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Studies have shown that neonate rodents exhibit high ability to learn a preference for novel odors associated with thermo-

tactile stimuli that mimics maternal care. Artificial odors paired with vigorous strokes in rat pups younger than 10 postnatal

days (P), but not older, rapidly induce an orientation-approximation behavior toward the conditioned odor in a two-choice

preference test. The olfactory bulb (OB) and the anterior olfactory cortex (aPC), both modulated by norepinephrine (NE),

have been identified as part of a neural circuit supporting this transitory olfactory learning. One possible explanation at the

neuronal level for why the odor-stroke pairing induces consistent orientation-approximation behavior in <P10 pups, but

not in >P10, is the coincident activation of prior existent neurons in the aPC mediating this behavior. Specifically, odor-

stroke conditioning in <P10 pups may activate more mother/nest odor’s responsive aPC neurons than in >P10 pups,

promoting orientation-approximation behavior in the former but not in the latter. In order to test this hypothesis, we

performed in vitro patch-clamp recordings of the aPC pyramidal neurons from rat pups from two age groups (P5–P8

and P14–P17) and built computational models for the OB-aPC neural circuit based on this physiological data. We condi-

tioned the P5–P8 OB-aPC artificial circuit to an odor associated with NE activation (representing the process of maternal

odor learning during mother–infant interactions inside the nest) and then evaluated the response of the OB-aPC circuit

to the presentation of the conditioned odor. The results show that the number of responsive aPC neurons to the presen-

tation of the conditioned odor in the P14–P17 OB-aPC circuit was lower than in the P5–P8 circuit, suggesting that at P14–P17,

the reduced number of responsive neurons to the conditioned (maternal) odor might not be coincident with the responsive

neurons for a second conditioned odor.

At an early stage of postnatal development, infant rats show a high
ability to learn artificial odors associated with tactile stimuli that
mimic maternal care. Younger pups (P5–P8) conditioned by pair-
ing a novel scent with vigorous strokes on their backs (using a
soft brush) show a consistent orientation-approximation behavior
toward the conditioned odor (Moriceau and Sullivan 2005;
Morrison et al. 2013; Roth et al. 2013; Ghosh et al. 2015).
Interestingly, in older pups (P14–P17) the odor-stroke condition-
ing protocol did not induce the same behavior (Moriceau and
Sullivan 2005; Morrison et al. 2013; Roth et al. 2013; Ghosh
et al. 2015). Why does the odor-stroke pairing lose its ability to in-
duce preference to the conditioned odor? Possible answers to this
question were offered based on the underlying neural mechanisms
of the behavioral phenomena.

It has been proposed that the relevant neural circuit includes
the OB and the aPC, both modulated by the NE released from the
locus coeruleus (LC). The pairing of odor with activation of
β-adrenoceptors in the OB (Sullivan et al. 1992) or in the aPC

(Morrison et al. 2013; Ghosh et al. 2015, 2017) induces behavioral
olfactory preference in younger infant rodents (rat and mice),
while the blocking of these receptors or the lesioning of the LC be-
fore pairing (Sullivan et al. 1994) prevents it.

In the LC-OB circuit, it has been suggested that developmen-
tal changes in the LCmight be in part responsible for the failure of
the odor-stroke conditioning in inducing olfactory preference
learning in older infant rats. For neonates, LC presents a large re-
sponse to somatosensory stimuli (noxious and nonnoxious)
(Kimura and Nakamura 1985), which no longer occurs in >P10
pups (Rangel and Leon 1995). This functional maturational chan-
ge in the LC–NE system appears to be dependent on the emergence
of the LC autoinhibitory function due to the increase of the NE in-
hibitory autoreceptor α2 and to the decrease of the autoexcitatory
functionmediated by NE α1 autoreceptors. Indeed, the pharmaco-
logical blockage of the α2 autoreceptors and the activation of the
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α1 autoreceptors in older pups, during odor presentation, rein-
states the odor preference learning (Moriceau and Sullivan 2004).

Another possible explanation focuses on the OB-aPC circuit,
specifically at the level of sensory synapses. Sensory information
from OB is projected to the aPC by the lateral olfactory tract
(LOT), formed by the axons of the mitral and tufted cells. LOT ter-
minals end at the superficial layer of aPC (L1a), forming sensory
synapses on the apical dendrites of the pyramidal cells with somas
positioned at deep layers (L2 and L3). The L2 and L3 layers and the
second portion of the superficial layer (L1b) receive inputs from as-
sociative regions, including autoassociative projections (Bekkers
and Suzuki 2013). At an early stage of development, high synaptic
plasticity at the LOT–L1a aPC synapses is observed, which declines
around the first month of postnatal life (Poo and Isaacson 2007)
possibly due to down-regulation of NMDA receptors (Franks and
Isaacson 2005). Furthermore, it has been found that LOT–L1a plas-
ticity is modulated by β-adrenoceptors induced an increase of
L-type calcium channel (LTCC) currents, and that may not be
true for older pups (Ghosh et al. 2017).

One hypothesis is that younger rat pups (<P10) learn the
mother’s odor by associative processes inside the nest (Moriceau
and Sullivan 2005). The neural circuit that supports the condi-
tioned learning of artificial odors in experimental conditions
(Moriceau and Sullivan 2005) must be the same involved in nat-
ural learning in the nest. According to this view, the initially neu-
tral maternal odor (CS) activates a specific group of pyramidal
neurons in the aPC, while the maternal care (UCS) elicits a larger
response in the pyramidal neurons via the LC–NE system. The re-
peated natural “pairing” of maternal odor with maternal care
(through providing warmth, feeding, touching, licking) causes
these neurons to become responsive to the conditioned maternal
odor alone and promotes the behavioral approximation. Thus,
the response of the neural circuit to the mother’s odor in the
1-wk-old pup is completely different from the response to the
same stimuli in the newborn rat. Based on this assumption, we of-
fer here an alternative answer for the behavioral olfactory learning
phenomena in infant rat pups based on the intrinsic developmen-
tal characteristics of the aPC pyramidal cells of younger (<P10)
and older pups (>P10).

We hypothesize that odor-stroke conditioning in P5–P8 pups
recruits a group of aPC pyramidal cells that are also activated by the
maternal odor. As this neural circuit promotes approximation to
the maternal odor, we assume their coincidental activation also
promotes behavioral preference for the conditioned odor.
However, this occurs only for younger pups (<P10). For >P10
pups, the odor-stroke conditioning results in less activation of

the aPC pyramidal cells and, therefore, limited chances of recruit-
ment of cells that are also responsive to maternal odor.

To test this hypothesis, we perform a patch-clamp electro-
physiological experiment to characterize the intrinsic passive and
active properties of the aPC pyramidal cells in two periods of post-
natal development (P5–P8 and P14–P18). Then, using the parame-
ters obtained from the experimental data, we implement a
computationalmodel of the OB-aPC circuit for the two age periods
with a pyramidal cell model that represents the intrinsic properties
of real pyramidal cells. Finally, we simulate the process of maternal
odor learning inside the nest in the computational OB-aPC model
and test the responsiveness of the circuits to the conditioned ma-
ternal odor. After conditioning, we expect a lower activation to
the presentation of the conditioned maternal odor for P14–P17
aPC pyramidal cells than for P5–P8 aPC.

Results

Patch-clamp electrophysiological data of L2/3 aPC

pyramidal cells
Whole-cell patch-clamp recordings were performed from 21 L2/3
pyramidal cells from P5–P8 and P14–P17 age rat pups. As for other
sensorial cortices in development, both the passive and active elec-
trophysiological properties of aPC L2/3 pyramidal cell were signifi-
cantly changed with age (Table 1). In addition, we examined the
spike frequency evoked by depolarizing current pulses 500 msec
long. The minimum current required for spike train induction
(Rheobase) increased significantly with development. At P5–P8, a
+40 pA step current-induced spikes in all cells tested (n=9), but
at P14–P17, +90 pA ormore was needed (n =12). The input–output
relationship was examined by plotting the spike frequency versus
the amplitude of the injected current (Fig. 1). Pyramidal cells
from P5–P8 increased rapidly their spiking frequency reaching
their maximum spiking frequency at lower current steps (+60
pA–+120 pA), and after that, the spiking frequency of the cells re-
mained relatively steady despite the increase in the intensities of
current injection. On the other hand, cells from P14–P17 reach
their maximum spiking frequency at higher current steps
(+180pA–+200 pA), and this continued to increase proportionally
to the injected current.

Computational model of aPC pyramidal cells
The computational models of P5–P8 and P14–P17 aPC pyramidal
cells were calibrated by optimizing their parameters to reproduce

Table 1. Passive and active electrophysiological properties of L2/3 aPC pyramidal neurons

Parameters

P5–P8 (n=9 cells) P14–P17 (n=12 cells)

t(19) PMean±SEM SD Mean±SEM SD

Passive membrane properties
Vrest (mV) −39.22 ±1.89 5.66 −54.35 ±0.66 2.27 8.45 <0.0001****
Rin (MΩ) 438.6 ± 33.15 99.44 177.1 ± 14.44 50.02 7.91 <0.0001****
τm (ms) 42.78 ± 4.17 12.53 30.33 ± 1.69 5.88 3.04 0.007**
Cm (pF) 98.21 ± 7.16 21.48 178.1 ± 10.83 37.51 5.70 <0.0001****

Active membrane properties
AP threshold, (mV) −36.63 ±1.35 4.04 −45.96 ±1.80 6.24 3.90 0.001**
AP amplitude (mV) 76.90 ± 3.38 10.13 85.43 ± 4.53 15.69 1.42 0.17
AP half-amplitude width (ms) 4.32 ± 0.33 0.98 2.97 ± 0.09 0.34 4.46 0.0003***
Max. frequency (Hz) 11 ±2.36 7.07 21.50 ± 2.53 8.79 2.94 0.0085**
Rheobase (pA) 48.89 ± 6.76 20.28 95.00 ± 11.04 38.26 3.27 0.004**
AP threshold -Vrest (mV) 3.92 ± 2.95 8.86 8.77 ± 2.38 8.23 1.29 0.21

Intrinsic properties were measures through whole-cell current clamp of L2/3 aPC pyramidal cells at P5–P8 and P14–P17. Values are mean± SEM or SD. Asterisks
represent statistically significant unpaired Student’s t-test comparisons. **P< 0.01; ***P< 0.001; ****P<0.0001.
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the characteristics of the two age groups. In Figure 2 the adjusted,
postoptimized, model of aPC pyramidal cells is shown superim-
posed (blue) to the experimental data (colors) of the spike numbers
as a function of current injection for P5-P8 (A, n=9 records from
nine cells) and P14–P17 (B, n =12 records from 12 cells) and for
the ISI-current injection relationship obtained from adjusted ex-
perimental data (black) for P5–P8 (C, n=7 records from seven cells)
and P14–P17 (D, n=11 records from 11 cells). The average injected
current that evoked only two spikes was considered for the first ISI
adjusted point. For P5–P8 it was 70 pA, and for P14–P17 it was 126
pA, with average ISI values of 56.6 and 107.23 msec, respectively.
For the second and third ISI adjusted points, we considered arbi-

trary representative current injections of 140 and 200 pA, and
the ISI average values were obtained from the first two spikes
evoked by those currents. For P5–P8, the ISI adjusted point for
140 pA was 31.95 msec, and at 200 pA was 22.17 msec. For P14–
P17, the ISI adjusted point at 70 and 140 pA were 62.6 and 37.1
msec, respectively.

We next tested if the distinct pyramidal cells properties of P5–
P8 and P14–P17 are still conserved when the adjusted models are
included in the OB-aPC circuits. In the OB-aPC circuits, one pyra-
midal cell receives random excitatory inputs from 20 to 140 mitral
cells, and we simulate synaptic change at the Mt–Pyr synapses for
6000 msec. In Figure 3, the change of input dependent weight in
pyramidal cells in OB-aPC circuits is shown superimposed for the
two age groups in 13 circuits (colors). In P5–P8, the circuit of 20
Mt–Pyr induced an important reduction in the synaptic weight
(42.85% from the basal value) (A1, red curve below the dotted line)
and circuits with 30–140 Mt–Pyr gain synaptic weight (34%–54%
from the basal value) (A1, colors curve above the dotted line). In
P14–P17, circuits of 20, 30, and 40 Mt–Pyr induced an important
reduction in the synaptic weight (42.85% from the basal value)
(A2, color curves below the dotted line), while circuits of 50–180
Mt–Pyr induced a great gain (37%–57% from the basal value).

A plot of individual circuits comparing the weight change in
the two ages is shown in Figure 3B. The aPC pyramidal cells receiv-
ing inputs from 20 Mt cells present a decrease in synaptic weight,
independently of age interval (B1); as the number of Mt inputs in-
crease, we observe a sharp transition after which there is an impor-
tant increase in synaptic change. For pyramidal cells in the P5–P8
age interval, the transition occurs at approximately 30 Mt inputs,
while for P14–P17 at approximately 50 Mt inputs (B1–B9).

A comparative plot of the average of synaptic weight as a func-
tion of Mt inputs is shown in Figure 3C. Circuits of 50Mt–Pyr gain

Figure 1. Number of AP-current injected curves of aPC L2/3 pyramidal
cells in P5–P8 and P14–P17age rat pups. A relationship between the
average number of AP and intensity of injected current (pA) in a 200
msec window recording in brain slices from P5–P8 (black curve, n=9
cells) and P14–P17 (gray curve, n=12 cells) aged pup rats. Asterisks repre-
sent statistically significant unpaired Student’s t-test comparisons between
P5–P8 and P14–P17 at each current intensity. (*) P<0.05; (**) P<0.01.

BA

DC

Figure 2. Representative results of current-clamp analysis and simulation of experimental data. Current injection versus the number of AP from individual
pyramidal cells in current-clamp recording at (A) P5–P8 and at (B) P14–P17. Colors represent different pyramidal cells measured in intervals of 20 pA. Note
the variability in cell response for different current injections. The blue curve represents the simulated data based on the adjusted curve. (C) Current in-
jection versus interspike interval (ISI) from individual pyramidal cells at P5–P8 and at (D) P14–P17 in a 200 msec window recording. Each point and
color represents the value of each individual pyramidal cell obtained in current-clamp recording from cells with two or more spikes in a given current in-
jection. The black curve (triangle) represents three adjusted points chosen to represent the experimental ISI mean curve for each age group (C,D).
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more synaptic weight in P5–P8 (52.66±0.12, n=50) than in
P14–P17 (51.58±0.14, n=50) [t(98) = 5.83, P<0.0001, unpaired
Student’s t-test]. On the other hand, circuits of 70 Mt–Pyr

(P5–P8: 54.12 ±0.14, n=70 vs. P14–P17: 54.27 ±0.14, n=70) or
80 Mt–Pyr (P5–P8: 54.18 ±0.12, n=80 vs. P14–P17: 54.50 ±0.07,
n= 80) show a similar gain of synaptic weight (P>0.05, unpaired

A A1 A2

B

C

B1 B2 B3

B4 B5 B6

Figure 3. Simulation of plasticity weight change at mitral-pyramidal cells synapses across 6000 msec simulation period for P5–P8 and P14–P17 age
group. The circuit formed by 200 mitral cells and 13 pyramidal cells was simulated during 15 respiratory cycles. Each pyramidal cell receives random
inputs from 20 to 80 mitral cells firing at respiratory rhythm of 2 Hz (color curves), and their activities induce changes in the synaptic weights of the
OB-aPC circuit (A). Inputs from 30 to 140 mitral cells (A1) or from 50 to 140 mitral cells (A2) induce gain in synaptic weight (plotted from synaptic
weight before simulation, 35) at P5–P8 and P14–P17, respectively. Note that only inputs from 20 mitral cells induce loss of synaptic weight in pyramidal
cells from the P5–P8 group, but inputs from 30 or more induce a great gain of synaptic weight (B1), which occurs with 50 or moremitral cells inputs for the
P14–P17 age group (B1–B6). When we look closer at the circuit when the two-age groups gain synaptic weight (C ), we can note that 50 Mt–Pyr circuits
gain more weight in the P5–P8 group than in the P14–P17 group and as the number of mitral cells inputs increase (70 and 80 Mt–Pyr circuits), the gain of
synaptic weight become similar for the two ages.
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Student’s t-test). These results indicate that in both circuits P5–P8
and P14–P17, the pyramidal cells still conserved their properties
to respond to depolarizing inputs and correspondingly gain synap-
tic plasticity. However, in the continuum development of circuits,
what will happen with synaptic modifications induced by Mt de-
polarizing inputs when the aPC pyramidal cells properties change
with the maturation from P5–P8 to P14–P17?

We next tested whether the gain in synaptic plasticity ob-
served in P5–P8 circuits is still conserved when parameters of the
pyramidal cells switch from the P5–P8 to the P14–P17. In Figure
4A, we see the change in the resting membrane potential of three

pyramidal cells receiving input from 50 random mitral cells (Cell
1, Cell 2, and Cell 3, superimposed orange, green, and blue traces)
when their intrinsic electrophysiological properties switch from
P5–P8 to P14–P17. After the switch, the Cell 1 reduces in 50% its
firing frequency, and after 1700 msec of simulation, it stops (B1).
Cell 2 (B2) and Cell 3 (B3) also reduce their firing frequency after
the switch but remain active until the end of the simulation.

In Figure 4C, we see the average of synaptic weight change for
circuits with 30Mt–Pyr, 40Mt–Pyr, and 70Mt–Pyr cells. Pyramidal
cells receiving inputs from 30 Mt cells experienced an increase in
synaptic strength with P5–P8 parameters (49.07±0.21, n=30,

A

B1
B B3

B2

C

Figure 4. Simulation of the evoked activity in aPC pyramidal cells during the switch in intrinsic properties from P5–P8 to P14–P17. We simulate the
Mitral-Pyramidal circuit and the evoked spikes of three random choices of pyramidal cells (color traces) recorded when receiving input from 50
random mitral cells firing at respiratory rhythm of 2 Hz (A). Initially, the passive and active membrane properties of these pyramidal cells were set up
to represent the profile of the P5–P8 age period and after approximately 10,000 msec of simulation, the passive and active properties membrane prop-
erties of pyramidal cells were switched to represent the profile of P14–P17 age period. Note the large hyperpolarization in the resting membrane potential
of the three neurons during the change of their membrane potential values, which continues steadily until the end of the simulation. Interestingly, the Cell
1 (orange traces) stops its firing after the switch of membrane properties values, but the Cell 2 (green trace), and Cell 3 (blue trace) continue to firing
steadily until the end of the simulation. In the same simulation, we recorded the synaptic changes of those pyramidal cells receiving inputs from 30,
40, and 70 random mitral cells (C) and recorded the average of synaptic weight at the end of 13,000 msec (red bar) and 36,000 msec (black bar) of
simulation. Pyramidal cells receiving inputs from 30 mitral cells show a synaptic weight gain after 13,000 msec but not after 36,000 msec. On the
other hand, the pyramidal cell receiving inputs from 40 and 70 mitral cells show a steady synaptic gain during all simulation periods. Δt: 0.5 msec;
Bin: 0.5 msec.
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measured at 13,000 msec of simulation, black bar) but suffered a
decrease when the parameters changed to the P14–P17 profile
(20.57±0.03, measured at 36,000 msec, red bar) [t(58) = 131.8, P<
0.0001, unpaired Student’s t-test]. On the other hand, pyramidal
cells receiving inputs from 40Mt cells show an increase in synaptic
weight with P5–P8 parameters (51.08±0.17, n=40, measured at
13,000 msec of simulation, black bar). After the switch to the
P14–P17 profile the average of synaptic weight (49.75±0.17, n=
40, measured at 13,000 msec of simulation, red bar) was above
the basal value and slightly smaller than for the P5–P8 profile
[t(78) = 5.55, P<0.0001, unpaired Student’s t-test]. On the other
hand, pyramidal cells receiving inputs from 70 Mt cells exhibited
a gain in synaptic strength independent of the age profile [P5–
P8: 54.00±0.16, n=70 vs. P14–P17: 54.01± 0.13, n=70; t(138) =
0.04, P=0.97, unpaired Student’s t-test]. These results indicate
that circuits that have gained synaptic connections at P5–P8 in-
duced by a given Mt input lost it after the properties of pyramidal
cells switched to the P14–P17 profile in response to the same input.

Responses to the presentation of the conditioned odor
First, we submitted the P5–P8 OB-aPC model to a classical condi-
tioning protocol (odor-stroke) to simulate the process of learning
the pup preference for the mother’s odor. Then we exposed the

conditioned OB-aPC model to the condi-
tioned odor (CS) in two conditions: (1)
The model has parameters compatible
with P5–P8 age (Fig. 5), and (2) the model
parameters switch from the P5–P8 to the
P14–P17 profile (Fig. 6). In Figure 5, the
change in pyramidal cells activity and
weight at the Mt–Pyr synapses during
conditioning and odor exposure protocol
(A) are shown in cumulative dots regis-
tered at every 200 msec of simulation.
After the conditioning, the number of
spikes and the number of active Pyr cells
in response toCS increases (B andC) com-
pared to the CS before the conditioning.
These changes were maintained steady
during the CS presentation (10 msec)
(B and C).

Moreover, after conditioning, the
synaptic strengths increased at Mt–Pyr
(blue curve), Pyr–Pyr synapses (black
curve), and this gain was maintained dur-
ing CS presentation (D). This result indi-
cates that P5–P8 OB-aPC circuits modify
their synaptic plasticity, number of active
cells, and spikes in response to the condi-
tioned odor because of training. However,
in nature, the rodent pups learn the
mother`s odor during the first postnatal
days (<P10), and this learned odor is test-
ed in >P10 age pups. What will happen at
the circuit level with synaptic modifica-
tions induced by maternal odor learning
when the aPC pyramidal cell properties
change with the maturation from P5–P8
to P14–P17?

Next, we repeated the classical con-
ditioning protocol, but this time, after
the test of the CS odor, we switched the
intrinsic properties of the aPC pyramidal
cells to the P14–P17 age profile before
submitting the circuit to the CS odor ex-

posure protocol (Fig. 6A). After conditioning, the behavior of the
network is similar to Figure 5. But this time, the prolonged expo-
sure to the CS odor results in a gradual reduction in the number
of pyramidal spikes (Fig. 6B), the number of active cells (Fig. 6C),
and synaptic strength at Mt–Pyr but not at Pyr–Pyr synapses
(Fig. 6D).

Figure 7 shows the comparative changes in the number of py-
ramidal spikes (A) and the number of active pyramidal cells (B) after
the conditioning CS test and during CS odor presentation in the
switched P14–P17 circuit (red dots) superimposed on the non-
switched P5–P8 circuit (black dots). During CS odor presentation,
the pyramidal cells from the switched circuit (P14–P17) showed
an important reduction in the number of spikes compared to pyra-
midal cells from the nonswitched circuit (P5–P8) (A). Similarly,
during CS odor presentation, the number of active pyramidal cells
was dramatically reduced in the switched circuit (P14–P17) com-
pared to the nonswitched (P5–P8) (B). These results indicate that
when the properties of cells mature from P5–P8 to P14–P17, the
P5–P8 circuits that have learned the maternal odor lose plasticity
at the level of the OB-aPC synapses, as well as the number of active
pyramidal cells and spikes in response to the maternal odor.
Together these results suggest that the P14–P17 OB-aPC circuits
may have a reduced number of pyramidal cells responsive to the
maternal odor.

B

C

D

A

Figure 5. Simulation of the maternal odor preference’s learning and exposure to the conditioned ma-
ternal odor in P5–P8 aPC pyramidal cells. (A) Protocol for classical conditioning of maternal odor pref-
erence in the nest. A delayed pairing procedure was used in which the CS (maternal odor) onset
preceded the UCS (maternal care, NE action) by 2 sec. CS and UCS overlapped for 1 sec, after which
the CS was terminated. The CS–UCS pairing was presented seven times with 1 sec intervals. Learning
was tested by the presentation of CS during 3 sec. After the test, CS alone was presented again
during 10 sec. After a 2-sec interval learning was tested again by the presentation of CS during 3 sec.
During this period, the pyramidal cells of the aPC had properties compatible with the P5–P8 age.
(B) Number of cumulative aPC pyramidal cell spikes during the CS–UCS pairing and CS presentation,
collected at every 100 msec of simulation. (C) Number of active aPC pyramidal cells during the CS–
UCS pairing and CS presentation, collected at every 100 msec of simulation. (D) Synaptic weight
gain of Pyr–Pyr (black curve) and Mt–Pyr (blue curve) synapses during CS–UCS pairing and CS presen-
tation. Excitatory mitral inputs fire at the respiratory rhythm (2 Hz). Bin 0.5 msec.
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Discussion

Intrinsic membrane properties of aPC pyramidal cells

change from P5–P8 to P14–P17, and the number of cells

reduces gradually in response to the exposure to the

conditioned maternal odor
Younger infant rats (<P10) rapidly learn olfactory preference to a
novel odor pairedwith a vigorous stroke on their back, but the pair-
ing of the same stimuli did not induce this learning in older pups
(>P10) (Moriceau and Sullivan 2005). Here we explore whether the
odor-stroke conditioning is effective in inducing olfactory prefer-
ence learning in younger pups because it activates more aPC pyra-
midal cells responsive to the maternal odor that promotes an
orientation-approximation behavior that no longer occurs in older
pups. Given that intrinsic membrane properties of pyramidal cells
determine the integration of the synaptic inputs and ultimately
the action potential generation, we hypothesized that in older
pups (P14–P17), there are fewer aPC pyramidal cells responsive to
maternal odor than in younger pups (P5–P8) due to their intrinsic
maturational properties.

To address this question, we examined the membrane and AP
properties of aPC pyramidal cells of rat pups of P5–P8 and P14–P17.
We found in aPC slices that L2/3 pyramidal cells in older pups had

reduced resting membrane potential,
input resistance, and membrane time
constant compared to younger pups.
Moreover, action potentials (AP) in older
pupshadahigherhyperpolarizing thresh-
old and more rapid APs than in younger
pups. In older pups, higher step ampli-
tudes of depolarizing current were needed
to elicit action potentials, and the fre-
quency of their firing increased as the
step of current injection amplitude in-
creased. The aPC pyramidal cells of youn-
ger pups evoked APs at lower amplitude
steps of depolarizing current injection,
and after reaching the maximum fre-
quencies of firing, these cells showed a
rapid adaptation in their firing frequency.
Using characteristics of real cells, we
constructed an artificial model of the
P5–P8 and P14–P17 OB-aPC circuits and
simulated the learning of the maternal
odor inside the nest using a classical con-
ditioning paradigm, and after that, we
simulated the exposure of the circuits
to the conditioned maternal odor. We
found that aPC cells from the P5–P8 cir-
cuit showed a greater number of active
aPC pyramidal cells and spiking respons-
es during the exposure (10 sec) to the ma-
ternal odor, while the aPCs fromP14–P17
showed a gradual reduction in the num-
ber of active aPC pyramidal cells and spik-
ing responses during the exposure to the
same stimuli.

Processing of the OB synaptic

inputs in the aPC pyramidal cells

at P5–P8 and P14–P17
One of the main findings in this study is
that the number of aPC pyramidal neu-
rons responsive to the conditionedmater-

nal odor (the neurons that mediate orientation-approximation
behavior) decreases with age due to maturational changes in the
intrinsic properties of the aPC pyramidal cells. Our proposed expla-
nation is that in older pups (P14–P17) the reduced number of aPC
pyramidal neurons responsive to the maternal odor, might be not
overlapping with the aPC pyramidal neurons responsive to a sec-
ond conditioned odor and that this might be more likely to occur
when they are younger (P5–P8). We also propose that the different
results for odor-stroke conditioning in infant rats at <P10 and >P10
can be explained by the developmental changes in the intrinsic
membrane properties of the target aPC pyramidal cells, which
have a lower threshold for synaptic inputs from the OB in P5–P8
than in P14–P17. It has been suggested that pyramidal cells with
a higher input resistance and prolonged time membrane constant
have responses of greater magnitude and prolonged duration for
the synaptic input (McCormick and Prince 1987). Therefore, aPC
pyramidal cells fromyounger rats with these intrinsic electric char-
acteristics, would respond better to synaptic inputs with small cur-
rents and slow kinetics, while these cells in older pups have more
hyperpolarized resting membrane potential, reduced input resis-
tance and fastermembrane time constant responding better to pro-
longed synaptic inputs with higher currents with faster kinetics.
Therefore, a novel odor-stroke conditioning in older pups did not
induce olfactory preference learning.

B

C

D
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Figure 6. Simulation of maternal odor preference learning in P5–P8 aPC pyramidal cells and exposure
to the conditioned maternal odor in P14–P17 aPC pyramidal cells. (A) Protocol for classical conditioning
of maternal odor preference in the nest. A delayed pairing procedure was used in which the CS (maternal
odor) onset preceded the UCS (maternal care, NE action) onset by 2 sec. CS and UCS overlapped for 1
sec, after which the CS was terminated. The CS–UCS pairing was presented seven times with 1s intervals
for the network with aPC having parameters compatible with the P5–P8 age. Learning was tested by the
presentation of CS during 3 sec. After the test, the network had its parameters shifted to the P14–P17
age and the CS alone was presented again during 10 sec. After 2-sec of interval, learning was tested
again by the presentation of CS during 3 sec. (B) Number of cumulative aPC pyramidal cell spikes
during the CS–UCS pairing and CS presentation, collected at every 100 msec of simulation.
(C) Number of active aPC pyramidal cells during the CS–UCS pairing and CS presentation, collected
at every 100 msec of simulation. (D) Synaptic weight gain of Pyr–Pyr (black curve) and Mt–Pyr (blue
curve) synapses during CS–UCS pairing and CS presentation. Excitatory mitral inputs fire at the respira-
tory rhythm (2 Hz). Bin 0.5 msec.
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Maternal odor preference learning is supported by the

same circuit that supports early olfactory preference

learning for an artificial odor
Our simulation of learning represents the current understanding
that rodent pups learn maternal odor through experiences with
the mother inside the nest during the first postnatal week.
Neonate rats (P1–P4) tested in two-choice tests show organized
orientation-approximation behavior toward the maternal odor in
relation to nest bedding (Polan and Hofer 1998; Polan et al.
2002), nest bedding in relation to clean bedding (Cornwell-Jones
and Sobrian 1977; Szerzenie and Hsiao 1977) and the maternal
diet odor in relation to standard diet (Duveau and Godinot
1988). Older pups (in the second and third postnatal weeks) con-
tinued to show consistent preferences to the maternal odor
(Polan andHofer 1998; Al Aïn et al. 2016; Perry et al. 2016), to their
own nest bedding (Gregory and Pfaff 1971; Cornwell-Jones and
Sobrian 1977), and to the maternal diet odor (Duveau and
Godinot 1988; Terry and Johanson 1996). All this behavioral evi-
dence suggests that associations formed inside the nest between
the maternal/nest odor and a range of maternal care stimuli
(warmth, feeding, touching, licking) mediate the olfactory prefer-
ence learning for the mother/nest’s odor (Moriceau and Sullivan
2005). Therefore, at birth, themother’s odormay be a neutral stim-

ulus that elicits littlemore than an orient-
ing response in pups, and only after a
period inside the nest, does the mother’s
odor becomes effective in eliciting an
orientation-approximation behavior in
the pup.

It has been proposed that maternal
odor learning is the same that supports
the conditioned learning of artificial
odor outside the nest (paired with stroke
and tactile stimuli that mimic maternal
licking stimulation) (Sullivan 2001).
Thus, in the newborn rat, the neutral ma-
ternal odor may elicit the activity of spe-
cific groups of pyramidal neurons in the
aPC,whilematernal caremayelicit a great
response in the pyramidal neurons via
the LC–NA system. The repeated natural
“pairing” of maternal odor withmaternal
care during mother–infant interactions
elicits the activity of groups of aPC pyra-
midal neurons. After a few days, these
neurons become responsive only to the
conditioned maternal odor and promote
behavioral approximation. Therefore, the
response of the neural circuit to the
mother’s odor in the 1 wk pup would be
completely different from the response
to the same stimuli in the newborn rat.

Future Work
In this work, we show a change in the ac-
tivity of the aPC pyramidal cells in the
OB-aPC circuit for two age periods as a
function of the connections of mitral
cells with pyramidal cells, where the ac-
tivity of the mitral cells for both age cir-
cuits was the same. To control the
number of variables in the experimental
model, we made some simplifying as-
sumptions. First of all, some cells types
were not included, like the axonal termi-

nal from the olfactory nerve (olfactory sensory neurons), periglo-
merular cells and granule cells in the OB circuit, the feedforward
and feedback interneurons in the aPC circuit (cf. de Almeida
2013, 2016). Additionally, developmental distinctions in the in-
hibitory synaptic inputs to the aPC pyramidal cells in the two
age groups (Pardo et al. 2018) were also not included.

Similarly, we have omitted the NE modulation of the
LOT-aPC synapses proposed to mediate the enhanced synaptic ex-
citation and reduced inhibition underlying early odor preference
learning in <P10 (Ghosh et al. 2015). The excitatory synaptic plas-
ticity has not beenmodeled inMitral-Pyramidal synapses, another
developmental difference between these periods (higher at an early
postnatal period and progressively declining around the first
month (Poo and Isaacson 2007)) as a function of the down-
regulation of NMDA receptors at LOT-aPC synapses (Franks and
Isaacson 2005). Some of these variables could be relevant to pre-
vent the early odor preference learning in P14–P17 infant rats
and are left for future work.

We constructed OB-aPC circuits for P5–P8 and P14–P17 rats,
in which we modeled similar spontaneous activity of Mt cells for
the two periods. Moreover, during the simulation of conditioning
and odor presentation protocols, the Mt cells were modeled to fire
at a constant frequency for the two circuits and each pyramidal cell

B

A

Figure 7. Comparison of the number of spikes and number active cells in P5–P8 and P14–P17 aPC
pyramidal cells evoked by conditioned maternal odor. After the conditioning of CS (maternal odor)
and UCS (maternal care) in an artificial olfactory circuit with aPC pyramidal cells with passive and
active electrophysiological characteristics of P5–P8 rats, the evoked response of pyramidal cells to CS
alone was tested in the same age circuit (first CS in A,B). In order to compare the evoked pyramidal
cells to conditioned maternal odor at P5–P8 and P14–P17, the CS alone was presented again (second
CS in A,B) 1 sec after the first CS was finished and 2 sec after the second CS was finished (third CS in
A,B). (A) The number of spikes with characteristics of P5–P8 was higher in response to CS alone (black
points). On the other hand, the evoked response of pyramidal cells characteristic of P14–P17 was
reduced progressively throughout the CS presentation (red points). The same evoked response was ob-
served for the two age group cells during the third CS presentation. (B) The reduced spike activity at
P14–P17 in response to CS was due to the reduction in the number of active pyramidal cells compared
with P5–P8. Excitatory mitral inputs fire at the respiratory rhythm (2 Hz). Bin 0.5 msec.
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to receive inputs from 15–45 randomMt cells. Higher inputs from
Mt cells to aPC pyramidal cells (>80) may enable P14–P17 infant
rats to learn the preference for the novel odor paired with stroke.
However, as semilunar cells (SL), whose somas are more superfi-
cially located in layer 2 of the piriform cortex (Bekkers and
Suzuki 2013), do not have autoassociative connections (Choy
et al. 2017), they could be more affected by the reduction in num-
ber of aPCpyramidal cells responsive to conditionedmaternal odor
than the deeper pyramidal cells with autoassociative properties
studied here.

Our model does not exclude the other reasons for the odor-
stroke conditioning lack of effectiveness in inducing olfactory
preference in older pups (i.e., development of the LC–NE system,
development of LOT-aPC synaptic plasticity). Instead, our hypoth-
esis adds to these previous findings in explaining the phenome-
non. During the maturation of the olfactory system many
scenarios may occur. The one we adopt here is due to the matura-
tion of the aPC pyramidal cells, as observed in our experiments,
and it is a straightforward and comprehensive hypothesis.

Contributions of the model to the odor-stroke

conditioning outcomes in infant rats
The results presented here can help us to understand at a neural
level the behavioral outcomes of odor-stroke conditioning in
<P10 and >P10 rat pups. In the classical conditioning paradigm
adopted for younger rat pups (P5–P8), the unconditioned stimulus
is a vigorous stroke on the pup’s back, which after repeated pairing
with an odor (the conditioned stimulus) induces the behavioral re-
sponse of approximation toward the conditioned odor.
Interestingly, the stroke did not elicit this response before training,
only an increase in the motor basal activity of the pups (Sullivan
et al. 1986; Sullivan and Wilson 1993). However, how can a novel
odor become effective in eliciting an approximation response
when it has been paired with a tactile stimulus that did not elicit
this response? Our answer for that is to consider that the odor-
stroke pairing takes advantage of the cir-
cuitry in aPC already developed during
the pup`s interactions with the mother
in the nest. In other words, the properties
of the immature pyramidal cells in aPC al-
low the odor-stroke conditioning to re-
cruit a circuit that partially overlaps with
the circuit supporting the approximation
behavior toward the mother`s odor. With
the maturation of the pyramidal cells in
the aPC after P10 the overlap in the cir-
cuits is no longer possible, and the odor-
stroke pairing is no longer effective. We
think that this is themost straightforward
hypothesis given the knowledge of the
circuitry, and it is an experimentally test-
able hypothesis. This approach would
also be supported by the unified rein-
forcement principle proposed by
Donahoe et al. (2006), in which the re-
spondent/operant behavior emerges
simultaneously inside the nest. From
this perspective, the neurons recruited
for the conditioned maternal odor in
the aPC could be the same activated dur-
ing the odor-stroke conditioning, and
these coincident neurons would be the
ones that are reduced in the P14–P17
OB-aPC circuit in the simulation of the
maternal odor exposure.

In conclusion, our model suggests two distinct functions for
odor processing in the OB-aPC circuit for the associative learning
in <P10 and >P10 infant rats based on the development of intrinsic
electrophysiological properties of aPC pyramidal cells. For the two
developmental OB-aPC circuits, the success for the odor-stroke
pairing is dependent on the coincidental activation during condi-
tioning of the aPC pyramidal cells responsive to the maternal odor
promoting orientation-approximation behavior (Fig. 8). The chan-
ge in the intrinsic properties of the aPC pyramidal cells reduces the
availability of the maternal odor responsive pyramidal cells during
the maternal odor exposure.

Materials and Methods

Experimental procedures

Animals and ethics statement
Electrophysiological data were obtained from Wistar rat pups in
two age groups (P5–P8 and P14–P17) from the Centre for
Reproduction and Animal Experimentation Laboratory of the
Universidade Federal do Rio Grande do Sul (UFRGS). Animals
were housed under controlled temperature (21±1°C) and humidi-
ty (60%) conditions and were maintained on a 12-h light–dark
schedule (lights on at 06:00 h) with free access to water and rodent
chow (Nuvilab Cr2). Animal use and all experimental procedures
were in concordance with the Guidelines for Animal Care and
Use of Laboratory Animals of the National Institute of Health
and were approved by the Ethics Committee in Use of Animals
(CEUA) of UFRGS (Number 27961/2014).

Patch-clamp current-clamp recording
For electrophysiological studies, slices of aPC were prepared from
male and female Wistar rat pups at age P5–P8 and P14–P17 as de-
scribed previously (Pardo et al. 2018). Whole-cell patch-clamp re-
cordings were made on pyramidal cells located in the L2/3 of
aPC under the mode of current-clamp with axon Multiclamp

Figure 8. Graphical representations of the hypothesis. Some neurons that are responsive for an arti-
ficial odor may be coincident with neurons that are responsive to the maternal odor. This could occur
to a lesser extent at P14–P17 than at P5–P8 (A). One possibility is that at P14–P17, the number of ma-
ternal odor responsive neurons could be reduced before the artificial odor-stroke conditioning in relation
to P5–P8 (B).
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700B amplifier (Molecular Devices). For current-clamp recording
(Fig. 1A), the intracellular solution contained (in mM): potassium
gluconate (120), KCl (10), MgCl2 (1), CaCl2 (0.025), EGTA (0.2),
Na2-ATP (2), Na2-GTP (0.2), HEPES (10), titrated to pH 7.2 with
KOH, and 290 mOsmol L−1. Whole-cell recording pipettes had a
tip resistance of 3–4 MΩ. Data were digitalized at 10 kHz with
Digidata 1440-A System (Molecular Devices), filtered at 1 kHz (−3
dB, eight-pole Bessel) and analyzed offline with pClamp 10.6 soft-
ware (Molecular Devices). The membrane potential was held at
−65 mV for all neurons. Cells were excluded if they did not meet
the following criteria: a stable resting membrane potential more
negative than−55mV, action potential crossing 0mV. Formeasur-
ing intrinsic properties of cells, a series of depolarizing and hyper-
polarizing currents, 500msec long, square-pulse current steps were
injected (−180 pA to +300 pA) with intervals of 500 msec, steps
of 20 pA.

Data analysis
The membrane resting potential (Vrest) was measured within a few
minutes after breaking the membrane and defined as the steady-
stable membrane potential (in the I = 0 mode). Input resistance
(Rin) from the steady-stable voltage response to 1 sec of subthresh-
old current injection of −100 pA was calculated as the ratio of
the peak voltage deflection to the current injected. The time cons-
tant (τm) was defined as the time necessary for the cell to reach
63.2% of its maximal deflection in response to hyperpolarizing
current injection (−100 pA). The membrane capacitance (Cm)
was calculated using the formula Cm= τm/Rin. To measure action
potentials (AP) a 1-sec long series of depolarizing stepswere applied
(range 20–300 pA, at 20 pA increments). Only APs with amplitudes
above 10 mV were included in the analysis. Rheobase was defined
as the minimal depolarizing current injected to generate at least
one AP. The first spike evoked by a current step was used for the
measurement of AP properties. The average AP amplitude was de-
fined as the mean of the voltage increase from the AP threshold
to the AP peak of the first spike amplitude for all depolarizing cur-
rent injections. Average of the AP duration was defined as the full
width at the half-maximal amplitude for the first spike of all depo-
larizing current injections. Spike frequency was calculated by
quantifying the number of spikes elicited by 1-sec duration of de-
polarizing current injection. Interspike interval (ISI) was defined
as the time between the peak of the first and the second AP. To
characterize the pyramidal cell response in a time-window equiva-
lent to the inhalation phase of the respiration cycle, we also quan-
tified the number of spikes and the ISI at the first 200 msec from
recordings with a 1-sec duration of depolarizing current injection.

All chemical substances used were obtained from Sigma–
Aldrich. For statistical analysis, all data sets were tested for normal-
ity using the Kolmogorov–Smirnov test (α=0.05) in Graph Prism
6. The electrophysiological statistical analysis was performed using
a two-tailed unpaired Student’s t-test after the normality test.
Significance was considered when P<0.05. All values in text, fig-
ures, and table are given as mean± SEM.

Computational model
We developed an integrated model of OB and aPC based on the
models by de Almeida et al. (2013, 2016) to investigate (a) how
the aPC P5–P8 and P14–P17 circuit learn olfactory preference for
maternal odor inside the nest and (b) how aPC pyramidal cells in
these age groups respond after exposure to the conditioned mater-
nal odor.

The computational model and simulations were developed
using NetLogo 6.0.4 Software (Wilensky, U. 1999. NetLogo. http
://ccl.northwestern.edu/netlogo/. June 4, 2018). In the framework
of NetLogo, each neuron was represented as an individual agent
that processes information.

Model architecture and connectivity
The OB network incorporates only the mitral cells (Mt) described
in the work of de Almeida et al. (2013, 2016). We considered 100

Mt cells, and these were modeled with their firing dependent on
the respiratory rhythm (2 Hz).

The aPC network is comprised only by pyramidal cells (Pyr)
(Stokes and Isaacson 2010; Bekkers and Suzuki 2013) and consists
of 200 neurons. We added experimental data (results reported in
this paper) to the model. Passive (membrane resting potential, in-
put resistance, membrane time constant, membrane capacitance)
and active (AP threshold, AP amplitude, AP duration, AP firing fre-
quency) intrinsic properties of aPC pyramidal cells were included
from patch-clamp experimental data.

For the connectivity betweenOB and aPC, we considered that
each Pyr cell is randomly connectedwith∼15 to 45Mt cells (Franks
and Isaacson 2006). For the associative Pyr–Pyr connectivity, we
considered that each Pyr cell is connected randomly with 10% of
Pyr cells (Franks et al. 2011). All parameters are presented in
Table 2.

Models for the neurons and connections
The Mt and Pyr cells are modeled as leaky integrate-and-fire neu-
rons, in which the change in the membrane voltage is described
by the equation (1):

dV(t)
dt

= 1
C
(Ie(t)− gL(V(t)− EL)), (1)

where V (t) is the membrane potential, C is the capacitance, gL is
the membrane leaky conductance, EL is the resting potential, and
Ie is the time-dependent external current input. To maintain the
adjusted form of the experimental data for ISI and conserve the dis-
tribution for aPC pyramidal cells for each age period, Ie was multi-
plied by an adaptation factor α.

The external input (Iije) to neuron i from a given presynaptic
neuron j at time t is a function of the synaptic strength (Wij), the
channel conductance gij (t) at time t, and the difference between
the equilibrium potential (Nernst) (EN,ij) of the specific channel

Table 2. Modeling parameters for P5–P8 and P14–P17

Neurons P5–P8 P14–P17

Mitral Cells (Mt)
(n =100)

τ=20 msec
Ɵmin =−0.0014; Ɵmax =
0.009a

Ɵmin =−0.0014; Ɵmax =
0.002b

Vhyper =−0.01; trefrac =
2 msec

Pyramidal cells (Pyr)
(n=200)

Ɵmin =−0.03922 ;
Ɵmax =−0.03663

Ɵmin =−0.05435; Ɵmax
=−0.04596

Vhyper =Ɵmin ; trefrac =
2 msec

Vhyper =Ɵmin ; trefrac =
2 msec

τ=42.78c τ=30.33c

Cm=98.21c Cm=178.1
c

Rinp = τ/Cm
c Rinp = τ/Cm

c

APampl = 0.07690
c APampl = 0.07690

c

Epahp =−0.060 Epahp =−0.060
τpahp = 1 τpahp = 20
Apahp = 30 Apahp = 30
Rmadapt = 0.12 Rmadapt = 0.45
WMt to Pyr = 35 WMt to Pyr = 35
gmax

Pyr to Pyr = 10 gmax
Pyr to Pyr = 10

WPyr to Pyr = 35 W Pyr to Pyr = 35
gmax

Mt to Pyr = 10 gmax
Mt to Pyr = 10

Eglu = 0 Eglu = 0
τpp = 12 msec τpp = 12 msec
τpnp = τnpp = 500 msec τpnp = τnpp = 500 msec
WLTP = 62.2 WLTP = 62.2
WLTD = 12.25 WLTD = 12.25

aValues without NE modulation.
bValues with NE modulation.
cValues from electrophysiological data.
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type and themembrane potential Vi (t) of the postsynaptic neuron
at time t and is described by the equation (2):

Iije (t) = Wijgij(t)[EN,ij − Vi(t)]. (2)

The firing probability of the model neuron at voltage V is de-
scribed by the equation (3):

Fi(V) =
0 if V , umin

V − umin

umax − umin

( )b

if V [ [umin, umax],

1 if V . umax

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(3)

whereƟmax represents the saturation value of threshold,Ɵmin is the
minimal value of threshold, and β is a constant defining the non-
linearity of Fi (V). At each spike of the presynaptic neuron j the cor-
responding conductance in the postsynaptic neuron i is set to:

gij(t) = gmax
ij exp −

t − t firej

t1,ij

( )
− exp −

t − t firej

t2,ij

( )( )
, (4)

where t firej is the last spike time of neuron j, gmax
ij represents themax-

imum conductance of the corresponding channel, while τ1,ij and
τ2,ij are its rise and fall. Following an action potential, the voltage
of each neuron is reset to the hyperpolarization potential Vhyper,
where it remains clamped for the refractory period trefract.

We also implemented adaptation for the Pyr cells defined as a
change in the voltageVi

ahc (t) due to a hyperpolarizing current that
increases the firing threshold for the recently activated Pyr neurons
i and it is described by the equation (5):

tahc
dVahc

i

dt
+ Vahc

i = AahcXi, (5)

where Xi is equal to 1 in the time-step after neuron i spikes and 0
otherwise. Therefore, Vahc increases with the constant Aahc and de-
cays with the characteristic time τahc (de Almeida et al. 2013, 2016).

In the model, the excitatory output from Mt cells is modulat-
ed by the sinusoidal wave of 2 Hz, which mimics the respiratory
rhythm (Uchida and Mainen 2003; Kepecs et al. 2007; Verhagen
et al. 2007; Wesson et al. 2008; Poo and Isaacson 2009). The dura-
tion of each respiratory cycle was based on in vivo experimental
works in rodents (Poo and Isaacson 2009; Haddad et al. 2013;
Stern et al. 2018) and the beginning of the odor stimulation was
programmed to coincide with the beginning of the exhalation
phase.

Experimental works have shown that odor-stroke pairing en-
hances theOB activity in <P10 infant rodents (Sullivan andWilson
1991a,b, 1995) and that at the same time the level of NE increases
(Rangel and Leon 1995). NE release is necessary for the acquisition
of olfactory preference in infant rodents, the behavioral
orientation-approximation response to the conditioned odor
(Sullivan et al. 1991, 2000; Sullivan andWilson 1991a). The block-
age of β-adrenoceptors in the OB (Sullivan et al. 1992) or a lesion of
LC, blocking NE release, prevents this learning (Sullivan et al.
1994) and rat pups do not show olfactory preference for the condi-
tioned odor. The presence of NE during odor presentation main-
tains Mt cells responsiveness to that odor, preventing the
habituation they normally exhibit to repeated odor presentations
(Wilson and Sullivan 1992). Therefore, we model the circuit so
that during the conditioning experiments NE modulates only OB
mitral cells.

Model for synaptic plasticity
For synapticmodifications ofMt to Pyr and Pyr to Pyr connections,
activity-dependent synaptic plasticity was implemented (Hebbian
learning) similar to that used by Jensen et al. (1996). The synaptic
strengthWij is increased if both pre- and postsynaptic neurons fire

together; otherwise, it is reduced. This change is described by equa-
tion (6):

dWij

dt
= (WLTP −Wij)

i post (t − t firei )bglu(t − t firej − tdelay)

t pp

+ (WLTD −Wij)
i post (t − t firei )

tnpp
+

bglu(t − t firej − tdelay)

t pnp

( )
(6)

where tdelay is the time required for the action potential to travel
from the soma to the recurrent collateral connections, ipost is the
postsynaptic depolarization attributed to the retropropagated ac-
tion potential of postsynaptic neurons described by equation (7):

i post (t) = t
t post exp 1− t

t post

( )
, (7)

where the time course of the depolarization at the postsynaptic
neuron (τpost) is 2 msec. bglu is the time course of the kinetics of
the binding of glutamate on NMDA receptors (de Almeida et al
2013, 2016) described by equation (8).

bglu(t) = exp
−t

tNMDAf

( )
1− exp

−t
tNMDAr

( )( )
, (8)

where τNMDAf (7 msec) and τNMDAr (1 msec) characterize the NMDA
receptor kinetics.

During thefirst postnatal weeks, NMDA receptors are predom-
inant at the LOT-aPC synapses (Mt–Pyr) (Franks and Isaacson
2005), which express a robust NMDA-dependent LTP plasticity
but whose strength declines by the first postnatalmonth. The asso-
ciative synapses (Pyr to Pyr), on the other hand, are always plastic
(Poo and Isaacson 2007). In the simulation, the initial weight value
(W) was set to 35, and the maximum weight value (WLTP and the
minimum value (WLTD was set to 62.2 and 12.25, respectively. If
ipost and bglu peak together, then the synaptic weight between the
neurons i and j is driven to WLTP with the characteristic time τpp

(12 msec) otherwise, in the case of unsynchronized firing, it is
slowly reduced to WLTD with the time constants τpnp= τnpp=500
msec.

Conditioning
After the model of the OB-aPC circuit was implemented for P5–P8
and P14–P17 age periods, we simulated a classical conditioning
protocol. It assumes that by the time the younger pups (<P10)
are submitted to the pairing of a novel odor with stroke (a tactile
stimulus that mimics maternal licking), they already have learned
in the nest the mother’s odor. The conditionedmaternal odor elic-
its in the pup an orientation-approximation behavior. At the cir-
cuit level, the coincidental activation of the same group of aPC
neurons responsive for this behavior toward the mother odor sup-
ports the acquisition of a preference for a conditioned novel odor
in young pups (<P10) in experimental conditions outside the
nest. Conversely, preference learning for a novel artificial odor fails
for older pups (>P10) because the stroke-odor pairing recruits less
aPC neurons that are sensitive to the maternal odor.

We hypothesized that aPC Pyr cells are less responsive to
odor-stroke conditioning after P10 because they become less re-
sponsive to the maternal odor with the changes in their intrinsic
electric properties. Pyr cells in other sensory cortices of rats become
more adult-like around the first postnatal month (Lorenzon and
Foehring 1993; Kasper et al. 1994; Maravall et al. 2004; Oswald
and Reyes 2008; Valiullina et al. 2016). Moreover, in recent electro-
physiological studies, aPC Pyr cells of mice have been found to un-
dergo developmental changes in their intrinsic passive and action
potential properties from P8–P11 to P14–P21 (Ghosh et al. 2015).
In this paper, we show that from P5–P8 to P14–P17, the resting
membrane potential, the input resistance, and the membrane
time constant have an important reduction.Moreover, the Pyr cells
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APs reduce in threshold and become faster with age but with little
change in amplitude.

In our simulation of the classical conditioning protocol, the
OB-aPC model initially receives the mother’s odor as a neutral
stimulus. Before CS–USC pairing, the response of aPC pyramidal
cells to the maternal odor was measured in a 3 sec window with
2 sec of interval. In the delayed pairing procedure, theCS onset pre-
ceded the UCS onset by 2 sec, CS–USC overlapping for 1 sec, after
which the CS was terminated. This pairing was presented seven
times with 1-sec intervals. During this procedure, we measured
the activity of the pyramidal cells (number of spikes, number of ac-
tivated cells, and change in the synaptic weight). Two seconds after
the last pairing, the CSwas presented alone during a 3-sec window.

After the pup has learned the mother`s odor by conditioning
(representing pups <P10), exposure to this conditioned odor is ex-
pected to elicit orientation-approximation behavior, and at the
neural level, it is expected that specific aPC pyramidal cells are
highly active. To illustrate this, we exposed the P5–P8 OB-aPC arti-
ficial circuit to the CS stimuli for a 10-sec window and measured
the activity of the Pyr cells during this period. After a 2 sec interval,
we exposed the P5–P8 OB-aPC circuit again during a 3-sec window
to the CS and measure the aPC pyramidal cells activity.

In the >P10 pups, exposure to the maternal odor also elicits
orientation-approximation behavior (Sullivan et al. 1986;
Sullivan and Wilson 1993), but the novel odor repetitively paired
with stroke does not induce any of this behavior (Moriceau and
Sullivan 2005). We hypothesized that the specific aPC pyramidal
cells that were highly active in <P10 pups should have been re-
duced in >P10 pups. To test this hypothesis, we switched the elec-
trophysiological characteristic of the pyramidal cells from P5–P8 to
P14–P17 and exposed the circuit to the CS during a 10 sec time-
window and measured the activity of the aPC pyramidal cells.
After a 2-sec interval, another 3 sec of CS exposure was measured
2 sec after the first exposure.
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