1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2017 October 23.

Published in final edited form as:
Cell Rep. 2017 May 09; 19(6): 1141-1150. doi:10.1016/j.celrep.2017.04.044.

-, HHS Public Access
«

Distinct translaminar glutamatergic circuits to GABAergic
interneurons in the neonatal auditory cortex

Rongkang Dengl, Joseph P. Y. Kao?, and Patrick O. Kanold®:
1Department of Biology University of Maryland, College Park, MD 20742, USA

2Center for Biomedical Engineering and Technology, and Department of Physiology, University of
Maryland School of Medicine, Baltimore, MD 21201, USA

Summary

GABAergic activity is important in neocortical development and plasticity. Since the maturation of
GABAergic interneurons is regulated by neural activity, the source of excitatory inputs to
GABAergic interneurons plays a key role in development. We show by laser-scanning
photostimulation that layer 4 and layer 5 GABAergic interneurons in auditory cortex in neonatal
mice (< P7) receive extensive translaminar glutamatergic input via NMDAR-only synapses.
Extensive translaminar AMPAR-mediated input developed during the second postnatal week while
NMDAR-only presynaptic connections decreased. GABAergic interneurons showed two spatial
patterns of translaminar connection: inputs originating predominantly from supragranular or from
supragranular and infragranular layers including subplate which relays early thalamocortical
activity. Sensory deprivation altered the development of translaminar inputs. Thus, distinct
translaminar circuits to GABAergic interneurons exist throughout development and the maturation
of excitatory synapses is input specific. Glutamatergic signaling from subplate and intracortical
sources likely plays a role in the maturation of GABAergic interneurons.

Graphical abstract

TCorresponding Author: Lead contact: Patrick O. Kanold, Dept. of Biology, University of Maryland, 1116 Biosciences Res. Bldg.,
College Park, MD 20742 USA, Phone: +1 (301) 405.5741, pkanold@umd.edu.

Author contributions

RKD and POK designed research. RKD performed research and analyzed data. POK supervised research and analyzed data. POK and
RKD discussed the results and wrote the manuscript. JPYK contributed reagents and edited the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Deng et al. Page 2

P11/13 hearing

9
A T de A
A
L2/3 A
L4 ES
L5/6
SP
L4 A
.Inhibitory neuron
NMDA-only connection A
AMPA/NMDA connection A
A

Keywords
GABA,; interneuron; NMDA,; silent synapse; development; translaminar; auditory cortex; subplate

Introduction

v-Aminobutyric acid (GABA)ergic interneurons constitute 20% of cortical neurons and are
crucial in shaping neural activity (Kepecs and Fishell, 2014; McBain and Fisahn, 2001).
Cortical GABAergic interneurons are important for development and play diverse roles in
neuronal migration, synapse formation, synchrony of network activity, and controlling the
timing of the critical period (Hensch, 2005; Le Magueresse and Monyer, 2013); therefore the
control of GABAergic maturation is an essential developmental process. Neural activity,
especially sensory activity mediated by the thalamus, is required for the normal
morphological development of interneurons from the caudal ganglionic eminence (CGE)
(De Marco Garcia et al., 2011; De Marco Garcla et al., 2015). In particular, glutamatergic
signaling via A-methyl-D-aspartate receptors (NMDAR) is required for interneuron
maturation (De Marco Garcla et al., 2015). A key feature of glutamatergic transmission in
the immature cortex is the presence of “silent synapses” that only contain NMDAR but not
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR) (Hanse et al.,
2013; Isaac, 2003; Malenka and Nicoll, 1997). Silent (NMDAR-only) synapses can be
converted to AMPAR-containing synapses through activity-dependent mechanisms;
therefore NMDAR-only synaptic connections can precede mature neural connections
(Anastasiades and Butt, 2012; Meng et al., 2014). While hippocampal interneurons have
silent synapses at young ages (Matta et al., 2013; Riebe et al., 2009) the presence of silent
synapses on cortical interneurons as well as the presynaptic laminar source of such synapses
is unknown. Thalamic activity can reach cortical interneurons via multiple potential intra-
cortical pathways such as subplate neurons, which relay thalamic input to L4 before the
maturation of thalamocortical connections (Barkat et al., 2011; Kanold and Luhmann, 2010;
Viswanathan et al., 2016; Zhao et al., 2009). We thus investigated the intra-cortical sources
of excitatory input to developing cortical GABAergic interneurons and delineated which
spatial circuits were NMDAR-only and thus might precede later mature connections.
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We show by laser-scanning photostimulation (LSPS) and whole-cell patch clamp recordings
in the auditory cortex that layer 4 (L4) and layer 5 (L5) GABAergic interneurons receive
extensive translaminar glutamatergic input mediated by NMDAR-only synapses in neonatal
mice (< P7). AMPAR-mediated input was initially low and increased rapidly during the
second postnatal week. Presynaptic cells were located within the cortical plate and the
thalamorecipient cortical subplate, indicating that GABAergic interneurons integrate activity
across cortical laminae. GABAergic interneurons from L4 and L5 formed subclasses,
integrating inputs either from supragranular and the home layer or across supragranular and
infragranular layers (including subplate).

Early sensory deprivation resulted in a differential reorganization of the translaminar
connectivity to GABAergic interneurons from both superficial and deep layers. Since early
sensory information is relayed via the subplate indirectly and directly to GABAergic
interneurons, our findings suggest that glutamatergic signaling from subplate and
intracortical sources via NMDARSs play a role in mediating the excitation and maturation of
GABAergic interneurons, and that early sensory experience can shape this process.

To visualize GABAergic interneurons in brain slices, we crossed the Gad2 Cre mouse line
(JAX 010802) with the floxed-tdTomato Ai9 mouse line (JAX 007909) to express red
fluorescent protein (RFP) in GABAergic interneurons. The GadZ promaoter is active in a
large number of cortical GABAergic interneurons with some bias towards CGE-derived
GABAergic interneurons (Lopez-Bendito et al., 2004; Taniguchi et al., 2011). We used the
GadZ2 Cre mouse line since other driver lines, e.g. Parv-Cre, do not express at sufficient
levels at young ages. Guided by RFP expression, we performed whole-cell patch clamp
recordings from 109 GABAergic interneurons in L4 and L5 in thalamocortical slices of the
auditory cortex (Figure 1A).

Post-recording staining and reconstruction showed that patched Gad?2 interneurons had
various morphology (Figure S1A), suggesting that this transgenic line targets a diverse
population of GABAergic interneurons. In particular, in the older age group, multiple
distinct morphological classes based on dendritic arbors were present, which is consistent
with adult morphology (Ascoli et al., 2008; DeFelipe et al., 2013). Dendritic arbors could
span across multiple laminae and could reach the pia at the youngest ages (Figure S1A), and
gross quantification of the morphological features showed that the number of nodes, the
number of ends and total neurite length tended to increase during the first 2 weeks of
development (Figure S1B). Notably, these parameters showed large variability in the oldest
group, possibly reflecting morphological heterogeneity. Together these results show that
even at the youngest ages, GadZ interneurons extend their dendrites into multiple cortical
layers.

Gad2 interneurons receive translaminar AMPAR inputs that increase over development

The presence of extensive dendritic arbors at the youngest ages suggested that GABAergic
interneurons may already receive extensive synaptic inputs from different layers. Indeed,
cortical GABAergic interneurons express functional glutamatergic receptors early during
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development (Bartolini et al., 2013; Le Magueresse and Monyer, 2013) and thus likely
receive inputs from cortical and subcortical excitatory neurons. In adult thalamocortical
inputs target both excitatory and inhibitory neurons in L4 (Ji et al., 2016). Since
thalamocortical inputs to L4 in auditory cortex (ACX) are not mature until about P12
(Barkat et al., 2011), we speculated that ACX GABAergic interneurons at neonatal ages
receive most excitatory input from excitatory cortical neurons. To identify glutamatergic
input to GABAergic interneurons, we used whole-cell patch clamp to record from identified
GABAergic interneurons (Figure 1B) combined with LSPS with caged-glutamate to focally
stimulate cortical neurons. To isolate AMPAR-mediated excitatory postsynaptic currents
(EPSCs) we performed experiments in voltage clamp (Vyo1g = =70 mV); GABAA, currents
were blocked with picrotoxin. We typically stimulated at least 480 locations spanning all
cortical layers around the recorded neuron (Figure 1A and S1C) (Meng et al., 2014;
Viswanathan et al., 2012). Laser power and recording conditions were similar to our prior
study at the same ages, which ensured reliable stimulation of excitatory neurons while
minimizing polysynaptic transmission (Meng et al., 2014). In particular, prior cell-attached
recordings have shown that our stimulus paradigm reliably activates neurons in all layers
during the studied age range (Meng et al., 2014). When the focused laser spot was close to
the recorded cell, glutamate receptors on the recorded cell could be directly activated (Figure
1C). These direct activations of the recorded neuron were distinguished from synaptic
EPSCs by their short latency and verified by their resistance to TTX whereas synaptic
responses had longer latency and were sensitive to TTX (Figures 1C and 1D).

We next investigated whether the spatial pattern of AMPAR-mediated input to L4
GABAergic interneurons changed over early neonatal development. In particular, between
P5 and P13 thalamocortical circuits in A1 undergo significant developmental changes as
thalamic input, which is initially relayed to L4 by subplate neurons, directly activates L4 by
P12 (Barkat et al., 2011; Zhao et al., 2009). We thus compared GABAergic interneurons
from before to after ear opening (P11/12). For each cell, we plotted the locations where
EPSCs could be evoked (“input map”). As shown in the exemplar neuron (Figures 1E and
S1C), excitatory inputs originated from locations near the soma. We quantified both the peak
amplitude and charge of the evoked EPSC (Figure 1E) (Meng et al., 2014). To reveal the
general features of the input patterns, we aligned the cell somata of the population and
averaged the input maps from multiple cells recorded for each age group to derive a spatial
map of connection probability (Figure 2A; average soma location indicated with white
circle). To visualize the diversity of laminar input we also plotted the laminar input for every
cell in our population (Figure 2B). GadZ-positive L4 GABAergic interneurons received local
synaptic input from surrounding cortical excitatory neurons as early as P5 (Figures 2A-2C).
In addition, some neurons (4/26 = 15%) received input from the subplate (SP) (Figures 2B,
D, E). In the second postnatal week, in particular after ear opening, additional inputs were
present especially from deeper cortical layers such as L5/6 but also from L2/3 (Figures 2A
and 2B). At later ages inputs from all layers increased, but the relative increase was largest
for inputs originating in L5/6 (Figures 2D and 2E). Overall, the laminar balance of inputs to
L4 GadZinterneurons shifted from being dominated by L4 and L2/3 inputs to receiving over
30% of inputs from deep sources. Thus, L4 GadZinterneurons at all ages integrate
information over multiple layers.
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To characterize if increased inputs also lead to increased spatial integration, for each cell we
calculated the distance in the rostro-caudal (tonotopic) direction that contained 80% of all
AMPA mediated connections (Figure 2F). We find that with age inputs arose from more
distant locations.

To determine if the observed developmental changes are specific for L4 GABAergic
interneurons or if they represent a general developmental progression of GABAergic
interneurons, we repeated these experiments in L5 GABAergic interneurons. Similar to their
L4 counterparts, L5 GABAergic interneurons received synaptic input from surrounding
cortical excitatory neurons as early as P5 (Figure S2A-C). The amount of input also
increased in the second postnatal week, especially after ear opening (Figure S2C-D). In
contrast to L4 interneurons however, L5 GadZ interneurons showed significantly increased
input from L2/3, L4, and subplate but not L5/6 (Figures S2D, 3E). Over development the
proportional input from each layer showed only slight relative decreases in L5/6 input, and
matching slight relative increases in L2/3 input over development (Figure S2E). Like L4
GABAergic interneurons, spatial integration also increased for L5 GABAergic interneurons
in development (Figure S2F).

Functional glutamatergic signaling between neurons also depends on the synaptic strength of
the EPSCs between cells. We thus measured the strength of the connection by calculating
the charge of the evoked EPSC at each stimulation site. Over development the average EPSC
charge and peak amplitude increased in L4 but not L5 GadZ interneurons (Figure S3B and
D), suggesting increased strength of synaptic connections. Together these results show that
initially GABAergic interneurons in L4 and L5 receive mostly sparse AMPAR-mediated
inputs, but that later they receive extensive excitatory translaminar inputs and thus integrate
information from all cortical laminae.

GABAergic interneurons at the earliest ages receive extensive translaminar inputs
mediated by NMDARs only

Our anatomical reconstructions show that even at the youngest ages, Gad?Z interneurons
extend their dendrites into multiple cortical layers but the LSPS results show that these
neurons received only few inputs outside their home layer. AMPAR-mediated synaptic
transmission is not the only form of glutamatergic transmission. The immature cortex
contains NMDAR-only synapses (Hanse et al., 2013; Isaac, 2003; Malenka and Nicoll,
1997). To investigate the existence of NMDAR-only inputs to GABAergic interneurons, we
held each cell at =70 mV as well as at +40 mV (Figure 3A). Since GABA, currents were
blocked with picrotoxin, the only synaptic currents present at +40 mV were glutamatergic
currents carried by AMPA and/or NMDA receptors. NMDAR-only input was identified
when a single pair of stimuli at a given location evoked a synaptic response only at the +40
mV holding potential but not at =70mV (Figures 3B, S1C, D). Neurons that showed only
local AMPAR-mediated inputs (Figure 3C, same cell as Figure 1F) could show extensive
NMDAR-only inputs and NMDAR-only inputs were sensitive to AP5 (Fig. SID-F). We thus
investigated the spatial pattern of NMDAR-only inputs to Gad2 L4 and L5 interneurons
during development. At the youngest neonatal ages the connection probability maps showed
extensive NMDAR-only inputs from stimulation sites surrounding L4 Gad?Z interneurons
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during the neonatal stage as well as a large fraction of inputs from stimulation sites within
L5/6 and subplate (18/26 = 69% neurons have subplate inputs) (Figure 4A, B). A similar
pattern of additional translaminar inputs from L5/6 and subplate was seen in L5 Gad?
interneurons (Figure S2G-H). The NMDAR-only inputs diminished during the second
postnatal week (Figures 4A). For L4 GadZ interneurons there was a small decrease in the
amount of NMDAR-only inputs (Figures 4C), especially from L2/3 and L4 (Figure 4D).
Accordingly, the proportion of inputs from supragranular layers decreased and the
proportion of inputs from infragranular layers increased (Figure 4E). Calculating the
distance in the tonotopic direction that contained 80% of all NMDA-only inputs showed that
with age inputs arose from more distant locations (Figure 4F).

L5 GadZ2interneurons also showed NMDAR-only synapses which, in contrast to AMPAR-
mediated inputs that originated mostly in L4 and L2/3, originated in L5/6 and subplate
(Figure S2G-L). There was a small decrease in the amount of NMDAR-only inputs from L4
and L5/6 (Figure S2J). Importantly, in both L4 and L5 GABAergic interneurons a large
number of NMDAR-only inputs remained at the oldest ages studied and those inputs
predominantly originated in L5/6 and subplate (Figures 4D, E and S2J-K). However, the low
spatial probability at older ages is lower probably due to increased spatial integration at
older ages (Figure S2L). Thus, the NMDAR-only inputs became more spatially dispersed.
The average charge and peak amplitude of connections showed a small decrease in the
charge of the synaptic connections, but no significant change in the peak amplitude (Figure
S3F and H).

The data above suggest a developmental change in excitatory inputs for GadZ interneurons.
Input from cortical excitatory neurons was primarily mediated by NMDAR-only synapses
during neonatal stage (P5/6), the AMPAR-mediated inputs increased rapidly during the
second postnatal week. To demonstrate this change, we calculated the ratio of NMDAR-only
inputs to AMPAR-mediated inputs. The median ratio was around 3 in the neonatal group,
indicating a dominant contribution of NMDAR-only inputs at the neonatal stage (Figure S4).
Over development, with the increase of AMPAR-mediated inputs, the ratio gradually
decreased.

Together our results show that L4 and L5 Gaad? GABAergic interneurons receive extensive
glutamatergic inputs from intracortical sources in multiple layers and that at early ages these
inputs are mediated by NMDA receptors. L4 and L5 interneurons differ in the origins of
their NMDAR-only inputs: L4 interneurons tend to receive more supragranular inputs while
L5 interneurons receive more infragranular inputs. Both populations of cells also receive
inputs from the subplate. Thus, GABAergic interneurons integrate activity from multiple
cortical layers from the earliest stages of cortical development.

The maturation of glutamatergic input to MGE-derived Lhx6 interneurons follows a similar
developmental trajectory to Gad2 interneurons

Our studies so far relied on the Gaa? transgenic mouse. Since the GadZ promoter is biased
towards CGE-derived GABAergic interneurons (Lopez-Bendito et al., 2004; Taniguchi et al.,
2011), we tested if our observed developmental trajectory also applied to other populations
of GABAergic interneurons, e.g., those derived from the medial ganglionic eminence
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(MGE). Thus, we repeated our study using L/x6-GFP mice, which primarily labels MGE-
derived GABAergic interneurons (Cobos et al., 2006; Du et al., 2008; Fogarty et al., 2007;
Liodis et al., 2007). L4 LAxé6 interneurons showed a similar developmental increase of
AMPAR-mediated inputs as well as existence of early NMDAR-only inputs as Gad2 L4
cells (compare Figure S5 and Figures 2 and 4). Thus, while subtle differences might exist
between the various classes of GABAergic interneurons, the commonalities suggest that the
developmental trajectory we uncovered is a core principle of the development of all
GABAergic interneurons.

GABAergic cells show distinct translaminar input patterns

Our data so far show that GABAergic interneurons integrate excitatory input from many
cortical layers. However, there was substantial variation in the amount of inputs neurons
received from each layer, which suggests that different neurons may integrate across
different layers, which would be consistent with the diverse morphologies observed in
GABAergic interneurons (Ascoli et al., 2008; DeFelipe et al., 2013) (Figure S1A). To
identify differences in translaminar integration, we quantified the columnar depth of
AMPAR-mediated inputs for each cell (Figures 5A, S6-7). Cells seemed to fall into two
groups, with some cells received mostly local inputs while others showed extensive
translaminar integration, especially from deep layers. K-means clustering on the columnar
depth of AMPAR, NMDAR-only or joint profiles (Figure S6) to identify cell groups with
different ability to integrate translaminar inputs showed that L4 GaadZ interneurons separated
into two groups with a split at ~500 um integration distance (Figure 5A, S6). While one
group of L4 interneurons (group p) showed mostly local inputs (< 500 pm), another group
(group a) showed greater ability to integrate translaminar inputs with a large fraction
extending into the subplate (>800 um) (Figures 5A, S6-7). Group a GadZ interneurons
received more total AMPAR-mediated inputs and they tended to receive more AMPAR-
inputs from infragranular layers (Figure 5B). However, around half of group p Gad?
interneurons received NMDA-R only inputs from deep layers (Fig. S6). L5 Gad2?
interneurons did not clearly separate into clusters based on columnar extent, indicating that
L5 GadZinterneurons might be more uniform than L4 Gad?2 interneurons (Figures S6-7).
However, forcibly separating L5 GaadZ interneurons into two groups by using K-means
clustering resulted in similar spatial differences in input patterns as in L4 neurons (Figures
S6-7), indicating that the lack of separation could be due to smaller population size (34 L5
vs. 59 L4 neurons).

The percentage of neurons in the more distal AMPAR input receiving group a tended to
increase during development (L4 GadZ interneurons: P5/6: 11.5%; P8/9: 36.3%; P11-P13:
100%. L5 GadZinterneurons: P5/6: 11.1%; P8/9: 50%; P11-P13: 63.6%). The average
connection probability maps of group a also showed the difference in the laminar
connectivity (Figures 5C and S7C). While no L4 interneurons fell into the second group
after P11, 4 of 11 L5 cells received only local inputs. This indicates that while all L4 Gad?
interneurons receive AMPAR translaminar input in older animals, parallel circuits are
present in L5. In contrast, in young animals in which group B GadZ interneurons dominate,
around half of these interneurons receive distal NMDAR-only inputs. These data suggest
that over development cortical GABAergic interneurons in each layer form at least 2
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functional translaminar circuits. One predominantly receives inputs from developing
supragranular layers, and another that predominantly receives inputs from infragranular
layers including the subplate.

Translaminar circuits to GABAergic interneurons are altered after sensory deprivation

Neural activity reshapes cortical circuits and is required for the normal development of
CGE-derived, Re-positive and Cr-positive GABAergic interneurons (De Marco Garcia et al.,
2011; De Marco Garcla et al., 2015). Since GABAergic interneurons receive inputs from
thalamorecipient layers such as the subplate and L4 at the earliest ages, the translaminar
excitatory circuits onto GABAergic interneurons might be altered by sensory experience. To
block auditory stimuli in our young GadZtransgenic animals we deafened animals by
cochlear removal at P6. We then recorded L4 GadZinterneurons at age P13-14 and tested if
deafening resulted in altered excitatory circuits to GABAergic interneurons (Figure 6).
Qualitatively, the average connection maps for AMPAR mediated connections suggested
increased inputs from L2/3 after deafening (Figure 6A-C, S8A). However, the amount of
inputs from each lamina was unchanged, likely due to high variability between cells (Figures
6D, E). We next tested if sensory experience alters the spatial pattern of inputs from each
lamina. For each cell we calculated the distance in the rostro-caudal (tonotopic) direction
that contained 80% of all AMPAR mediated inputs (Figure 6F). In cells from deaf mice we
find that overall inputs seemed to arise from more distant locations in L2/3 while inputs
from L5/6 originated from a narrower area (Figure 6F). Thus, while sensory experience is
not required for the upregulation of AMPARs in L4 GABAergic interneurons, sensory
deprivation alters the spatial pattern of AMPAR-mediated excitatory connections to L4
GABAergic interneurons. Moreover, sensory deprivation differentially alters AMPA-R
mediated connections from supragranular and infragranular layers in that neurons from
deafened animals integrate supragranular inputs from a larger distance while infragranular
inputs originate from a more spatially restricted area. Sensory deprivation also affected the
numbers and spatial distribution of NMDAR-only connections. Connections mediated by
NMDAR-only synapses was increased from L2/3 (Figures 7A-E, S8C, D). Spatial analysis
revealed that inputs from within L4 originated from a larger distance and that inputs from SP
originated closer to the soma (Figure 7F). Thus, sensory experience alters the amount and
spatial patterns of NMDAR-only synapses. Together with the AMPAR results this indicates
that sensory deprivation results in an increase of inputs from a larger area in supragranular
layers while inputs from infragranular layers including subplate are reduced and originate
from a narrower area. Our findings suggest that sensory experience is required for the
refinement of excitatory connections to interneurons, but that excitatory connections can
develop in the absence of sensory experience.

Discussion

We reveal early translaminar glutamatergic circuits to developing L4 and L5 GABAergic
interneurons in ACX. During neonatal ages, these circuits are primarily mediated by
NMDAR-only connections. During the 2" postnatal week AMPAR-mediated connections
develop. Thus, intra-cortical glutamatergic inputs contribute to the activity of GABAergic
interneurons through NMDAR-only connections at neonatal ages and AMPAR-connections
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at older ages. Our study here reveals the spatial pattern of the functional excitatory circuits
associated with inhibitory neurons in L4 and L5 and shows that GABAergic interneurons
play an important translaminar integrative function from the earliest ages on. Moreover, we
show that the same neuron can receive inputs from presynaptic neurons via NMDAR-only
and from other presynaptic neurons via AMPAR-containing connections. Thus, the
maturation of excitatory connections on GABAergic interneurons is input-specific.

We find that cochlear ablation at P6 altered the spatial pattern of AMPAR-meditated
connections assayed at P13-P14. While ear opening in C57/BI6 mice is around P11, loud
stimuli or self-generated noise can potentially drive sensory activity to regulate the
refinement of glutamatergic inputs to GABAergic interneurons.

During development, silent synapse number decreases due to insertion of AMPARSs (Hanse
et al., 2013; Isaac, 2003; Malenka and Nicoll, 1997). While we find increased AMPAR-
inputs, there is only a small decrease in NMDAR-only input number to GABAergic
interneurons from P5/P6 to P11-P13. Since the number of synaptic sites increases with
dendritic growth during the 2" postnatal week, this increase might compensate for the loss
of NMDAR-only connections due to synaptic maturation. Indeed, the ratio of NMDAR-only
to AMPAR mediated connections decreased during the 2" postnatal week, suggesting
decreased functional contribution of NMDAR-only connections. Glutamate spillover from
synaptic sites can potentially activate extrasynaptic receptors (Kullmann and Asztely, 1998;
Thomas et al., 2011). Thus, even though we activate only few action potentials in
presynaptic neurons, which reduces the chance for such spillover, some of the NMDAR-only
connections we reveal here could potentially be the result of spillover at the level of
individual synapses.

Sensory activity mediated by excitatory NMDA inputs to GABAergic interneurons plays an
important role in GABAergic maturation (De Marco Garcla et al., 2015). Our results show
that sensory evoked activity from the thalamus can reach GABAergic interneurons via
multiple pathways, either via direct NMDAR-only connection from subplate or indirectly
via subplate connections to cortical excitatory L4 neurons and the early NMDAR-only intra-
cortical connections.

L5b Somatostatin (SST) interneurons of the earlier developing somatosensory cortex receive
thalamic input and form a transient circuit to L4 during development (starting at P4)
(Marques-Smith et al., 2016; Tuncdemir et al., 2016). Since our sample might include SST-
neurons, translaminar excitatory circuits might couple thalamorecipient subplate and L5
SST-neurons at early ages, and both pathways converge onto L4 (Marques-Smith et al.,
2016; Zhao et al., 2009). Thus, ascending input from the thalamus can reach L4 via multiple
pathways.

Many (~70%) GABAergic interneurons receive subplate input. Subplate neurons are
important because they are the first cortical neurons to receive thalamic inputs and because
they relay these inputs into the developing cortical plate before thalamocortical inputs
mature (Kanold and Luhmann, 2010; Viswanathan et al., 2016; Zhao et al., 2009). Subplate
neurons are required for the maturation of thalamocortical connections (Kanold et al., 2003),
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cortical network activity (Dupont et al., 2006; Kanold et al., 2003; Kanold and Luhmann,
2010; Tolner et al., 2012), and for the maturation of inhibitory transmission (Kanold and
Shatz, 2006). Our results suggest that the maturational role of subplate neurons on inhibition
(Kanold and Shatz, 2006) might be mediated by direct and indirect subplate inputs to
GABAergic interneurons.

Based on the extent of translaminar integration GABAergic interneurons form multiple
classes. Neuronal activity in superficial layers is dominated by cortically generated
spontaneous activity (Khazipov and Luhmann, 2006), whereas subplate neurons relay early
sensorily-evoked and peripherally-generated spontaneous activity (Kanold and Luhmann,
2010). Thus, GABAergic interneurons may differentially relay peripherally- and centrally-
generated activity, consistent with deafening differentially affecting superficial and deep
inputs. Since deafening altered the spatial pattern but did not prevent the development of
AMPAR-meditated connections, intra-cortical activity might be sufficient for the
development of AMPAR-mediated connections.

In summary, GABAergic interneurons receive extensive translaminar excitatory inputs
throughout development and most inputs are mediated by NMDAR-only synapses at early
ages and AMPAR-containing synapses at older ages. Although sensory experience alters the
spatial pattern of superficial and deep layer inputs, excitatory inputs from other layers
develop normally. Thus, the maturation of glutamatergic inputs to GABAergic interneurons
is input specific and both extrinsic and intrinsic factors, such as sensory experience and
cortical spontaneous activity, play a role.

Experimental Procedures

Animals

All procedures were approved by the University of Maryland Institutional Animal Care and
Use Committee.

GadZ2 Cre mice (JAX 010802, Jackson Laboratories) (Taniguchi et al., 2011) were bred with
A9 transgenic mice (JAX 007909, Jackson Laboratories) to generate GadZ2 Cre tdTomato
pups. Breeding pairs of LAx6-GFP mice were generously provided by Dr. Gord Fishell (New
York University). Mouse pups of both sexes from postnatal day 5 (P5) to P15 were used to
make thalamocortical slices (Zhao et al., 2009). Slices were incubated in artificial
cerebrospinal fluid (ACSF) containing (in mM): 130 NaCl, 3 KCI, 1.25 NaHCOg3, 10
glucose, 1.3 MgSO4 and 2.5 CaCl; (pH 7.35-7.4). The ACSF was equilibrated with 95%
0,-5% CO,.

Electrophysiology

Fluorescence targeted recordings were performed (Meng et al., 2014) with 4-9 MQ
borosilicate recording electrodes filled with internal solution containing (in mM): 115
cesium methanesulfonate, 5 NaF, 10 EGTA, 15 CsCl, 3.5 MgATP and 3 QX-314 (pH 7.25;
300mOsm). Biocytin (0.5%) was added to the internal solution. Recordings were done at
room temperature and high divalent ACSF was used to reduce polysynaptic transmission.
High-divalent ACSF contain (in mM): 124 NaCl, 5 KClI, 1.23 NaH,PO,, 26 NaHCO3, 10
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glucose, 4 MgCl, and 4 CaCl,. Picrotoxin (100 uM) was used to block GABA receptor
mediated currents. Data were acquired with a voltage-clamp amplifier (Multiclamp 700B;
Molecular Devices) and digitized using a DAQ board (NI PCI-6259, National Instruments)
using EPHUS (Suter et al., 2010) in MATLAB (The Mathworks). 10 mV of estimated liquid
junction potential was used to correct membrane voltages. Series resistance was typically
between 20 — 40 MQ.

Laser-scanning photostimulation

Deafening

LSPS was performed as described previously (Meng et al., 2014). 0.8 mM Caged glutamate
[ V-(6-nitro-7-coumarylmethyl)-L-glutamate] (Kao, 2006; Muralidharan et al., 2016) was
added to the high divalent ACSF during recording. Laser stimulation (1 ms) was delivered
through a 10x water immersion objective (Olympus). Laser power on specimen was < 25
mW. For each map, an array of up to 30 x 30 sites with 40 um spacing were stimulated once
at 1 Hz in a pseudorandom order. This stimulation paradigm evokes action potential at the
stimulation sites with similar spatial resolution (about 100 um) over cells in all cortical
layers during development (Meng et al., 2014; Viswanathan et al., 2012; Zhao et al., 2009).
Putative monosynaptic currents (EPSCs) in GABAergic interneurons were classified by the
post-stimulation latency of the evoked current. Evoked currents with latencies of less than 10
ms are likely to be the results of direct activation of glutamate receptors on the patched cell.
Evoked currents with latencies between 10 ms and 50 ms are classified as monosynaptic
evoked EPSCs (Figure 1C). A minimal peak amplitude (10 pA) was used to exclude false
positive responses. This criterion was verified by repeating experiments in the presence of
tetrodotoxin (TTX) in the bath solution (Figures 1C, D). The first peak amplitude and the
charge (the area of EPSC in the counting window) were quantified for each synaptic
response. AMPAR-mediated inputs were recorded at —70 mV. Recordings done at +40 mV
also included NMDAR currents. To identify NMDAR-only inputs, input maps obtained at
+40 mV and —70 mV were compared for each cell. Thus, each spatial location was
stimulated twice, once at +40mV and once at =70 mV. Inputs from a spatial location that
were only present at a holding potential of +40 mV were identified as NMDAR-only input
(Figure 3). It is possible that a given presynaptic neuron makes multiple synapses with a
postsynaptic cell and that one synapse is NMDAR-only and another contains AMPARS.
With our method, we cannot resolve such a scenario and would score this connection as
AMPAR-mediated. Thus, on an individual synaptic level we might underestimate the
numbers of NMDAR-only synapses.

LSPS reliably evoked 1-2 action potentials in presynaptic neurons when the laser is targeted
to ~100 pum of the cell body (Meng et al., 2014; Viswanathan et al., 2012; Zhao et al., 2009).
Thus, our stimulation paradigm spatially oversampled the cortical space 2.5x in each axis.
Thus, neighboring stimulation spots activate similar presynaptic cells.

Bilateral cochlear ablation was performed at P6 in GadZ RFP mice. In brief, mice were
deeply anesthetized by isoflurane (1.5 — 2.5%) and the surgical site was locally anesthetized
by applying lidocaine. A small incision was made under the ear. The tympanic bulla was
carefully removed by fine forceps and cochlea was aspirated using a glass pipette. The
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surgery-induced deafness was confirmed by the lack of auditory startle responses at P13—
P15.

Data analysis and statistics

Data were analyzed by custom software written in MATLAB. Cortical layer boundaries
were identified by features in the brightfield image as previously described (Meng et al.,
2014; Viswanathan et al., 2012; Zhao et al., 2009). For identifying subplate, the boundary
between cortex and subcortical axonal fibers was identified first in the brightfield image.
Evoked events were classified as direct or monosynaptically evoked EPSC by latency as
detailed above. We then calculated for each cell how many spatial locations overall and how
many spatial locations in each layer gave rise to monosynaptically evoked EPSCs. We also
calculated the fractional input from each layer by dividing the number of stimulus locations
that yielded responses in each layer by the total number of effective stimulus locations. We
derived maps of average connection probability for each age group or connection patterns by
aligning cells in each group to their soma and then calculating for each spatial location the
fraction of cells that received an input from that location and the average EPSC strength of
all inputs from each location (Meng et al., 2014).

Partitioning of cells into groups based on connection patterns was performed in MATLAB
(release 2015a) by K-means clustering (Statistics Toolbox, ver. 10) minimizing the sum of
the absolute differences (the L1 distance). We quantified the laminar extent (in um) of
AMPAR and NMDAR-only connections (pia to white matter) and then clustered on both
(2D) AMPAR and NMDAR-only extent or clustered separately (1D) on either extent. We
used 5 replicates to avoid local minima and determined the optimal numbers of clusters by
the peak of the silhouette criterion (Fig. S6A, F). We then plotted the cells within each
cluster in the 2D extent (AMPAR and NMDAR-only) space to gain a graphical
representation of the input distribution of the groups (Fig. S6B-D, G-I).

To quantify the changes of spatial pattern of inputs during development and after deafening,
we calculated the Euclidian distance between cell soma and each synaptic input. For inputs
from each layer group, the distance covering 80% of inputs was used as the indicator of
input pattern. Wilcoxon rank-sum test was used to test the statistical significance of the
difference. Significance was defined as P < 0.05 or P < 0.001.

Biocytin staining and morphological reconstruction

Recorded cells were stained (Zhao et al., 2009) and reconstructed in Neurolucida (MBF
Bioscience).

Pharmacology

Picrotoxin (PTX; 100 uM) was used to block GABA receptor mediated currents. TTX (1
uM) was used to block action potentials. D-AP5 (50 pM) was used to block NMDAR. All
drugs and chemicals were purchased from Sigma-Aldrich unless specified otherwise.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Laser-Scanning photostimulation (LSPS) of Gad2 interneurons
A: An example LSPS experiment in an auditory thalamocortical slice. LSPS stimulation

locations (blue dots) are superimposed on DIC image of the slice (scale bar 100 um). Red
circle indicates the soma location of the recorded interneuron. A 355-nm laser is targeted to
the stimulus locations. Targeted presynaptic neuron (filled white circle) fires an action
potential (‘Pre’ trace on the right). If the presynaptic neuron synapses on the recorded
interneuron a PSC is observed (‘Post’ traces on the right), with the recorded neuron held at
=70 mV or +40 mV for AMPAR-mediated EPSC and/or NMDAR-mediated EPSC,
respectively. B: Images of recorded GadZ interneuron expressing red fluorescent protein
(RFP); left frame shows RFP fluorescence superimposed on DIC image; right frame shows
fluorescence from a different neuron by itself. Scale bar = 50 pym. C: Mapping glutamatergic
inputs to GABAergic interneurons by LSPS glutamate uncaging. Traces show example
responses to photostimulation at =70 mV holding potential. Vertical solid blue line indicates
uncaging pulse; vertical dashed line indicates time window to discriminate direct responses.
Direct activations were resistant to TTX while synaptic responses were blocked by TTX. D:
Percentage of TTX-resistant events in the direct time window (< 10 ms latency) and synaptic
time window (> 10 ms and <50 ms). 81% of short-latency (< 10 ms) responses were TTX-
resistant while 8.5% of synaptic responses (> 10 ms and < 50 ms) were TTX-resistant (n =7
cells each). E: Maps of an exemplar cell from P5/6 group showing stimulus locations that
evoked responses and the charge at each stimulus location when V14 is =70 mV. Green
circle indicates soma position. Left: Map of synaptic (red) or direct (black) responses. Note
that direct responses occur close to the soma. Right: Map of EPSC charge at each location.
Scale bar = 100 pm.
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Figure 2. AMPAR-mediated cortical inputs to L4 Gad2 interneurons increase during
development

A: Map shows spatial connection probability of AMPAR-mediated inputs to layer 4 Gad?
interneurons during development (P5/P6, n = 26 cells; P8/P9 n = 11 cells; P11-P13 n = 22
cells). The input maps (Fig. 1E) of cells were aligned to the somata and averaged. The color
scale indicates the fraction of cells that received an input from a particular spatial location.
AMPAR-mediated inputs increase over development. The length of bars marking the layer
boundaries is 100 um. White circles indicates soma location. B: Laminar distribution of
inputs for each cell. Plotted is the fraction of inputs each cell received at each laminar
location. Soma location is indicated by white circles; cells are aligned to L4. Layer borders
for each cell are indicated by white horizontal lines. Note that a subset of cells received
AMPAR-mediated input from deep layers (including subplate, SP) at P5/6. C: Cumulative
distribution function (CDF) of the number of input locations with AMPAR responses. The
amount of inputs increased during development (median = SD P5/6: 4.86 + 8.6; P8/9: 15.14
+13.96; P11-13: 57.13 + 39.58). Significance tests between groups indicated by inset.
White: P > 0.05, brown: P < 0.05, orange: P < 0.001. D: Boxplots show the amount of inputs
from each layer. Inputs from all layers increased over development. Significance tests
between groups indicated by horizontal bars. * P < 0.05, ** P < 0.001. E: Average fraction
of inputs from each layer. Initially cells received most input from L2/3 and L4. F: Plotted is
the distance that 80% of inputs from each layer originate. * P < 0.05, ** P < 0.001. Average
values can be found in Supplementary Table 1.
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Figure 3. GABAergic interneurons have NMDAR-only synapses
A: Sample records of AMPAR-mediated synaptic inputs (lower traces with expanded scale)

and NMDAR inputs (upper) revealed by LSPS glutamate uncaging experiments. EPSCs
were detected at both holding potentials (=70 mV and +40 mV) for AMPAR-mediated
inputs. B: Sample records of NMDAR-only input. EPSCs were only detectable at +40 mV
holding potential. Bath application of TTX abolished the event, confirming that the
responses were synaptic. Solid blue line indicates the time of uncaging; dashed black lines
delimit the window for distinguishing direct activation (< 10 ms after uncaging) and synaptic
inputs (> 10 ms and < 50 ms after uncaging). C: Representative input maps. AMPAR-
mediated inputs are revealed at the holding potential of =70 mV (left); NMDAR-mediated
inputs are observed at +40 mV (middle). NMDAR-only events are those where inputs are
observed only in the +40 mV map (right). Pseudocolor scales for charge and peak
amplitudes are shown next to each map.
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Figure 4. NMDAR-only cortical inputs to L4 Gad2 interneurons reorganize during development
A: Average spatial connection probability maps of NMDAR-only mediated inputs to layer

4 Gad2interneurons during development (same neurons as in Figure 2). The color scale
indicates the fraction of cells that received an input from a particular spatial location.
NMDAR-only input decreases over development. The length of bars marking layer
boundaries is 100 um. White circles indicates soma location. B: Laminar input distribution
for each cell showing the fraction of input each cell received at each laminar location. Layer
borders for each cell are indicated by horizontal white lines. Soma location is indicated by
white circle; cells are aligned to L4. Cell order is identical to Figure 2B. Note that a subset
of cells received NMDAR-only input from deep layers (including subplate) at P5/6 and that
most of these cells did not receive AMPAR-mediated input from these layers. C: Cumulative
distribution function (CDF) of the number of input locations with NMDAR-only responses.
The amount of inputs decreased during development (median = SD P5/6: 20.45 + 19.5; P8/9:
29.23 +19.8; P11-13: 13.25 + 10.8). Significance tests between groups indicated by inset.
White: P > 0.05, brown: P < 0.05, orange: P < 0.001. D: Boxplots show the amount of inputs
from each layer. Inputs from all layers increased over development. Significance tests
between groups indicated by horizontal bars. * P < 0.05, ** P < 0.001. E: Average fraction
of inputs from each layer. Cells received substantial input from deep layers. F: Plotted is the
distance that 80% of inputs from each layer originate. * P < 0.05, ** P < 0.001. Average
values can be found in Supplementary Table 1.
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!:igure 5. Two classes of GABAergic interneurons based on translaminar AMPAR-mediated
Inputs

Al:OResuIts of K-means clustering based on the amount of AMPAR-mediated translaminar
inputs for L4 Gad2interneurons. Optimal cluster size of two was determined by silhouette
criterion. Group a GABAergic interneurons integrate more translaminar inputs. B: Average
fraction and average amount of inputs from each group for L4 GABAergic interneurons
from different age groups. Green, P5/6; red, P8/9; blue, P11-P13. Left: AMPAR-mediated
inputs, right: NMDAR-only inputs. Inputs from different layers were coded with different
gray values. C: Average connection probability maps for L4 GABAergic interneurons in
group a and B across ages. The color scale indicates the fraction of cells that received an
AMPAR-mediated (top) or NMDAR-only input (bottom) from a particular spatial location.
The length of bars marking the layer boundaries is 100 um. White circles indicates soma
location.
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Figure 6. Sensory experience alters AMPAR connections onto GABAergic interneurons
A: Average spatial connection probability maps of AMPAR-mediated inputs to L4 Gad2?

interneurons at P13-P14 in control and deaf animals (cochlear ablation at P6) (green: control
n = 18; blue: deaf n = 16). Maps show the fraction of cells that received an input from a
particular spatial location. AMPAR-mediated inputs from superficial layers seem increased
in deaf mice. The length of bars marking layer boundaries is 100 um. B: Laminar input
distribution for each cell. Plotted is the fraction of input each cell received at each laminar
location. Layer borders for each cell are indicated by horizontal white lines. Soma locations
are indicated by white circle; cells are aligned to L4. C: Cumulative distribution function
(CDF) of the number of input locations. Cells from deaf mice show a trend towards
increased inputs (median £ SD Control: 58.6 + 42.6; Deaf: 94.99 + 34.6). D: Boxplots show
the amount of inputs from each layer. All P > 0.05. E: Average fraction of inputs from each
layer. F: Plotted is the distance that 80% of inputs from each layer originate. Inputs from
L2/3 originated further away in deaf animals (P < 0.001) while input from L5/6 originated
from closer locations (P < 0.001). Average values can be found in Supplementary Table 2.
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Figure 7. Sensory experience alters NMDAR-only connections onto GABAergic interneurons
A: Average spatial connection probability maps of NMDAR-mediated inputs to L4 Gad?

interneurons at P13-P14 in control and deaf animals (same neurons as in Figure 6, green:
control; blue: deaf). Maps show the fraction of cells that received an input from a particular
spatial location. The length of bars marking layer boundaries is 100 pm. B: Laminar input
distribution for each cell. Plotted is the fraction of input each cell received at each laminar
location. Layer borders for each cell are indicated by horizontal white lines. Soma locations
are indicated by white circle; cells are aligned to L4. C: Cumulative distribution function
(CDF) of the number of input locations. Cells from deaf mice show a trend towards
increased inputs (median + SD Control: 10.8 + 12.2; Deaf: 15.13 + 9.8). D: Boxplots show
the amount of inputs from each layer. Inputs from L2/3 are increased (p < 0.05), rest are all
P > 0.05. E: Average fraction of inputs from each layer. F: Plotted is the distance that 80%
of inputs from each layer originate. Inputs from L4 originated further away in deaf animals
(P < 0.05) while input from SP originated from closer locations (P < 0.05). Average values
can be found in Supplementary Table 2.
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