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ABSTRACT

BACKGROUND: In schizophrenia, layer 3 pyramidal neurons (L3PNs) of the dorsolateral prefrontal cortex exhibit
deficits in markers of excitatory synaptic inputs that are thought to disrupt the patterns of neural network activity
essential for cognitive function. These deficits are usually interpreted under Irwin Feinberg’s hypothesis of altered
synaptic pruning, which postulates that normal periadolescent pruning, thought to preferentially eliminate weak/
immature synapses, is altered in schizophrenia. However, it remains unknown whether periadolescent pruning on
L3PNs in the primate dorsolateral prefrontal cortex selectively eliminates weak excitatory synapses or uniformly
eliminates excitatory synapses across the full distribution of synaptic strengths.

METHODS: To distinguish between these alternative models of synaptic pruning, we assessed the densities of
dendritic spines, the site of most excitatory inputs to L3PNs, and the distributions of excitatory synaptic strengths in
dorsolateral prefrontal cortex L3PNs from male and female monkeys across the periadolescent period of synaptic
pruning. We used patch-clamp methods in acute brain slices to record miniature excitatory synaptic currents and
intracellular filling with biocytin to quantify dendritic spines.

RESULTS: On L3PNs, dendritic spines exhibited the expected age-related decline in density, but mean synaptic
strength and the shape of synaptic strength distributions remained stable with age.

CONCLUSIONS: The absence of age-related differences in mean synaptic strength and synaptic strength
distributions supports the model of a uniform pattern of synaptic pruning across the full range of synaptic
strengths. The implications of these findings for the pathogenesis and functional consequences of dendritic spine

deficits in schizophrenia are discussed.
https://doi.org/10.1016/j.biopsych.2023.01.019

Cognitive deficits, among the most debilitating clinical features
of schizophrenia, might reflect, at least in part, circuit
dysfunction in the dorsolateral prefrontal cortex (DLPFC) (1).
For example, in the DLPFC of individuals with schizophrenia,
layer 3 pyramidal neurons (L3PNs) have a lower density of
dendritic spines (2-4), the main site of excitatory input to PNs
(5). These findings suggest that a reduced excitatory synaptic
drive decreases the activity of L3PNs, disrupting the patterns
of network activity essential for cognitive function (6).

The cause of lower spine density on L3PNs in schizophrenia
remains unclear (7), but this deficit is frequently interpreted
under Irwin Feinberg’s influential synaptic pruning hypothesis
(7,8), which has 2 key components. The first component posits
that the protracted pruning of excitatory synapses normally
observed between childhood and early adult life (9-11) is
altered in schizophrenia (8). Unfortunately, this component of
the hypothesis remains challenging to test directly in people
with schizophrenia.

The second component posits that the pattern of normal
excitatory synapse pruning during adolescence is similar to
that observed during early cortical development (8), when
pruning selectively eliminates weak/immature synapses (12).
However, this component remains untested in the primate
DLPFC; thus, it is possible that normal pruning during
adolescence follows a uniform pattern in which synapses are
eliminated proportionally across the full distribution of synaptic
strengths, preserving the relative strengths across all excit-
atory inputs to each neuron, as in homeostatic synaptic scaling
(13,14). These 2 patterns of pruning are likely to produce
different functional outcomes. Indeed, recent computational
models showed that the selective pruning of weak synapses
improves the performance of recurrent neural networks on
working memory tasks but at the expense of decreasing the
networks’ capacity to learn new tasks (15). Thus, a homeo-
static uniform pruning pattern might be advantageous for
preserving the networks’ plastic capacity for learning.
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Because selective pruning of weak synapses or uniform
pruning across all synaptic strengths (Figure 1) are predicted to
have very different effects on the functional maturation of
cortical circuitry, determining which pattern characterizes
pruning has important implications for understanding the
causes and consequences of lower spine density on L3PNs in
the DLPFC of people with schizophrenia. Consequently, in this
study we evaluated the pattern of pruning of excitatory syn-
aptic inputs to L3PNs in the macague monkey DLPFC, a model
system (11,16) that recapitulates the years-long trajectory of
normal pruning present in human DLPFC (9,17). We combined
patch-clamp methods, to measure synaptic strength via
recording of excitatory synaptic currents, and biocytin cell
filling, to quantify dendritic spine density, in L8PNs from the
DLPFC of rhesus monkeys with a range of ages that span the
period of adolescence-related synaptic pruning. We found that
dendritic spine quantity on L3PNs showed the expected
decline with age, but mean excitatory synaptic strength and
the shape of synaptic strength distributions remained stable
with age. Thus, these findings support a uniform pattern of
pruning across excitatory synaptic strengths and not a selec-
tive elimination of weak synapses. The implications of these
findings for understanding the pathogenesis and functional
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Figure 1. Schematic representation of the predicted effects for 2 alter-
native models of pruning on the distribution of synaptic strengths. (Top
panel) The red traces represent excitatory postsynaptic currents (EPSCs)
elicited at 4 example synapses ranging from weak to strong in strength. The
black curve represents the histogram of distribution of synaptic strengths in
a typical layer 3 pyramidal neuron before synaptic pruning occurs. (Left
bottom panel) Curves of the synaptic strength distributions before synaptic
pruning (black) and after selective pruning of weak synapses (gray). (Right
bottom panel) Curves of the synaptic strength distributions before synaptic
pruning (black) and after uniform pruning, proportional across the full dis-
tribution of synaptic strengths (blue). Whereas selective pruning increases
the skewness of the distribution of synaptic strengths, uniform pruning does
not change the shape of the distribution. For illustration purposes, selective
pruning was modeled by deleting 30% of the synapses selectively from the
bins with weaker synapses, leaving the bins with stronger synapses un-
changed. To illustrate the uniform pruning model, we deleted 30% of the
synapses in each bin of the distribution. Hence, the total number of syn-
apses deleted to generate each scheme was identical, but different subsets
of synapses were deleted.
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consequences of deficits in excitatory synapses on dendritic
spines in schizophrenia are discussed.

METHODS AND MATERIALS

Animals and Surgical Procedures

All rhesus macaque monkeys (N = 22) in this study were used in
a parallel study of the transcriptome of retrogradely-labeled
L3PNs for which a fluorescent retrograde tracer was adminis-
tered via intracortical injections in layer 3 of the right caudal
DLPFC or left posterior parietal cortex (18). Following the tracer
injections, animals received a systemic antibiotic (cefazolin 25
mg/kg, 2 times daily) and an analgesic (buprenorphine 0.01 mg/
kg, 2 times daily) for 4 days. Two weeks after surgery, animals
were euthanized (see below) using methods consistent with the
American Veterinary Medical Association Guidelines for the
Euthanasia of Animals, as previously described (19). We studied
3 groups of animals with mean ages across the protracted phase
of pruning of excitatory axospinous synapses (10,11,16). At the
time of the ex vivo electrophysiology experiments, the animals
had mean + SD ages of 1.6 = 0.2 years (n = 6 animals), 3.2 *
0.07 years (n = 8 animals), and 4.7 * 0.1 years (n = 8 animals)
with equal numbers of females and males per group. All housing
and experimental procedures were conducted in accordance
with United States Department of Agriculture and National In-
stitutes of Health guidelines and were approved by the Univer-
sity of Pittsburgh Institutional Animal Care and Use Committee.

Brain Slice Preparation

Slices were prepared as described previously (19). Tissue
blocks containing both banks of the rostral principal sulcus in
the left DLPFC area 46 (in a location not containing L3PNs
projecting to either of the injection sites) were obtained after
the animals were deeply anesthetized and perfused trans-
cardially (19) with ice-cold sucrose-modified artificial cerebro-
spinal fluid (ACSF) (mM): sucrose 200, NaCl 15, KCI 1.9,
Na,HPO,4 1.2, NaHCO3; 33, MgCl, 6, CaCl, 0.5, glucose 10,
and kynurenic acid 2; pH 7.3-7.4 when bubbled with 95%
0,/5% CO,. Using the same ice-cold sucrose-modified ACSF,
300-pm-thick coronal slices were cut in a vibrating microtome
(VT1000S; Leica Microsystems). Immediately after cutting, the
slices were transferred to an incubation chamber at room
temperature filled with standard ACSF (mM): NaCl 125, KClI
2.5, Na,HPO,4 1.25, glucose 10, NaHCO; 25, MgCl, 1, and
CaCl, 2; pH 7.3-7.4 when bubbled with 95% 0./5% CO,. All
chemicals were purchased from Sigma-Aldrich.

Recording and Analysis of Spontaneous Miniature
Excitatory Postsynaptic Currents

Between 1 and 14 hours after tissue slicing was completed,
the slices were transferred to the recording chamber and
superfused at 2 to 3 mL/minute with standard ACSF containing
10 uM gabazine and 1 UM tetrodotoxin but not kynurenic acid;
bubbled with 95% 0,/5% CO, at 30 °C to 32 °C. Miniature
excitatory postsynaptic currents (MEPSCs) were recorded
from L3PNs identified visually by infrared differential interfer-
ence contrast video microscopy using Olympus BX51 or Zeiss
Axioskop FS2 microscopes and charge-coupled device video
cameras (EXi Aqua, Q-lmaging). The L3PNs targeted for
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recording were in the dorsal or ventral bank of the principal
sulcus in DLPFC area 46 (Figure 2A). Voltage-clamp recordings
were obtained, without series resistance compensation, using
Multiclamp 700A or 700B amplifiers (Axon Instruments). Re-
cordings were included in data analysis only if the resting
membrane potential was =—60 mV. All the neurons included in
this study exhibited pyramidal morphology of soma and apical
dendrite (Figure 2A). Recording pipettes had a resistance of 3
MQ to 5 MQ when filled with the following solution (mM):
CsGluconate 120, NaCl 10, EGTA 0.2, HEPES 10, MgATP 4,
NaGTP 0.3, NaPhosphocreatine 14, and biocytin 0.4%. The
pH (7.2-7.3) was adjusted with CsOH. The series resistance
(Rs) and membrane properties were monitored throughout the
experiment using a voltage step (50 ms, 5 mV) delivered near
the onset of each sweep. The Rs was measured offline using
Signal scripts (20), and recordings were excluded from the
analysis if the initial Rs was >15 MQ or the Rs changed by
>15% during the recordings (20). The mMEPSCs were recorded
while holding the L3PNs at a membrane potential of —80 mV.
The mEPSCs were detected and analyzed using Mini Analysis
software (Synaptosoft), starting ~1 minute after the beginning
of whole-cell recordings (20). All detected mEPSCs were
inspected visually and were used to estimate the peak mEPSC
amplitude. For additional details and methods for estimating
synaptic conductance, see the Supplement.

Analysis of Dendritic Spine Quantity in Biocytin-
Filled L3PNs

Histological processing of the slices containing biocytin-filled
L3PNs was performed as described previously (19) (for de-
tails, see the Supplement). For each L3PN, a single primary
basal dendrite was selected randomly and confirmed to have a
natural ending within the thickness of the tissue section (i.e.,
the basal dendrite was not sectioned during slicing). On these
dendrites, using differential interference contrast with a 63X
objective, dendritic spines were identified throughout the
length of a basal dendrite branch (Figure 2B). The recon-
structed dendrite was examined using the Sholl Analysis menu
in Neurolucida (increment radius 10 pm). The peak and mean
spine densities were the maximum and average spine density
values across Sholl compartments, respectively. Measure-
ments of spine density in 2 different dendrites per L3PN were
highly consistent (Figure S1).

Statistical Analysis

The data are shown as mean * SD. The effects of age and sex
were determined using linear mixed effects model or Student’s
t test, after running the Shapiro-Wilk and D’Agostino’s K2
normality tests on the residuals of the data. If normality of
distribution was rejected, we used logarithm transformation
(Table S1).

RESULTS

Biocytin-Filled L3PNs Show Significant Pruning of
Dendritic Spines Across the Periadolescence
Period

We reconstructed the dendritic tree (Figure 2A) of a random
sample of the L3PNs filled with biocytin in female and male
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monkeys from each of the 3 age groups. Dendritic spines
(Figure 2B) were traced throughout the length of a single basal
dendrite per L3PN (Figure 2C); basal dendrites have been
shown to capture the time course and magnitude of pruning
observed throughout the dendritic tree of L3PNs (16).

Spine density differed markedly across the length of each
dendrite, increasing from zero near the soma to a peak near
the mid portion and declining toward the distal end (Figure 2C).
Both peak (Figure 2D) and mean (Figure 2E) spine densities
were similar in L3PNs from the 1.6- and 3.2-year-old groups
and significantly lower in the 4.7-year-old group. Neither peak
(F134=2.613,p =.115) nor mean (F; 34 =0.136, p = .716) spine
densities differed between sexes.

The length of single basal dendrites did not differ between
age groups (1.6-year-old, 228 = 38 um, n = 16; 3.2-year-old,
224 = 25 ym, n = 12; and 4.7-year-old, 231 = 40 um, n = 12;
Fogo = 0.145, p = .867), consistent with prior reports that
dendritic length does not differ across postnatal development
in these neurons (16,21,22). Given constant dendrite length
across age groups, the lower spine density per basal dendrite
in L3PNs from the 4.7-year-old animals resulted in ~30%
lower total number of spines per basal dendrite in those ani-
mals than in those from the 2 younger groups (Figure 2F). The
differences in spine number by age were most prominent in the
middle dendrite compartments, negligible in the proximal
dendrite, and small in the distal dendrite (Figure 2G).

The Distribution of Excitatory Synaptic Strengths
Remains Stable Across the Periadolescence Period

To study the distribution of excitatory synaptic strengths in
L3PNs across the synaptic pruning period, we recorded
mEPSCs. Each mEPSC represents the quantal current elicited
at a single synapse; hence, the distribution of mMEPSC ampli-
tudes for a given neuron estimates the distribution of synaptic
strengths across that neuron’s population of glutamate syn-
apses (13). The shape of the distribution of MEPSC amplitudes
should differ by age based on the synaptic pruning pattern,
shifting to the right with selective pruning of weak synapses
but remaining stable if synaptic pruning follows a uniform
pattern. We tested these predictions comparing the distribu-
tions of MEPSC amplitudes in L3PNs from the 3 age groups.

In all L3PNs from all age groups, the mEPSCs showed fast
decay kinetics (Figure 3A) consistent with being primarily
mediated by AMPA receptors, as expected from recording at a
holding potential of —80 mV with 1 mM extracellular Mg?*. The
cumulative probability distributions of MEPSC amplitudes
(Figure 3B) were positively skewed, with a high proportion of
mMEPSCs in the smaller amplitude range (Figure 3B insets).
However, the shape of the distributions had substantial cell-to-
cell variability in all age groups (Figure 3B). Hence, we esti-
mated the skewness (Figure 3C) and coefficient of variation
(Figure 3D) to assess any group differences in the shape of the
distributions.

The skewness of the distributions did not differ significantly
across age groups (Figure 3C), whereas the coefficient of
variation increased slightly but nonsignificantly (Figure 3D). The
small differences in the coefficient of variation (Figure 3D)
could reflect the presence of a small subset of L3PNs with a
greater proportion of larger mEPSCs and thus a rightward shift
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Figure 2. Dendritic spine quantification in basal dendrites of biocytin-filled layer 3 pyramidal neurons. (A) Reconstruction of a representative layer 3
pyramidal neuron dendritic tree (apical dendrite and soma: blue; basal dendrite: gray). (B) Differential interference contrast image of a segment of dendrite in
which spines were quantified. (C) Examples of basal dendrites with dendritic spines that were quantified between the soma and distal end. The rectangles
indicate the segments of dendrites shown at higher magnification at the bottom. (D-F) Peak density, mean density, and absolute number of basal dendritic
spines, respectively, for layer 3 pyramidal neurons in the 3 age groups. Shown here, and in all other box plots, are the mean (dashed line), median (solid line),
and SD. Groups with different letters were significantly different in post hoc contrasts with Tukey’s correction (p < .02). (G) Number of spines in basal dendrites

as a function of distance from the soma.

in the distribution consistent with selective elimination of weak
synapses on those neurons. However, the abundance of
L3PNs with either low or high skewness values in their distri-
butions did not differ between age groups (Figure 3E). Finally,
the kurtosis parameter, which measures the shape of a dis-
tribution around its tails, did not differ between groups
(Figure S2). These analyses of the distributions of synaptic
strengths suggest that synapses on L3PNs from monkey
DLPFC are eliminated proportionally throughout the full dis-
tribution of synaptic strengths, consistent with a uniform
pattern of synaptic pruning (Figure 1).

The Average Strength of Excitatory Synapses
Remains Stable Across the Periadolescence Period

The analysis of the single-cell distributions (Figure 3) suggests
that the average mEPSC amplitude, which measures the
contribution per synapse to the total excitatory drive per
neuron, does not differ by age. The average mEPSC ampli-
tudes largely overlapped between age groups (Figure 4A),
showing small (=1.45 pA), albeit significant (F5,11.1 = 4.681,p =
.034), differences between group means. Data plots from in-
dividual animals did not show any apparent clustering of the
data by animal (Figure 4B), suggesting that the small age-
related differences in average mEPSC amplitude were not
due to within-animal data correlations (23). Furthermore, the
presence of lower values in the 3.2-year-old group relative to
both the 1.6-year-old (—9.1%) and 4.7-year-old (—10.5%)
groups does not support a consistent difference with age. To
further test for differences in average mEPSC amplitude that
may be associated with the age-related differences in dendritic

spine quantities, we computed the average mEPSC amplitude
after combining the 1.6- and 3.2-year-old groups (12.5 = 2.7
pA, n = 142), which did not differ in spine number, and
compared it with the value from 4.7-year-old group (13.4 = 3.4
pPA, n = 77), which had a 30% lower spine number. The small
differences in mEPSC amplitude (~ 0.9 pA) between these age
groups were not significant (F1s»> = 0.773, p = .418), sug-
gesting that the peak excitatory conductance does not differ in
a manner temporally associated with the age-related differ-
ences in dendritic spine quantities (Figure 2).

Next, we estimated the differences in excitatory drive
associated with the age-related differences in dendritic spine
quantity. Given the lack of differences in mEPSC amplitude
(Figures 3 and 4), differences in excitatory drive must be due
solely to differences in the quantity of axospinous synapses
(Figure 2). To evaluate the magnitude of the age-related dif-
ferences in excitatory drive per L3PN, we estimated the total
excitatory postsynaptic conductance (EPSG) in basal den-
drites using our measures of dendritic spines and mean
mEPSC amplitude. Because the shape of the distributions of
mEPSC amplitude did not differ between age groups, the
mean MEPSC amplitude is a good estimator of the average
synapse strength across age groups. Although our goal was
estimating EPSG in the full sample of L3PNs, dendritic spines
were quantified only in a subset of the L3PNs (Figure 2).
Hence, this subset was first used to determine whether, for
estimating the EPSG, the average spine number of each age
group is an acceptable proxy of the actual spine number in
each L3PN. The average single-synapse conductance, or
peak miniature EPSG, was estimated using each neuron’s
average peak mEPSC amplitude. Across L3PNs in each age
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Figure 3. Distributions of miniature excitatory
synaptic current (MEPSC) amplitude in layer 3 py-
ramidal neurons from 1.6-, 3.2-, and 4.7-year-old
animals. (A) Left panel, example traces of voltage-
clamp recordings at —80 mV holding potential
showing mEPSCs recorded from a layer 3 pyramidal
neuron. Right panel, multiple mEPSCs super-
imposed together with their average waveform
(green). (B) Single-cell cumulative probability distri-
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group, our estimates of miniature EPSG (1.6-year-old: 193 =+
41 pS; 3.2-year-old: 151 = 33 pS; and 4.7-year-old: 184 = 67
pS) were well within the range predicted by biophysically
realistic models of monkey L3PNs (24). The EPSG estimated
using the actual number of dendritic spines per L3PN
(Figure 4C) or the average spine number of the age group
(Figure 4D) were very similar and significantly correlated
(Pearson’s r = 0.679, p = 2.8 X 107%). Having verified that the
average spine number of the age group is an acceptable
proxy, we estimated the EPSG in the full sample of L3PNs.
We found significant differences by age (Figure 4E) with the
EPSG ~22% and ~29% lower in L3PNs from the 4.7-year-
old group than in the 1.6- and 3.2-year-old groups, respec-
tively (Figure 4E). Estimates of spine quantities in basal
dendrites adequately capture the effects of synaptic pruning
throughout the L3PN dendritic tree (16). Therefore, our results
suggest that the magnitude of the excitatory synaptic
conductance available to be recruited in each L3PN is
significantly lower after pruning, although our experiments
cannot predict what fraction of the total excitatory conduc-
tance available is actually recruited because the excitatory
drive to each neuron fluctuates in vivo.

Recordings of EPSCs with somatic voltage clamp are
subject to space-clamp errors that affect the EPSG

292

Skewness

estimates (25). However, dendritic length, an important
determinant of space-clamp errors, does not differ across
development in DLPFC L3PNs (16,21,22). Moreover,
mEPSCs with slower rising phase slope (Figure 5A), pre-
sumably originating distally and thus subject to greater
space-clamp errors (25-27), had similar amplitude
(Figure 5B) and distribution across age groups (Figure 5C),
suggesting similar space-clamp errors.

Finally, the mEPSC frequency varied largely from cell to cell,
as in other studies (14,28), was not correlated with spine
quantity, and did not differ between age groups (Figure S3).

DISCUSSION

We assessed dendritic spine density and the distribution of
excitatory synaptic strengths in L3PNs from monkey DLPFC
across the synaptic pruning period. While finding the expected
age-related decline in dendritic spines, we did not find differ-
ences by age in the shape of the synaptic strength distribu-
tions or the average synaptic strength. These findings support
the uniform model of excitatory synaptic pruning and not the
selective elimination of weak/immature synapses. Below, we
discuss the strengths of this study and the implications of
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these results for understanding the nature of protracted syn-
aptic pruning and of dendritic spine deficits in schizophrenia.

Robustness of the Findings of This Study

The robustness of the findings of this study, the first to assess
excitatory synaptic strength in L3PNs from primate DLPFC
during the periadolescence period, is supported by various
lines of evidence. First, our finding that dendritic spine quantity
in biocytin-filled DLPFC L3PNs declines during peri-
adolescence is consistent with the previous developmental
studies using Golgi impregnation to assess spine density in
monkey DLPFC L3PNs (16) or electron microscopy to quantify
axospinous synapse density in layer 3 of monkey DLPFC
(10,11) but with a time course that differs from that reported for
PFC area 12v (29). Second, our results, which do not indicate
selective pruning of weak/immature synapses during adoles-
cence, are supported by our findings in a different cohort of
monkeys that most glutamate synapses on monkey DLPFC
L3PNs reach the adult level of maturation before the period of
protracted synaptic pruning (30). Third, our findings of a stable
distribution of synaptic strengths across age groups is
consistent with the absence of developmental shifts in
messenger RNA levels of key ionotropic glutamate receptor
subunit genes in monkey DLPFC L3PNs across adolescence
(31,32). Fourth, our use of both female and male animals in
each age group insures that our findings are not biased by sex,
and the absence of differences by sex is consistent with prior
studies of spine density across postnatal development in
macaque monkeys (16). Fifth, our estimates of mEPSC
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Age (years)

amplitude are highly similar to those reported by another
research group for L3PNs from the DLPFC of adult monkeys
(33). Finally, the use of a nonhuman primate model system is
important for the study of the synaptic pruning hypothesis of
schizophrenia, given that periadolescent synaptic pruning is
consistently observed in both monkey (10,11,16) and human
(9,17) DLPFC, whereas studies of rodent PFC have reported
mixed results (34-40), possibly due to regional and/or species
differences.

Implications for Understanding the Role of
Protracted Synaptic Pruning in DLPFC Maturation

A key component of Feinberg’s original synaptic pruning hy-
pothesis is that normal periadolescent pruning “may be anal-
ogous to the programmed elimination of neural elements in
very early development” (8). During early development weak/
immature synapses are thought to be preferentially eliminated
(12), hence, Feinberg’s initial postulate implies that weak/
immature synapses are abundant at the onset of synaptic
pruning but represent a smaller proportion of excitatory syn-
apses when pruning is complete.

Because no previous studies had tested whether the frac-
tions of weak and/or strong synapses in DLPFC L3PNs differ
after synaptic pruning, we studied the distribution of excitatory
synaptic strengths in these neurons during the peri-
adolescence period. We found that the distributions of mMEPSC
amplitudes in DLPFC L3PNs do not differ by age, hence
contradicting the selective elimination of weak/immature syn-
apses but supporting a uniform pattern of excitatory synaptic
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pruning across the full range of synaptic strengths. This
interpretation is consistent with the only prior study of synaptic
maturation in monkey DLPFC L3PNs, which suggested that
excitatory synapses on L3PNs mature pre- and post-
synaptically before synaptic pruning begins (30). The signifi-
cant fraction of weak synapses observed in L3PNs may play
important functional roles, including allowing broader repre-
sentations of certain stimuli. However, our current and prior
findings (30) suggest that the abundance of weak/immature
synapses, especially of the NMDA-only silent class (41), does
not change during the pruning period. Thus it seems unlikely
that the functional roles of weak synapses are refined via
periadolescent synaptic pruning. Importantly, although we only
studied the AMPA receptor-mediated component of mEPSCs,
findings from previous experiments (30) suggest similar results
vis-a-vis the NMDA receptor-mediated component
(Supplemental Discussion).

Importantly, age did not significantly affect the mEPSC
frequency, a dynamic parameter that could be associated with
the number of synapses per cell but is highly dependent on the
glutamate release probability. In monkey DLPFC, the release
probability displays large cell-to-cell variability and does not
change with the reduction in synapse number during peri-
adolescent development (30).

Working memory function, and the associated DLPFC
neuron activity, improve during the periadolescence period
(42,43), but the role of synaptic pruning in these developmental
changes remains unclear. The developmental improvements in
working memory function have been modeled in recurrent
neural networks (15,44), and results indicated that selectively
pruning a large fraction of weak synapses improved
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performance on a particular working memory task but at the
cost of reducing performance on other tasks (15). In other
studies, reducing the total number of synaptic connections
without selectively eliminating weak synapses increased the
computational efficiency and performance of complex net-
works (45). Therefore, uniform synaptic pruning in DLPFC
L3PNs could improve working memory developmentally by
eliminating synapses while preserving the distribution of syn-
aptic strengths, thus having a homeostatic synaptic scaling-
like effect (46) while avoiding some of the costs associated
with selectively pruning weak synapses.

Importantly, because we were not able to study mEPSCs
longitudinally, we could not determine whether the synaptic
strength distributions remain stable through the peri-
adolescence period as a consequence of a pruning process
that precisely sculpts those distributions. Changes in network
activity through the periadolescence period may trigger ho-
meostatic plasticity mechanisms that adjust the distribution of
synaptic weights (46). Despite the significant quantity of syn-
apses pruned, single-neuron activity in the DLPFC during
working memory tasks increases during periadolescent
development (43,47,48), suggesting that homeostatic mecha-
nisms likely play a complex role (see Supplemental
Discussion).

Implications for Understanding the Nature of
Dendritic Spine Deficits in Schizophrenia

The idea that the normal pattern of periadolescent pruning in
L3PNs is uniform, eliminating synapses proportionally across
the full distribution of excitatory synaptic strengths and
without selectively eliminating weak synapses (Figure 1), may
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have several implications for understanding the origin and
consequences of synaptic deficits in schizophrenia. For
example, studies of the layer 3 neuropil of the primary audi-
tory cortex showed lower spine density in schizophrenia (49)
principally due to fewer small spines (50,51). Because small
spines typically have small spine heads that receive weaker
excitatory synapses (33,52-54), these findings suggest a se-
lective deficit of weaker synapses in schizophrenia. Moreover,
these results, in concert with the present findings, suggest
that the synaptic pruning process in schizophrenia might be
abnormal, selectively eliminating normal numbers of strong
synapses but eliminating an excess of weak synapses, thus
altering the normal distribution of synaptic strengths
(Supplemental Discussion).

The current study is, to our knowledge, the first to show, by
estimating the EPSG in basal dendrites, that the excitatory
drive available for recruitment decreases with normal synaptic
pruning, supporting the idea that the synaptic deficits in
schizophrenia, whether due to exaggerated pruning and/or
deficient synaptogenesis (55), decrease the excitatory drive to
L3PNs (6). Moreover, if as reported for auditory cortex neuropil
(50,51), DLPFC L3PNs have fewer small spines in schizo-
phrenia, then these neurons may have both reduced excitatory
drive and an altered distribution of excitatory synaptic
strengths, disrupting the processing of working memory—
related information.
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