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Neurobiology of Disease

A Target Cell-Specific Role for Presynaptic Fmrl in
Regulating Glutamate Release onto Neocortical Fast-Spiking
Inhibitory Neurons

Ankur B. Patel,' Seth A. Hays,' Ingrid Bureau,>> Kimberly M. Huber,! and Jay R. Gibson'
"University of Texas Southwestern Medical Center, Department of Neuroscience, Dallas, Texas 75390-9111 and 2INSERM, U901 Institut de Neurobiologie
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In the mouse model of Fragile X syndrome, the FmrI knock-out, local excitation of layer 4 fast-spiking (FS) inhibitory neurons is robustly
decreased by 50%, but the mechanisms mediating this change are unknown. Here, we performed recordings in acutely prepared slices obtained
from FmrI “mosaic” mice, where Fmrl is deleted in about half of all neurons, and we found that loss of presynaptic, but not postsynaptic, Frnr1
fully recapitulates the deficit. The change in connection strength is primarily due to a decrease in release probability indicating that FMRP
normally positively regulates these processes. This change in presynaptic neurotransmitter release is observed both in the mosaic mice and in the
constitutive Fmrl knock-out mice. Manipulations in release probability enabled both the mimic and rescue of the impaired function in this
synaptic pathway. Loss of presynaptic FmrI has no effect on excitatory synapses onto excitatory neurons, indicating a target cell-specific function
for presynaptic FMRP. Finally, we demonstrate that the excitation decrement onto FS neurons also exists in layer 5 of the Fmrl knock-out,
suggesting a widespread role for presynaptic Fmr! in the excitation of inhibitory neurons. In summary, we identify a novel function for presyn-
aptic FMRP in promoting presynaptic neurotransmitter release, and we show that loss of this function accounts for impaired excitation of
neocortical FS inhibitory neurons. These changes may contribute to the cognitive dysfunction and circuit hyperexcitability associated with

Fragile X syndrome, including patients with complete deletion of FMRP and those with mosaic expression of FMRP.

Introduction
Fragile X syndrome (FXS) is the leading cause of intellectual dis-
ability and the most common monogenic form of Autism (Bassell
and Warren, 2008). It is caused by the transcriptional silencing of
FMRI, which is located on the X-chromosome. FMRI codes for
FMRP, an RNA-binding protein that is involved in the transla-
tional regulation of its mRNA targets. Patients with FXS present
with cognitive and social deficits, seizures, sensory hypersensitiv-
ity, and hyperactivity (Berry-Kravis, 2002; Hagerman et al.,
2009). Many of these impairments are reproduced in the FXS
mouse model, the Fmrl knock-out (KO) mouse (Musumeci et
al., 2000; Nielsen et al., 2002; Spencer et al., 2005). FXS not only
includes patients who lack FMRP in all cells, but also those who
are “mosaic” in FMRP expression (Hagerman et al., 2009).
Alterations in synaptic plasticity and synaptic structure have
been observed in FXS patients and in Frnr1 KO mice (Pfeiffer and
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Huber, 2009). Also, “baseline” synaptic function and connectiv-
ity measured electrophysiologically are altered in acute cortical
slices obtained from Fmrl KO mice (Bureau et al., 2008; Gibson
etal., 2008; Harlow et al., 2010; Olmos-Serrano et al., 2010; Testa-
Silva et al., 2012). But the mechanisms underlying these baseline
functional alterations remain completely unknown.

FMRP has both presynaptic and postsynaptic function in in-
vertebrates (Zhang et al., 2001; Till et al., 2010). To date, most
work in rodents has focused on postsynaptic mechanisms
(Pfeiffer and Huber, 2009). But FMRP is also expressed in pre-
synaptic structures (Antar et al., 2006; Christie et al., 2009; Till et
al., 2012), and its mRNA targets include approximately one-third
of the presynaptic proteome (Darnell et al., 2011). Little is known
about its presynaptic FMRP function. Studies in the Fmrl KO
mouse indicate it may regulate neurotransmitter release (Deng et
al., 2011; Klemmer et al., 2011). A study in slice culture demon-
strated that hippocampal CA3 neurons without presynaptic
FMRP had a reduced connection probability onto neighboring
neurons (Hanson and Madison, 2007). But for all of these re-
ported changes, their mechanisms and their relevance to circuit
connectivity alterations in the Fmrl KO remain unknown.

We previously demonstrated a 50% decrease in local excita-
tion onto neocortical fast-spiking (FS) inhibitory neurons
(Gibson et al., 2008). This deficit persists until at least 1 month of
age. FS neurons represent ~50% of all cortical inhibitory neu-
rons, and through the feedback inhibition they provide, they de-
crease the rate and increase the synchrony of spiking in
postsynaptic target neurons (Bartos et al., 2001; Galarreta and
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Hestrin, 2001; Atallah et al., 2012). Consistent with an impair-
ment in the excitation and activation of FS neurons, we have
observed both longer and less synchronous persistent activity
states in the neocortex of the Finrl KO (Gibson et al., 2008; Hays
etal., 2011). Similarly, decreased synchrony and inhibitory tone
could underlie cognitive disabilities, sensory hypersensitivity,
and epilepsy associated with FXS (Berry-Kravis, 2002; Uhlhaas
and Singer, 2006).

Here, we examine the mechanisms underlying the decrease in
excitation of FS inhibitory neurons and find that it is entirely due
to presynaptic deletion of Fmrl. The deficit is primarily due to a
decrease in presynaptic glutamate release. We make these ob-
servations with simultaneous recordings of presynaptic and
postsynaptic neurons, which provide precise measurements of
cell-to-cell synaptic function and connectivity in an isolated
synaptic pathway.

Materials and Methods

Mice. Congenic Fmr1 KO mice on the C57BL/6 background were originally
obtained from Dr. S. Warren (Emory University, Atlanta, GA) (Dutch-
Belgian Fragile X Consortium, 1994). X-linked GFP mice were originally
composed of a mixed genetic background (Jackson Laboratory)
(Hadjantonakis et al., 2001), but we have backcrossed them onto the
C57BL/6 background for at least four generations. GFP/Fmrl mosaic fe-
males did not express FMRP in approximately half of all neurons due to X
inactivation and were made by breeding X-linked GFP males with Frnr1 KO
females. G42 mice expressed GFP in a subset of parvalbumin-expressing
neurons and are comprised of a mixed C57BL/6 and CB6F1/] background (J.
Huang, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY)
(Chattopadhyaya et al., 2004). To control for genetic and litter variability,
only within-litter comparisons were used for comparing Frnrl KO versus
wild-type (WT) data. The Frmr1 KO phenotype examined in this study—the
decrease in excitation of FS inhibitory neurons—is robust to various genetic
mouse strains and breeding strategies, because between this study and a
previous study (Gibson et al., 2008), the phenotype has been observed in
three different mouse breeding paradigms involving three different back-
ground strains. For all Fmrl KO experiments, we used males, since this sex
was used in our previous study (Gibson et al., 2008), and this makes litter-
mate comparisons of KOs versus WTs more feasible.

Electrophysiology. Mice [postnatal day 13 (P13)-P16] were anesthetized
with Euthasol and the brains removed following protocols approved by the
University of Texas Southwestern. Thalamocortical slices, 350 wm thick,
were cut at ~4°C in dissection buffer, placed in normal artificial CSF (ACSF)
at 35°C for 30 min, and slowly cooled to 21°C over the next 30 min. This slice
preparation preserves thalamic input to the barrel cortex, interlayer projec-
tions within neocortex, as well as the local connectivity in all layers, and
therefore it is a good preparation to examine circuit changes in mutant mice
(Agmon and Connors, 1991). In the barrel field of somatosensory cortex,
whole-cell recordings were performed in either layer 4 (inside a barrel) or
layer 5 using infrared-differential interference contrast visualization and an
Olympus FV300 confocal microscope. The use of a confocal microscope
enabled more reliable identification of GFP-negative neurons since back-
ground GFP fluorescence was high (~50% of cells expressed GFP). Record-
ings were performed at 21°C (see Figs. 1-6) and at 32°C (see Figs. 7-9). Data
were collected with a 10 kHz sampling rate and a 3 kHz Bessel filter.

Layer 4 FS cells were identified by their large size and nonadapting,
high firing rates (Connors and Gutnick, 1990; Gibson et al., 1999). The
rare occurrence of FS neurons necessitated a high number of both Fmr1
WT and KO neurons found in GFP/Fmrl mosaic females since we
needed to find FS/excitatory pairs in the four possible Fmrl expression
configurations that were close in distance where the probability of con-
nection is highest. Layer 5 FS neurons in the Fnrl KO line were identified
by GFP fluorescence by cross-breeding with the G42 mouse line.

Electrophysiology solutions. The ACSF contained the following (in mm):
126 NaCl, 3 KCl, 1.25 NaH,PO,, 2 MgSO,,, 26 NaHCOj, 25 dextrose, and 2
CaCl,. All slices were prepared in a sucrose dissection buffer containing the
following (in mm): 75 sucrose, 87 NaCl, 3 KCl, 1.25 NaH,PO,, 7 MgSO,, 26
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NaHCO;, 20 dextrose, and 0.5 CaCl,. All solutions were pH 7.4. ACSF was
saturated with 95% O,/5% CO,. The pipette solution consisted the follow-
ing (in mm): 130 K-gluconate, 6 KCl, 3 NaCl, 10 HEPES, 0.2 EGTA, 4 ATP-
Mg, 0.3 GTP-Tris, 14 phosphocreatine-Tris, and 10 sucrose. This was
adjusted to pH 7.25 and 290 mOsm. The junction potential was ~10 mV and
was not corrected.

Unitary PSCs. Unitary EPSCs and IPSCs (uEPSCs and uIPSCs) were
measured at a holding potentials of —60 and —55 mV, respectively. For
data in Figures 1-3, a train of four pulses was applied once every 10 s. For
data in Figures 7-9, a train of two pulses was applied once every 15 s.
Average uPSC amplitude was always determined from the first uPSC in
the train (uPSC1). A connection was considered to exist when the aver-
age amplitude was >2 pA. Individual presynaptic action potentials were
elicited with an 8 ms depolarizing current step (generally 600 pA). Short-
term plasticity analysis was performed when the average uPSC1 was (1)
>10 pA in layer 4 FS neurons and (2) >5 pA in layer 5 FS neurons and
layer 4 excitatory neurons. An experiment was analyzed if the postsyn-
aptic recording of the inhibitory neuron met the following criteria: series
resistance was <20 M), and both series and input resistance did not
deviate by >25% during the recording. Criteria for excitatory neuron
recordings were the same, except series resistance was less that 40 M().

The coefficient of variation (CV) was calculated as the square root of
(VARgpsc; — VAR qeline) divided by the meany g, where VAR pgc;
and VAR, i, are the variance of uEPSC1 and baseline noise respec-
tively, and meangpgc, is the mean of uEPSC1 (Faber and Korn, 1991;
Markram etal., 1997). Only responses >10 pA were used to avoid signif-
icant contamination by noise. uEPSC amplitude measurements <1.6
times root mean square noise were considered “failures.” CV and failures
were measured on traces further filtered by a three-point running aver-
age, which had no detectable impact on response amplitude.

For Figures 7A and 84, the fitted sigmoid function was a three-
parameter Hill function (SigmaPlot; Systat Software).

Cd®* experiments measuring quantal amplitude. Experiments were
performed in 5 um CdCL,. As in a previous study (Gibson et al., 2009),
long action potential trains were applied, and the number (10-30) of
action potentials was modified at a frequency of 20 Hz to reduce the
percent of action potentials evoking a uEPSC to <20%. These uEPSCs
are referred to as “successes” and were only analyzed if they occurred
within *0.3 ms of the average latency. The successes are considered to be
“putative” quantal events. Systematic error in average quantal amplitude
measurements was calculated in a previous study, where the overestimate
in quantal amplitude (q) was dependent on the number of release sites,
ranging from 0% for 1 release site to 18% for 10 release sites, and the error
in the relative difference in g between WT/WT and KO/WT pairs would
be <5% (Gibson et al., 2009). This analysis was performed on traces
further filtered by a three-point running average.

MK-801 experiments. This protocol is based on previous studies
(Rosenmund et al., 1993; Castro-Alamancos and Connors, 1997). All
train intervals were 10 s, and the following compounds were part of a
modified ACSF to isolate and promote NMDAR-mediated currents: 20
uM DNQX (Sigma), 3 mm Ca**, 0 mm Mg?", and 5 uM glycine (Sigma).
The postsynaptic FS neuron was held at —50 mV. An initial train of eight
uEPSCs was acquired to obtain an average baseline uEPSC amplitude.
Then MK-801 (40 um) was applied. After a 10 min wait to allow the
compound to completely permeate the slice, a train of 75 uEPSCs was
acquired. uEPSC amplitudes were mediated by NMDARs and averaged
around 15 pA. Al uEPSC amplitudes during MK-801 were normalized to
the average baseline amplitude. We then performed two sets of analyses.
First, we fit a single exponential decay to the data obtained from each
experiment (Fig. 5A), and then compared the time constant for these
decays between WTs and KOs. Fitting was performed in SigmaPlot 12
using the Levenberg—Marquardt method. Second, we binned and aver-
aged the responses in each experiment based on the following intervals
(in ms): 1-5, 6-16, and every interval of 10 up to 75 (Fig. 5B). Then we
averaged this data across experiments and performed a two-way ANOVA
(presynaptic genotype by time interval), with the time interval dimen-
sion being repeated measures. We examined the differences between
WTs and KOs at each interval to confirm the changes in time constant
derived for each experiment individually.
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Figure 1.

Immunocytochemistry. Mice (P14—P20) were anesthetized with Eutha-
sol and transcardially perfused following protocols approved by the Uni-
versity of Texas Southwestern. The perfusion rate was 1.7 ml/min and
began with ice cold saline for 1 min followed by 15 min of 4% parafor-
maldehyde. The brain was then removed and postfixed in 4% parafor-
maldehyde for 30 min. We subsequently followed procedures described
previously, which included antigen retrieval for FMRP staining (Hays et
al., 2011). Antibodies were for GFP (1:1500, chick; Aves Labs, #GFP-
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1020; secondary, Alexa488; Invitrogen) and
FMRP (1:200, mouse, 2F5; gift from J. Darnell,
Rockefeller University, New York, NY; second-
ary, Alexa555; Invitrogen). Specificity for the
FMRP antibody has been described previously
(Hays etal., 2011). Images were collected on an
inverted Zeiss LSM confocal microscope.

Drugs. For quantal and wild-type mimic ex-
periments, we reduced release probability using
cadmium chloride (CdCl,; Sigma). Quantal ex-
periments also contained the GABA, receptor
antagonist picrotoxin (50 wM; Sigma) and the
NMDA receptor antagonist AP5 [p-2-amino-5-
phosphonovaleric acid; 50 um; Sigma]. For
multivesicular release experiments, we used
kynurenic acid (Sigma), y-p-glutamylglycine (y-
DGG; Tocris Bioscience) and NBQX (Sigma).
For miniature EPSC experiments, action poten-
tials were blocked with tetrodotoxin (1 wm;
Sigma), and GABA , receptors were blocked with
picrotoxin.

Statistics. All statistics were performed using
SigmaPlot (Systat Software), and statistical sig-
* nificance was at p < 0.05. Unless stated other-
wise, we used the nonparametric unpaired ¢
test (Mann—Whitney) when comparing two
groups. For more than two groups, Kruskal—
Wallis one-way ANOVA on ranks was per-
formed followed by a post hoc comparisons test
(Dunn’s method). Sample number () is the
cell or synaptically connected pair number.
Data are represented by the mean * SEM.
Connectivity frequency changes were detected

= F = using the x? test, and a Fishers exact p value
i was used to determine significance.

Results

Excitation of fast-spiking neurons

decreases with presynaptic

Fmrl deletion

We used GFP/Fmrl mosaic females where

cells either coexpress GFP and FMRP or ex-

press neither, which we refer to as Finrl WT

and Fmrl KO neurons, respectively. FMRP

Presynaptic deletion of Fmr7 in mosaic mice results in decreased unitary excitation of FS inhibitory neurons. A,
Immunohistochemistry for GFP and FMRP in somatosensory neocortex at P14. Top, In GFP/Fmr1 mosaic mice, GFP marks neurons
that express FMRP, while lack of GFP indicates no FMRP. Bottom, In WT mice expressing GFP in parvalbumin-positive FS neurons,
FMRP colocalizes with GFP indicating that FS neurons express FMRP (arrows). B, Top, Diagram of glutamatergic connection
examined. Bottom, In live mosaicsslices, GFP-positive and GFP-negative neurons were clearly identified. C, Example traces obtained
from simultaneous recordings show that uEPSCs observed in FS neurons and evoked from presynaptic KO excitatory neurons were
smaller. Calibration: 50 mV, 20 pA; 5 ms. D, E, Scatter plot and bar graph showing that average uEPSC1 amplitude was smaller
whenever fmr1 was deleted from the presynaptic excitatory neuron. F, Cumulative distribution of uEPSC1 amplitude for merged
presynaptic KO and merged presynaptic WT groups. G, No detectable change in connection probability was observed. H, Average
normalized uEPSC amplitude during the train of four presynaptic action potentials was unchanged. *p << 0.05; **p << 0.01.

is expressed in layer 4 barrel cortex at this
age (Harlow et al, 2010). However, we
wanted to validate that GFP expression in
GFP/Fmrl mosaic mice faithfully reports
FMRP expression. Immunohistochemistry
indicated that GFP reliably reported FMRP
expression in the neocortex at the ages ex-
amined in this study (Fig. 1A): 159 of 159
GFP-positive (GFP+) neurons were also
FMRP-positive (FMRP+), and conversely,
159 of 168 FMRP+ neurons were GFP+.
We next determined whether FMRP is ex-
pressed in parvalbumin-positive inhibitory
neurons, since these are the biochemical
identity of the FS neurons we examines in
this study (Cauli et al., 1997; Gibson et al.,
1999). Using the G42 mouse line, which selectively expresses GFP in
parvalbumin-positive neurons, we found that 54 of 55 GFP+ neurons
in the neocortex also express FMRP (in layer 4, 17 of 17; Fig. 1A).

We performed simultaneous whole-cell recordings of presyn-
aptic excitatory and postsynaptic FS inhibitory neurons where we
knew the genotype of all neurons (GFP indicating Fmrl WT; Fig.
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1B). Up to four neurons could be re- A 1
corded simultaneously. We examined
uEPSCs in FS neurons in response to ac-
tion potentials evoked in a single presyn-
aptic excitatory neuron (Fig. 1C). We
compared the amplitude of the first
uEPSC in a train (uEPSCI; 4 at 20 Hz)
between all four groups of presynaptic
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and postsynaptic genotypic combinations
and found that Fmrl deletion in the pre-
synaptic excitatory neuron greatly de-
creased uEPSC1 amplitude (Fig. 1D,E).  \yt
The two presynaptic KO groups were both
significantly different from the WI/WT
(pre/post) group (p < 0.05 and p < 0.05; C
WT/WT, KO/KO, and KO/WT, 71.8 =
10.1,34.4 = 5.1,and 43.1 = 7.2 pA; n =

44, 35, and 49, respectively), and the aver-

age amplitude of both presynaptic KO
groups merged was only 54% of the
WT/WT group. On the other hand, no
difference was detected with postsynaptic

Fmrl deletion (71.8 = 10.1, 79.2 = 15.5; 0 25 |
WT/WT vs WT/KO; n = 46 and 39). The Pre Fmri + =
difference between presynaptic Fmr'l KO postFmr1 + -
and WT groups represented a uniform
shift in the distribution as indicated by the
cumulative probability distribution (Fig.
1F). If we restrict our analysis to experi-
ments in which we recorded presynaptic
KO and WT neurons simultaneously and
both had connections to the same WT postsynaptic FS neuron,
we observe the same decrement with presynaptic Fmrl deletion
(p <0.05;117.5 = 26.2, 50.8 = 9.2 pA; WT/WT and KO/WT,
n = 10 and 10, paired ¢ test), indicating that our results are not
due to heterogeneity of FS neurons or our biases in targeting FS
neurons.

Both the probability of the occurrence of functional connec-
tions and short-term depression during the stimulus train were
not detectably different among the four groups (Fig. 1G,H). No
changes in the following uEPSC1 properties were observed: rise
time (WT/WT, KO/KO, WT/KO, and KO/WT, 0.66 = 0.1,
0.60 = 0.1,0.68 £ 0.1,and 0.66 = 0.2 ms; n = 24,17, 16, and 25,
respectively), decay time-constant (6.8 = 0.6, 6.0 * 0.6, 5.9 =
0.4, and 6.5 £ 0.4 ms; n = 24, 17, 16, and 25), or onset latency
(0.97 = 0.04, 1.08 = 0.05, 0.96 = 0.06, and 0.93 £ 0.03 ms; n =
29, 30, 25, and 23). If we quantify connection probability in all
WT/WT and KO/WT pairs in this study, the higher sample num-
ber allows us to detect an 18% decrease with presynaptic Fmrl
deletion (p < 0.05, 66 vs 54%; WT/WT, 85 of 129; KO/WT, 86 of
160; does not include MK-801 experiments). We did not perform
control experiments testing the effect of GFP alone in GFP mo-
saic mice since a previous study using the same GFP/FmrI mosaic
strategy to study synaptic transmission performed this control
and observed no effect on synaptic transmission between hip-
pocampal pyramidal neurons (Hanson and Madison, 2007).

To determine whether presynaptic deletion of Fmrl selec-
tively affected excitation of FS neurons, we also examined the
local excitation onto postsynaptic excitatory neurons in the GFP/
Fmrl mosaic mice (Fig. 2A). In this instance, we did not detect
any effect on uEPSC1 amplitude or connection probability under
any combination of FmrI deletion (Figs. 2B—E). Therefore, while
the decrease in excitation is due to Fmrl deletion in presynaptic
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Unitary excitation of postsynaptic excitatory neurons was not affected by Fmr1 deletion in mosaic mice. 4, Top, Diagram of the
connection examined. Bottom, Example traces of simultaneous recordings of excitatory neurons. Calibration: 50 mV, 10 pA; 5 ms. B, C,
Scatter plot and bar graph showing that average uEPSC1 amplitude was not affected by Fmr1 deletion. D, Connection probability was
unchanged. E, Average normalized uEPSC amplitude during the train of 4 presynaptic action potentials was unchanged.

excitatory neurons, this decrease is postsynaptic specific and oc-
curs only at FS inhibitory neurons. These results implicate a tar-
get cell-specific function for presynaptic Frrl.

We next examined the role of selective presynaptic and post-
synaptic deletion of Fmrl on local inhibitory synaptic function of
FS neurons. Similar to what we observed in the complete Frmrl
KO (Gibson etal., 2008), we did not detect any changes in uIPSCs
originating from FS neurons as a function of presynaptic or post-
synaptic deletion of Fmrl (WT/WT, KO/KO, WT/KO, and
KO/WT for excitatory/FS neurons, amplitude, 14.2 = 2.4,16.1 =
3.1, 16.4 £ 3.5, and 13.0 = 1.4 pA; n = 16, 17, 25, and 15;
connection probability, 34, 33, 31, and 26%; n = 47, 51, 80, and
57, respectively). These results suggest that the cell autonomous
role of presynaptic Fmrl is specific for excitatory synaptic
transmission.

The results concerning both uEPSCs and uIPSCs very closely
follow those found in the constitutive Frmrl KO mouse where the
identical synaptic connections have been examined (Gibson et
al., 2008). On the other hand, the increased membrane excitabil-
ity found in L4 excitatory neurons in the Fmrl KO (Gibson et al.,
2008) was not observed in KO neurons in the mosaic. No changes
in input resistance (WT, 594 = 42 M{); KO, 592 = 31 MQ}),
resting potential (WT, —63 £ 1 mV; KO, —64 = 1 mV), the
number of action potentials evoked with 15 and 30 pA steps (data
not shown), or threshold current to evoke an action potential
(WT, 30 = 4 pA; KO 32 = 3 pA) were observed in excitatory
neurons (WT, n = 46; KO, n = 47). Similarly, no changes were
observed in FS neurons (n = 63 and 68; data not shown). There-
fore, while we cannot rule out a role for sex since the Fmrl KO
data were collected from males, changes in intrinsic membrane
properties in the constitutive Fmrl KO appear to not be cell
autonomous.
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0.01; WT/WT vs KO/WT, 0.02 £ 0.01 vs
0.11 * 0.02; n = 44 and 49, respectively).
Finally, the relationship of CV to uEPSC1
amplitude was unchanged with presynap-
tic deletion (Fig. 3E,F), indicating that
the CV change can be best explained by
the shift in uEPSC1 amplitude.

While the decrease in uEPSC ampli-
tude with presynaptic deletion of Fmrl
involves a decrease in quantal content, av-
erage quantal amplitude (q) may also play
a role. To investigate this possibility, in a
subset of recordings involving only

Pre-KO
(Scaled to pre-WT)

0.57 0.20 - WT/WT and KO/WT genotypic combi-
0.4 |ﬁ1 nations, we washed in the general Ca**-
o D5 channel blocker Cd>* (5 um CdCL,) to
s 031 P 0.10- reduce release probability to a point
© 5ol Ele where a train of presynaptic action poten-
) &L 0.05- tials (10-30 at 20 Hz; see Materials and
0.11 = Failie ' Methods) successfully evoked a uEPSC
0.0 122 — Suceess 0.00- only 20% of the time or less (Fig. 4C,D).
Pre Fmr1 + = + = Pre Fmr1 + = Under these conditions, we consider “suc-
PostFmr1 + = = + Post Fmr1 + + cesses” to be putative quantal events (i.e.,
E F the release of a single vesicle) (Gil et al.,
o+/+ 0.57 ® Pre-WT 1999; Gibson et al., 2009). We found no
061 O -l 0.4 O Pre-KO genotypic differences in success ampli-
A+ 0.3 tude with application of Cd** (Fig. 4F;
= 0.4-1 att 0.2 WT/WT vs KO/WT, 9.9 + 1.2 vs 10.5 =
¢ Q 1.5 pA; n = 18 and 14, respectively), even
0.21 A 017 though average uEPSC amplitude before
XK A 0.0 B AN application was decreased with presynap-
0.0 y & - vEdE NN tic Fmrl deletion (Fig. 4A,B,F). In con-
TYeLs clusion, the decrease in uEPSC amplitude
uEPSC1 Amp (pA) UEPSC1 Amp (pA) is most likely due to a decrease in quantal

content and not quantal amplitude (g).

Figure3. Increasesinthe CV and unitary failures with presynaptic Fmr7 deletion indicate quantal content is decreased. 4, Left,

middle, Example uEPSC1s from WT/WT and KO/WT pairs. Right, Same KO/WT traces scaled to match average WT/WT uEPSC1 and
to highlight variability. Black traces are averages. B, Plot of CV versus genotypic combination of pre- and postsynaptic neurons. CV
is higher with presynaptic deletion of Fmr1. C, Examples of unitary “failures” from a KO/WT pair. D, The proportion of unitary
failures was higherin KO/WT pairs compared to WT/WT pairs. E, Scatter plot of CV versus uEPSC1 amplitude. F, Data from E merged
into presynaptic KO versus presynaptic WT groups and binned. *p << 0.05; **p << 0.01. Individual uEPSC traces in A and Care a

running average of three samples. Calibrations: 20 pA, 2 ms.

Quantal content is decreased with presynaptic Fnrl deletion
To determine the mechanism underlying the decrease in uEPSCsize,
we used a simple classical model of neurotransmission that defines a
unitary response: uEPSC amplitude = m * g, where m is the quantal
content (the total number of quanta released over all synapses), and
q is the average quantal size over all synapses (Johnston and Wu,
1995). Therefore, a decrease in uEPSC amplitude may be due to a de-
crease in either m or . We first examined quantal content (). Accord-
ing to the model above, if quantal content is decreased with presynaptic
deletion of Frmrl, the CV (see Materials and Methods) of the uEPSC1
amplitude must increase. Indeed, the CV was significantly increased
with presynaptic Frmrl deletion (Fig. 3A,B; WI/WT vs KO/KO, p <
0.05; WT/WT vs KO/WT, p < 0.05; WI/WT, KO/KO, and KO/WT,
0.24 = 0.01, 0.40 £ 0.03, and 0.42 = 0.02; n = 28, 22, and 29, respec-
tively), but no difference was detected with postsynaptic deletion (WT/
WT, 0.24 £ 0.01, n = 28, WT/KO, 0.25 £ 0.02, n = 23).

We also examined the failure rate of uEPSC1s—the propor-
tion of trials in which a presynaptic action potential evoked no
uEPSC1 (Fig. 3C). As expected with decreased quantal content,
failure rate was increased with presynaptic deletion (Fig. 3D; p <

Multivesicular release is decreased with
presynaptic Fmr1 deletion

Multivesicular release is the ability for a
single action potential to induce the fu-
sion of multiple vesicles at a single locus
with the resulting release of neurotrans-
mitter binding to a common pool of post-
synaptic receptors (Wadiche and Jahr, 2001; Foster et al., 2002;
Oertner et al., 2002). From now on, we refer to this single release
locus and postsynaptic receptor pool as a single synapse. Multi-
vesicular release occurs at excitatory synapses targeting FS neu-
rons in somatosensory cortex (Watanabe et al., 2005; Bagnall et
al., 2011), and therefore, the average quantal content released at a
single synapse (1,,) can be >1. In our simple model of neu-
rotransmission, quantal content (m) can be described as a func-
tion of the number of synapses (Njy,,) and m,,.: m = Ny, * m,,
[modified from the study by Johnston and Wu (1995)]. Measur-
ing a change in N, in the context of paired recordings would be
difficult, but measuring a change in m,, might be relatively
straightforward. In the above model, 71, is directly proportional
to release probability at the synapse (P,,,). The lack of change in
short-term plasticity might suggest no change in P, but these
two processes are not always simply linked (Brody and Yue, 2000;
Kraushaar and Jonas, 2000; Regehr and Stevens, 2001). We used
measurements of multivesicular release (1, >1) at this synaptic
connection to probe for changes in P, as a possible mechanism
underlying the decrease in uEPSC amplitude. Consistent with
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our logic, it has been shown that P, con- A
trols the extent of multivesicular release at
this synaptic connection (Watanabe et al.,
2005). WT
Multivesicular release is usually in-
ferred by varying release probability and
observing changes in both the transient
glutamate concentration and the degree of
postsynaptic receptor saturation (Wadiche WT
and Jahr, 2001; Foster et al., 2002). Changes
in transient glutamate concentration and
receptor saturation at individual synapses
are assayed by the amount of blockade of the
EPSC by a low-affinity competitive AMPA
receptor (AMPAR) antagonist, such as
kynurenate (Wadiche and Jahr, 2001). To
determine whether the decrement in excita-
tion of FS neurons was due to changes in
multivesicular release, we applied
kynurenate (250 uM) to the slices and
varied release probability by applying
two presynaptic action potentials per trial

DA

Normal ACSF

Successes, 5uM Cadmium
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(50 ms interval) (Rudolph et al., 2011). E F
For each uEPSC, we measured the 167 250 - %
amount of blockade by kynurenate < T L
[(UEPSChegore — UEPSC0) MEPS Cpegore]- T ¥ o -
Because of short-term depression and vesi- ] 8 a

. . . = 121 0g® o £ 150 1
cle depletion, multivesicular release, when it S o 0 g .
exists, is more prominent during uEPSC1 E 10{ o, x S 1001 %
than during uEPSC2, and therefore block- ® % ogb D o
ade of uEPSC2 would be less than blockade E 8 - ... & 50 i. o
of uEPSC1 due to less glutamate being in the 3 = 0000g00*® Qog@go
cleft during uEPSC2. Indeed, recordings 6 T T 0 T T
with WT/WT pairs showed greater block- Pre Fmr1 - Pre Fmri + -
ade of uEPSC2 compared to uEPSC1 (Fig. Post Emr + Post Fmrl  + +

5A,B; p <0.02; uEPSC1 vs uEPSC2, 0.32 =
0.03 vs 0.51 = 0.04; n = 14), which indi-
cated a higher transient glutamate concen-
tration in the synaptic cleft, and hence
multivesicular release, during uEPSC1. The
same was true for KO/WT pairs since the
blockade of uEPSC2 was greater (Fig. 5B;
p <0.01; uEPSC1 vs uEPSC2,0.47 = 0.02 vs
0.58 = 0.02; n = 13). This effect was specific for the competitive
nature of kynurenate since a noncompetitive antagonist, NBQX (75
nMm), decreased uEPSC1 and uESPC2 equally (Fig. 5C). When com-
paring the block of uEPSC1 between WT/WT and KO/WT pairs, the
blockade was greater in KO/WT pairs (Fig. 5D; p < 0.01), indicating
that less glutamate was released and less multivesicular release oc-
curred with presynaptic Fmr1 deletion. No genotypic difference was
observed with NBQX blockade of uEPSCI1 (Fig. 5E).

In addition to multivesicular release, changes in spillover from
neighboring synapses and the efficacy of single quanta (q) could
account for the differences in cleft glutamate concentration. We
observed no change in q (Fig. 4E). Inadequate pore-fusion during
normal synaptic transmission could also change g, but this is
probably not occurring since both rise time and decay time con-
stants were not detectably altered (rise times, WT/WT, 0.40 =
0.03 ms; KO/WT, 0.43 * 0.02 ms; decay times, WT/WT, 4.6 =
0.6 ms; KO/WT, 4.8 = 0.5 ms; WI/WT, n = 11; KO/WT, n = 9)
(Christie and Jahr, 2006). Spillover has not yet been observed in
cortical structures at the low-frequency stimulation that we ap-
plied, nor under any circumstance during AMPAR-mediated

Figure4. Quantalamplitude does not depend on presynaptic Fmr1 expression. A—D, Examples of uEPSCs before (4, B) and after
(€, D) wash-in of Cd(l, to lower the probability of release to the point where it is assumed that isolated single quanta are observed.
Note the decreased uEPSC amplitude and increased failures after wash-in. Black and gray lines indicate successes and failures,
respectively. Calibrations: (in A) A, B, 50 mV, 20 pA; 2ms; (in C) C, D, 10 pA, 2 ms. E, uEPSCs were averaged during Cd(l, application
(excluding failures) to obtain an estimate of the average quantal amplitude. This was unchanged. F, uEPSC amplitude before
wash-in was smaller in the KO/WT pairs in these experiments. *p < 0.05. uEPSC traces are a running average of three samples.

glutamate transmission (Arnth-Jensen et al., 2002; Christie and
Jahr, 2006; Sun and Beierlein, 2011). A role for spillover is also
unlikely since kynurenate did not affect the decay times of the
uEPSCs in WT/WT pairs (before vs during kynurenate, 4.6 = 0.6
vs 4.5 £ 0.7 ms; n = 14) (DiGregorio et al., 2002). Therefore, we
attribute the effects of presynaptic Fmrl deletion on kynurenate
sensitivity to a decrease in multivesicular release (or in other
words, a decrease in mg,,).

As explained above, a decrease in multivesicular release re-
flects a decrease in P, since fewer vesicles are released per action
potential. As in Figure 1 H, we did not observe a change in short-
term plasticity (Fig. 5F). Receptor saturation was not masking a
change since short-term depression was not different between
presynaptic WT and KO conditions during kynurenate applica-
tion (normalized EPSC2, pre-WT, 0.40 = 0.02; pre-KO, 0.42 =
0.02). AMPAR desensitization likely did not confound our results
for three reasons: (1) we observed no desensitization since 50 um
cyclothiazide did not alter paired pulse ratio (EPSC2/EPSCI;
0.43 £ 0.09 vs 0.48 = 0.05; before vs after cyclothiazide; n = 7),
which is consistent with previous studies using train stimulation
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UEPSC Number

Presynaptic Fmr1 deletion causes reduced multivesicular release. A, Example average traces obtained from a WT/WT

pair demonstrating the effect of the AMPAR competitive antagonist, kynurenate (Kyn, 250 pm). Note the greater blockade of
UEPSC2 compared to blockade of uEPSC1, indicating multivesicular release. Calibration: 20 pA, 2 ms. B, Paired line plots showing
Kyn blockade for uEPSC1 and uEPSC2 with presynaptic WT (left) and presynaptic KO expression (right). Dark lines indicate average
data. €, Paired line plots showing blockade by the noncompetitive AMPAR antagonist NBQX (75 nm). NBQX had uniform affects
across UEPSC number. D, Blockade by Kyn of uEPSCT was greater with presynaptic KO, indicating less multivesicular release. E,
Blockade by NBQX of uEPSC1 was not different with presynaptic KO. F, No change in short-term plasticity as observed by the

average normalized uEPSC amplitude during the paired pulse train. *p << 0.05; **p << 0.01.

frequencies (Galarreta and Hestrin, 1998; Rozov et al., 2001) (but
see Watanabe et al., 2005), (2) the NBQX results reveal the spec-
ificity of the kynurenate results for competitive blockade, and (3)
our conclusions based on uEPSCI1 would not be affected by
desensitization.

Presynaptic GABARR activation is known to decrease release prob-
ability at glutamatergic synapses (Isaacson et al., 1993; Chalifoux and
Carter, 2010), and GABAergic synaptic transmission is known to be

experiments (see Materials and Methods;
Fig. 6B), and four of the points were
higher with presynaptic Fmrl deletion,
indicating that the rate to full blockade
was slower. Second, the average time con-
stant, derived from each individual exper-
iment, was higher with presynaptic
deletion (Fig. 6C). It is unlikely that the
difference in MK-801 blockade was due to
different NMDAR subtypes being ex-
pressed since the decay time constant of
the uEPSC was unchanged (29.4 = 5.5 vs

26.8 = 4.5ms; WT, n = 8; KO, n = 6).

The presynaptic Finrl KO phenotype is mimicked with a
decrease in release probability

If decreased release probability (P

syn) 18 the main process under-

lying the two key phenotypes of decreased uEPSC amplitude and
decreased multivesicular release, we should be able to simultane-

ously mimic these two phenotypes by simply decreasing P,,, in a
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WT/WT pair. We did this by applying the A
Ca*"-channel blocker Cd** (CdClL,).
First, we experimentally determined the
relationship between Cd*" concentration
and the fractional block of uEPSC1 (Fig.
7A; two pulses, 50 ms interval). We fit a
sigmoid curve (see Materials and Meth-
ods) to the raw data points and found that
~2.6 uM Cd** reduced the WT/WT
uEPSC1 by a fraction equal to that be-
tween the average uEPSC1 derived from
WT/WT and KO/WT pairs (0.40; Fig. 7A,
dashed lines; based on data from Figs. 1,
5). Importantly, the average quantal con-
tent at this concentration (mgy) is as-
sumed to equal that of the KO/WT pairs
in normal ACSF (mygo) since we have
demonstrated that g is unchanged (Fig. 4).

Next, we performed experiments in 2.6
uM Cd** and examined multivesicular re-
lease during uEPSC1 by again washing in
kynurenate (250 uMm; Fig. 7B). There are three possible results when
comparing blockade of uEPSC1 (B4) with that of KO/WT data
(Bko), and we interpret these results based on the equation, m = N*
My, (as defined above with N = N, for brevity), and on the as-
sumption that Cd** does not alter N (Nq = Ny): (1) Bog > Byo
indicates m,y,, cq < Mgy ko and Nyyp > Nios (2) Bog = Byo indi-
cates Mgy, cq = Mgyn ko and Ny = Nios (3) Bog < Byo indicates
Mgy cd = Mgy ko ad Nyyp < Nio. Therefore, this experiment
potentially also reveals the relative roles of release probability and
functional synapse number to the change in uEPSC amplitude.

Our results most closely matched scenario (2), where block-
ade closely mimicked that of the KO/WT uEPSCls (Fig. 7C;
WT/WT vs WI/WT + Cd**, p < 0.01; WI/WT, KO/WT, and
WT/WT + Cd*",0.32 * 0.03,0.44 + 0.02,and 0.45 = 0.02;n =
14, 15, and 11, respectively). These data support three conclu-
sions: (1) the difference in multivesicular release is a direct result
of changes in P,,,, (2) a simple decrease in P, ,, primarily accounts
for the decrease in uEPSC1 amplitude, and (3) a decrease in the
number of functional synapses (N,,,,) plays a less significant, un-
detectable role. Interestingly, we observed no change in short-
term plasticity in 2.6 um Cd*" (Fig. 7D), further indicating that
release probability and short-term plasticity are not strongly
linked at this synapse, at least under these specific conditions.
Rise time and decay time constants were not different from WT
or KO reported above (rise time, 0.47 = 0.03 ms; decay time,
4.8 = 0.05ms;n = 11).

Normalized NMDA Amp

Figure 6.

The presynaptic Finrl KO phenotype is rescued with an
increase in release probability

We next attempted the complimentary test by determining whether
the KO/WT uEPSC amplitude and multivesicular release can be
simultaneously rescued to WT characteristics. In this instance, we
increased P, in KO/WT pairs by applying higher Ca*" concentra-
tions. First, we experimentally determined the relationship between
Ca®" concentration and the fractional increase in uEPSC1 (Fig. 84;
two pulses, 50 ms interval), and we found that 6 mm Ca*™ increased
uEPSC1 to a similar degree as the average fractional increase from
KO/WT to WT/WT groups (0.62 increase; based on data from Figs.
1, 5). We assume this increases the quantal content to the WT level
(me, = myyr). This manipulation has a possible confound since
AMPARs at glutamatergic synapses targeting FS neurons are Ca>* -
permeable, but we found this possibility to have minimal impact
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Presynaptic Fmr1 deletion causes reduced release probability. 4, Individual examples of use-dependent NMDAR
blockade by MK-801. Curves are best fits of the data to single exponential decay functions. Inset, Average NMDAR-mediated utPSCs
acquired during baseline measurement. Calibration: 10 pA, 40 ms. B, Binned and averaged responses from each individual exper-
iment were then averaged across all experiments (see Materials and Methods). Four intervals are higher in the KO data (two-way
ANOVA followed by multiple comparisons; WT, n = 8; KO, n = 6). C, The average time constant derived from each individual
experiment is longer with presynaptic Fmr1 deletion. *p << 0.05; **p << 0.01.

since mEPSC amplitude in FS cells was not detectably altered with 6
mum Ca*" wash-in (17.8 * 0.26 vs 17.3 * 0.24 pA, before vs after
wash-in; n = 5).

We proceeded to perform experiments in 6 mm Ca’" and
examined multivesicular release by again washing in kynurenate
(250 wm; Fig. 8B). As stated in the mimic experiment above, there
are three possible results when comparing blockade of uEPSC1
with that of WT/WT data, each with an interpretation based on
m = N*mg, (again, N = N,,) and assuming N, = Nyq. The
kynurenate block very closely matched that found in WT/WT
pairs, indicating that a rescue to normal multivesicular release
underlies the rescue to normal uEPSC1 amplitude (Fig. 8C; p <
0.02 for KO/WT vs KO/WT + Ca®"; WI/WT, KO/WT, and
KO/WT + Ca®", 0.32 + 0.03, 0.44 * 0.02,and 0.33 + 0.04; n =
14, 15, and 7, respectively). Rise time and decay time constants
were not different from WT or KO reported above (rise time, 0.36 =
0.06 ms; decay time, 4.9 * 1 ms; n = 7). With this manipulation, we
did observe a change in short-term plasticity where depression was
slightly more pronounced (Fig. 8D), and therefore, the rescue could
not mimic this aspect of synaptic transmission.

In summary, results from both the mimic and rescue experi-
ments support three conclusions: (1) the difference in multive-
sicular release is a direct result of changes in P, (2) a simple
decrease in P, primarily accounts for the decrease in uEPSCI1
amplitude with FmrI deletion in the presynaptic neuron, and (3)
a decreased N, plays a less significant, undetectable role. These
data all support a model whereby FMRP plays a prominent role in
regulating glutamate release (P,,) at excitatory synapses contact-
ing FS inhibitory neurons.

Multivesicular release is decreased in the constitutive

Fmrl KO

The similar decrement in uEPSC amplitude in the mosaic and
constitutive KO suggests that both mouse models may share a
common mechanism of impairment. If this is true, then we
would predict that the excitatory connection onto FS neurons in
the Fmrl male KO should also have decreased P;,,,. Because of
experimental ease, we again used the multivesicular release assay
asameasure of P, ,,. We performed the same experiment as in the
mosaic (two pulses, 50 ms interval) except that we used a more
specific compound for competitively blocking AMPA receptors,
v-DGG (500 uM; Fig. 9A). We observed that the glutamate cleft
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Figure 7.  The presynaptic Fmr7 deletion phenotype can be mimicked with a decrease in
release probability in presynaptic WT pairs. 4, Left, Example average traces before and after 4
umCdCl,. Right, We obtained the relationship between Cd(l, (Cd *?) concentration and block-
ade of uEPSC1. Data were fitted to a sigmoid curve. Dashed lines mark the [Cd * 2] (2.6 um) that
corresponds to the average fractional decrease of uEPSC1 amplitude found for presynaptic Fmr1
deletion (0.40). B, Example average traces obtained from a WT/WT pair in the presence of 2.6
um CdCl, before and after kynurenate (Kyn; 250 wm) application. €, Average blockade by
kynurenate with 2.6 um CdCl, closely matched the blockade for presynaptic KO pairs. D, No
change in short-term plasticity with Cd " application. WT/WT and KO/WT data in Cand D are
replotted from Figure 5. *p << 0.05. Calibrations: 20 pA, 2 ms.

concentration during uEPSC1 was greater in WT connections
since the amount of block was less for uEPSC1 compared to
uEPSC2 (Figs. 9A,B; p < 0.05; WT, 0.28 = 0.04 vs 0.41 = 0.04;
n = 11). As in the mosaic, y-DGG blocked uEPSCI in the Fmrl
KO to a greater extent (Fig. 9C; p < 0.05; WT vs KO, 0.28 * 0.04
vs 0.41 = 0.05; n = 11 and 11, respectively), indicating that cleft
glutamate concentration, multivesicular release, and Py, were
indeed decreased in the Fmrl KO. We observed no change in
short-term plasticity in the Fmrl KO slices (Fig. 9D), which is
consistent with the data above and our previous study (Gibson et
al., 2008).

Impaired excitation of FS neurons in layer 5 in the Fmnrl

KO mouse

To begin to determine whether the impairment in the excitation
of FS neurons exists outside of layer 4, we examined the same
connection inlayer 5. If it occurs there as well, this would increase
the relevance of our findings above by opening the possibility that
it occurs throughout the neocortex. We evoked action potentials
in layer 5 pyramidal neurons (four with a 50 ms interval) and
measured uEPSCs in neighboring FS neurons (identified by GFP;
see Materials and Methods) and compared uEPSC amplitude and
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Figure 8.  The presynaptic Fmr1 deletion phenotype can be rescued with an increase in
release probability in presynaptic KO pairs. A, Left, Example average traces before and after 6
mu CaCl,. Right, We obtained the relationship between Ca(l, (Ca *2) concentration and in-
crease of uFPSC1 amplitude. Data were fitted to a sigmoid curve. Dashed lines mark the [Ca ]
(6 mm) that corresponds to the average fractional increase of uEPSC1 amplitude found for
WT/WT pairs over KO/WT pairs (0.62). B, Example average traces obtained from a KO/WT pairin
the presence of 6 mm CaCl, before and after kynurenate (250 wm) application. C, Average
blockade by kynurenate with 6 mm CaCl, closely matched the blockade for presynaptic WT pairs.
D, More short-term depression in high Ca2*. KO/WT and WT/WT data in Cand D are replotted
from Figure 5. *p << 0.05. Calibrations: 20 pA, 2 ms.

connectivity between constitutive KO (Fmrl KO) and WT male
mice. As we found previously for the same connection in layer 4
(Gibson et al., 2008), uEPSC1 amplitude was decreased in the
Fmrl KOs (p <0.05;WT, 27.5 £ 3.2,n = 23; KO, 19.2 = 2.9 pA,
n = 20). We observed no alteration in connection probability
(WT, 41%, n = 23 of 56; KO, 41%, n = 20 of 48) or short-term
plasticity [(average of uEPSC3 and uEPSC4)/uEPSCl; WT,
0.26 + 0.02, n = 20; KO, 0.25 £ 0.03, n = 18].

For the uIPSC originating from the FS neuron and measured
in the excitatory neuron, no change in uIlPSC amplitude was
observed (11.0 = 3vs 9.4 = 1; WT, n = 6; KO, n = 15), but there
was increased connectivity in the Frmrl KO (p = 0.02; 11 vs 31%;
WT, 6 of 56; KO, 15 of 48). Together with the lack of any uIPSC
change at this connection in layer 4, these data indicate that
GABAergic synaptic input originating from nearby neocortical
FS neurons is either normal or slightly enhanced in the Frmr1 KO.

Discussion

We find that presynaptic Frmrl deletion causes a ~50% decrease
in the local excitation of layer 4 FS inhibitory neurons. Underly-
ing this change is a decrease in the release probability (Pg,,) of

syn
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Figure 9.  Decreased multivesicular release exists in the constitutive Fmr7 KO. A, Example

average traces from Fmr7 WT and KO slices demonstrating the blockade caused by the AMPAR
competitive antagonist, y-DGG (500 wm). Note the greater blockade at uEPSC2 when com-
pared to blockade at uEPSC1, indicating multivesicular release. B, Paired line plots showing
blockade for uEPSC1 and uEPSC2 in Fmr7 WT (left) and KO slices (right). Dark lines indicate
averaged data. Calibrations: 20 pA, 2 ms. (, Average blockade for uEPSC1 was greater in KO
slices indicating reduced multivesicular release. D, No difference observed in short-term plas-
ticity. *p << 0.05.

glutamate into the synaptic cleft and a decrease in the multive-
sicular release that normally occurs at this synapse. These changes
occur in both the Fmrl mosaic mouse and in the Fmrl KO
mouse, indicating that similar impairments in this synaptic path-
way occur in both disease models. The decrease in excitation is
specific for glutamatergic synapses targeting FS neurons since
glutamatergic synapses targeting other excitatory neurons are not
affected. We make these observations in acute slices that preserve
many facets of native brain circuitry, structure, and function, and
therefore our observations are very relevant to conditions in vivo.
In summary, we find a novel mechanism for FMRP regulation of
synaptic function where presynaptic FMRP positively regulates
baseline glutamatergic transmission at synapses targeting FS neu-
rons, and when FMRP is no longer expressed, effective strength in
this synaptic pathway is decreased due to a decrease in release
probability.
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Regulation of synaptic function by presynaptic Fmrl

In hippocampal slice cultures made from the same GFP/Fmrl
mosaic mice that we use here, unitary excitatory synaptic trans-
mission among CA3 pyramidal neurons was reduced with pre-
synaptic Fmrl deletion (Hanson and Madison, 2007). This was
due to reduced connection frequency, while the uEPSC ampli-
tude among existing connections was unchanged. We find a sim-
ilar theme of pathway weakening with presynaptic FmrI deletion,
but the main underlying mechanism is a reduction in release
probability. The difference may reflect a differential role for
EMRP in different synaptic pathways, or reflect experimental dif-
ferences between acute slices and culture preparations. Our find-
ings support a simple model whereby P, is decreased with
presynaptic Fmrl deletion, resulting in both decreased multive-
sicular release and decreased uEPSC amplitude. This model is
supported by our ability to mimic and rescue both KO pheno-
types (amplitude and multivesicular release decreases) by manip-
ulating release probability uniformly across all synapses.

While a decrease in release probability with presynaptic Fmrl
deletion might be expected to alter short-term plasticity, we did
not observe this (Regehr and Stevens, 2001). This is not a signif-
icant inconsistency since release probability and short-term plas-
ticity are not always linked (Dobrunz et al., 1997; Brody and Yue,
2000; Kraushaar and Jonas, 2000; Luthi et al., 2001). Changes in
other synaptic properties such as vesicle number, recycling, re-
sidual Ca®", and core release mechanisms could offset a decrease
in Py, resulting in unchanged short-term plasticity. Indeed, a
number of alterations in presynaptic structure and function
have been reported in the Fmrl KO mouse (Deng et al., 2011;
Klemmer et al., 2011). In our recordings, we also observe a clear
component of release-independent depression, which would fur-
ther weaken the link between P, and short-term plasticity. Spe-
cifically, we found that the prior occurrence of an action potential
with no resulting EPSC decreases the probability of an EPSC
occurring 50 ms later (73 = 0.04 vs 44 * 0.07%; probability of
EPSC, first vs second action potential, p < 0.05; n = 10). We also
observed that a 40% decrease in release probability induced by
Cd** application did not change short-term plasticity (Fig. 7).

Our observation of a small decrease in connectivity frequency
with presynaptic FmrlI deletion suggests there could be a synapse
number decrease (calculated from all pairs in this study), but our
mimic and rescue data (Figs. 7, 8) indicate that such a change, if it
exists, would play a less significant role. Obtaining reliable ana-
tomical data for synapse number for the specific connection in
our study would be a laborious task, but existing evidence is
consistent with these assertions. First, total synapse number in
layer 4 barrel cortex at this age in the Fmrl KO mouse is un-
changed (Till et al., 2012). Second, there is no change in the
frequency of spontaneous, action potential-independent EPSCs
(miniature EPSCs) in layer 4 FS neurons (Gibson et al., 2008),
which is often interpreted as a lack of change in synapse number.
Examining the axonal tree of layer 4 excitatory neurons, while not
definitive, may provide a clue to the role of synapse number in the
excitation decrement. Layer 4 neurons do have altered axonal
trees in the Fmrl KO by becoming more dispersed in their pro-
jection to layer 2/3 (Bureau et al., 2008), but a link to our pheno-
type is mitigated by five points concerning these individual
axonal trees: (1) no decrease in total axon length was observed;
(2) the altered axonal tree did not account for the functionally
assayed decrease in strength of the projection; (3) the projection
phenotype, both anatomically and functionally, disappeared by 3
weeks of age (a time similar to that in which the full 50% decre-
ment in excitation still exists at FS neurons); (4) no alterations in



Patel et al. ® Presynaptic FMRP Regulates Glutamate Release

total axon length were detected within layer 4, the region where
one would expect most of the synaptic contacts onto layer 4 FS
neurons to occur (4.8 = 0.3 vs 4.2 = 0.5 mm; WT, n = 14; KO,
n = 11); and (5) no alterations in the axonal length density as a
function of horizontal or vertical distance in layer 4 were ob-
served [points 4 and 5 are unpublished data from the same data
set used in the study by Bureau et al. (2008)]. Therefore, any
axonal structure change is unlikely to play a large role in the
decreased excitation of layer 4 FS neurons.

Mechanisms of regulation

FMRP is associated with, and perhaps regulates, a large set of
mRNAs that code for presynaptic function (Darnell et al., 2011),
and a subset of presynaptic proteins have altered levels in the
Fmrl KO (Klemmer et al., 2011). The proteins through which
FMRP regulates transmitter release in this study remain unknown,
and it is not known whether FMRP functions in the vicinity of the
presynaptic terminal, where recent studies have reported its expres-
sion (Antar et al., 2006; Christie et al., 2009; Till et al., 2012), or in the
soma of the presynaptic neuron. Since the presynaptic phenotype
depends on the postsynaptic neuron type, the mechanism probably
involves postsynaptic proteins as well.

Very little is known about how FMRP regulates presynaptic
neurotransmitter release. Structural and vesicle configuration
changes have been reported in hippocampal glutamatergic syn-
apses of the Fmr1 KO, which may affect release probability (Deng
et al., 2011; Klemmer et al., 2011). While no changes in presyn-
aptic structure or vesicle content have been observed in synapses
in the barrel cortex at the age examined here (Till et al., 2012), no
ultrastructural study specifically examining excitatory synapses
targeting FS neurons has been performed. In addition, increases
in augmentation and vesicle recycling rate have been reported to
underlie increases in neurotransmitter release from hippocampal
CA3 to CALl synapses in the Fmrl KO during prolonged, high-
frequency action potential trains (Deng et al., 2011). We did not
examine this aspect of neurotransmission, but future studies
should be performed to determine whether similar changes exist
and if similar mechanisms might be involved in these diverse
synaptic phenotypes.

Mosaic vs constitutive Fmnr]l mouse models

The connectivity changes are similar in both the global deletion
and mosaic Fmrl mouse models (a selective decrease in the exci-
tation of FS neurons and no change in short-term plasticity), but
there are some differences. The uEPSC amplitude decrease in the
mosaic mouse was more pronounced and more easily detectable
compared to the Fmrl KO—40% versus 25% (Gibson et al.,
2008)—which we attribute either to different mouse strains used
or to different processes occurring in mosaic circuits. In our pre-
vious study, the CV of uEPSCs was reported as unaltered, imply-
ing no quantal content change (Gibson et al., 2008), and this
would be inconsistent with our results here. Because uEPSC am-
plitude in the Fmrl mosaic mouse was roughly double compared
to what we observed in the Fmrl KO in the previous study, this
likely made it more feasible to observe CV changes in mosaic
mice. Furthermore, the amplitude criterion for inclusion in the
CV analysis in the previous study, in hindsight, was too conser-
vative. If we reanalyze these data examining CV and failure rates
using the same criteria used in the current study, a more clear
trend is observed (for CV, 0.37 = 0.03 vs 0.44 = 0.04, p = 0.13;
for failures, 0.04 = 0.02 vs 0.08 = 0.02; p = 0.16; WT, n = 26; KO,
n = 31). While inconclusive, these data are consistent with in-
creased quantal content in the Fmrl KO mouse. Ultimately, our
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observation of a decrease in multivesicular release using kynure-
nate blockade in both mosaic and Fmrl KO slice is the most
compelling evidence for the occurrence of a common mechanism
in both mouse models.

Mosaic mice probably have subtly altered circuit function con-
sidering that half of all neurons are Fmrl KOs, and this could con-
found our results. This possibility is diminished by that fact that
deficits in mosaic FXS patients are not as severe (Hagerman et al.,
2009), suggesting that cortical circuit function may not be pro-
foundly changed. At the very least, the fact that we observe the same
alterations in both mosaic and KO mice suggests that our observa-
tions in the mosaic are not due to a competitive process. It should be
noted that our mosaic mice were female and our KO mice were male,
but three factors suggest that this did not significantly confound our
results: (1) most phenotypes appear similar in males and females
(Qin et al., 2005; Baker et al., 2010), (2) the synaptic phenotypes in
our study existed in both mouse models, and (3) the mice were too
young to be in the estrus cycle, which could affect neuronal
properties.

In conclusion, our data suggest that a common impairment in
the excitation of neocortical FS inhibitory neurons exists in both
forms of FXS: full mutation and mosaic forms. Therefore, the
normal functioning of FS neuron circuitry would be expected to
be deficient in similar ways across these variants of FXS, have a
common consequence for cognitive function, and require a com-
mon strategy for treatment.
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