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Cellular/Molecular

Subcellular Synaptic Connectivity of Layer 2 Pyramidal
Neurons in the Medial Prefrontal Cortex

Justin P. Little and Adam G. Carter

Center for Neural Science, New York University, New York, New York 10003

Pyramidal neurons in the prefrontal cortex (PFC) are important for the control of cognitive and emotional behavior. The medial PFC
(mPFC) receives diverse long-range excitatory inputs from the midline thalamus, contralateral mPFC, basolateral amygdala, and ventral
hippocampus. While axons from these different regions have distinct distributions in the mPFC, their functional connections at the
cellular and subcellular levels remain unknown. Here, we use optogenetics to show that layer 2 pyramidal neurons in acute slices of the
mouse mPFC receive excitatory inputs from each of these regions. Using a combination of optogenetics and two-photon microscopy, we
then determine the subcellular properties of these inputs. We find that different types of inputs make selective contacts at the levels of
both dendrites and spines. Using two-photon uncaging, we show that this subcellular targeting strongly influences synaptic efficacy in
these neurons. Together, our results show that functional connectivity is finely tuned, with important implications for signal processing

in the mPFC.

Introduction

The prefrontal cortex (PFC) helps control higher cognitive
and emotional behavior (Goldman-Rakic, 1995; Fuster,
2008), as highlighted by its dysfunction in schizophrenia and
other neuropsychiatric diseases (Egan and Weinberger, 1997;
Arnsten, 2011). A central role of the medial PFC (mPFC) is to
integrate inputs from multiple brain regions, including the
midline thalamus (MD), contralateral mPFC (cmPFC), baso-
lateral amygdala (BLA), and ventral hippocampus (VH)
(Hoover and Vertes, 2007). These excitatory inputs each carry
distinct functional signals related to attention, cognition,
emotion, and memory (Kolb, 1984; Vertes, 2006). However,
the mechanisms by which pyramidal neurons in the mPFC
process these diverse inputs remain unknown.

The superficial layers of many cortical areas are often impor-
tant for the processing of long-range inputs (Douglas and Martin,
2004). In the mPFC, axons from other brain regions arborize in
unique patterns throughout superficial layers 1 and 2/3 (Krettek
and Price, 1977; Sesack et al., 1989; Bouwmeester et al., 2002;
Cenquizca and Swanson, 2007). The dendrites of layer 2 (L2)
pyramidal neurons extend through these layers, and may be well
positioned to sample diverse inputs (Spruston, 2008). In many
neurons, the magnitude of synaptic responses critically depends
on the location of inputs in the dendrites (Rall, 1967; Williams
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and Stuart, 2002). Thus, targeting different inputs to distinct
dendritic locations could influence their impact on L2 pyramidal
neurons.

The dendrites of cortical pyramidal neurons are covered with
spines, which receive the vast majority of glutamatergic inputs
(Nimchinsky et al., 2002; Yuste, 2011). While spines have highly
variable morphologies, they can sometimes be classified into dis-
tinct groups (Peters and Kaiserman-Abramof, 1970). In many
neurons, synaptic responses have been shown to closely correlate
with the head volume of spines (Matsuzaki et al., 2001). Thus,
inputs onto large spines often evoke greater EPSPs at the cell
body. In other brain regions, different types of inputs have been
found to contact distinct morphological classes of spines (Hu-
meau et al., 2005; Richardson et al., 2009). Therefore, differential
processing of excitatory inputs could also be achieved via selec-
tive targeting onto distinct populations of spines.

Identifying functional connections onto dendrites and spines has
been challenging in neurons throughout the brain. The overlap of
axons and dendrites often fails to accurately predict the locations of
functional synapses (Shepherd et al., 2005; Stepanyants and Chk-
lovskii, 2005). Paired recordings and one-photon glutamate uncag-
ing can identify local connections (Callaway and Katz, 1993;
Markram etal., 1997), but can rarely be applied to long-range inputs.
Optogenetic tools have been used to map long-range connections
(Petreanu et al., 2007), showing that inputs can target unique den-
dritic domains (Petreanu et al., 2009; Mao et al., 2011). However,
this approach is challenging in smaller neurons and cannot be used
to identify active spines.

Here we examine the functional connections made by long-
range excitatory inputs onto L2 pyramidal neurons in acute slices
of the mouse mPFC. We first use optogenetics and whole-cell
recordings to show that inputs from the MD, cmPFC, BLA, and
VH make contact with these neurons. We then combine optoge-
netics and two-photon microscopy to probe connectivity at the
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levels of dendrites and spines. We find that each input contacts a
distinct population of spines with different morphologies and
locations. Using two-photon uncaging, we then demonstrate that
this selective targeting strongly influences synaptic efficacy. To-
gether, our results reveal the subcellular connectivity of L2 pyra-
midal neurons, with important implications for signal processing
in the mPFC.

Materials and Methods

Preparation. We studied L2 pyramidal neurons in acute slices from the
prelimbic mPFC of P21-P28 Swiss Webster mice of either sex. Before
dissection, mice were anesthetized with an intraperitoneal injection of a
lethal dose of ketamine/xylazine. Following anesthesia, mice were per-
fused intracardially with an ice-cold solution containing the following
(in mMm): 65 sucrose, 75 NaCl, 25 NaHCOj, 1.4 NaH,PO,, 25 glucose, 2.5
KCI, 1 CaCl,, 5 MgCl,, 0.4 Na-ascorbate, and 2 Na-pyruvate, bubbled
with 95% O,/5% CO,_Coronal sections (300 wm thick) were cut in this
solution and transferred to artificial CSF (ACSF) containing the follow-
ing (in mm): 119 NaCl, 25 NaHCO,, 1.4 NaH,PO,, 25 glucose, 2.5 KCl, 2
CaCl,, 1 MgCl,, 0.4 Na-ascorbate, and 2 Na-pyruvate, bubbled with 95%
0,/5% CO,. Slices were recovered for 30 min at 34°C, and then stored for
atleast 30 min at 24°C. All experiments were conducted at room temper-
ature (22-24°C), except the current-clamp recordings shown in Figure 8,
which were performed at 31-32°C. For all experiments, 10 um gabazine
and 10 uM p-serine were included to block GABA ,-receptor-mediated
inhibition and prevent NMDA receptor (NMDAR) desensitization, re-
spectively. For all optogenetic experiments, 1 um TTX, 100 um 4-AP, and
4 mm Ca were included to prevent action potentials and enhance presyn-
aptic release. All chemicals were from Sigma or Tocris Bioscience.

Stereotaxic injections. Stereotaxic injections were performed on P9—
P14 mice, which were subcutaneously injected with 0.02 mg/kg atropine
10 min before surgery, and then deeply anesthetized with 40 mg ket-
amine/5 mg xylazine per kilogram of body weight. Injection site coordi-
nates were relative to bregma (dorsoventral axis, medial-lateral axis, and
rostrocaudal axis, respectively: MD, +0.4, —2.7, and —0.7; cmPFC,
+0.3, —2.3 to —1.3, and +1.7; BLA, +2.8, —4.6, and —0.7; VH, +2.8,
—4.7 to —3.7, and —3.1). Borosilicate pipettes with tip diameters be-
tween 5 and 10 wm were backfilled with 1-2 ul of virus (AAV-ChR2-
Venus, AAV-hChR2-mCherry, or AAV-mCherry; Penn Vector Core). A
craniotomy was made above the injection site, and the pipette was slowly
lowered to minimize tissue damage. Six to 14 13 nL boluses of virus were
then pressure injected (Nanoject II; Drummond), with 30 s spacing be-
tween injections, for a total volume of 80—-190 nL. After the final injec-
tion, the pipette was left in place for an additional 5 min to allow the virus
to diffuse away from the pipette tip, before being slowly removed from
the brain. Animals were returned to their cages for 2-3 weeks before
being used for experiments.

Electrophysiology. L2 pyramidal neurons located ~200 wm from the pial
surface and within ~15 um of the L1/L2 border were targeted using
infrared-differential interference contrast. All neurons had a characteristic
morphology, consisting of compact dendrites extending both horizontally
and vertically from the soma. For voltage-clamp experiments, we filled boro-
silicate pipettes (2—5 M{)) with the following (in mm): 135 Cs-gluconate, 10
HEPES, 10 Na-phosphocreatine, 4 Mg,-ATP, 0.4 NaGTP, and 0.6 D600,
290-295 mOsm, pH 7.35 with CsOH. For current-clamp recordings, we
used the following (in mwm): 135 K-gluconate, 7 KCl, 10 HEPES, 10 Na-
phosphocreatine, 4 Mg,-ATP, and 0.4 NaGTP, 290—295 mOsm, pH 7.35
with KOH. For imaging experiments, we also included 40 um Alexa Fluor
594 and 1 mm Fluo-4FF (Invitrogen) in the internal solution. The concen-
tration of Fluo-4FF was chosen to maximize our ability to detect Ca signals
while also reducing baseline fluorescence in our subcellular mapping experi-
ments. Before beginning mapping, we waited at least 30 min for complete dye
diftusion throughout the cell. In other experiments, we also allowed at least
15-30 min before recording. Physiology data were collected with a Multiclamp
700B amplifier. Signals were filtered at 5 kHz for current-clamp recordings and at
2 kHz for voltage-clamp recordings, and were sampled at 10 kHz.

Optogenetics. Glutamate release was triggered by activating
channelrhodopsin-2 (ChR2) present in the presynaptic terminals of
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different long-range excitatory inputs to the mPFC. For wide-field illu-
mination experiments, a single 1-10 ms pulse of 473 nm light from an
LED triggered release. For mapping experiments, the back focal plane of
the objective was filled with collimated 473 nm light from a DPSS laser
(Laserglow Technologies) using a fiber optic cable (Thorlabs), planocon-
vex lenses (Edmund Optics), and a dichroic mirror (Chroma), similar to
that previously used for one-photon uncaging (Chalifoux and Carter,
2011). Beam diameter at the slice surface was ~30 wm, allowing for focal
ChR2 activation within the imaging window. Laser power was set be-
tween 1 and 5 mW, and pulse duration was set to 1 ms. A fast shutter
(Uniblitz) was placed in the detection path to protect the photomultiplier
tubes from intense laser light during ChR2 activation. Laser power and
duration were chosen to both elicit reliable EPSCs at the soma and limit
photo damage at spines and dendrites.

Two-photon microscopy. Two-photon imaging and glutamate uncag-
ing were performed on a custom microscope, as previously described
(Carter and Sabatini, 2004; Chalifoux and Carter, 2010). For imaging, a
Ti:Sapphire laser (Coherent) tuned to 810 nm was used to excite Alexa
Fluor 594 and Fluo-4FF to image morphology and detect Ca signals,
respectively. Ca signals were quantified as the change in Fluo-4FF fluo-
rescence [green (G)] normalized to the Alexa Fluor 594 fluorescence [red
(R)], giving units of AG/R. These signals were then normalized to the
G/R value measured with a saturating concentration of Ca added to the
internal solution in a thin-walled pipette, giving final measurements in
units of AG/G,,. Single line scans were acquired at 500 Hz, while inter-
leaved line scans were acquired at 500 Hz divided by the number of
lines (between 3 and 5, giving sampling rates between 167 and 100
Hz). For uncaging, a second laser tuned to 725 nm was used to photo-
release 2.5 mm MNI-glutamate (Tocris Bioscience) with a 1 ms pulse
of 80 mW light. Uncaging was restricted to within 40 um of the slice
surface, and the uncaging spot was placed 0.5 wm from the edge of the
spine head, perpendicular to the local dendritic axis. All imaging and
uncaging was conducted with a 63X 0.9 numerical aperture (NA)
objective (Olympus).

Subcellular mapping. After allowing dyes to equilibrate, we performed
a systematic search of the dendrites to detect active spines. For each L2
pyramidal neuron, we randomly began sampling at dendrites terminat-
ing in either L1 or L2/3 and at dendritic segments found either proxi-
mally near the soma or distally near the tips. Each segment was sampled
in consecutive and contiguous 15 X 7.5 um imaging windows. For each
segment, we noted the x, y, and z position relative to soma for off-line
analysis of spine locations.

For each dendritic segment, we acquired seven baseline frames at 8 Hz,
stimulated ChR2-positive axons with a 1 ms pulse from the 473 nm laser,
and then collected four additional poststimulus frames. To ensure unbi-
ased and quantitative determination of candidate spines, we first com-
puted the Z-score for each pixel in our images (128 X 64 pixels, 0.1 um
per pixel). We then thresholded these Z-score images to define initial
regions-of-interest (ROIs), summed these ROIs over trials, combined
overlapping ROIs, and computed their average integrated fluorescence
over time. Finally, we regressed these fluorescence transients against a
template synaptic Ca signal, which reduced false-positive ROIs caused by
noise, and eliminated dendritic ROIs with slow Ca signals that are not
characteristic of direct synaptic responses. Z-score and regression coef-
ficient thresholds were set to bias in favor of false-positive detection.

To further validate that candidate ROIs reflected functional synapses,
we also performed line scans at higher temporal resolution through both
active spines and their inactive neighbors. For these measurements, we
used interleaved line scans through three to five spines while stimulating
ChR2-positive axons. We found that multiline scanning was essential for
reducing total imaging time and therefore any effects of photo damage.
For each sampled dendritic segment, we acquired a high-resolution two-
photon image stack (0.1 X 0.1 X 0.2 um) for off-line analysis of spine
morphology. At the end of each mapping experiment, we also acquired a
two-photon image stack of the cell (1.0 X 1.0 X 1.0 um or 0.5 X 0.5 X 1.0
um) for off-line analysis of dendrite morphology.

Histology and confocal microscopy. Mice were anesthetized and per-
fused intracardially, as described above. Brains were blocked and trans-
ferred to 4% paraformaldeyhde in 0.01 m PBS for 16—24 h at 4°C before
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Figure 1.
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Anatomical overlap of axons, dendrites, and spines. A, Left, Two-photon image stack of an L2 pyramidal neuron. Dashed lines designate pia and L1/L2 border. Scale bar, 50 em. Right,

Magnified views of spinesin L1 (top, blue) and L2/3 (bottom, green) from the boxed regions on left. Scale bars, 1 m. B, Confocalimages showing mCherry-labeled axons arriving from MD, cmPFC,
BLA, and VH. To the right of each image is the average normalized fluorescent intensity profile as a function of distance from the pial surface (n = 6). Scale bar, 50 wm.

being transferred to 0.01 m PBS. Slices were cut on a VT-1000S vibratome
(Leica) at 50 wm, and placed on gel-coated glass slides. ProLong Gold
antifade reagent with DAPI (Invitrogen) was applied with 0.01 m PBS to
the surface of the slices, which were then covered with a glass coverslip.
All confocal images were taken on a Leica TCX SP5. Images of antero-
grade anatomy were taken with a 40X 1.5 NA oil-immersion objective at
1024 X 1024 pixels (0.34 X 0.34 wm).

Data analysis. Imaging and physiology data were acquired using Na-
tional Instruments boards and custom software written in MATLAB
(Mathworks). Online ROI detection was performed in MATLAB. Image
preprocessing was performed in Image] (NIH) and MATLAB. Morpho-
logical analysis was conducted in NeuronStudio (Dumitriu et al., 2011).
Ca imaging and physiology analysis was performed in Igor Pro
(Wavemetrics).

For analysis of two-photon image stacks, all visible dendrites of
each mapped neuron were reconstructed in NeuronStudio. To ana-
lyze spine morphology, high-resolution image stacks of each dendrite
segment were deconvolved using 500 iterations of the “deblur” func-
tion in MATLAB, using the raw image cross-correlation as the initial
point-spread function estimate. Deconvolved images were subse-
quently treated with a 3 X 3 median filter to remove remaining noise, and
a Gaussian filter to improve the signal-to-noise ratio (SNR). Seed points
were manually placed along the dendrites in the image at the heads of all
visible spines. NeuronStudio was used to automatically determine the
boundaries of spines and dendrites in three dimensions. We found that
three-dimensional analysis of morphology was essential for accurate
spine quantification, as many large or long spines can appear deceptively
small or short in two-dimensional projections.

To quantify the distributions of axons from our confocal images, we
imaged both the ipsilateral and contralateral side of the cortex. For back-
ground subtraction, we took advantage of the fact that projections from
the MD, BLA, and VH are strictly ipsilateral, and subtracted the con-
tralateral image from the ipsilateral image. For background subtraction
of cmPFC images, we subtracted the average contralateral image from the
MD input, as MD axons were similar in brightness and density to those
from the cmPFC. After background subtraction, we then manually
aligned and averaged these images across multiple slices (for each input,
n = 3 animals, two slices per animal).

To generate axon density distributions, we averaged fluorescent pro-
files across rows or columns, and binned these distributions at the same
resolution as our input maps. To generate spine density distributions, we
computed the average dendrite length per bin along rows or columns,
and multiplied these distributions by a constant, experimentally deter-
mined spine density coefficient (1.9 spines/um). We then multiplied

these axon and spine density distributions and normalized them to gen-
erate probability distributions of the number of synapses at each spatial
location. To quantify the differences between predicted and measured
distributions, we resampled our measured data (10,000 surrogates) and
computed the Pearson’s correlation coefficient (r).

To predict the amplitude of unitary EPSPs generated by different in-
puts, we combined the results from our mapping and uncaging experi-
ments. We first sampled the head volumes and locations of spines
contacted by a given input (see Figs. 5, 7). We then used linear fits to our
uncaging data to determine the unitary EPSP size (see Fig. 8). We resa-
mpled our dataset 10,000 times for each input to generate median unitary
EPSP amplitudes. To independently assess the impact of head volume
and location, we generated predictions in which (1) the input-specific
distribution of head volume was replaced by the generic distribution for
all spines (median = 0.25 wm?) or (2) input-specific distribution of
location was replaced with the generic distribution for all spines (see Fig.
6). Finally, to create an average response expected if no selective targeting
occurred, we generated predictions in which both input-specific distri-
butions were substituted by their generic versions.

EPSP and uncaging-evoked EPSP (uEPSP) amplitudes were calculated
as the average value over a 1 ms window around the peak. Ca signal
amplitudes are averages over a 100 ms window starting 5 ms after the
stimulus. Data in the text are reported as medians. SEs were calculated via
bootstrap resampling (10,000 surrogates). Summary data in figures are in
box-plot form, showing the median, interquartile range, and 10-90%
range (whiskers). Average EPSPs, uEPSPs, and Ca signals are shown in
figures as individual trials or mean * SEM. Comparisons between
groups were performed using the nonparametric Kruskal-Wallis test and
post hoc Dunn—Holland—Wolfe test. All other comparisons were per-
formed using the two-tailed Mann—Whitney rank-sum test. For corre-
lated data, linear fits were produced via regression and reported as the r
value. Statistical significance was defined as p << 0.05, with adjusted « for
multiple-comparison tests.

Results

Anatomical organization of the prefrontal cortex

We studied the functional connections made by different long-
range excitatory inputs onto L2 pyramidal neurons in the prelim-
bic area of the mouse mPFC. We first used whole-cell recordings
to fill these neurons with the fluorescent dye Alexa Fluor 594 (40
uM) and two-photon microscopy to visualize their morphologies
(Fig. 1A). Using high-resolution reconstructions (see Materials
and Methods), we found that the dendrites extend from L1 to
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L2/3. The entire dendritic arbor was densely covered with spines,
which receive the majority of glutamatergic inputs onto cortical
pyramidal neurons (Nimchinsky et al., 2002; Yuste, 2011). Thus,
while the cell bodies of these neurons are located near the L1/L2
border, their dendrites are positioned to receive inputs arriving in
multiple layers.

We next determined how different long-range excitatory in-
puts are distributed in the superficial layers of the mPFC. We
labeled inputs from the MD, cmPFC, BLA, and VH using adeno-
associated viruses (AAVs) expressing mCherry. After 2 weeks, we
detected red fluorescence profiles from axons projecting in dis-
tinct patterns (Fig. 1 B). Averaging these profiles from multiple
slices (n = 6) revealed that MD projects moderately to L1 and
strongly to L2/3, cmPFC projects primarily to L1 but also to L2/3,
BLA projects to a narrow band within L2, and VH projects
throughout L1 and L2/3. These different distributions are similar
to those previously observed in other species (Krettek and Price,
1977; Sesack et al., 1989; Bouwmeester et al., 2002; Cenquizca and
Swanson, 2007). The close anatomical overlap of axons, den-
drites, and spines suggests that L2 pyramidal neurons may be able
to sample diverse long-range excitatory inputs.

Functional connectivity at the cellular level

These anatomical findings suggest but do not prove connec-
tions between different inputs and L2 pyramidal neurons. Ex-
ploring functional connectivity is particularly challenging in
the mPFC because most long-range excitatory inputs are sev-
ered in acute slices and cannot be electrically stimulated. To
circumvent this problem, we used an optogenetic approach
(Boyden et al., 2005), separately injecting AAVs expressing
ChR2 into the MD, cmPFC, BLA, and VH. After 2 weeks, we
prepared acute slices and measured light-evoked EPSCs at the
soma of L2 pyramidal neurons (Petreanu et al., 2007). For
these experiments, we triggered glutamate release from presyn-
aptic axon terminals with brief wide-field illumination of blue
light. We included TTX (1 uM) in our ACSF to block action
potentials and polysynaptic activity. We also added both 4-AP
(100 M) and high Ca (4 mMm) to restore presynaptic glutamate
release. In voltage-clamp recordings at +40 mV, we found thatall
four inputs generated pronounced EPSCs (Fig. 2A). The
NMDAR antagonist 3-(( R)-2-Carboxypiperazin-4-yl)propyl-1-
phosphonic acid (CPP; 10 um) blocked the slow component of
these responses (MD = 31% of control, n = 5; cmPFC = 31%,
n = 8; BLA = 25%, n = 5; VH = 27%, n = 5) and the AMPA
receptor (AMPAR) antagonist NBQX (10 uMm) blocked the resid-
ual fast component (MD = 2% of control; cmPFC = 2%; BLA =
1%; VH = 2%) (Fig. 2B). The contributions of these glutamate
receptors were similar between inputs, as indicated by their
AMPA/NMDA ratios, which were not significantly different (Fig.
2C). These findings indicate that a variety of long-range excit-
atory inputs synapse onto L2 pyramidal neurons.

Subcellular mapping of long-range inputs

Having established that different inputs converge onto L2 py-
ramidal neurons, we next investigated their subcellular prop-
erties. Demonstrating functional connections onto dendrites
and spines has been challenging in neurons throughout the
brain. Recently, optogenetic approaches have been used to
map inputs in the dendrites of cortical pyramidal neurons
(Petreanu et al., 2009; Mao et al., 2011). This approach is
similar to mapping with one-photon uncaging and involves
tiling a spot of light over the dendrites while measuring elec-
trical responses at the soma (Callaway and Katz, 1993; Dalva
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Figure 2. L2 pyramidal neurons receive diverse excitatory inputs. A, Average light-

evoked EPSCs for the different inputs, recorded in voltage-clamp at +40 mV in control
conditions (solid lines), after wash-in of 10 um CPP (long-dash lines) and subsequent
addition of 10 m NBQX (short-dash lines). Arrows indicate the time of light pulses. B,
Quantification of the data in 4, expressed as a fraction of control EPSC for each condition.
C, AMPA/NMDA ratios from the data in A.

and Katz, 1994; Shepherd et al., 2003, 2005; Yoshimura et al.,
2005; Petreanu et al., 2007). However, the low resolution of
the excitation light makes it challenging to map compact neu-
rons and impossible to identify active spines.

To map subcellular connections onto L2 pyramidal neurons,
we developed a novel approach that combines optogenetics with
two-photon microscopy. Our rationale was to detect functional
inputs by the synaptic Ca signals they generate in spines (Zhang
and Oertner, 2007; Chen et al., 2011). In whole-cell recordings,
we first filled neurons with Alexa Fluor 594 (40 uM) to visualize
their morphology and Fluo-4FF (1 mm) to detect light-evoked Ca
signals (Fig. 3A). Using two-photon microscopy, we then identi-
fied a stretch of dendrite possessing several spines in the same
focal plane. While holding neurons at +10 mV, we triggered
presynaptic release with a brief flash of focused blue light (see
Materials and Methods). To identify postsynaptic spines, we ini-
tially detected Ca signals using relatively slow frame scans (8 Hz)
(see Materials and Methods) (Fig. 3B). To confirm the presence
of stimulus-locked Ca signals, we then sequentially imaged these
spines and their inactive neighbors at higher temporal resolution
with interleaved line scans (100-167 Hz) (see Materials and
Methods) (Fig. 3C). Spines were determined to be contacted by a
ChR2-expressing axon only when we detected Ca signals with
both scanning types. This approach allowed us to unambiguously
detect the presence of active spines within individual dendritic
segments. By evenly mapping many segments across the den-
drites (see Materials and Methods), we were routinely able to
identify multiple active spines in each recorded neuron. For each
segment, we acquired two-photon images to generate high-
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the end of each recording, we also ob-
tained two-photon images to reconstruct
the entire dendritic arbor. These images
allowed us to determine both the mor-
phology of spines and their locations in
the dendrites (Fig. 3D). Thus, despite the
low resolution of our excitation light, us-
ing two-photon microscopy allowed us to
map different functional inputs at high
resolution.

These subcellular mapping experi-
ments depended on our ability to use syn-
aptic Ca signals as a proxy for synaptic
transmission. It was thus essential to es-
tablish that all spines have detectable Ca
signals in response to glutamate. To test
this, we held L2 pyramidal neurons under
the same recording conditions, and used
two-photon uncaging to activate ran-
domly chosen spines in the same focal
plane (Fig. 4A) (Carter and Sabatini,

* ¥ No stim .

2004; Sobczyk et al., 2005; Bloodgood and
Sabatini, 2007; Chalifoux and Carter,
2010). We found that all sampled spines
possessed prominent synaptic Ca signals
(AG/Gg,, = 0.14, n = 285). Importantly,
the Ca signal amplitude did not change as
a function of distance from the cell body
(r=10.03; p = 0.58) (Fig. 4B). Moreover,
the SNR of these signals was always greater
than our detection threshold (median =
5.8; threshold = 2). To assess any detec-
tion biases in our mapping experiments,
we also quantified the presynaptic and
postsynaptic properties of light-evoked
Ca signals from our mapping experi-
ments. We found that both Ca signal am-
plitude and probability of release were
similar across all four inputs under our
recording conditions (Fig. 4C). The pres-
ence of these robust Ca signals confirmed
that they are an effective readout of func-
tional connectivity at spines throughout
the dendrites.

Dendritic locations of different

. Figure3.
long-range inputs

® 1 spine
2 spines
® 3 spines

Mapping functional connections at the subcellular level. 4, Two-photonimage stack of an L2 pyramidal neuron. Scale bar, 30

We used this combination of optogenetics
and two-photon microscopy to determine
the dendritic locations of long-range ex-
citatory inputs onto L2 pyramidal neu-
rons (Fig. 5A). Compiling multiple maps
revealed that inputs from MD (n = 105),

jum. B, Top, Magnified view of the orange boxed region in A with no ChR2 stimulation. Middle, The same segment overlaid with AG/R
signal (green) following ChR2 stimulation. Bottom, Positions of interleaved line scans through active spines (red and green) and a nearby
neighbor (blue). Scale bar, 1 m. G, Left, Individual line scans through spines (top) and dendrites (bottom) indicated in B, where morphol-
ogy s color coded and Ca signals are white. Right, Quantified Ca signals, showing successes (color) and failures (black) of synaptic transmis-
sion at the three spines. Scale bar: top, middle = 0.25 AG/G,,, 75 ms; bottom = 0.05 AG/Gy,, 75 ms. Arrows indicate stimulus times. D,
Reconstruction of the recorded neuron, with sampled dendrites in black and active spinesindicated by colored dots. Scale bar, 30 um. Stim,
Stimulation.

c¢cmPFC (n=115), BLA (n = 105) and VH

(n = 97) each make targeted connections in the dendrites. Prom-
inent differences were found in the vertical (y) displacement of
active spines from the cell body (Fig. 5B). We found that MD
inputs were concentrated on the distal dendrites in both superfi-
cial L1 and deep L2/3. In contrast, cnPFC and BLA inputs were
focused in L2/3, at more proximal dendritic locations. Finally,
VH inputs were more evenly distributed throughout deep L1 and

L2/3. When quantifying the extent to which these different inputs
form unique distributions in the dendrites (Fig. 5C), we found
that the median vertical displacements were significantly differ-
entat the group level (Kruskal-Wallis test, p = 3.3 X 10 ~7). Most
distributions were also significantly different from each other
(Dunn-Holland—Wolfe test; MD vs cmPFC, p = 2.5 X 10 ~% MD
vs BLA, p = 8.2 X 10 ~''; MD vs VH, p = 0.028; cmPFC vs VH,
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Figure 4.  Unbiased detection of connections onto spines. A, Left, Two-photon image of dendrite (d) and spine (s), showing
two-photon uncaging spot (red dot) and line-scan path (red dashed line). Scale bar, 1 m. Top right, Example line scan showing
morphology (red) and AG/Rsignal (green) in the spine and dendrite. White arrow indicates the uncaging time. Bottom right, Mean
(thick lines) and individual (thin lines) AG/G,, transients in the spine (red) and dendrite (black). Arrow indicates the uncaging
time. B, Amplitudes (left) and SNR (right) of uncaging-evoked synaptic Ca signals as a function of radial distance from the soma.
Solid and dashed lines represent linear fits and 5-95% confidence intervals, respectively. Orange dashed line indicates the detec-
tion threshold. Correlation coefficients (r values) are labeled in the upper right-hand corners. C, Left, Summary of light-evoked
synaptic Ca signal amplitudes for each input from mapping experiments. Right, Summary of probability of release (Pr) for each
input from these light-evoked synaptic Ca signals.

p = 0.023; BLA vs VH, p = 5.5 X 10 %), with the exception of
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consistent with their greater distance
along the dendrites. Thus, only the MD
distribution was significantly different
from other inputs (Dunn—-Holland-
Wolfe test; MD vs cmPFC, p = 6.5 X
10" MDvs BLA,p = 6.3 X 10" ;MD vs
VH, p = 1.1 X 107°) (Fig. 5F). Impor-
tantly, the even sampling of dendrites that
we used in our mapping experiments en-
sured that these differences do not reflect
biased sampling of the dendrites (see Ma-
terials and Methods). Together, these re-
sults indicate that different inputs contact
specific layers and dendritic locations in
these relatively compact neurons.

Comparing measured and

predicted locations

We next assessed the extent to which our
initial anatomical descriptions of axons,
dendrites, and spines predict the locations
of functional connections in the den-
drites. Our anterograde anatomy pro-
vided two-dimensional maps of axon
density for each input (see Materials and
Methods). Our high-resolution recon-
structions also yielded two-dimensional
maps of spine density for each neuron (see
Materials and Methods). The product of
these two maps provides a predicted dis-
tribution of synapse location at L2 pyra-
midal neurons (see Materials and
Methods) (Fig. 6A). Comparing this
distribution with the measured distri-
bution of different inputs indicates how
well anatomy alone reveals functional
connectivity.

In the vertical (y) dimension, we found
that the measured distributions generally
failed to match the predicted distributions
(Fig. 6 B). These discrepancies were high-
lighted when plotting the measured and
predicted cumulative distributions against
each other (Fig. 6C). Inputs that are well
predicted will fall along the diagonal of
this plot, while those that are poorly pre-
dicted will deviate. Compared with their
predictions, we found that measured MD
inputs were much greater in L1, cmPFC
inputs were slightly greater in L2/3, BLA
inputs were much greater in deeper L2/3,
and VH inputs were slightly greater in L1.
To quantify these deviations, we deter-
mined the correlation coefficient between
the measured and predicted distributions
for each input. We found that correlations
were relatively close to unity for cnPFC (r =
0.75 = 0.06) and VH (r = 0.65 = 0.07), but

cmPFC and BLA (p = 0.16) (Fig. 5D). In contrast, the distribu-  substantially lower for MD (r = 0.25 = 0.09) and BLA (r = 0.31 *
tions of horizontal (x) displacements were generally similar and ~ 0.06) (Fig. 6 D). In contrast, we found that the measured and pre-
focused close to the soma (Fig. 5E). The exception was MD,  dicted distributions generally matched when considering horizontal
which had a substantial fraction of inputs lateral to the soma,  (x) displacement (Fig. 6 E). The exception was again MD, whose
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Different inputs target select dendritic locations. 4, Reconstructed L2 pyramidal neurons contacted by MD, cmPFC, BLA, and VH inputs, showing sampled dendrites (black) and active

spines (colored dots). B, Probability distributions of synapse position as a function of vertical (y) displacement from the soma for each input. ¢, Cumulative probability distributions of synapse position
as a function of y displacement from the soma for each input. Orange line shows the position of the L1/L2 border. D, Summary of y displacement for each input. Asterisks indicate significant
differences. Color of asterisks and lines indicates which inputs are compared. E, F, Similar to Cand D but in the horizontal (x) dimension.

inputs were located further from the soma horizontally than pre-
dicted by anatomy (r = 0.50 = 0.07) (Fig. 6 F). This is consistent with
the more distant locations of MD inputs on L2 pyramidal neurons,
which are consequently displaced in both dimensions. Together,
these results demonstrate that functional connectivity is often not
well predicted by anatomy alone and must be experimentally
determined.

Spine targeting by different long-range inputs

Our results indicate that different inputs make selective connec-
tions throughout the dendrites of L2 pyramidal neurons. How-
ever, synaptic efficacy can also strongly correlate with the
morphology of postsynaptic spines (Matsuzaki et al., 2001).
Given the importance of morphology, we assessed whether dif-
ferent inputs also target unique spines in L2 pyramidal neurons.
While the properties of these spines are usually difficult to deter-
mine, they are directly revealed by the two-photon images from

our mapping experiments. To examine spine targeting, we first
measured the head volumes of all imaged spines from these ex-
periments (0.25 wm?, n = 14,625) (see Materials and Methods)
(Fig. 7A). We found that spine morphology was heterogeneous
throughout the dendrites of L2 pyramidal neurons, consistent
with other brain regions (Arellano et al., 2007). However, there
was no evidence for obvious grouping into distinct morphologi-
cal categories, such as mushroom, stubby, or thin spines (Peters
and Kaiserman-Abramof, 1970). Moreover, there was no corre-
lation between head volume and vertical or horizontal displace-
ment from the soma. These results indicate that we could not use
our input maps to predict the morphologies of spines contacted
by different inputs.

Instead, we used our high-resolution images to directly deter-
mine the morphologies of active spines contacted by different
long-range excitatory inputs (Fig. 7B). While we observed a wide
range of head volumes, we found that MD preferentially targeted
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large spines (median volume = 0.43 wm?>, n = 105), cmPFC
targeted small spines (0.26 um?>, n = 117), and BLA and VH
targeted intermediate spines (BLA: 0.35 um?, n = 100; VH: 0.37
wm?,n=102) (Fig. 7C). The distributions of spine volumes were
significantly different at the group level (Kruskal-Wallis test: p =
1.6 X 10~°). The spines targeted by MD, BLA, and VH inputs
were also significantly different from the overall population
(Mann-Whitney rank-sum test: MD, p = 2.0 X 10 "% BLA, p =
0.002; VH, p = 0.0095), while those contacted by cmPFC inputs
were similar (p = 0.36) (Fig. 7D). These results indicate that
long-range excitatory inputs also make selective contacts onto
different populations of spines. Together, our mapping experi-
ments revealed that functional connections onto L2 pyramidal
neurons are targeted at both dendrites and spines.

Functional consequences of subcellular connectivity

In many neurons, inputs onto smaller spines or distal dendrites
generate diminished synaptic responses at the soma (Rall, 1967;
Matsuzaki et al., 2001; Williams and Stuart, 2002). However,
these effects ultimately depend on the receptors, channels, and

anatomical properties of particular neurons. Given their rela-
tively compact dendrites, this influence may not occur in L2 py-
ramidal neurons (Jaffe and Carnevale, 1999). Moreover, in other
pyramidal neurons, this influence can be compensated by post-
synaptic properties (Magee and Cook, 2000). Thus, any relation-
ship among spine morphology, dendritic location, and synaptic
efficacy must be experimentally determined.

We used two-photon uncaging to assess how synaptic re-
sponses depend on the subcellular properties of L2 pyramidal
neurons. In current-clamp recordings, we filled these neurons
with Alexa Fluor 594 (40 uM) to image their dendrites and spines.
We sequentially uncaged glutamate at four randomly chosen
spines in a field of view and measured uEPSPs at the cell body
(Fig. 8A). We used the same uncaging power and duration for all
spines, regardless of morphology or location (see Materials and
Methods). We restricted our analysis to spines in the superficial
slice to maintain uncaging power at a standard value. In each cell,
we sampled several dendritic segments at varying radial distances
from the cell body (Fig. 8 B). Within a single segment, we found
substantial variability in the amplitudes of uEPSPs generated at
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nearby spines. However, using high-
resolution reconstructions of each seg-
ment, we found that uEPSP amplitude
increased with spine volume (r = 0.41,
p=2.5X%X10"%n=179) (Fig. 8C). Thus,
excitatory inputs arriving on larger spines
will have a greater impact on the somatic
potential. Using reconstructions of the
dendritic arbor, we also found that uEPSP
amplitude decreased with distance from
thesoma (r=—0.31,p=4.9 X 10 % n=
204) (Fig. 8 D). Therefore, excitatory in-
puts at proximal locations will also have a
greater impact on the somatic potential.
These results indicate that subcellular
connectivity will strongly impact synaptic
efficacy measured at the soma.

Our results suggest that selective target-
ing of different long-range inputs could
have a powerful impact on synaptic re-
sponses. To assess this influence, we com-
bined the results from our mapping and
uncaging experiments to predict the ampli-
tude of unitary EPSPs generated by different
inputs (see Materials and Methods). We
found that all four inputs generated equiva-
lent responses that were similar to the aver-
age response expected with no selective
targeting (Fig. 8E). We then assessed the
contributions of spine morphology and lo-
cation to these predicted responses. When
we replaced the input-specific distributions
of head volume with the distribution for all
spines, we found that MD, BLA, and VH
inputs evoked significantly smaller unitary
EPSPs. In contrast, when we replaced the
input-specific distributions of location with
the distribution for all spines, we found that
these inputs instead generated significantly
larger unitary EPSPs. Together, these results
indicate that both spine morphology and lo-
cation strongly impact the synaptic efficacy
of different long-range inputs to L2 pyrami-
dal neurons in the mPFC.

Discussion

We have studied the functional connec-
tions made by long-range excitatory in-
puts onto L2 pyramidal neurons in the
mouse mPFC. We first used optogenetics
to show that these neurons receive a wide
range of inputs from other brain regions.
We then used a combination of optoge-
netics and two-photon microscopy to
study the subcellular properties of these
inputs. We found that each input synapses
at different dendritic locations, which are
often poorly predicted by anatomy alone.
We also found that each input contacts
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contacted by different inputs. Gray line shows median of entire nonactive population. Asterisks denote significant differences
between the head volumes contacted by a given input and the entire nonactive population.

populations of spines with different morphological distributions. ~ and unpredicted functional connections onto L2 pyramidal
Using two-photon uncaging, we showed that both levels of sub- ~ neurons.

cellular targeting strongly influence synaptic efficacy. Our results The mPFC plays a critical role in the learning and expression
reveal that different long-range excitatory inputs make targeted ~ of multiple cognitive and emotional behaviors (Goldman-Rakic,
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1995; Fuster, 2008). Excitatory inputs
from the MD, cmPFC, BLA, and VH carry
distinct functional signals to the mPFC
(Kolb, 1984; Vertes, 2006). Our initial an-
atomical observations indicated that these
inputs could make different connections
onto L2 pyramidal neurons. However, the
overlap of axons and dendrites does not
necessarily imply the formation of func-
tional synapses (Shepherd et al., 2005;
Stepanyants and Chklovskii, 2005). We
then used optogenetics to show that di-
verse inputs make synaptic contacts with
L2 pyramidal neurons. Each input gener-
ates EPSCs mediated by both AMPARs
and NMDARSs, leading to similar AMPA/
NMDA ratios. The ability to activate
NMDARs was important for our subcel-
lular mapping experiments, as Ca influx
through these receptors was used ulti-
mately to identify functional connections.
Our findings indicate that L2 pyramidal
neurons can process a variety of excitatory
inputs from other brain regions. In the
future, the use of spectrally separated op-
togenetic tools may allow interactions be-
tween different inputs to be explored in
the same neuron (Yizhar et al., 2011).

Motivated by our finding of functional
connections at the cellular level, we devel-
oped a combination of optogenetics and
two-photon microscopy to study selective
targeting at the levels of dendrites and
spines. Our rationale was to use synaptic
Ca signals to detect functional connec-
tions at the single-spine level (Zhang and
QOertner, 2007; Chen et al., 2011). The reso-
lution of the one-photon excitation light
was relatively low, and normally would not
allow us to detect active spines (Petreanu et
al., 2009; Mao et al.,, 2011). However, the
resolution of two-photon microscopy is ex-
tremely high, enabling mapping at the mi-
crometer scale (Yuste and Denk, 1995; Denk
and Svoboda, 1997; Zhang and Oertner,
2007; Chenetal.,2011). With this approach,
we identified spines activated by different
inputs to L2 pyramidal neurons. Impor-
tantly, these Ca signals do not diminish with
distance, avoiding space-clamp errors that
can complicate electrical signals (Spruston
et al,, 1993). This combination of optoge-
netics and two-photon microscopy is a
powerful way to map functional connectiv-
ity. Complementary approaches to identify
subcellular contacts include serial electron
microscopy (Briggman and Denk, 2006)
and novel fluorescent indicators (Kim et al.,
2012). In the future, these and other ap-
proaches will continue to enable the identi-
fication of selective targeting onto the
dendrites and spines of neurons throughout
the brain.
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Our mapping experiments revealed that each input makes
targeted connections in the dendrites of L2 pyramidal neurons.
The distributions of these inputs were different from each other,
suggesting that they may play unique functional roles. In several
cases, the distributions of inputs did not qualitatively agree with
the laminar profiles of axonal projections in the mPFC. For ex-
ample, MD axon density was moderate in L1 and greatest in L2/3;
however, MD inputs peaked in L1 and were relatively sparse in
superficial L2/3. In principle, the product of axon and spine den-
sities should serve as a more accurate predictor of input location.
However, this more quantitative analysis usually failed to predict
the connections made by different inputs, and instead confirmed
our qualitative assessments. Thus, we found that comparing the
distributions of axons, dendrites and spines cannot be used to
identify synaptic contacts. This is consistent with studies showing
that anatomical proximity often does not equate with functional
connectivity (Shepherd et al., 2005; Stepanyants and Chklovskii,
2005).

Our mapping experiments also revealed the distributions of
spines contacted by different long-range inputs. Because there
was no relationship between spine morphology and distance
from the soma, it was not possible to use our location maps to
predict differences in spine targeting. Instead, we directly com-
pared the morphologies of spines targeted by different inputs
using high-resolution reconstructions of our two-photon im-
ages. We found that inputs from different brain regions target
spines with a wide range of morphologies, consistent with results
from other cortical L2/3 pyramidal neurons (Arellano et al.,
2007). We saw no evidence that spines fall into clear morpholog-
ical categories (Peters and Kaiserman-Abramof, 1970). However,
inputs from BLA, VH, and MD, in particular, preferentially tar-
geted spines with large head volumes. In contrast, cmPFC inputs
targeted spines that are similar in morphology to the overall pop-
ulation. The targeting of these inputs is similar to that seen in the
amygdala (Humeau et al., 2005), but contrasts with other cortical
areas (Richardson et al., 2009). Together, these results indicate
that different inputs selectively contact spines with distinct mor-
phological distributions. In the future, it will be interesting to
identify the spines contacted by other excitatory inputs, including
those from the local circuit.

In many neurons, both the location and morphology of spines
have been shown to strongly influence synaptic efficacy (Rall,
1967; Matsuzaki et al., 2001; Williams and Stuart, 2002). How-
ever, the impact of distance can be compensated (Magee and
Cook, 2000) and may be reduced in smaller neurons (Jaffe and
Carnevale, 1999). We used two-photon uncaging to show that
efficacy decreases with distance from the soma in L2 pyramidal
neurons. Because MD inputs target the more distal dendrites,
their influence on the somatic potential could be diminished.
However, these same experiments also demonstrate that efficacy
correlates with spine head volume in these neurons. Because MD
inputs also connect with larger spines, their influence at the soma
is ultimately restored. Indeed, the unitary EPSPs predicted for
MD, cmPFC, BLA, and VH inputs are equivalent and closely
match the average response expected for all spines. Moreover,
this alignment is perturbed when either level of subcellular tar-
geting is not included in the predictions. This unexpected recip-
rocal relationship between spine morphology and location allows
diverse long-range excitatory inputs to influence L2 pyramidal
neurons.

Finally, our results have important implications for how
changes in subcellular connectivity may contribute to neuropsy-
chiatric diseases associated with the mPFC. For example, schizo-
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phrenia may result from impairment of interactions of the mPFC
with multiple other brain regions (Egan and Weinberger, 1997;
Arnsten, 2011). Schizophrenia is also associated with dendritic
pathologies, including changes in spine density and morphology
(Garey et al., 1998; Glantz and Lewis, 2000; Lee et al., 2011). We
have shown subcellular targeting onto dendrites and spines
strongly influences synaptic efficacy in L2 pyramidal neurons.
Thus, pathological changes in dendrite and spine targeting could
dramatically alter the balance of neuronal activity in the mPFC.
In the future, studying the rewiring of subcellular connectivity
may provide new insights into the causes of schizophrenia, drug
addiction, and other neuropsychiatric diseases.
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