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Optogenetic Examination of Prefrontal-Amygdala Synaptic
Development
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A brain network comprising the medial prefrontal cortex (mPFC) and amygdala plays important roles in developmentally regulated
cognitive and emotional processes. However, very little is known about the maturation of mPFC-amygdala circuitry. We conducted
anatomical tracing of mPFC projections and optogenetic interrogation of their synaptic connections with neurons in the basolateral
amygdala (BLA) at neonatal to adult developmental stages in mice. Results indicate that mPFC-BLA projections exhibit delayed emer-
gence relative to other mPFC pathways and establish synaptic transmission with BLA excitatory and inhibitory neurons in late infancy,
events that coincide with a massive increase in overall synaptic drive. During subsequent adolescence, mPFC-BLA circuits are further
modified by excitatory synaptic strengthening as well as a transient surge in feedforward inhibition. The latter was correlated with
increased spontaneous inhibitory currents in excitatory neurons, suggesting that mPFC-BLA circuit maturation culminates in a period of
exuberant GABAergic transmission. These findings establish a time course for the onset and refinement of mPFC-BLA transmission and

point to potential sensitive periods in the development of this critical network.
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ignificance Statement

and psychopathology in adverse situations.

Human mPFC-amygdala functional connectivity is developmentally regulated and figures prominently in numerous psychiatric
disorders with a high incidence of adolescent onset. However, it remains unclear when synaptic connections between these
structures emerge or how their properties change with age. Our work establishes developmental windows and cellular substrates
for synapse maturation in this pathway involving both excitatory and inhibitory circuits. The engagement of these substrates by
early life experience may support the ontogeny of fundamental behaviors but could also lead to inappropriate circuit refinement

~
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Introduction

The transition from infancy to adulthood marks the ontogenesis
of fundamental behavioral processes, such as threat learning
(Rudy, 1993; Richardson et al., 2000; Akers et al., 2012; Deal et al.,
2016), social interaction (Panksepp, 1981; Vanderschuren et al.,
1997), and aggression (Pellis et al., 1992; Pellis and Pasztor,
1999). On the other hand, this period is also characterized by a
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peak incidence of the majority of psychiatric disorders (Kessler et
al., 2005). It is currently estimated that 1 in 5 adolescents will
develop such a condition that persists into adulthood, with the
experience of early life stress being a significant risk factor (Bren-
house and Andersen, 2011). Among the brain regions most highly
implicated in these conditions are the mPFC and amygdala, which
are crucial regulators of the stress response (McEwen et al., 2012).
Well into adolescence, these regions display a variety of molecular,
anatomical, and synaptic changes, prompting the suggestion that
they may require a protracted period of maturation that may be
influenced by both genetics and experience (Kagan and Snidman,
1991; Blakemore and Choudhury, 2006; DeRubeis et al., 2008; Paus
et al., 2008). However, it remains unclear how the maturation of
specific synaptic pathways involving these regions unfolds over the
course of early development.

Of particular significance in the function of these networks are
synaptic connections between mPFC and the basolateral division
of amygdala (BLA) (Cho et al,, 2013; Little and Carter, 2013;
Arruda-Carvalho and Clem, 2014, 2015; Hiibner et al., 2014).
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Human studies indicate that mPFC-amygdala functional con-
nectivity exhibits reorganization during adolescent development
(Gee et al., 2013), and is abnormal in subjects with depression
(Carballedo et al., 2011; Perlman et al., 2012), schizophrenia (Liu
etal.,2014), bipolar (Passarotti et al., 2012; Anticevic et al., 2013),
and anxiety disorders (Kessler et al., 2005; Lee et al., 2014).
Anatomical projections from mPFC to BLA have been most ex-
tensively examined in rodents using tracing reagents, such as
fluorescent dyes (Cassell et al., 1989; Bouwmeester et al., 2002a)
and lectins (Mcdonald et al., 1996; Gabbott et al., 2005), with
results indicating that all major subdivisions of the mPFC convey
axon fibers to the BLA. However, early postnatal analysis of this
innervation has been limited to one study in rats, which inferred
that mPFC projections arrive between the second and third post-
natal week based on retrograde transport of lipophilic tracer from
the BLA (Bouwmeester et al., 2002a). To better elucidate the
development of this circuitry, it would be valuable not only to
directly visualize mPFC axons in very young animals, but also to
examine the establishment and refinement of their functional
transmission onto BLA neurons. We therefore used a viral optoge-
netic approach in mice to specifically label mPFC glutamatergic pro-
jections and systematically interrogate mPFC-BLA transmission
over the course of neonatal to adult development.

Materials and Methods

Subjects. All subjects were male C57BL/6] mice aged postnatal day (P)
3-53 at the time of surgery. Animals were kept with the dam until wean-
ing and housed in groups of 3-5 following weaning on a 12 h light/dark
cycle and given food and water ad libitum. All manipulations were ap-
proved in advance by the Institutional Animal Care and Use Committee
of the Icahn School of Medicine at Mount Sinai.

Stereotaxic surgery. Mice were anesthetized through hypothermia (P3
animals) or a mixture of ketamine and xylazine (P8 and older), and
mounted in a stereotaxic frame (Stoelting) as described previously (Arruda-
Carvalho and Clem, 2014). A small volume of AAV1.CaMKIIa.hChR2
(H134R)-eYFP.WPRE.hGH virus (Penn Vector Core, RRID:SCR_010038) was
injected into mPFC (P3: AP 0.5, ML *£0.1, DV —0.9; P8: AP 1.2, ML
*0.3, DV —1.3; P14: AP 1.4, ML 0.3, DV —1.6; P23 AP 1.7, ML £0.3,
DV —2; P38 and P53: AP 1.9, ML *£0.3, DV —2.2) bilaterally by way of a
motorized microsyringe using the same procedure as in our previous
work (Arruda-Carvalho and Clem, 2014). Animals underwent surgery at
P3, P8, P14, P23, P38, and P53. Litters were spread across time points to
exclude nonspecific effects of parental care. To compensate for age-
dependent changes in cortical volume, we made proportional adjust-
ments to the volume of injected virus as follows: 0.15 ul for P3, 0.2 ul for
P8, 0.25 ul for P14, 0.3 ul for P23, and 0.4 ul for P38 and older animals.
Mice recovered in their homecages for 7 d until further manipulation.
For infant experiments (P10 and P15) subjects were closely monitored
following surgery and were excluded from analysis if they did not exhibit
normal developmental weight gain. All subjects were weaned at P21-P24
and housed in groups of 3-5.

Immunohistochemistry and imaging. Mice were perfused transcardially
with PBS (0.1 M) and 4% PFA. Brains were removed, fixed overnight in
4% PFA, and transferred to 0.1 M PBS. Coronal sections (50 pwm) were cut
using a VT1200S vibratome (Leica). Sections were incubated for 48 h.
with goat polyclonal anti-PSD95 (1:200; Abcam catalog #ab12093, RRID:
AB_298846) and then for 2 h at room temperature with AlexaFluor-555-
conjugated donkey anti-goat secondary antibody (1:200; Thermo Fisher
Scientific catalog #A21432, RRID:AB_10053826). Hoechst 33342 (Invit-
rogen) was used as a nuclear dye. Sections were mounted on slides with
Permafluor antifade medium (Thermo Scientific). All images were ac-
quired using a confocal (LSM 780; Zeiss) microscope. For estimation of
EYFP infection and mPFC volumes the Cavalieri method was applied, in
which estimated volume V. = d (3 (y;)), d = distance between sections,
and y = area of EYFP or mPFC per section. Area measurements were
performed by contouring regions of interest in Image] for all sections
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containing mPFC at a slice interval of 250 wm (every fifth section at 50
pum thickness). mPFC was defined as areas anterior cingulate (Cgl),
prelimbic (PL), infralimbic (IL) and dorsal peduncular cortices (DP)
extending from the caudal border of the main olfactory bulb to the genu
of the corpus callosum. EYFP expression was delineated by application of
a uniform threshold function in Image]. The percentage EYFP infection
of each mPFC subregion was calculated as the estimated volume EYFP/
volume mPFC subregion for individual animals. Quantification of projection-
associated EYFP fluorescence was performed on confocal images by
calculating average pixel intensity in the anterior basal nucleus of the BLA
of both hemispheres in 3—6 coronal slices (50 wm thickness) per animal.
As an internal baseline for each section, intensity measurements were
obtained from the adjacent lateral nucleus of the BLA, which is relatively
devoid of mPFC projections (Cho et al., 2013; Arruda-Carvalho and
Clem, 2014; Hiibner et al., 2014). These baseline measures were sub-
tracted from those obtained in the basal nucleus before comparison of
EYFP fluorescence across ages. We attempted to colocalize EYFP termi-
nals with PSD95 as a measure of anatomical synapse size and density
across development (Dumitriu et al., 2012). However, spurious overlap
between EYFP and PSD95 precluded such analysis. We nevertheless pre-
sented PSD95 labeling to provide some contrast in our BLA images be-
cause no other counterstain was included.

Slice electrophysiology. Mice were anesthetized with isoflurane and per-
fused transcardially with ice-cold (0°C—4°C) sucrose solution composed
of (in mm): 210.3 sucrose, 11 glucose, 2.5 KCI, 1 NaH,PO,, 26.2
NaHCO;, 0.5 ascorbate, 0.5 CaCl,, and 4 MgCl,. Acute 350 wm coronal
slices of BLA were obtained from dissected brains from a VT1200S vi-
bratome (Leica) and then incubated at 35°C for 40 min in the same
solution, but with reduced sucrose (105.2 mm) and addition of NaCl
(109.5 mm). Following recovery, slices were maintained at room tem-
perature in standard ACSF composed of (in mm) as follows: 119 NaCl,
2.5KCl, 1 NaH,PO,, 26.2 NaHCO;, 11 glucose, 2 CaCl,, and 2 MgCl,.
Whole-cell voltage-clamp recordings were obtained from principal pro-
jections neurons in basal amygdala using borosilicate glass electrodes
(3-5 M{)). Electrode internal solution was composed of (in mm) the
following: 130 Cs-methanesulfonate, 10 HEPES, 0.5 EGTA, 8 NaCl, 4
Mg-ATP, 1 QX-314, 10 Na-phosphocreatine, and 0.4 Na-GTP. Principal
excitatory neurons in the anterior basal nucleus were discriminated on
the basis of large soma size, high capacitance (>200 pF), and slow EPSC
kinetics, under the rationale that no interneuron subtypes possess all
three of these characteristics. mPFC axon terminals were stimulated us-
ing TTL-pulsed microscope objective-coupled light-emitting diodes
(LEDs, 460 nm, 20 mW/mm?, Prizmatix). This pulse intensity evoked
maximal response amplitudes at all ages. For analysis of AMPA/NMDA
ratios, we applied 1 um TTX (Abcam) and 100 uMm (Abcam) for more
stringent isolation of monosynaptic transmission as previously described
(Cruikshank et al., 2010; Arruda-Carvalho and Clem, 2014). Paired-
pulse evoked EPSC, spontaneous EPSCs and IPSCs, and evoked IPSC/
EPSC analyses were conducted in standard ACSF described above. Data
were low-pass filtered at 3 kHz (evoked) and 10 kHz (spontaneous) and
acquired at 10 kHz using Multiclamp 700B and pClamp 10 (Molecular
Devices). All stimulation was conducted at 0.1 Hz to avoid inducing
synaptic plasticity. Series and membrane resistance was continuously
monitored, and recordings were discarded when these measurements
changed by >20%. Recordings in which series resistance exceeded 25 M€}
were rejected. Detection and analysis of SEPSCs and sIPSCs were per-
formed blind to experimental group using MiniAnalysis (Synaptosoft).
EPSC decay time constants (7 decay) were obtained by standard expo-
nential curve fitting of averaged current traces in Clampfit (Molecular
Devices). AMPA/NMDA ratio was calculated as the peak EPSC at —70
mV divided by the EPSC amplitude at 100 ms after current onset at 40
mV (Arruda-Carvalho and Clem, 2014). Rectification of AMPAR-EPSCs
was quantified by measuring EPSC amplitude at 8 holding potentials
between —70 and 50 mV in the presence of the NMDAR antagonist CPP
(10 um) and internal spermine (100 um), and calculating a rectification
index as the slope at negative potentials (—70 through 0 mV) divided by
the slope at positive potentials (0 through 50 mV).

Statistics. Data are presented as mean * SE, with n shown as the num-
ber of animals for histological experiments, or number of cells followed
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by number of animals in parentheses for electrophysiological experiments, in
associated figure legends. Statistical comparisons were obtained in Graphpad
Prism through one-way ANOVA or two-way repeated-measures ANOVA,
where appropriate. Omnibus test results (F values) are reported in the
text. To test for group differences following ANOVA, we applied the
software default of Tukey’s or Bonferroni-corrected post hoc tests for all
pairwise comparisons following nonrepeating and repeating measures
ANOVA, respectively, and significant results were denoted by asterisks in
associated figures.

Results

To investigate changes in synaptic transmission within the
mPFC-BLA pathway over development, we sought to use viral
technology for expression of CaMKII-promoter-driven, EYFP-
tagged channelrhodopsin-2 (ChR2) in mPFC neurons. To this
end, we identified a specific serotype of adeno-associated virus
(AAV-1) that drives ChR2 accumulation in synaptic terminals
within 4 d of infection, making it suitable for narrow experimen-
tal time windows imposed by such a study. We chose six time
points for synaptic interrogations spanning the neonatal to late
adolescent/adult stages: P10, P15, P21, P30, P45, and P60 in
C57BL/6] mice. To control for potential effects of viral expression
time on synaptic physiology, however, all virus infusions were
performed 7 d before these investigations. To prohibit litter ef-
fects on projection anatomy and physiology, litters were pseudo-
randomly distributed across age groups.

Although excitatory neurogenesis is completed at birth (Le-
vers et al., 2001), neocortical volume increases during postnatal
development due largely to the growth of neuropil. This was an
important consideration in our viral infusions because region
selectivity requires lower viral spread in neonates compared with
adults. Therefore, we first determined the injected volume of
AAV1-ChR2-EYFP required for mPFC transduction in adult
mice (P60) while largely avoiding spread into adjacent structures.
We then calculated linear adjustments of this volume based on
neocortical size across development (Zhang et al., 2005) and per-
formed size-adjusted injections at the following postnatal (P)
days: P3, P8, P14, P23, P38, and P53. Seven days later, we used the
Cavalieri method to estimate the spread of viral expression as well
as the volume of mPFC, defined as cingulate cortex area 1 (Cgl),
prelimbic (PL), infralimbic (IL) and dorsal peduncular cortex
(DP), extending from the caudal border of the main olfactory
bulb to the genu of the corpus callosum (Paxinos and Franklin,
2001) (Fig. 1A). As expected, resulting viral spread was more
restricted at the earliest age (P10) (one-way ANOVA, Fs 55 =
3.22, p = 0.013; Fig. 1B), which also exhibited lower mPFC vol-
ume compared with later ages (one-way ANOVA, F(5 55) = 4.71,
p = 0.0012; Fig. 1C). To compare how viral expression was dis-
tributed across mPFC, we quantified the percentage volume of
each mPFC subregion containing EYFP and subjected the results
to a two-way repeated-measures ANOVA. This revealed a main
effect of region (F; 55y = 108.3, p < 0.0001), but no effect of age
(F(5,55) = 1.70, p = 0.15) and no interaction between region and
age (F(;sss = 1.23, p = 0.26). These results confirm that adjust-
ment for brain size effectively normalized regional infection lev-
els across ages.

We next examined posterior brain sections for evidence of
EYFP in mPFC axon projections. At P10, there was already abun-
dant fluorescence in structures known to contain mPFC fibers
and axon terminals in adults (Sesack et al., 1989; Vertes, 2002; Xu
and Studhof, 2013), including the septohippocampal nucleus,
caudate-putamen, claustrum, mediodorsal, and ventromedial
thalamus, and nucleus reuniens (Fig. 2A-C). Conspicuously de-
void of fluorescence at this age, however, was the BLA. In com-
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parison, EYFP expression was quite prominent in the BLA at P15.
These data confirm that 7 d is sufficient to accumulate ChR2-
EYFP in mPFC downstream targets, and suggest the innerva-
tion of BLA by mPFC is delayed relative to nearby subcortical
structures.

To compare BLA terminal expression across development, we
performed confocal microscopy to reveal fine processes con-
taining EYFP that are indicative of mPFC axon fibers. As we had
previously observed following mPFC targeting in adult mice
(Arruda-Carvalho and Clem, 2014), fluorescence was largely re-
stricted to the anterior division of the basal amygdala; and al-
though the intensity of labeling increased over development, this
topography exhibited no appreciable change. High-power im-
ages revealed few axons could be seen at P10, but by P15 this gave
way to a dense thicket of fibers (Fig. 2A—F). A further increase in
density could be observed at later ages. Quantification of inte-
grated fluorescence for all animals that received viral infusions
into mPFC (Fig. 1) confirmed a sharp increase in EYFP over
background between P10 and P15, followed by additional en-
hancement of signal at P30 and P45 (one-way ANOVA, F 5 56, =
12.84, p < 0.0001; Fig. 3G), suggesting that mPFC axons continue
to proliferate after their abrupt emergence.

Considering the temporal dynamics of mPFC axon arrival and
potential terminal formation, we wondered how this timing re-
lates to ongoing maturation of BLA synaptic transmission. Rep-
resentation and association of stimuli in BLA are thought to be
mediated by principal glutamatergic neurons, which are known
as magnocellular neurons in the anterior nucleus and are the
most abundant cell type. We therefore targeted these cells for
patch-clamp electrophysiology in acute brain slices based on
their pyramidal morphology, large size, and high membrane ca-
pacitance. To measure global synaptic transmission, we exam-
ined spontaneous excitatory (SEPSCs) and IPSCs (sIPSCs), which
were specifically isolated from the same neurons by exploiting the
reversal potentials of glutamate and GABA receptors (Fig. 4A).

Interestingly, we found that the arrival of significant numbers
of mPFC fibers at P15 (Fig. 3B) coincides with an abrupt and
sustained increase in SEPSC frequency (one-way ANOVA, F5 ¢}, =
4.17, p = 0.0025; Fig. 4B). However, sEPSC amplitude did not
change across development (Fig. 4C). A similar, dramatic in-
crease in sIPSC frequency occurred at P15, but this was followed
by further increase up to P30 (one-way ANOVA, Fs 4, = 21.01,
p < 0.0001; Fig. 4D). In addition, there was a somewhat weaker
increase in amplitude (one-way ANOVA, F5 4, = 2.981, p =
0.0173; Fig. 4E) as well as a decrease in the decay time of sIPSCs at
P15 (one-way ANOVA, Fis,, = 23.68, p < 0.0001; Fig. 4F),
which could potentially reflect the formation of proximal so-
matic inhibitory synapses or a change in the stoichiometry of
GABA receptors (Ehrlich et al., 2013; Bosch and Ehrlich, 2015).
Within individual neurons transmission became progressively
dominated by sIPSCs at P15 (Fig. 4G), with the difference be-
tween sIPSC and sEPSC frequency reaching a peak at P30 (one-
way ANOVA, Fs 5,y = 13.34, p < 0.0001; Fig. 4H). These data
suggest that, although the sharpest increase in both excitatory and
inhibitory synapse activity occurs at approximately P15, inhibitory
transmission undergoes further enhancement in adolescence.

The above data indicate that the development of mPFC pro-
jections occurs against a backdrop of dramatic changes in BLA
synaptic activity. However, to determine how development spe-
cifically affects transmission at mPFC-BLA synapses, we recorded
EPSCs during stimulation of mPFC projections using brief pulses
from objective-coupled LEDs (460 nm) (Fig. 5A), as we previously
performed using ChR2-EYFP in adult mice (Arruda-Carvalho and
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Volume estimation of prefrontal channelrhodopsin expression. A, Representative confocal images of prefrontal sections containing target site at postnatal age of death. Subjects

received stereotaxic injections of AAV,-CaMKII-ChR2(H134R)-EYFP 7 d before perfusion and brain sectioning. Sections were stained with Hoechst nuclear dye before imaging EYFP intrinsic
fluorescence. Scale bar, 500 pem. Cavalieri volume estimation was based on the area of EYFP and mPFC (B) contained in every fifth section at 50 um thickness as described in Materials and Methods.
mPFCwas defined as Cg1, PL, IL, and DP extending from the caudal edge of the main olfactory bulb to the genu of corpus callosum. As expected, both EYFP and mPFCvolume exhibited age-dependent
increase. Tukey's post hoc test was conducted on all pairwise comparisons following one-way ANOVA. *p << 0.05. C, Percentage infection of each mPFC subregion was calculated by dividing EYFP
volume by the volume of the structure in which it was contained. P10, n = 9 mice; P15, n = 11 mice; P21, n = 11 mice; P30, n = 11 mice; P45, n = 10 mice; P60, n = 9 mice.

Clem, 2014). Importantly, we used a pulse intensity (20 mW/
mm ?) that evoked maximal response amplitudes at all ages. Con-
sistent with the relative absence of mPFC projections at P10, no
responses were observed at this age (54 cells/14 animals). How-
ever, at later ages, 100% of neurons exhibited synaptic re-
sponses to terminal stimulation, suggesting nonselective
targeting of principal neurons by these afferents throughout de-
velopment. To assess how development affects glutamate release
at these connections, we analyzed EPSCs during paired-pulse
stimulation, in which the relative amplitude of the second re-
sponse is determined by initial release probability. This revealed an
interaction between interstimulus interval and age (two-way
repeated-measures ANOVA, Fg 11,y = 7.04, p < 0.0001; Fig. 5B),
consistent with developmental regulation of release dynamics.
Follow-up comparisons established that both P15 and P21 ani-
mals exhibited higher paired-pulse ratios than older animals,
likely indicating that a shift toward higher release probability
occurs at these synapses between P21 and P30.

In addition to release properties, the strength of excitatory
transmission is regulated by the postsynaptic function of AMPA-

type glutamate receptors. In particular, the enhancement of
AMPA relative to NMDA receptor-mediated currents (AMPA/
NMDA ratio) is associated with developmental maturation of
primary sensory cortex (Takahashi et al., 2003; Mierau et al.,
2004) and mediates experience-dependent strengthening of pre-
limbic mPFC-BLA synapses (Arruda-Carvalho and Clem, 2014).
We therefore quantified AMPA/NMDA ratio as function of de-
velopmental age at mPFC synapses. This revealed an increase in
AMPA/NMDA ratio between P15 and P30 that, like decreased
paired-pulse ratio, persisted at later ages (one-way ANOVA,
F4 55 = 5.694, p = 0.007; Fig. 5D, E). In sensory cortex, it has
been reported that the decay time of NMDAR-EPSCs is develop-
mentally regulated (Philpot et al., 2001), which could have con-
founded our analysis of AMPA/NMDA ratios. However, we did
not observe any changes in EPSC decay (Fig. 5G), suggesting that
NMDA receptor kinetics are not affected by maturation of this
pathway. Furthermore, enhancement of AMPA/NMDA ratio
was accompanied by an increase in maximal response amplitude,
consistent with synaptic potentiation (one-way ANOVA, F, 5, =
3.529, p = 0.0130; Fig. 5F). Pharmacological isolation of AMPA
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Figure 2.

Delayed emergence of mPFC-BLA projections. Representative images containing EYFP-positive projections were collected by confocal scanning microscopy. At P10, mPFC projections

were observed in caudate-putamen (CPu) (A), claustrum (Cl) (A, B), mediodorsal (MD), and ventromedial (VM) thalamus (B, €), and nucleus reuniens (Re) (€), but BLA fluorescence was indiscernible
inthe same animals (B, (). At P15, EYFP-positive projections could be seen in the BLA in addition to the above structures (D—F). *Previously identified mPFC fiber tract (Xu and Siidhof, 2013). Scale

bar, 400 em.

Figure 3.
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Age-dependent proliferation of mPFC axons in the BLA. A-F, High-power confocal images were obtained across ages to confirm the presence of EYFP-positive fibers. Within the BLA,

fluorescence was mostly restricted to the anterior basal amygdala (BA), and was hardly discernible in the lateral (LA), central, and basomedial nuclei at any age. Immunofluorescent labeling of PSD95
(red) is used strictly as contrast. Scale bars: Top, 400 m; Bottom, 50 um. BLA was almost entirely devoid of EYFP-positive fibers at P10 (A). However, by P15, mPFC projections had densely ramified
within the anterior BA (B). G, A comparison of integrated fluorescence intensity for all animals confirmed that EYFP labeling had an abrupt onset between P10and P15 and continued to increase until
up to P30 in the anterior BA. Background fluorescence was measured in the LA and subtracted from BA fluorescence for each brain section. Tukey's post hoc test was conducted on all pairwise
comparisons following one-way ANOVA. *p < 0.05. ***p << 0.001. Analysis of mPFC infection spread and BLA fluorescence was performed on the same animals, with  values reported in Figure 1.

receptor-mediated EPSCs at P30 revealed a linear current-voltage
relationship (for rectification analysis, see Materials and Meth-
ods; rectification index = 1.04 = 0.14, n = 10 cells, 4 animals),
suggesting that increased AMPA/NMDA ratio does not involve
the accumulation of calcium-permeable AMPAR:s.

In addition to excitatory responses, we previously demon-
strated that stimulation of glutamatergic mPFC terminals re-
cruits disynaptic feedforward IPSCs, which putatively originate
from local GABAergic interneurons (Arruda-Carvalho and Clem,

2014). Although BLA contains several distinct GABAergic sub-
types, it remains unclear which of these receive mPFC input or
mediate feedforward responses. We therefore quantified the po-
tency of feedforward IPSCs relative to monosynaptic excitation
triggered under the same stimulus conditions (Fig. 6A). Before
performing such an analysis, we first confirmed that IPSCs could
be abolished by both GABA , receptor and AMPA/kainate recep-
tor antagonists (Fig. 6B), consistent with a feedforward inhibi-
tory circuit mechanism. In addition, the onset latency of IPSCs
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Figure4. Development of spontaneous synaptic transmission in the anterior basal nucleus. 4, SEPSCs and sIPSCs were obtained from principal excitatory neurons in the anterior basal nucleus of
the BLA in acute brain slices. To enable within-cell comparisons of excitatory and inhibitory transmission, SEPSCs and sIPSCs were sampled from the same neuron by clamping the cell at reversal
potential for IPSCs (—60 mV) or EPSCs (0 mV), respectively, in a low-chloride internal solution. B, €, Increase in the frequency (B) but not amplitude (C) of SEPSCs between P10 and later ages. Tukey's
post hoc test was conducted on all pairwise comparisons following one-way ANOVA. *p << 0.10.*p << 0.05.**p << 0.01. P10, n = 14 cells (2 mice); P15, n = 15 cells (7 mice); P21,n = 9 cells
(4 mice); P30,n = 13 cells (8 mice); P45, n = 8 cells (4 mice); P60, n = 8 cells (6 mice). D, E, Increase in the frequency (D) and amplitude (E) between P10 and later ages, as well as further increase
in frequency between P15 and P30. Tukey's post hoc test was conducted on all pairwise comparisons following one-way ANOVA. *p << 0.05. ***p << 0.001. F, Decrease in IPSC decay time constant
between P10 and later ages. Tukey's post hoc test was conducted on all pairwise comparisons following one-way ANOVA. ****p << 0.0001.P10,n = 15 cells (2 mice); P15, n = 16 cells (7 mice); P21,
n =9 cells (4 mice); P30, n = 14 cells (8 mice); P45, n = 10 cells (5 mice); P60, n = 9 cells (7 mice). G, Cell-by-cell comparison of SEPSC (E) and sIPSC frequency (/) illustrating developmental shift
todominance by spontaneous inhibition. P10,n = 11 cells (2 mice); P15, n = 12 cells (7 mice); P21,n = 7 cells (4 mice); P30, n = 12 cells (8 mice); P45, n = 8 cells (4 mice); P60,n = 7 cells (5 mice).
H, Normalized frequency of inhibition (calculated by subtracting SEPSCfrom sIPSCfrequency for individual neurons) illustrating a surge in relative inhibitory drive at P30. Tukey’s post hoc comparison
was conducted on all pairwise comparisons following one-way ANOVA. **p << 0.01. ***p << 0.001. P10,n = 11 cells (2 mice); P15, n = 12 cells (7 mice); P21, n = 7 cells (4 mice); P30,n = 12 cells
(8 mice); P45, n = 8 cells (4 mice); P60, n = 7 cells (7 mice).

was delayed relative to EPSCs (two-way repeated-measures  within the mPFC-BLA pathway is not stable across early de-
ANOVA, main effect of IPSCvs EPSC, F(; 4,y = 154.5,p < 0.001;  velopment but is instead transiently shifted toward inhibition
Fig. 6D), and there was no interaction between onset latency and  in adolescence.

age. Having confirmed that IPSCs originate from feedforward . .

circuits, we then calculated an IPSC/EPSC amplitude ratio, Discussion

which revealed a sharp but transient increase in relative inhi- A fundamental process in brain network development is the for-
bition at P30 (one-way ANOVA, F, 45, = 3.33, p = 0.018; Fig.  mation and maturation of long-range circuitry. Nevertheless, for
6C,E). These data indicate that inhibitory/excitatory balance  even the most scrutinized pathways, the time course for initiation
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Figure5.

Developmental strengthening of BLA excitatory synapses formed by mPFC projections. A, Summary of experimental procedure. At 7 d after stereotaxic viral infusions, acute brain slices

containing the amygdala were obtained for synaptic physiology. Prefrontal tissue was retained and subsectioned to confirm target expression. Monosynaptic EPSCs were recorded from principal
excitatory neurons in the anterior basal nucleus during stimulation of mPFC projections by microscope-objective coupled LEDs (460 nm). B, Response amplitude during paired-pulse stimulation was
examined as a proxy for glutamate release probability of mPFC terminals. Scale bars: P15, 150 pA; P30, 80 pA; P45, 500 pA; P60, 150 pA X 100 ms. €, Comparison of paired-pulse ratio (second/first
response) revealed a decrease between P21 and P30. Bonferroni post hoc test was conducted on all pairwise comparisons following two-way repeated-measures ANOVA. *[black]p << 0.05, P15
versus P60. *[purple]p << 0.01, P21 versus P30, P45, and P60. **[black]p << 0.01, P15 versus P30, P45, and P60. **[purple]p << 0.01, P21 versus P30, P45, and P60. P15, n = 8 cells (3 mice); P21,
n = 11 cells (4 mice); P30, n = 10 cells (5 mice); P45, n = 6 cells (5 mice); P60, n = 22 cells (10 mice). D, Representative EPSCs resulting from optic stimulation at —70 mV and 40 mV during
blockade of GABAergic transmission (100 wum picrotoxin). For calculation of AMPA/NMDA ratio, AMPAR-EPSC amplitude was defined as the peak amplitude at —70 mV, a potential at which NMDA
receptors contribute negligible current. Conversely, NMDAR-EPSCs were measured at 40 mV at 100 ms after LED stimulation, a time point when AMPA receptor currents have fully decayed and
responses are dominated by NMDA currents. E, Developmental increase in AMPA/NMDA ratio. P15, n = 11 cells (3 mice); P21, n = 13 cells (5 mice); P30, n = 12 cells (6 mice); P45, n = 13 cells
(5 mice); P60, n = 8 cells (5 mice). Tukey's post hoc test was conducted on all pairwise comparisons following one-way ANOVA. **p << 0.01. F, Developmental increase in maximal amplitude of
light-evoked EPSCs at —70 mV. Tukey's post hoc test was conducted on all pairwise comparisons following one-way ANOVA. *p << 0.05. G, No change in decay time constant of responses at 40 mV.
Inset, Overlay of group-averaged peak-scaled currents at 40 mV, color coded according to scheme in B. P15, n = 10 cells (3 mice); P21, n = 12 cells (4 mice); P30, n = 11 cells (6 mice); P45,
n = 13 cells (5 mice); P60, n = 8 cells (5 mice).

and completion of these events remains a matter of speculation.
Here we describe an optogenetic approach to this question that
allowed us to visualize the early proliferation of glutamatergic
projections between the mPFC and BLA, and characterize the
functional maturation of their transmission within BLA net-
works. We defined, for the first time, a postnatal window
encompassing the appearance of synaptic responses in this
pathway followed by their attainment of adult-like properties.
These data outline a period of ongoing refinement during
which synaptic transmission may be especially sensitive to
adverse experiences.

Consistent with preadolescent onset of human mPFC-amygdala
connectivity (Gabard-Durnam et al., 2014), our results indicate
that mPFC projections first reach appreciable levels in the mouse
BLA between P10 and P15, which was delayed relative to projec-
tions targeting the claustrum, thalamus, and striatum. Tracer
studies in rats suggest that development of mPFC-BLA reciprocal
connectivity is itself asynchronous, with BLA projections arriving
in mPFC several days before mPFC axons reach BLA (Bouw-
meester et al., 2002a, b). Asynchrony of efferent and afferent
development might have important consequences for circuit
maturation and behavior, for example, by delaying the ontogen-
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Figure 6. Transient potentiation of feedforward inhibition in the mPFC-BLA pathway. 4, Diagram of monosynaptic and disyn-
aptic circuitinterrogation by optic stimulation (460 nm). To examine the relative potency of feedforward inhibition, IPSCs were first
collected at 0 mV before measuring EPSCs at —70 mV in the presence of a GABA,-receptor antagonist (100 wm picrotoxin).
B, Confirmation of disynaptic mechanism for IPSCs, which were abolished by both GABA, receptor antagonism (100 wu pictro-
toxin) or AMPA/kainate receptor blockade (10 wum CNQX). €, Representative overlays of feedforward IPSCs with monosynaptic
EPSCs at each age. Traces were normalized to peak amplitude of EPSCs to illustrate shift in feedforward inhibition. Scale bars: P15,
200 pA; P21, 200 pA; P30, 100 pA; P45, 200 pA; P60, 200 pA X 50 ms. D, Onset latencies of EPSCs and IPSCs at each age were
consistent with a monosynaptic and disynaptic mechanism, respectively. Bonferroni post hoc test was conducted on all pairwise
comparisons following two-way repeated-measures ANOVA. **p << 0.01. ***p << 0.001. E, IPSC/EPSC amplitude ratio was
transiently elevated at P30. Tukey's post hoc test was conducted on all pairwise comparisons following one-way ANOVA. *p <
0.05. P15, n = 9 cells (5 mice); P21, n = 8 cells (5 mice); P30, n = 12 cells (6 mice); P45, n = 9 cells (5 mice); P60, n = 12 cells
(10 mice).
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2016). mPFC-BLA connections may therefore
be shaped by this early experience as well
as participate in the encoding of early
aversive memories, a possibility that re-
mains to be examined. However, aspects
of fear regulation involving the mPFC are
considered to undergo refinement during
adolescence (Pattwell et al., 2013).

Over ~2 weeks after synapses are es-
tablished between mPFC and BLA, our
data show that they are strengthened
through both presynaptic and postsynap-
tic mechanisms. By P30, both short-term
dynamics and relative AMPA receptor
conductance of these connections have
reached adult levels. Because there were
no changes in sEPSC amplitude or fre-
quency during this timeframe, it is likely
that developmental strengthening affects
a relatively small proportion of BLA syn-
apses, which would be expected if changes
were specific to the mPFC-BLA pathway.
The synaptic accumulation of AMPA re-
ceptors in sensory areas is thought to be an
experience-dependent process that shapes
response properties (Feldman, 2009). It is
interesting to speculate that such mecha-
nisms may also be at work in mPFC-BLA
network development. Strengthening of
newly generated synaptic contacts could
also contribute to their stabilization (Holt-
maat et al.,, 2006), meaning that early emo-
tional experiences could leave a lasting
structural trace in the adult brain.

Recent work draws functional distinc-
tions in threat learning between dorsal and
ventral regions of mPFC, and in particular
between the prelimbic and infralimbic
subdivisions. Accordingly, expression of
conditioned threat memories depends on
prelimbic, whereas extinction learning re-
quires infralimbic cortex (Giustino and
Maren, 2015). Given these roles, an interest-
ing question is whether these subregions ex-
hibit unique developmental trajectories.
Within the BLA, however, several new stud-
ies indicate similar profiles of axon termina-
tion from prelimbic and infralimbic cortex,
with the anterior basal nucleus being the
principal target of both (Cho et al., 2013;
Arruda-Carvalho and Clem, 2014; Hiibner
et al,, 2014; Bukalo et al., 2015; Cheriyan et

esis of behavioral repertoires to coincide with meaningful
experience.

The formation of mPFC-BLA synapses was correlated with
the largest developmental increase in BLA spontaneous synaptic
activity that we observed, and would therefore appear consistent
with the notion that mPFC circuits participate in and perhaps
influence key events in the early maturation of the BLA. The third
postnatal week is a period when mice first explore outside the
home nest, where they encounter threats on a regular basis, and
correspondingly when their capacity for threat learning emerges
(Rudy, 1993; Richardson et al., 2000; Akers et al., 2012; Deal et al.,

al., 2016). In addition, we and others have shown that projections
from these areas recruit equivalent levels of excitation and feedfor-
ward inhibition (Cho et al., 2013; Arruda-Carvalho and Clem,
2014). Maturation of associated synaptic connections is therefore
likely to be fundamentally similar, but any differences in the timing
of these events could alter the balance between prelimbic and infra-
limbic transmission. Addressing these possibilities would require se-
lectively targeting these areas in developing animals, a level of
precision that would be extremely challenging.

Among the most intriguing changes that we found was a tran-
sient increase in the balance of feedforward inhibition to excita-
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tion within the mPFC-BLA pathway, which occurred at P30. This
shift corresponds to a peak in sIPSC frequency as well as relative
inhibition of BLA principal neurons. A likely possibility is that
this period is characterized by an excess of synaptic terminals or
GABA release from an interneuron population that mediates
mPFC feedforward inhibition. Because there are several steps
involved in the integration of mPFC input and release of GABA
by feedforward interneurons, and potentially more than one in-
hibitory population involved in this transmission, the precise
mechanism for these changes remains to be established. The most
direct consequence of potentiated feedforward inhibition would
be a shift in the net effect of mPFC glutamate transmission to-
ward inhibitory processes. Interestingly, during a comparable
mid-adolescent period in humans, the valence of mPFC-BLA
functional connectivity switches from positive to negative (Gee et
al., 2013), and the failure to exhibit this transition is associated
with increased amygdala reactivity.

The timeframe of these inhibitory changes is also intriguing in
light of recent behavioral and anatomical studies. Early adoles-
cence in rodents has been associated with impaired retention of
threat memory extinction for auditory cues (Pattwell et al., 2012;
Baker et al., 2014). In mice, this impairment is reportedly ex-
pressed between P29 and P43 (Pattwell et al., 2012). Interestingly,
asimilar window (P29-P40) has been associated with temporarily
suppressed expression of contextual threat memories (Pattwell et
al., 2011). Most interestingly, prelimbic mPFC neurons exhibit
higher spine density, and a greater number of mPFC-projecting
BLA neurons are observed in P31 compared with P24 and P45
mice (Pattwell et al., 2016). Along with our findings, these
changes may provide clues to aberrant threat-related behavior
during adolescence, and it is tempting to speculate that their
persistence may contribute to psychiatric dysfunction. However,
our data could also be more generally indicative of a developmen-
tal critical period because the maturation of cortical inhibition
is considered to be a key mechanism in critical period timing
(Levelt and Hiibener, 2012).

In conclusion, we executed a novel approach to interrogating
nascent long-range connections in a brain network crucial to
emotional and cognitive development. Our results establish a
time frame for several important aspects of mPFC-BLA circuit
maturation during early life, and suggest potential substrates for
normal and abnormal behavioral adaptations. The techniques we
describe are highly applicable to other complex circuitry and
could provide key insights into brain maturation by delineating
specific pathways affected by developmental synaptic plasticity.
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