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Brief Communications

An Early Critical Period for Long-Term Plasticity and
Structural Modification of Sensory Synapses in
Olfactory Cortex
Cindy Poo and Jeffry S. Isaacson
Department of Neuroscience, University of California, San Diego, School of Medicine, La Jolla, California 92093

Critical periods for plasticity of thalamic sensory inputs play an important role in developing neocortical circuits. During an early
postnatal time window, pyramidal cells of visual, auditory, and somatosensory cortex undergo structural refinement and possess an
enhanced ability for activity-dependent synaptic plasticity. In olfactory cortex, however, pyramidal cells receive direct sensory input from
the olfactory bulb, and it is unclear whether the development of olfactory sensory circuits is governed by a critical period. Here, we show
that NMDA receptor-dependent long-term potentiation and dendritic spine maturation occur only during a brief postnatal time window
at sensory synapses of olfactory cortex pyramidal cells. In contrast, associational synapses onto the same cells retain the capacity for
plasticity into adulthood.
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Introduction
In the visual, auditory, and somatosensory systems, sensory experience modifies cortical circuits during a short, postnatal “critical period” after which synaptic reorganization is difficult to
induce (Katz and Shatz, 1996; Hensch, 2004). However, little is
known about the mechanisms governing the early development
and plasticity of olfactory circuits.
Olfactory sensory information is conveyed from olfactory receptor neurons (ORNs) in the nasal epithelium to the olfactory
bulb. Here, ORNs expressing unique types of odorant receptors
project to stereotyped subsets of principal mitral cells, which are
thought to represent a spatial map of odor information (Ressler
et al., 1994; Mombaerts, 2001). However, the coding of odor
quality and olfactory perception itself ultimately involves the activity of neurons in higher brain regions.
Primary olfactory (piriform) cortex is a major cortical region
believed to play an important role in the representation of olfactory information (Haberly, 1998). Axons of olfactory bulb mitral
cells coalesce in the lateral olfactory tract (LOT) and make dense
connections with pyramidal cells of the anterior piriform cortex.
This afferent sensory input targets the distal apical dendrites of
layer II/III pyramidal cells (Price, 1973), whereas associational
(ASSN) fibers from various cortical regions target proximal apical and basal dendrites (Haberly and Presto, 1986; ul Quraish et
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al., 2004). Given the precise mapping of particular odor features
onto mitral cells, it may be that LOT sensory synapses in olfactory
cortex are “hardwired” for the coding of olfactory information.
For example, to maintain an invariant representation of specific
odor features, activity-dependent plasticity of LOT inputs may
not necessarily be desirable. Consistent with this notion, previous
studies of LOT-evoked field EPSPs (fEPSPs) in adult rat olfactory
cortex slices found that NMDA receptor (NMDAR)-mediated
long-term potentiation (LTP) was not reliably induced by tetanic
stimulation (Jung et al., 1990). Successful LTP induction was
difficult to achieve and resulted in only modest (10 –15%) increases in synaptic strength (Jung et al., 1990; Kanter and
Haberly, 1990; Kanter and Haberly, 1993). However, given that
NMDARs contribute more to LOT transmission in neonatal cortex (Franks and Isaacson, 2005), sensory synapses in piriform
cortex may have an enhanced capacity for plasticity during early
postnatal development.
Newborn animals (including humans) use olfactory information to form strong maternal attachments, and this “imprinting”
to maternal odors is crucial for survival in many species (Leon,
1992; Sullivan, 2003). This strong behavioral plasticity is limited
to neonatal animals. These findings imply that in addition to
being both functional and necessary at birth, central olfactory
circuits could display enhanced plasticity during the early postnatal stage. However, it is unknown if the plasticity and maturation of synaptic transmission in the olfactory cortex could underlie this developmental time window for imprinting.
In this study, we examine whether a critical period for synaptic
plasticity and structural development may occur in olfactory cortex. We use whole-cell recording to investigate NMDARdependent LTP at sensory LOT inputs and ASSN synapses onto
the same pyramidal cells. We find that LOT inputs express robust
LTP in neonatal animals; however, the magnitude of LTP at these
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sensory synapse declines rapidly during the first month of postnatal development. In contrast, the capacity of ASSN inputs to
express robust NMDAR-dependent LTP remains throughout
adulthood. In addition, we also characterize the maturation of
dendritic spines in pyramidal cell dendritic regions primarily devoted to LOT or ASSN synapses. We find a more rapid maturation of dendritic spines at the site of LOT input compared with
ASSN synapses. Together, these results suggest a developmental
critical period for the plasticity of olfactory sensory inputs in
piriform cortex.

Materials and Methods
Electrophysiology. Piriform cortex slices (!400 !m) were prepared from
postnatal day 5 (P5) to P35 Sprague Dawley rats in accordance with
institutional and national guidelines using standard procedures. Parasagittal cortical slices were cut using a vibrating slicer (Vibratome, St.
Louis, MO) in ice-cold artificial CSF (aCSF) containing (in mM) 83 NaCl,
2.5 KCl, 0.5 CaCl2, 3.3 MgSO4, 1 NaH2PO4, 26.2 NaHCO3, 22 glucose,
and 72 sucrose, equilibrated with 95% O2/5% CO2 at 34°C for 30 min and
at room temperature thereafter. In the recording chamber, slices were
viewed by means of infrared-differential interference contrast (IR-DIC)
optics (BX-51W1; Olympus, Tokyo, Japan) and superfused with aCSF
containing (in mM) 119 NaCl, 5 KCl, 4 CaCl2, 4 MgSO4, 1 NaH2PO4, 26.2
NaHCO3, 22 glucose, and 0.1 picrotoxin, equilibrated with 95% O2/5%
CO2. The high divalent concentrations (4 mM Ca 2" and 4 mM Mg 2")
were used to suppress spontaneous epileptiform activity in the presence
of the GABAA receptor antagonist picrotoxin. All experiments were performed at 30 –32°C. Baclofen (30 !M) was added to the aCSF to suppress
ASSN inputs when isolated LOT inputs were examined (Franks and
Isaacson, 2005).
Patch electrodes (3–5 M#) contained (in mM) 130 D-gluconic acid,
130 CsOH, 5 NaCl, 10 HEPES, 12 phosphocreatine, 3 MgATP, 0.2
NaGTP, and 0.2 EGTA. Series resistance, which was $15 M#, was compensated at 80 –95%. The uncorrected liquid junction potential in these
recordings was !12 mV. Synaptic currents were recorded with an Axopatch 200B amplifier (Molecular Devices, Foster City, CA), filtered at 2–5
kHz, collected, and digitized at 10 –20 kHz (ITC-18; InstruTech, Mineola, NY). Data acquisition and analysis were performed with Axograph
4.9 (Molecular Devices) and IGOR Pro 4 (Wavemetrics, Lake Oswego,
OR) software.
Pyramidal cells for all experiments had cell bodies in deep layer II.
Sensory and ASSN EPSCs were evoked using focal stimulating electrodes
(1 M# pipettes filled with aCSF) placed in the LOT or layer II/III, respectively. Stimulating electrodes were positioned !150 !m laterally from
the recorded cell. The amplitudes of EPSCs were measured over a 0.5–1
ms window centered at the peak of the response. Stimulus strength was
set such that EPSCs were 100 –200 pA in amplitude under baseline conditions. For the “pairing” protocol, a 5 min baseline was monitored (Vm
% &80 mV) using 0.2 Hz stimulation. The cell was then depolarized to 0
mV, and 40 paired-pulse stimuli [50 ms interstimulus interval (ISI)] were
delivered at 0.2 Hz. The membrane potential of the cell was then returned
to &80 mV after the pairing procedure, and 0.2 Hz stimulation was
continued to monitor EPSC amplitude. Pairing was always performed
within 5–7 min of breaking into a cell. The magnitude of LTP was determined from the average amplitude of EPSCs 25–30 min after pairing.
Summary results and figures include every experiment in which pairing
was performed after a stable baseline response was recorded for 5 min. All
results represent mean ' SEM.
Imaging. For experiments examining dendritic spines, Alexa 488 (50
!m) was added to the patch electrode internal solution. Imaging was
performed with an Olympus Fluoview 300 system modified for twophoton laser microscopy using a femtosecond laser (MaiTai; SpectraPhysics, Mountain View, CA) tuned to 800 – 820 nm. Distal apical dendrite segments were used to quantify spines receiving sensory input. All
distal apical dendritic regions were verified under IR-DIC optics to overlap with LOT fibers. We restricted measurements of ASSN spines to
regions of basal dendrite and proximal apical dendrite (within !50 –100

!m of the soma depending on age). Image stacks (600( magnification,
512 ( 512 pixels, 10 –20 frames with 0.5 !m steps) were taken of distal
apical dendrites and secondary or tertiary proximal apical and basal dendrites. Image stacks were collapsed onto a z-projection using maximal
intensities from each frame. All image and data analyses were performed
with ImageJ (National Institutes of Health, Bethesda, MD) and IGOR
Pro 4 (Wavemetrics) software. Dendritic protrusion densities and
lengths were averaged across all dendritic segment images obtained from
each cell. On average, two to five dendritic segments from each dendritic
compartment were pooled for each cell. All analyses were performed
blind to the age of animals and to the dendritic compartments of cells.

Results
Previous reports of activity-dependent plasticity at sensory synapses in olfactory cortex monitored the effect of theta-burst or
tetanic stimulation on LOT-evoked extracellular fEPSPs (Jung et
al., 1990; Kanter and Haberly, 1990, 1993; Stripling et al., 1991).
We used whole-cell recording to study LOT-evoked EPSCs recorded from layer II pyramidal cells in rat anterior piriform cortex slices (Franks and Isaacson, 2005). In newborn rats (P5–P10),
we alternately stimulated two independent LOT inputs (each input at 0.2 Hz) onto a single voltage-clamped pyramidal cell (Vm
% &80 mV) (Fig. 1 A1). Glass focal stimulating electrodes were
positioned in the LOT and bracketed the recorded pyramidal cell
with a spacing of !100 !m. The independence of the two LOT
pathways was always confirmed by verifying that simultaneous
stimulation of the two pathways produced an EPSC in the pyramidal cell that was the algebraic sum of the EPSCs produced by
stimulation of each pathway alone.
To investigate NMDAR-dependent LTP, we used a pairing
protocol (see Materials and Methods), the goal of which is to
“pair” presynaptic stimulation with postsynaptic depolarization.
After a baseline period of 5 min, the neuron was depolarized to 0
mV to remove the voltage-dependent Mg 2" block of NMDARs.
During this depolarization, only one of the two pathways (the
“paired” pathway) was stimulated. The other pathway (“unpaired”) thus served as control for the depolarization alone. This
produced an LTP of EPSCs (78 ' 11%; n % 9; range, 46 –134%)
in the paired pathway, whereas the EPSCs of the unpaired pathway were unaffected (Fig. 1 A2). This pairing-induced LTP demonstrates that synapse specific plasticity at sensory LOT synapses
does not require widespread activation of fibers through tetanic
stimulation.
Previous studies of LOT-evoked field potentials demonstrated
that LTP induced by theta-burst stimulation is blocked by the
NMDAR antagonist APV (Jung et al., 1990; Kanter and Haberly,
1990). To confirm the role of NMDARs in pairing-induced LOT
LTP, in a subsequent set of experiments, we interleaved pairing of
a single pathway in control slices (80 ' 3%; n % 5; range, 30 –
126%) with slices maintained in the presence of APV (100 !M;
n % 5). In the presence of APV, pairing-induced LTP was abolished (Fig. 1 A3) (Student’s t test, p $ 0.05). In a subset of experiments (Fig. 1 A2,A3), we used paired-pulse stimulation (50 ms,
ISI) to monitor presynaptic function during LTP. LOT synapses
showed paired-pulse facilitation (EPSC2/EPSC1), which was unchanged during LTP (Fig. 1 A4) (paired Student’s t test, p % 0.90),
consistent with a postsynaptic locus for LTP expression (Nicoll
and Malenka, 1999). Together, these results show that synapsespecific, NMDAR-dependent LTP can be triggered at olfactory
sensory inputs of newborn rats.
In contrast to neonatal rats, we found that plasticity of sensory
synapses was markedly reduced in animals that were slightly
older (P15–P19). In these experiments, we monitored the
strength of LOT and ASSN inputs onto the same pyramidal cells
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synapses (data not shown), indicating that
our pairing procedure yielded the maximal amount of potentiation. Interleaving
control slices with those in the presence of
APV (n % 5 and 8, respectively) revealed
that LTP of ASSN synapses required activation of NMDARs (Fig. 1 B3) (Student’s t
test, p $ 0.05). Under our conditions,
ASSN synapses show weak paired-pulse
depression at an ISI of 50 ms, and there
was no change in the ASSN paired-pulse
ratio after induction of LTP (Fig. 1 B4)
(paired Student’s t test, p % 0.79). Thus,
like LOT inputs, ASSN synapses also exhibit pairing-induced postsynaptic expression of NMDAR-dependent LTP.
We recorded from olfactory pyramidal
cells throughout the first month of postnatal life and found a significant decrease in
the amount of LTP expressed at sensory
synapses by the second postnatal week
(Fig. 2). A consistent decrease in the
amount of LTP expressed at LOT synapses
was observed at later developmental time
points. By the fourth postnatal week, LOT
synapses failed to express any long-term
plasticity. In sharp contrast, robust LTP
could be elicited at ASSN synapses of the
same pyramidal cells throughout this developmental time window, with no obvious difference in the magnitude of potentiation at any time point. We performed
regression analysis on the two data groups
to determine the differences in correlation
of LTP amplitude versus age. For LOT synapses, a linear regression yielded R 2 %
0.92, with a correlation coefficient p value
of 0.0091, whereas for ASSN synapses, R 2
% 0.19 and the correlation coefficient p
value is 0.56. Thus, although there is a
strong correlation between age and LTP at
LOT synapses, there is no significant correlation at ASSN synapses.
Structural changes of neuronal morphology are correlated with critical periFigure 1. NMDAR-dependent LTP of sensory and ASSN synapses in olfactory cortex. A, Synaptic plasticity of LOT synapses in ods for plasticity (Hensch, 2004), and inP5–P10 rats. A1, Recording configuration. A2, Pairing stimulation of one LOT pathway with depolarization induces LTP (filled creases in dendritic spine density during
circles), whereas the unpaired pathway (open circles) is unaffected. Traces show EPSCs from one cell before and 30 min after LTP early development are associated with
induction at paired (left) and control (right) inputs. A3, APV prevents the induction of LTP at LOT synapses (open circles), whereas maturation of cortical circuits (Whitford
interleaved control recordings (filled circles) show robust LTP. A4, LTP of LOT synapses in A2 and A3 does not alter the paired-pulse et al., 2002). We next took advantage of the
ratio (n % 11). Traces before and 30 min after LTP induction from one cell are superimposed (left) and scaled (right). B, Synaptic anatomical segregation of LOT and ASSN
plasticity of LOT and ASSN synapses in P15–P19 rats. B1, Recording configuration. B2, Pairing both LOT and ASSN inputs elicits
inputs to explore the early development of
robust LTP at ASSN synapses (open circles) and weak LTP at LOT synapses (filled circles). B3, APV blocks LTP induction at ASSN
dendritic spines in these two pathways.
synapses. B4, LTP of ASSN synapses in B2 is not accompanied by a persistent change in the paired-pulse ratio (n % 5). Calibration:
Pyramidal cells were filled with Alexa
5 ms, 100 pA. Rec, Recording; Pre, before; Post, after.
488 (50 !M) and visualized using twophoton microscopy (Fig. 3A1). We first ex(Fig. 1 B1) and paired stimulation with membrane depolarization
amined dendritic spines (n % 4720) at distal apical and basal
in both pathways. Compared with the P5–P10 age group, the
dendrites of pyramidal cells (n % 84) over the first postnatal
amount of LTP induced at LOT synapses was drastically reduced
month. Although ASSN inputs contact both proximal apical and
(26 ' 11%; n % 7; range, 9 – 62%). In these same cells, ASSN
basal dendrites, we initially focused on basal dendrites to control
synapses potentiated strongly (91 ' 13%; n % 7; range,
for branching order from the soma and to exclude possible con72–188%) (Fig. 1 B2) (n % 7). Increasing the number of EPSCs
tamination by the presence of sensory synapses. The distal apical
paired with depolarization did not lead to greater LTP at LOT
dendrites we analyzed were at the broader of layer 1a and the LOT
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Figure 2. Summary data of the magnitude of LTP at LOT and ASSN synapses during the first
postnatal month (n % 3–7 slices per point). The average LOT LTP magnitudes for age groups
P5–P10, P11–P14, P15–P19, P20 –P26, and P30 –P35 were 78 ' 11, 45 ' 17, 26 ' 11, 17 '
4, and 3 ' 3%, respectively. The average ASSN LTP magnitudes for age groups P11–P14,
P15–P19, P20 –P26, and P30 –P35 were 129 ' 14, 107 ' 18, 138 ' 20, and 95 ' 12%,
respectively.

(Fig. 3A1). Spine lengths in both dendritic compartments were
identical at age P5–P7 (apical: 2.61 ' 0.33 !m, n % 7 cells; basal:
1.85 ' 0.20 !m, n % 4 cells; p % 0.08) and became shorter with
development (P34 –P35; apical: 1.49 ' 0.04, n % 10 cells; basal:
1.34 ' 0.09, n % 7).
We next considered the developmental profile of spine density
in dendritic compartments devoted to LOT and ASSN synapses.
To rule out the possibility that intrinsic differences between apical and basal dendrites could govern the development of spine
density, we imaged proximal apical dendrites in addition to distal
apical and basal dendrites in a subsequent series of experiments
(n % 8721 spines from 48 cells). Consistent with observations in
other cortical areas (Whitford et al., 2002), we observed a significant increase in spine density of apical and basal dendritic compartments during development (Fig. 3A2). However, the pooled
data from all cells (Fig. 3B) indicated that spine density reached
mature levels earlier at the site of LOT input (distal apical dendrites; exponential time constant of 3 d) versus compartments
devoted to ASSN input (basal and proximal apical dendrites;
exponential time constants of 12 and 16 d, respectively). Thus, as
for synaptic plasticity, there is a brief developmental time window
during which dendritic regions primarily devoted to sensory input undergo structural modification.

Discussion
In this study, we examined NMDAR-dependent plasticity and the
structural maturation of sensory synapses in primary olfactory
cortex. Our results indicate that during early development, sensory and ASSN synapses onto the same olfactory cortical pyramidal cells differ in their capacity for plasticity and spinogenesis.

Figure 3. Developmental maturation of spine density occurs rapidly at dendrites receiving
LOT input. A1, Two-photon image of a representative pyramidal cell (P34). Dashed lines indicate
boundaries from which distal apical, proximal apical, and basal dendritic spines were measured.
The solid line represents pial surface. Scale bar, 20 !m. A2, Distal apical (red), proximal apical
(white), and basal dendritic (blue) regions from three cells at age P5, P12, and P34. Scale bar, 5
!m. B, Developmental time course for increases in spine density at distal apical, proximal
apical, and basal dendritic compartments. Each symbol represents values averages pooled over
2 d intervals. Distal apical spine density data for the nine age groups starting from P5–P6 to
P34 –P35 are as follows: 21 ' 0.9, 33 ' 1.5, 35 ' 3.3, 42 ' 1.6, 41 ' 0.8, 38 ' 1.0, 46 '
1.5, 41 ' 4.6, and 45 ' 3.1 spines/100 !m; n % !12 cells for each age. Basal spine density
data for the nine age groups starting from P5–P6 to P34 –P35 are as follows: 19 ' 1.3, 32 '
2.7, 31 ' 1.7, 43 ' 1.7, 65 ' 1.8, 61 ' 2.3, 80 ' 4.0, 75 ' 6.6, and 76 ' 3.8 spines/100
!m; n % !12 cells for each age. Proximal apical spine density data for the seven age groups
starting from P5–P6 to P34 –P35 are as follows: 22 ' 1.9, 38 ' 2.2, 41 ' 2.7, 77 ' 3.5, 76 '
6.3, 86 ' 8.6, and 94 ' 12.3 spines/100 !m; n % !5 cells for each time point. Lines are
exponential fits with time constants of 3, 12, and 16 d for distal apical, basal, and proximal apical
dendrites, respectively.

Previous studies have established that NMDAR-dependent
LTP is an important property of ASSN synapses in piriform cortex (Kanter and Haberly, 1990, 1993). Indeed, it has been suggested that activity-dependent plasticity of ASSN inputs could
enhance the salience of odor-evoked responses in pyramidal cells
and contribute to olfactory learning in adults (Quinlan et al.,
2004; Lebel et al., 2006). However, a role for activity-dependent
plasticity at the sensory afferent LOT synapses of olfactory cortex
pyramidal cells is less clear. Although it has often been suggested
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that LOT synapses can express NMDAR-dependent plasticity,
several studies in adult rats using a range of tetanic stimulus
protocols have shown only a modest and somewhat unreliable
potentiation of LOT-evoked fEPSPs after tetanic stimulation
(Jung et al., 1990; Kanter and Haberly, 1990; Stripling et al.,
1991).
Our results using intracellular recording and pairing of stimulation with depolarization indicate that strong NMDARdependent LTP of LOT synapses occurs during a brief postnatal
period, after which there is a decrease in the ability of LOT synapses to undergo potentiation with our pairing protocol. The
gradual decline in pairing-induced LTP at LOT inputs is consistent with previous results indicating a marked developmental
downregulation of NMDARs at sensory but not ASSN inputs
(Franks and Isaacson, 2005). We believe that the rapid developmental loss of NMDARs at LOT synapses can explain why previous fEPSP studies in adult animals reported relatively unreliable
and modest LTP. In contrast, the large, developmentally stable
NMDAR component of synaptic transmission at ASSN synapses
(Franks and Isaacson, 2005) would permit expression of synaptic
plasticity in this pathway throughout adulthood.
We also observe marked differences in the structural maturation of dendritic compartments primarily devoted to LOT (distal
apical dendrites) and ASSN (basal and proximal apical dendrites)
input. Although we cannot rule out that some of the distal apical
dendritic branches may receive ASSN inputs, these most distal
branches undoubtedly receive predominantly LOT inputs. Basal
dendrites, on the other hand, are solely targeted by ASSN. Although spine density increased during the first few postnatal
weeks in both compartments, distal apical dendrites reached a
plateau in spine density much earlier than basal dendritic regions.
Proximal apical dendrites, which also receive ASSN input,
showed a slow time course for spine density development that
was quite similar to basal dendrites. Indeed, the maturation of
LOT spine density is nearly complete by P9. This rate of maturation appears to be more rapid than other regions of sensory cortex where spine density increases dramatically beyond P9 (Miller
and Peters, 1981; Micheva and Beaulieu, 1996). It may be that this
early maturation of sensory dendritic regions in piriform cortex
is associated with olfaction being completely functional in rodents at birth.
It is possible that the experience-dependent downregulation
of NMDARs at sensory LOT synapses (Franks and Isaacson,
2005) could underlie both the critical period for LTP as well as the
early maturation of dendritic spine density. For example, in addition to mediating activity-dependent plasticity, NMDARs are
also thought to play a role in the development of dendritic spines
(Lin et al., 2004; Tolias et al., 2005; Tada and Sheng, 2006). Studies have also shown de novo dendritic spinogenesis associated
with NMDAR-dependent synaptic plasticity (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999). Thus, although the
developmental time courses over which LTP at LOT inputs declines and spine density matures do not overlap completely, the
similarities in their time courses suggest the possibility of a common underlying mechanism. Furthermore, even assuming a
common underlying mechanism, divergent mechanisms for LTP
expression and spinogenesis would most likely produce differences in the developmental profile of the two phenomena. An
alternative possibility that we cannot exclude is that these observations arise from entirely independent mechanisms.
Together, the physiological and anatomical features of developing LOT synapses provide strong support for the notion that

J. Neurosci., July 11, 2007 • 27(28):7553–7558 • 7557

there is a critical period for the modification of olfactory input to
the cortex. Our results are consistent with reports of critical periods for anatomical and synaptic plasticity in the visual (Wiesel
and Hubel, 1963), somatosensory (Woolsey and Wann, 1976),
and auditory (Zhang et al., 2001) cortices. The plasticity of developing olfactory sensory inputs could provide a substrate for enhancing the cortical representation of odors experienced during
an early postnatal time window. The loss of activity-dependent
LTP and the rapid maturation of the dendritic compartment targeted by LOT inputs suggest that there is a “hardwiring” of sensory synapses early in life. In contrast, the persistence of plasticity
at ASSN synapses provides a basis for modifying the salience of
odor information represented by pyramidal cells throughout
adulthood.
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