with 95% O, and 5% CO,
throughout cutting, slice incubation, and recording.

Electrophysiological recordings. Whole-cell current-clamp recordings
were performed using micropipettes (3—6 M(}) filled with internal solu-
tion containing the following (in mwm): 135 K-gluconate, 4 KCl, 2 NaCl,
10 HEPES, 0.2 EGTA, 4 ATP-Mg, 0.3 GTP-Tris, 1.4 phosphocreatine-
Tris, pH 7.25, 280 mOsm, and biocytin. Membrane potentials reported
here were not corrected for the liquid junction potential. Recordings
were conducted at 29-32°C. When patching, cell-attached seal resis-
tances were >1 G2 and series resistance after achieving whole-cell con-
figuration was between 5 and 25 M{). A series of hyperpolarizing and
depolarizing step currents were injected to measure intrinsic properties
of each neuron. Data were collected using an Axopatch 200B amplifier
(Molecular Devices), low-pass filtered at 5 kHz, digitized at 16-bit reso-
lution (Digidata 1322A; Molecular Devices), and sampled at 20 kHz.
pCLAMP 9 software (Molecular Devices) was used for data acquisition,
and analysis was performed using the Clampfit module of pPCLAMP. For
TCrecording, bipolar stimulating electrodes were placed at the border of
the ventrobasal (VB) nucleus of the thalamus, and brief current pulses
(20 Hz) with increasing intensity were delivered while performing simul-
taneous whole-cell recordings from neurons in deep L3 and L4 of barrel
cortex. To visualize the recorded neurons, slices were fixed for overnight
with 4% paraformaldehyde in PBS, rinsed with PBS, and incubated in a
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blocking solution (1% normal goat serum and
0.3% Triton X-100, pH 7.5, in PBS) for 2 h.
After several washes with PBS, biocytin-filled
neurons were stained using streptavidin-
conjugated Alexa Fluor 555 (1:500 dilution; In-
vitrogen). Fluorescently labeled neurons were
imaged and reconstructed using a Zeiss LSM
510 META confocal microscope and Neurolu-
cida software (MicroBrightField).

Electrophysiological analysis. To characterize
the intrinsic membrane properties of neurons,
hyperpolarizing and depolarizing current steps of
500 ms duration were applied in 1-20 pA incre-
ments at 0.2 Hz as described previously (Miyoshi
etal,, 2010). The following parameters were mea-
sured: resting membrane potential (RMP) (in
millivolts): the stable membrane potential
reached a few minutes after breaking the mem-
brane with no holding current applied; input re-
sistance (R,,,) (in megaohms): the slope of the
regression line fitted to the I-V curve (usually be-
tween —50 and —10 pA), as measured at the end
of the 500 ms voltage responses; membrane time
constance (7) (in milliseconds): determined from
the monoexponential curve best fitting to the av-
erage voltage response to hyperpolarizing current
steps of —40 to —20 pA using fitting function in
Clampfit 9 (Molecular Devices); delay to spike
(in milliseconds): time to first spike from the be-
ginning of current injection; spike threshold (in
millivolts): the membrane potential at the point at which the interpolated
rate of voltage rise (dV/dt) reached >10 mV/1 ms; spike height (in milli-
volts): action potential amplitude, measured from the threshold to the peak;
spike width (in milliseconds): action potential duration, the spike width at its
half-amplitude; afterhyperpolarization (AHP) (in millivolts): peak ampli-
tude of the AHP, measured from the spike threshold; tAHP (in millisec-
onds): AHP latency, the time interval between spike threshold and the
hyperpolarization nadir; maximum firing frequency (in hertz): spike fre-
quency in response to 20 times of rheobase current step; adaptation: fre-
quency adaptation, percentage of decrease in the frequency from first 100 ms
to last 100 ms.

Results

Interneuron-specific expression of 5>-HT;,R in the mouse cortex

We used a mouse line expressing EGFP under the control of
the 5Htr3aR-promoter (5HT3aR-BAC®“™) provided by the
GENSAT project at Rockefeller University. To assess whether
5HT3aR-BAC " -driven EGFP expression reflects true 5Htr3a
gene transcription, we performed double in situ hybridization (ISH)
for EGFP and 5HT3aR mRNA. We found near complete overlap
between the EGFP and the 5HT3aR signals, indicating that EGFP
expression is indeed specific to cells expressing 5-HT,Rs and that
virtually all 5-HT;,R-expressing neurons express EGFP (99.8 *=
0.3%) (Fig. 1A). We also performed double in situ hybridization for
EGFP and Gadé67. All cells that expressed EGFP also expressed Gad67
mRNA, indicating that at the age tested (P21) 5-HT; R expression is
confined to a GABAergic population (Fig. 1 B). This conclusion was
further strengthened by the complete lack of overlap between EGFP
and the pyramidal cell marker Satb2 or the oligodendrocyte marker
Olig2 by immunohistochemistry (Fig. 1C,D) (Lu etal., 2000; Zhou and
Anderson, 2002; Britanova et al., 2008).

5-HT;,R-expressing neurons constitute the third major
group of interneurons and are densely present in superficial
layers

Previous studies have shown that interneurons expressing the
5-HT; Rinclude neurons containing VIP, CR, and NPY, but not PV

Lee et al. ® 5-HT,R-Expressing Cortical Interneurons

Figure 1. SHT3aR-BACE"" cells of the somatosensory cortex are 5-HT;,R-expressing GABAergic interneurons. A, B, Double in
situ hybridization for 5HT3aR and EGFP/GADG67. A, Double in situ for 5HT3aR and £GFP show complete overlap in the adult somato-
sensory cortex. B, All 5HT3aR-positive cells are also GAD67 positive. €, D, Immunohistochemistry for GFP and Sath2/0lig2. €, No
overlap with pyramidal cell marker Satb2 confirms the interneuron identity. D, No EGFP-positive cells express oligodendrocyte
marker 0lig2. Scale bars, 100 wm. dISH, Double in situ hybridization; IHC, immunohistochemistry.

or SST (Férézou et al., 2002; Inta et al., 2008; Vucurovic et al., 2010).
Consistent with this, we detect no, or nearly no, overlap between PV
or SST and GFP expression in the 5HT3aR-BAC*“** mouse, respec-
tively (see Fig. 4). To elucidate the population of 5-HT;,R-
expressing neurons and determine its contribution to the total
interneuron population, we used double in situ hybridization to de-
termine the proportion and layer distribution of Gad67-expressing
neurons that express 5-HT5,R and compared this to the PV- and
SST-expressing populations. We also performed double ISH for PV
and SST to determine the overlap of the mRNA of these two markers
(Fig. 2A—C, quantified in D). We first analyzed the laminar distribu-
tion of 5-HT; ,R-expressing neurons (Fig. 2 D) and found that more
than two-thirds of these cells have cell bodies positioned within su-
perficial layers of Gad67-expressing neurons (L1, 15 = 0.3%; L2/3,
54 * 0.6%). Within layers 1, and 2/3, the number of 5-HT;,R-
expressing neurons exceeds the number of PV-positive neurons by
more than twofold, indicating that the major type of GABAergic
interneuron in superficial layers of the cortex is the 5-HT;,R-
expressing population. Furthermore, by combining the results from
the four different in situ hybridizations, we find that with the possible
exception of ~5% of neurons in layer I, we can ascribe every
GABAergic neuron in somatosensory neocortex to one of three
groups expressing PV, SST, or 5-HT;,R. The deviation from 100%
in Figure 2D was caused by the cumulative variation resulting from
combining the four different double in situ hybridization experi-
ments. We conclude that the 5-HT; ,R-expressing cells not only pri-
marily populate superficial layers, but are in fact the
predominant population of interneurons within this region.
More importantly, collectively PV, SST, or 5-HT;,R labeling
account for nearly 100% of all GABAergic interneurons.

A majority of 5-HT;,R-expressing cells are derived from the
caudal ganglionic eminence

Given the 5HT3aR-BAC"™ expression was restricted to non-PV/
SST interneurons in mature animals, we set out to determine the
site(s) of origin of this population. Cortical interneurons are mainly
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Chameau et al., 2009). Since the expression

20 100 of the 5-HT;,R may be dynamic, we set out

i

Figure 2.

Figure 3.

F, 50 m. Error bars represent SD.

derived from two different ventral progenitor zones, the CGE and
MGE, respectively (Anderson et al., 1997a,b; Wichterle et al., 1999,
2001; Nery et al., 2002; Butt et al., 2005). 5Htr3aR-BAC*“™" animals
examined at all embryonic time points (beginning at E12) had EGFP
expression within the CGE but not in the MGE/LGE (Fig. 34, B).
Furthermore, there was an extension of the expression into the stria
terminalis and the preoptic area (POA), a region that has been
shown to give rise to a small subset of cortical interneurons (Gelman
etal.,, 2009). In situ hybridization analysis for 5HT3aR at these time
points yielded similar results (Fig. 3C). In agreement with previous
findings, we also observed extensive EGFP expression by preplate
neurons including Cajal-Retzius cells (Fig. 3A, B) (Inta et al., 2008;

5-HT;,R-expressing cells are the third major group of cortical interneurons. A-C, Double in situ hybridization (dISH)
for the three markers PV, SST, and 5HT3aR with pan-GABAergic marker Gadé7. D, Cumulative graph showing the percentage of
Gadé67 cells expressing each marker. Note that 100 == 5% of interneurons of all layers can be accounted for using these three
markers and that 5-HT,,R-expressing neurons predominantly occupy superficial layers. Notably we observed some overlap in the
in situ signal between SSTand PV even though this cannot be seen at the protein level. Error bars represent SEM.

tdRFP  cell

cre

% of Nkx2-1-Bac

to investigate whether the cells expressing
5-HT;,R embryonically are the same cells
expressing it in the adult. To this end, we
used two different genetic fate-mapping
strategies (Xu et al., 2008; Miyoshi et al.,
2010) to investigate from which zone the
cortical EGFP-labeled cells were derived.
Using the Nkx2.1-BAC“™ mouse together
with the red R26R™RP reporter mouse
(Luche et al., 2007), we labeled cells origi-
nating from the MGE. When these mice
were crossed onto the 5HT3aR-BACF™"
mice, we saw no overlap between EGFP and
tandem-dimer red fluorescent protein
(tdRFP) expression, indicating that the
5-HT;,R-expressing cells in mature cortex
are not derived from the MGE (Fig. 3E,
quantified in G). We have recently shown
that one can efficiently label cells derived
from the CGE using a MashI-BAC®™ R
mouse to direct the tamoxifen-induced cre-
recombination of a reporter line (Miyoshi et
al., 2010). We used the MashI-BAC™ER
mouse together with the R26R"*™” reporter
to confirm that 5-HT;,R-expressing neu-
rons originate from the CGE. Although
neuronal labeling was most prominent, we
observed some tdRFP expression within oli-
godendrocytes. The immunohistochemical
marker CC1 was used to exclude these cells
from the analysis (Bhat et al., 1996). We ob-
served a91 = 1% overlap between interneu-
rons derived from a tamoxifen-induced
E16.5 labeling of the Mashl-BAC“"*"%;
R26R"®" and the 5HT3aR-BAC"“""-
driven EGFP expression, showing that
5-HT; ,-expressing cells are derived from
the CGE and not from the MGE (Fig. 3F,
quantified in H ). This was also true at earlier
gavage points (data not shown).

tdRFP  cell

CreER

% of Mash1-Bac

ol |
EGFP'/CC1”

EGFP’

A-D, 5HT3aR-BAC®®™ mice have labeled neurons in the CGE (as well as more ventral structures) but not the LGE or
MGE. This EGFP expression reflects true 5H73aR mRNA expression as shown by ISH for 5HT3aR (C). E-H, Genetic fate mapping
confirms that 5-HT,,R-expressing cells in mature cortex are CGE derived. We used Nkx2. 7-BAC™® and Mash1-BAC™®, mouse lines
in combination with the R26R "“*"P-reporter crossed onto the SHT3aR-BACE"" to label cells embryonically and follow their fate into
the mature cortex. G, H, The complete lack of Nkx2. 7-BAC™®;R26R™* and 5HT3aR-BACE™ overlap shows that the cells are not of
MGE origin, whereas the almost complete overlap with Mash1-BAC™*:R26R"**"_|abeled interneurons confirms the CGE origin.
(C1was used as a marker to exclude RFP-expressing oligodendrocytes from quantization (H). Scale bars: B, D, 250 um; E, 100 pum;

Neurochemical profile of
5-HT;,R-expressing neurons

According to our ISH analysis, 5-HT;,R
interneurons compromise 28.8 = 2.2% of
the neurons in somatosensory cortex that
express the pan-GABAergic marker
Gad67. To parse out the 5-HT;,R popu-
lation in this region in more detail, we an-
alyzed their expression of a variety of neurochemical interneuron
markers (Ascoli et al., 2008). Although some molecular markers
may not precisely correlate with different interneuron subtypes,
their expression does provide a strong indicator of their anatom-
ical and electrophysiological properties. We used as markers two
calcium-binding proteins (PV and CR), and four neuropeptides
(SST, CCK, VIP, and NPY), all which are exclusively expressed in
GABAergic interneurons in neocortex (Fig. 4A—F). In addition
to these six markers, we also examined the expression of reelin,
which was recently reported as a marker of GABAergic neurons
(Miyoshi et al., 2010). Reelin is expressed in subpopulations of
both MGE- and CGE-derived interneurons, but all MGE-derived
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Figure 4.  Neurochemical marker expression profiles of 5-HT,,R-expressing cortical interneurons. A, Inmunofluorescent histochemistry show the relationship of seven neuronal
markers (CR, CCK, VIP, SST, PV, RIn, and NPY) and 5-HT;,R-positive neurons in somatosensory cortex (P21-P25) of SHT3aR-BACE™ mice (n = 3). B, The percentage of specific neuronal
markers that is also positive for EGFP across all layers (EGFP/marker). €, Same as in B but analyzed per layer. D, The percentage of 5-HT,,R-expressing neurons expressing specific
neuronal markers per individual layers (marker/EGFP). E, The proportion of 5-HT,R-expressing neurons expressing specific neuronal markers across all layers (marker/EGFP), individual
bars are displaced to llustrate the overlap caused by colocalization of markers. F, Same as E but analyzed per layer. Note that >85% of 5-HT; ,R-expressing neurons were found to express
atleast one of the seven neuronal markers. RIn, Reelin; NPY, neuropeptide Y; CR, calretinin; VIP, vasoactive intestinal peptide; CCK, cholecystokinin; SOM, somatostatin; PV, parvalbumin.
Scale bar, 100 pem. Error bars represent SEM.
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reelin-positive cells appear to also express SST, suggesting that all
reelin+/SST — cells are CGE derived. To accurately estimate the
proportion of all 5-HT;,R-expressing neurons expressing these
seven neuronal markers, we also examined the degree of overlap
of many of these markers in 5-HT;,R-expressing neurons, using
double immunohistochemical analysis (Fig. 4E,F). With these
markers, we were able to account for >85% of the 5-HT;,R-
expressing neurons in the primary somatosensory cortex (Fig. 4E).
In agreement with previous findings and consistent with our
in situ results, we never observed colocalization of PV with
5-HT;,R-positive neurons (Férézou et al., 2002; Inta et al., 2008;
Vucurovic et al., 2010). Moreover, <3% of 5-HT;,R-expressing
neurons were found to express SST (Fig. 4E). The finding that
5-HT;,R-expressing neurons do not express these MGE-derived
interneuron markers is also consistent with the results from the
fate mapping (Fig. 3E). Notably, nearly all VIP- and or CCK-
positive neurons expressed 5-HT;,R as well as a majority of
NPY-expressing cells (Fig. 4C). NPY is reportedly found in SST-
(Wonders and Anderson, 2006) as well as in PV-expressing pop-
ulations (Karagiannis et al., 2009). This result is consistent with
previous findings that 5-HT;,R was detected in GABAergic in-
terneurons coexpressing CCK and VIP in both cortex and hip-
pocampus (Morales and Bloom, 1997; Férézou et al., 2002;
Vucurovic etal., 2010). We find that reelin and CR partially over-
lap with SST (Pesold et al., 1999; Miyoshi et al., 2010), and there-
fore only a fraction of the reelin and CR populations expressed
5-HT;,R (Fig. 4B, C). We also analyzed the layer distribution of
these markers within the 5-HT;,R-expressing population (Fig.
4C,D,F). Reelin was expressed by a large majority (73.0 = 4.0%)
of 5-HT;  R-expressing neurons in L1 (Fig. 4 D). The proportion
5-HT; 4R cells expressing NPY was highest in deeper layers (40 =
7.5% of EGFP-positive cells in L4 and 40 * 3.5% in L5/6) (Fig.
4 D). Conversely, in layers 2/3 and 4, most NPY cells are 5-HT;,R
positive (82 * 4 and 92 £ 8.5%, respectively), whereas only
~60% of NPY cells in layer 5/6 express the 5-HT;,R (Fig. 4C).

Intrinsic electrophysiological properties of 5-HT;,R-
expressing neurons

To examine the electrophysiological and morphological profile
of 5-HT;,R-expressing neurons, we performed whole-cell re-
cordings from EGFP-expressing neurons (n = 132) in superficial
layers of the primary somatosensory cortex using an acute slice
preparation (Fig. 5). Cells were recorded in current clamp and
500 ms hyperpolarizating and depolarizating steps were used to
assess their intrinsic membrane properties, whereas biocytin was
added in the recording pipette to allow for post hoc morphologi-
cal analysis. Based on their intrinsic membrane properties, as well
as morphology, we classified the 5-HT;,R-expressing neurons
according to previously described criteria (Miyoshi et al., 2010).
Miyoshi et al. (2010) described nine different types of CGE-
derived interneurons; here, we observed all except two of the
rarest types [delayed intrinsic bursting (dIB) and sigmoid intrin-
sic bursting (sIB)]. This included two different late-spiking sub-
types (LS1, 34.6%; LS2, 11.3%) (Kawaguchi, 1995; Chu et al.,
2003; Tamas et al., 2003; Miyoshi et al., 2007; Oldh et al,,
2007), bipolar/bitufted irregular spiking cells (IS, 22.5%)
(Cauli et al., 1997, 2000; Porter et al., 1998; Galarreta et al.,
2004), the “arcade axon” delayed non-fast-spiking (dNFS3,
2.2%) (Kawaguchi and Kubota, 1996; Butt et al., 2005), the
fast-adapting cells (fAD, 12.0%) (Butt et al., 2005), as well as
burst nonadapting cells (bNA1, 13.5%; bNA2, 3.7%)
(Kawaguchi and Kubota, 1996, 1997; Rozov et al., 2001; Butt et
al., 2005; Caputi et al., 2009).
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Late-spiking cells, LS1 and LS2, were characterized by a long
delay with a steady ramp depolarization leading up to the initial
spike at threshold current injections. Miyoshi et al. (2010)
showed that both of these types express reelin but have signifi-
cantly different electrophysiological and morphological proper-
ties. Electrophysiologically, LS1 is distinguished from LS2 in that
the delay persists even when up to three to five spikes are induced
during just suprathreshold current injection steps, whereas LS2
cells never show a pronounced delay when more than one spike is
elicited. Both cell types showed firing frequency adaptation and
nonmonotonic spike amplitude accommodation. LS1 possess a
small soma and have locally ramifying short thin dendrites and a
dense local axonal plexus. Thus, their morphology is similar to
previously described cortical neurogliaform cells (Kawaguchi,
1995; Tamas et al., 2003; Miyoshi et al., 2007; Olah et al., 2007).
Similar to the description by Miyoshi et al. (2010), we found that
LS2 neurons had lower input resistance and maximum firing rate
compared with LS1 cells (Table 1), and larger soma size and
thicker, longer, but less branching dendrites. IS neurons showed
irregular firing patterns during intermediate current steps and
strong monotonic spike amplitude accommodation throughout
suprathreshold current injections. Most IS neurons exhibited a
bipolar/tripolar morphology and had axonal trees projecting to-
ward deeper layers. 5-HT; ,R-expressing interneurons with an IS
firing pattern resembled those previously described as VIP- and
CR-positive bipolar interneurons (Cauli et al., 1997, 2000; Porter
et al., 1998; Galarreta et al., 2004; Miyoshi et al., 2010). Interest-
ingly, we observed an irregular-spiking multipolar cell that was
not described in the study by Miyoshi et al. (2010) (Fig. 5). This
subtype appeared very similar to those cells described as derived
from the Nkx5-1“"-labeled population from the POA (Gelman
et al., 2009). Fast adapting cells (fAD) are characterized by their
failure to fire throughout the 500 ms step during suprathreshold
depolarization. This subtype has been suggested to be the largest
VIP-positive CR-negative population (Porter et al., 1998; Miyoshi et
al., 2010). The last major subtype we identified was the burst
nonadapting (bNA1) subtype that exhibited bursts of two or
three spikes, followed by regular spiking. The bNAL1 cells have a
distinct feature giving rise to a “hump” at the beginning of the 500
ms current injection during near-threshold steps.

In addition to the six subtypes described above (accounting
for 94% of all SHTR3aR cells), we identified a second bursting non-
adapting subtype (bNA2) with intrinsic properties and morphology
similar to previously described CR- and VIP-expressing bipolar-
shaped interneurons (Kawaguchi and Kubota, 1996; Cauli et al,,
1997; Rozov et al., 2001; Butt et al., 2005; Caputi et al., 2009). We also
identified a small bipolar ANFS3 subtype that exhibits an “axon ar-
cade” morphology, which has been reported to be VIP positive
(Kawaguchi and Kubota, 1996). These results both confirm and ex-
tend our previous analysis and suggest that 5SHT3R neurons include
both CGE (the large majority) and most likely the POA populations.

Functional expression of 5-HT;,Rs

In the transgenic mouse line used in this study, expression of
EGFP is driven by regulatory elements of the 5Htr3a gene. We
have shown that the EGFP signal accurately predicts the expres-
sion of 5SHT3aR mRNA, as detected by in situ hybridization. To
confirm that this signal corresponds to the presence of functional
receptors, we tested the effect of m-chlorophenyl-biguanide
(mCPBG), a 5-HT;,R selective agonist, on EGFP-positive neu-
rons (Fig. 6A). We applied mCPBG (100 um) directly onto the
soma of the recorded cell by puffing (30 ms) through a second
patch pipette located ~10 wm away from the soma. mCPBG
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Figure5. Intrinsicelectrophysiological properties and morphologies of 5-HT; ,R-expressing cortical interneurons. 4, Representative traces of voltage responses to 500 ms step current
injection in current-clamp whole-cell configuration of six major subtypes of 5-HT;,R interneurons. B, Examples of morphologies of different subtypes reconstructed using Neurolucida
tracing. Dendrite and soma are shown in blue and axon in red. LS1, Late spiking 1; LS2, late spiking 2; bNA1, burst nonadapting 1; bNA2, burst nonadapting 2; IS, irreqular spiking; fAD,
fast adapting; POA, preoptic area. Scale bar, 100 m.
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Table 1. Quantification of electrophysiological properties of 5-HT; ,R-expressing neurons in layer 2/3 (n = 80)

LS1 LS2 bNA1 bNA2 1S dNFS3 fAD
RMP (mV) —61.2 =58 —60.5*=7.0 —63 £ 43 —60.2 = 5.7 —584£59 —65 %63 —56.9 =70
R, (MQ) 329 =89 285 =101 332124 369 £ 143 406 * 132 631 %310 459 £ 179
7y, (ms) 173 £ 6.5 193 =58 17.5 =85 194 =83 20171 277 £123 264 £9.7
Spike threshold (mV) —382*54 —36.9 = 5.1 —355*=45 —36.1 =38 —398 £63 —422 = 6.1 —383*=49
Spike width (ms) 14£05 14+04 1406 14+04 12+04 13£03 1.1£03
AHP amplitude (mV) —193 £52 —182 39 —16.1 £5.1 —144 £ 46 —13.0x04 —153 £33 —122 34
tAHP (ms) 231*+48 248179 503 =119 249 =85 142 £52 141298 18199
Delay to spike (ms) 3763 =79.8 224.8 = 130.1 703 =214 754 = 414 259.5 = 1205 14198 18199
Max frequency (Hz) 793 £30.1 592+ 184 526 £ 149 615 £ 284 849 £ 16.5 813 £ 214 85.7 £ 215
Adaptation (%) 513 =145 539+ 163 63.7 = 18.2 59.4 =214 415116 363 =98 N/A
For an explanation of the parameters, see Materials and Methods.
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application evoked fast depolarization, often leading to robust
firing, in all EGFP-positive cells tested, including all layers (L1,
n=9;L2/3,n = 25;L4,n = 6;L5/6,n = 5) and all subtypes (LS1,
n=12;LS2,n = 6;1IS,n = 10; bNA1,n = 11; bNA2, n = 2; fAD,
n = 3; ANFS3, n = 1). Bath application of tropisetron (10 nm), a
5-HT; AR specific antagonist, completely blocked the response to
mCPBG puffing. As a control, mCPBG was applied to PV- and
SST-expressing neurons identified using the B13 (Chatto-
padhyaya et al., 2004; Dumitriu et al., 2007) and GFP-expressing
inhibitory neuron (GIN) (Oliva et al., 2000, Fanselow et al., 2008)

Functional expression of 5-HT;,Rs and nAChRs in 5-HT;,R-expressing interneurons. Intrinsic firing patterns to step
current injections recorded from three different types of cortical interneurons from 5HT3aR-BAC®™? (A1), 813 (B1), and GIN (€T)
transgenic mice. Application of a 5-HT,,R selective agonist (mCPBG; 100 wm; 30 ms puffing) causes strong depolarization and
evokes a burst of spikes in 5-HT; R cells (A2) but notin FS (B2) or SST-expressing cells (€2) (30 ms puffindicated by red line below).
D, Functional expression of nACh receptors in EGFP-positive neurons of 5HT3aR-BACE™ mouse. D1, Carbachol application (1 mm)
strongly depolarizes and evokes burst of spikes in a 5-HT,,R neuron recorded in whole-cell configuration in current clamp . The
inset shows intrinsic firing pattern of recorded cell to step current injections. D2, Functional expression of nicotinic ACh receptors
in EGFP-positive neurons of SHT3aR-BAC® mouse. Nicotine puffing (100 um for 30 ms) depolarizes the 5-HT, R neuron (D2), but
muscarine application (D3) to the same neuron did not change membrane potential, indicating 5-HT,,R interneurons express
nicotinic AChRs (30 ms puff indicated by red line below). The insets in A7 and D7-D3 show schematics of the recording

rons and evoked bursts of spikes (Fig. 6 D1).
We further tested which cholinergic recep-
tors are responsible for the depolarization of
5-HT;R-expressing neurons. Brief appli-
cation of nicotine (100 uMm; 30 ms puff) de-
polarized 5-HT;,R-expressing neurons
(Fig. 6 D2), whereas muscarine (100 um; 30
ms puff) did not affect the membrane po-
tential of the same neuron (Fig. 6 D3). All of
the 5-HT;,R-expressing cells tested, includ-
ing cellsin alllayers (L1, n = 8;1L2/3,n = 22;
L4, n = 5; L5/6, n = 6) and of all subtypes
(LS1, n = 10; LS2, n = 3; IS, n = 9; bNAI,
n=9;bNA2,n=2;fAD,n = 6; dNFS3,n =
2) responded to nicotine application. To-
gether, these data suggest that both serotonin and acetylcholine can
evoke fast synaptic activation of 5-HT; ,R-expressing neurons inde-
pendently of layer and subtype.

Direct thalamocortical synaptic input to

5-HT;,R-expressing neurons

TC afferents directly contact both excitatory and inhibitory neu-
rons in L4 and deep L3 in the cortex (Agmon and Connors, 1991;
Swadlow and Gusev, 2000; Bruno and Simons, 2002; Wehr and
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recruit 5-HT;,R interneurons (Fig. 7). Figure 7.  Monosynaptic thalamocortical input to 5-HT,,R-expressing neurons. 4, Voltage responses of 5-HT;,R (A7) and FS

We recorded from 5-HT;,R-expressing
neurons in deep L3 and L4 while deliver-
ing a brief extracellular stimulus to tha-
lamic afferents with an electrode placed in
fibers from VB nucleus of the thalamus in
a TC slice preparation (Agmon and Con-
nors, 1991). Evoked EPSCs in 5-HT;,R-
expressing neurons were recorded under
voltage-clamp recordings in which the
postsynaptic soma was held at —70 mV,
while applying electrical stimulation to TC fibers at 20 Hz. For
comparison, we also recorded FS from neurons as identified by
EGFP expression in the B13 mouse. To elicit reliable responses,
we adjusted the stimulation intensity to twofold higher than min-
imal stimulation intensity. An average latency of the evoked EP-
SCs in 5-HT;,R-expressing neurons measured from the
beginning of the stimulation artifact was 3.06 = 0.35 ms. This is
consistent with previous studies of monosynaptic thalamocorti-
cal EPSCs onto excitatory and FS neurons (Porter et al., 2001;
Beierlein et al., 2003; Kruglikov and Rudy, 2008). EPSC latency of
FS neurons (2.90 = 0.18 ms) did not significantly differ from that
on 5-HT;,R-expressing neurons (p = 0.45). TC stimulation
evoked significantly smaller EPSCs in 5-HT;,R-expressing neu-
rons than in FS (Fig. 7B, F) (38.06 = 14.13 vs 240.02 = 85.59 pA;
p = 0.0005). The synaptic response in a majority of TC-recipient
5-HT;,R-expressing neurons exhibited marked depression of the
EPSCs evoked during a train of 20 Hz TC stimulation (Fig. 7G)
(11 of 15 neurons, EPSC2/EPSC1, 0.53 = 0.14). A subset of
5-HT;,R-expressing neurons, however, showed either no
change or facilitation to repetitive thalamic stimulation (Fig. 7G)
(4 of 15 neurons, EPSC2/EPSCI, 1.24 = 0.08). In contrast, all
recorded FS neurons showed strong depression of thalamocor-
tical EPSCs (EPSC2/EPSC1, 0.52 * 0.13).

In a subset of recorded TC-recipient 5-HT;,R-expressing
neurons, we also measured the depolarization of the membrane
potential evoked by thalamic stimulation under current-clamp
recording configuration. On average, similarly to the EPSCs,
smaller EPSPs were elicited on 5-HT;,R-expressing neurons
compared with those on FS (Fig. 7H) (2.88 * 0.8 vs 4.93 = 0.75
mV; p = 0.07); however, the difference is only less than twofold
compared with the sixfold difference in EPSCs, indicating that

(A2) neurons to 500 ms step current injection. B, Weak monosynaptic TCinput to 5-HT,R-expressing neurons. Stimulation of TC
afferents evokes smaller EPSCs onto a 5-HT;,R (B7) compared with a FS neuron (B2) recorded in the whole-cell voltage-clamp
configuration (note difference in scale). €, TC stimulation depolarized a 5-HT;,R neuron (C7) to a similar degree as an FS neuron
(€2). Under current-clamp configuration (V, = —65 mV), voltage responses to TC stimulation were recorded from the same
example 5-HT;,R and FS neurons shown in B7 and B2, respectively. D, TC stimulation can elicit spikes in a 5-HT;,R neuron.
Increased intensity of TC stimulation evoked spikes in a 5-HT;,R (D7) and a FS neuron (D2). Summary data comparing input
resistance (E), evoked EPSC (F), paired pulse ratio (G), and evoked EPSP (H) of 5-HT; ,Rand FS neurons to 20 Hz TCstimulation. The
open and filled symbols indicate 5-HT;,R and FS neurons, respectively. The bars indicate mean values. I, Relationship between
input resistance (R.,) and evoked membrane depolarization (eEPSP) normalized to EPSCin response to TC stimulation.

5-HT;,R cells are more responsive to small synaptic currents.
Interestingly, in a subset of 5-HT;,R-expressing neurons, TC
stimulation evoked EPSPs comparable with those of FS neurons.
As an example, TC stimulation evoked almost nine times smaller
synaptic current in an LS1 type 5-HT;,R neuron (Fig. 7A1) than
a FS neuron (Fig. 7B1,B2) (58 and 508 pA, respectively). Despite
far less TC synaptic current to the 5-HT;,R neuron, TC stimula-
tion depolarized the LS1 neuron similar to the FS neuron (Fig.
7CI1,C2) (5.4 and 6.5 mV, respectively). The input resistance of
the LS1 neuron was three times higher than that of the FS neuron
(302 and 98 M(), respectively). It is likely that the much higher
input resistance of 5-HT;,R neurons is, in part, responsible for
strong depolarization in response to thalamic stimulation. As
shown in the example in Figure 7D, thalamic stimulation depo-
larized this 5-HT;,R neuron close to threshold and occasionally
elicited spikes. Figure 7I shows the correlation between input
resistance and EPSPs (R? = 0.64). For each neuron, evoked EPSP
was normalized with the evoked EPSC to reveal the relationship
between input resistance and changes in membrane potential
without the effect of different sizes of synaptic inputs. These re-
sults demonstrate that 5-HT;,R-expressing neurons receive
weak but direct monosynaptic input from thalamus. Despite
weak thalamocortical inputs to 5-HT;,R-expressing neurons,
thalamic input can depolarize a subset of 5-HT;,R-expressing
neurons to a similar degree as FS neurons, presumably because of
their high input resistance.

Discussion

There is increasing evidence that the high diversity of GABAergic
interneurons underpins the functional complexity needed for
neural computation (McBain and Fisahn, 2001; Klausberger and
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Somogyi, 2008). Despite the promise that understanding this di-
versity provides, it is at present challenging to assign particular
cortical functions to specific interneuron subtypes. Using a
5HT3aR-BACF*" transgenic mouse line combined with genetic
fate mapping and analysis of neurochemical marker expression,
we demonstrate that 5-HT,,R-expressing neurons include the
entire spectrum of CGE-derived interneurons and their associ-
ated diversity. In fact, 5-HT;,R expression labels all interneurons
except the MGE-derived PV and SST populations and the pro-
genitors that give rise to them. We discovered that, in addition
to the functional expression of 5-HT;,Rs, these cells could
also be recruited robustly by cholinergic stimulation. Interest-
ingly, we also found that some 5-HT;,R neurons in TC-
recipient areas receive weak but potentially significant direct
monosynaptic inputs from thalamus, and that a subset of
5-HT;,R neurons was depolarized as strongly as FS cells by
this weak input. The ability of this population to respond to
serotonergic and cholinergic transmission provides a conver-
gent means for quickly altering cortical activity through an
enhancement of GABAergic synaptic transmission depending
on different behavioral states.

5-HT;,R-expressing neurons and cortical interneuron
diversity

Interneurons in cortex comprise 15-20% of all cortical neurons
in rodents (Gabbott and Somogyi, 1986; DeFelipe and Farinas,
1992; Beaulieu, 1993; Tamamaki et al., 2003). Of this population,
as much as 60% have been traditionally thought to be FS neurons
(Xu et al., 2004; Butt et al., 2005; Gonchar et al., 2007). Recently,
using the neuronal marker reelin (together with SST) and VIP as
CGE markers, we discovered that the contribution of cells de-
rived from the CGE has been underestimated, and in fact this
population comprises as much as 30% of all cortical interneurons
(Miyoshi et al., 2010). Furthermore, in this same study, we also
found that the peak of CGE interneuron production was consid-
erably later than that observed in the MGE (E16.5 and E14.5
respectively). The present finding extends our understanding of
this population by demonstrating that most if not all CGE-
derived interneurons express 5-HT;,R, whereas MGE-derived
PV and SST interneurons do not. Here, we demonstrate that the
size, breadth, and diversity of this population are considerably
larger than had been recognized.

This study, along with that by Miyoshi et al. (2010), suggests
that there is a population of cortical interneurons derived from
outside the MGE that does not label with any known marker. This
percentage seems slightly higher in this study, which could be
attributable to the fact that 5SHT3aR-BAC“*" also labels cells
outside the ganglionic eminences embryonically, most notably
the POA. A majority of cortical interneurons derived from the
POA, as labeled by Nkx5-1“" genetic fate mapping, have been
show to lack known markers (Gelman et al., 2009). Consistent
with this hypothesis, we observed EGFP-labeled interneurons
with similar morphological and electrophysiological characteris-
tics to those described by Gelman et al. (2009). Our present ob-
servation that 5-HT;,R-expressing neurons constitute ~30% of
cortical interneurons adds to the growing evidence that the size
and diversity of the non-FS population of interneurons have
been underestimated. In fact, we find that, in supragranular
cortical layers, 5-HT;,R interneurons are the predominant
interneuron population.
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Heterogeneity within the 5-HT ,R-expressing

interneuron population

A previous study using unsupervised cluster analysis divided the
5-HT;,R interneurons into two cell types: “NPY-” and “VIP-
cluster,” describing them as multipolar and bipolar, respectively
(Vucurovic etal., 2010). Our systematic analysis of the 5-HT;,R-
expressing population suggests that the diversity of these neurons
is much larger. We find that >35% of 5-HT; ,R-expressing neu-
rons do not express NPY or VIP. Furthermore, we show that
5-HT;,R neurons contain the entire CGE-derived population,
which was previously shown to be composed of at least nine
different morphological and electrophysiological subtypes
(Miyoshi et al., 2010). This suggests that some caution and nu-
ance is warranted when doing detailed analysis of the func-
tional aspects of this population. Indeed, it is reasonable to
assume that some of the heterogeneity that we see in the phys-
iology is a reflection of functional diversity. For example, VIP-
or NPY-expressing neurons can modulate the contraction and
dilatation of nearby microvessels by releasing VIP or NPY
(Caulietal., 2004; Kocharyan et al., 2008). Thus, the activity of
these neurons can potentially regulate local blood flow. Neu-
rogliaform neurons, which presumably correspond to the LS1
subtype of 5-HT;,R neurons, release GABA by volume trans-
mission, thus providing long-lasting inhibition to local cir-
cuits (Tamas et al., 2003; Olah et al., 2009). Despite this, most
5-HT;,R neurons share a developmental origin, as well as
responsiveness to both serotonergic and cholinergic ascending
pathways.

Functional implications of the presence of ionotropic
serotonergic and acetylcholine receptors within a
subpopulation of cortical interneurons

Despite the heterogeneity in the 5-HT;,R-expressing popula-
tion, they all share fast modulation by ionotropic serotonergic
and cholinergic receptors. It is possible that their contribution
to cortical neural function is dependent on brain state and
behavioral context. Perhaps 5-HT;,R-expressing neurons are
strongly engaged in sensory processes in specific contexts,
but otherwise may provide only a weak source of inhibition
within the upper layers of cortex, where they reside most
prominently.

The highly biased distribution of 5-HT;,R interneurons in
superficial layers, especially L1, suggests that they can inhibit not
only nearby neurons within superficial layers but also pyramidal
neurons in infragranular layers, which project their apical den-
drite to superficial layers (Markram et al., 2004). Supporting this
notion, pharmacological blockade of 5-HT;,Rs has been found
to change inhibitory and excitatory tone in L5 pyramidal neurons
in response to local electrical stimulation in L2/3 (Moreau et al.,
2010).

5-HT;,R-expressing neurons as recipients of

thalamocortical input

In vivo and in vitro studies of thalamocortical circuits report
stronger, faster, and more converging projections from TC to FS
neurons than to excitatory neurons (Agmon and Connors, 1991;
Bruno and Simons, 2002; Swadlow, 2002; Wehr and Zador, 2003;
Gabernet et al., 2005; Cruikshank et al., 2007; Hull et al., 2009).
Such a bias creates strong disynaptic feedforward inhibition, re-
sulting in spatiotemporally sharpening of incoming subcortical
sensory inputs (Miller et al., 2001; Pinto et al., 2003). Low-
threshold spiking (LTS) interneurons, which originate from
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MGE and express SST, receive sparse and weak input from thal-
amus compared with FS (Beierlein et al., 2003). LTS neurons are
thought to be involved in feedback inhibition (Beierlein et al.,
2003; Kapfer et al., 2007; Silberberg and Markram, 2007;
Fanselow et al., 2008). Others have reported that “regular-spiking
nonpyramidal interneurons” (RSNP), which are characterized by
spike frequency adaptation, receive direct synaptic contacts from
TC neurons (Porter et al., 2001). TC stimulation evoked spikes in
both a subset of RSNP and FS neurons to a similar degree. The
characterization of the RSNP cells receiving TC input in the study
by Porter et al. (2001) was insufficient to definitely determine the
subtypes, but it is highly likely that at least some of them corre-
spond to 5-HT; 4R cells. Under our experimental conditions,
~65% of 5-HT;,R-expressing neurons in deep layer 3 and
layer 4 received weak but monosynaptic inputs from TC stim-
ulation. Despite the small TC synaptic current recorded in
5-HT;,R-expressing neurons, TC stimulation strongly depo-
larized a subset of these TC recipients similar to FS neurons.
This can be explained, in part, as a result of their high input
resistance.

Our finding of strong depolarization of a subset of 5-HT;,R
neurons in response to TC stimulation raises the possibility that
these 5-HT;,R neurons can contribute to feedforward inhibition
in TC circuits. The dynamics of feedforward inhibition by
5-HT; R neurons, however, may differ compared with that by FS
neurons. Some of the TC-recipient 5-HT,R neurons could pre-
dominantly inhibit other interneurons, including FS neurons,
and thus indirectly relieve excitatory neurons from feedforward
inhibition. Anatomical evidence supports that a majority of FS
neurons in S1 cortex receive synaptic contacts from VIP neurons
(Dévid et al., 2007).

Serotonin and ACh may sensitize 5-HT;,R neurons and in-
crease their responsiveness to TC input, thus making feedforward
inhibition of TC inputs or the relief of excitatory neurons from
feedforward inhibition dependent on behavioral state. Under-
standing the mechanisms by which serotonergic and/or cholin-
ergic afferents on these TC-recipient 5-HT;,R neurons modulate
sensory input, will no doubt add considerably to our understand-
ing of cortical circuitry.

In future studies, it will be important to investigate the synap-
tic connectivity among FS, pyramidal, and 5-HT;,R neurons, to
understand dynamics of cortical circuits and how these synaptic
properties are modulated by serotonin and acetylcholine. Ex-
tending this line of studies to in vivo preparations will be impor-
tant to understand how 5-HT;,R neurons are engaged in
network dynamics in the context of sensory processing in cortex
during different brain states.
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