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The maturational characteristics of the GABA input
in the anterior piriform cortex may also contribute
to the rapid learning of the maternal odor during

the sensitive period
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During the first ten postnatal days (P), infant rodents can learn olfactory preferences for novel odors if they are paired with
thermo-tactile stimuli that mimic components of maternal care. After P10, the thermo-tactile pairing becomes ineffective for
conditioning. The current explanation for this change in associative learning is the alteration in the norepinephrine (NE)
inputs from the locus coeruleus (LC) to the olfactory bulb (OB) and the anterior piriform cortex (aPC). By combining patch-
clamp electrophysiology and computational simulations, we showed in a recent work that a transitory high responsiveness
of the OB-aPC circuit to the maternal odor is an alternative mechanism that could also explain early olfactory preference
learning and its cessation after PIO. That result relied solely on the maturational properties of the aPC pyramidal cells.
However, the GABAergic system undergoes important changes during the same period. To address the importance of
the maturation of the GABAergic system for early olfactory learning, we incorporated data from the GABA inputs, ob-
tained from in vitro patch-clamp experiment in the aPC of rat pups aged P5-P7 reported here, to the model proposed
in our previous publication. In the younger than PIO OB-aPC circuit with GABA synaptic input, the number of responsive
aPC pyramidal cells to the conditioned maternal odor was amplified in 30% compared to the circuit without GABAergic
input. When compared with the circuit with other younger than PIO OB-aPC circuit with adult GABAergic input profile,
this amplification was 88%. Together, our results suggest that during the olfactory preference learning in younger than P10,
the GABAergic synaptic input presumably acts by depolarizing the aPC pyramidal neurons in such a way that it leads to the
amplification of the pyramidal neurons response to the conditioned maternal odor. Furthermore, our results suggest that
during this developmental period, the aPC pyramidal cells themselves seem to resolve the apparent lack of GABAergic syn-

aptic inhibition by a strong firing adaptation in response to increased depolarizing inputs.

[Supplemental material is available for this article.]

Infants of altricial animals learn very rapidly to attach to their
mothers. While essential for the immediate survival, these early ex-
periences may also have long lasting consequences in adulthood.
Understanding the mechanisms involved in the developing neural
circuits underlying this first affiliative behavior is a critical step to-
ward understanding the impact of the mother’s care on the behav-
ioral outcomes of the adult offspring, including mental health
issues in the case of humans (Perry et al. 2017; Sullivan and
Opendak 2018).

Newborn rodents are blind, deaf and possess limited motor
skills. They are confined to the nest for the first 2 wk of postnatal
life. Recognizing the mother’s odor during this period is crucial
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for odor-guided behaviors such approaching the mother and at-
taching to a nipple (Farrell and Alberts 2002; Moriceau and
Sullivan 2004; Kojima and Alberts 2009; Raineki et al. 2010;
Meyer and Alberts 2016; Al Ain et al. 2017). It is presumed that
the pups learn the mother’s odor by associating it with maternal
care during the first 10 postnatal days (Moriceau and Sullivan
2005). This hypothesis has been extensively tested in an experi-
mental paradigm where young rodents were subjected to pairings
of an artificial odor (the unconditioned stimulus) with tactile stim-
ulation, such as brush strokes, to mimic the presence of the mother
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Modeling maternal odor learning in infant rats

(the conditioned stimulus). Results shows that animals younger
than P10 display orientation approximation behavior toward the
artificial odor (Moriceau and Sullivan 2005; Morrison et al. 2013;
Roth et al. 2013; Ghosh et al. 2015). However, pairing becomes in-
effective for older than P10 age (Moriceau and Sullivan 2005;
Morrison et al. 2013; Roth et al. 2013; Ghosh et al. 2015), but learn-
ing can be reinstated by direct application of NE in the OB or LC
stimulation, which may suggest that the learning changes could
be due to local LC changes (Sullivan et al. 2000).

It has been proposed that the olfactory circuit primarily in-
cluding the OB and the aPC, both modulated by NE inputs from
LC, is sufficient to support this learning (Sullivan et al. 1991,
1992, 1994; Morrison et al. 2013; Ghosh et al. 2017). In fact, in
vivo studies show that the LC of neonate rats have large responses
to somatosensory stimuli (Kimura and Nakamura 1985) and high
levels of NE are released in the OB during odor-stroke conditioning
in pups younger than P10, but this is no longer observed in pups
older than P10 (Rangel and Leon 1995). Although, for pups older
than P10, the pairing of an odor with electrical stimulation of NE
fibers projecting to the OB results in preference for that odor
(Wilson and Sullivan 1992). Moreover, in the aPC, NE release
seems to be necessary and sufficient for the early odor preference
learning. The pairing of an artificial odor with pharmacological ac-
tivation of p-adrenoceptors, in the absence of any tactile stimula-
tion or direct LC activation, induce behavioral olfactory
preference in pups younger than P10. On the other hand, the
blockage of the B-adrenoceptors before the odor-stroke pairing pre-
vents the acquisition of odor preference (Morrison et al. 2013;
Ghosh et al. 2015, 2017). In addition to the NE release, an elevated
plasticity at the OB-aPC sensory synapses
is present for ages younger than P10
(Franks and Isaacson 2005; Poo and
Isaacson 2007) what has been considered
critical to early olfactory learning (Yuan
et al. 2014). The blockage of excitatory
synaptic plasticity in the aPC before odor-
stroke pairing, by blocking NMDA recep-
tors, prevent the preference learning in
pups younger than P10 (Morrison et al.
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pose that, similarly, the experiments using artificial odors could
be explained by an overlap between the novel odor neural
representation at aPC (after pairing it with strokes) and the
mother’s odor neural representation at aPC, and this effect is prom-
inent at P5-P8 and occur to a lesser extent at P14-P17 (Oruro et al.
2020).

In this work, we add yet another ingredient to our model. In
addition to the age-dependent changes of aPC pyramidal cells, an-
other intrinsic developmental mechanism could contribute to fa-
cilitate the higher responsiveness of pyramidal cells for the
maternal odor at P5-P8. Previous study has shown that activation
of GABA, receptor by local infusion of agonist prevents the olfac-
tory conditioning learning in rat pups younger than P10 (Morrison
et al. 2013). Recent experimental work had shown that the
GABAergic inputs to the aPC pyramidal cells at the P5-P8 age are
reduced compared to older ages (Pardo et al. 2018). In addition,
we found in the present study that the GABA, receptor equilibrium
potential (Egapa) is more depolarized than the resting membrane
potential and the threshold of the aPC pyramidal cells recorded
in pups from the same age period. To address the impact of this
developmental change to the maternal odor learning, we include
a variable GABAergic synaptic input to our previous P5-P8
OB-aPC circuit model and simulate the maternal odor learning
by pairing odor input with norepinephrine (NE) release.
Simulations revealed that OB-aPC circuits modeled with
GABAergic synaptic inputs present an even more significant num-
ber of active cells in response to the maternal odor, suggesting that
during this period of development, the GABAergic synapses also
contribute to support higher responsiveness to the maternal odor.

2013; Mukherjee and Yuan 2016; Ghosh
et al. 2017).

In recent work, we proposed an alter-
native explanation based on a computa-
tional model of the OB-aPC circuit (Fig.
1) where we added aPC pyramidal cells
age-dependent intrinsic properties ob-
tained in our laboratory by in vitro patch-
clamp electrophysiology of aPC slices
from P5-P8 and P14-P17 infant rats
(Oruro et al. 2020). We used the model
to simulate a classical conditioning para-
digm by pairing an odor (a random input
to the network representing the maternal
odor) with NE release (changes in neuro-
nal properties, representing the maternal
care) and then after the pairing protocol
we measured the activity of the aPC pyra-
midal cells in response to the maternal
odor exposition. We found that the
OB-aPC circuit shows a higher aPC pyra-
midal activation to the maternal odor at
ages P5-P8 than at ages P14-P17, and
this can be explained by the changes in
the intrinsic properties of the pyramidal
cells due to maturation, indicated by our
electrophysiological data. We also pro-
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Figure 1. A simplified architecture of the artificial circuit of the olfactory system. The figure is a simpli-
fied structure of the olfactory bulb (OB), containing only the mitral cells (Mt; red), and the anterior piri-
form cortex (aPC) with principal kinds of cells: pyramidal cells (Pyr; yellow), feed-forward (Ff; black), and
feedback (Fb; blue) interneurons. The axons of the Mt cells extend to the aPC forming the lateral olfac-
tory tract (LOT; red). The LOT terminals make excitatory synapses (red dots) with the apical dendrites of
the Pyr cells and with the Ff interneurons. In turn, the Ff interneurons make inhibitory synapses on the
dendrites of Pyr cells (black arrows). The Pyr cells form an important associative input making excitatory
synapses with another adjacent Pyr cells and with Fb interneurons (ASSN; yellow dots). In turn, Fb inter-
neurons make inhibitory synapses with basal dendrites and soma of Pyr cells (blue arrows). Mt cells are
modulated by NE (green arrow).
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Modeling maternal odor learning in infant rats

Results

Computational experiment I: GABAergic synaptic input
enhances the learning of the maternal odor

The maturational characteristics of the GABAergic synaptic input
in the aPC during the P5-P8 age period (the sensitive period for at-
tachment learning) contributes to the maternal odor learning.
Specifically, simulation results of classical conditioning of two
P5-P8 OB-aPC circuits (Fig. 2A) revealed that circuits modeled
with GABAergic input profile (see Table 1) increased their activity
in response to the conditioned maternal odor. Figure 3 shows the
activity profiles of the aPC before, during, and after conditioning
in two situations with the introduction of GABA synapses and
without the introduction of GABAergic synapses. Before condi-
tioning, the P5-P8 OB-aPC circuit “with GABA” exhibited a slight-
ly higher response to odor when compared to the circuit “without
GABA.” Over the seven sessions of odor-NE pairing, the activity of
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Figure 2. Computational experimental design and conditioning proto-
cols. (A) Computational experiment 1. Two OB-aPC circuits groups,
modeled with GABA (red horizontal bar) and without GABA (black hori-
zontal bar) were separately conditioned using a delayed pairing procedure
of odor and NE. In the protocol, the odor onset preceded the NE onset by
2 sec, odor-NE overlapping for 2 sec, after which the odor was terminated.
This pairing was presented seven times with a 2-sec interval. Two seconds
after the last pairing, the odor was presented alone during a 3-sec window.
(B) Computational experiment 2. OB-aPC circuits modeled with GABA
were conditioned (red horizontal bar) using the same previous protocol,
and 1 sec after the last pairing, the GABAergic synaptic input was
blocked (black horizontal bar), or switched to adult GABAergic input
profile (green horizontal bar) and the recall (test) was measure in those
conditions. (C) Computational experiment 3. OB-aPC circuits modeled
with GABA (red horizontal bar) using the same odor-NE pairing protocol
and 2 sec after the last pairing were tested for the recall 1 of the maternal
odor (test 1). One second after the recall 1 was finished, the GABAergic
input was blocked (black horizontal bar) and the plasticity of mitral cell
and pyramidal cells was excluded. In those conditions, the activity of the
circuits was measured during another 3 sec window to the recall 2 of
the maternal odor (test 2).

Circuit group
Switch to
without GABA
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the circuit “with GABA” was twice higher than the circuit “without
GABA” (Fig. 3B,C; red dots). At the last trial session, the number of
spikes and the number of active cells reached their maximum in-
crease of 179% and 134%, respectively (taking the maximal num-
ber of evoked spikes during the first trial as 100%, from 10
respiratory cycles).

After conditioning, the average maximum number of spikes
(86+2.07 vs. 46.50 £ 0.88) (Fig. 3B, inserted graph) and the average
maximum number of active cells (83.16+1.88 vs. 44.13+£0.13)
(Fig. 3C, inserted graph) were higher when GABA was present
[number of spikes: f14=17.53; number of active cells: t4)=
20.75; both P<0.0001, unpaired t Student test]. These results indi-
cate that both circuits, with and without GABAergic synaptic in-
puts, learn the maternal odor; however, in the presence of GABA
inputs the pyramidal cells exhibit an enhanced response for the
conditioned maternal odor. It could be the that the GABAergic
contribution is restricted only to the training phase, by allowing
a higher recruitment of pyramidal cells during odor pairing with
NE, but with little effect afterward. To clarify that, in the next sec-
tion we measured the effect of GABA during recall.

Computational experiment 2: GABAergic synaptic input
amplifies the recall of the maternal odor

In order to test the individual effect of GABA in recall, three groups
of P5-P8 OB-aPC circuits “with GABA” were trained (Fig. 2B) and
after the last pairing, three different recall conditions where ex-
plored (Fig. 4A): The GABA input properties remained the same
(“with GABA”), were blocked (“without GABA”), or switched to
adult GABAergic input profile (“with adult profile”). The aPC pyra-
midal cells activity in the “without GABA” (n =10 circuits) (Fig. 4B,
C; black dots) or “with adult profile” conditions (n=10 circuits)
(Fig. 4B,C; green dots) show a significant reduction in the number
of spikes (one-way ANOVA, F; »1,=598.1; P<0.0001, followed by
Tukey test; n==8 respiratory cycles in each condition) when com-
pared with the “with GABA” condition (n=10 circuits). The same
is true for the number of active cells (one-way ANOVA, F; »1)=
597; P<0.0001, followed by Tukey test; n=8 respiratory cycles in
each condition) (Fig. 4B,C; red dots). Moreover, the circuit “with
adult profile” has a dramatic reduction in the maximum number
of spikes and a number of active cells when compared to the two
other conditions (Fig. 4B,C, inserted graphs). These results indicate
that the GABAergic input per se contributes to the amplified re-
sponse during the recall of the maternal odor. Next, we investigat-
ed whether the individual variability of the circuits in the
experimental groups (intersubject design) (see Fig. 2B), which
was modeled by randomizing the connectivity, may have partly
contributed to this result.

Computational experiment 3: GABAergic synaptic input
amplifies the recall of the maternal odor independently of
the variability of the circuit

To control possible effects of the variability of connections be-
tween the models, a group of P5-P8 OB-aPC circuits, modeled
“with GABA” input (n=10 circuits), was submitted to the condi-
tioning protocol (Fig. 2C) where two recall phases 2 sec apart
were tested. We found that all pyramidal cells that fired during
the recall 1 phase reduced their spiking frequency significantly in
the recall 2 phase (Fig. 5B shows a representative spiking profile
from an aleatory aPC pyramidal cell). The mean of the number
of spikes (recall 1: 94.69 £0.76, n=8 respiratory cycles vs. recall 2:
76.23 £0.45, n=7 respiratory cycles; t=15.57; P<0.0001; paired
t Student test) (Fig. 5C, inserted graph) and the mean of the num-
ber of active cells (recall 1: 83.49 £0.52, n=_8 respiratory cycles vs.
recall 2: 71.67+0.35; n=7 respiratory cycles; t=20.35; P<
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Table 1. Model parameters

Neurons Parameters

Mitral (Mt) cells (n=100 cells) =20 ms
Omin=-0.0014V;
Omax=0.009 V?
Omin=-0.0014V;
Omax=0.002 V°
Vhyper=—0.01 V; £ = 2 msec
Omin=-0.03922 V,
Omax=—0.03663 V©
Vhype =Omin; trefrac =2 msec
1=42.78 msec®
Cn=98.21 pF©
Rinp =1/Cn MQ©
APompi=0.07690 V©
Eahe =—0.060 V¢
Tahc =1 d
Aahc= 30d
RMagape=0.12°
WMt to Pyr= 35¢
gmax Pyr to Pyr= 10°
WPyr to Pyr= 35¢
gmax Mt to Pyr= 10¢
Egu=0V
T2 Mt to Pyr=1 MSEC; T2 Mt to
pyr=2 Msec
™P=12 msec
PP =1"PP =500 msec
Witp=62.2
Wip=12.25
EGABA='0~02458 Vc
T2 Ff to Pyr=4.8 MSEC; 12 10
pyr=5.36 msec®
Ecaga adult=-0.070 V
t=15 msec
Omin=0V; Omax=0.015V
VIYPer—_0.01 vV
9™ K to pyr=13693, 7096
Ecu=0V
T2 Py toff = 1 msec; 1, Pyrt to =2
msec®
Feedback interneurons (Fb) (n=100 =5 msec
cells) Omin=0V; ©max=0.013 V
VYPET= 0,01V
9™ b to pyr= 13693, 7096°
Ecu=0V
T2 Pyr to Fb =1 MS; T2 pyr to Fo =2
msec

Pyramidal (Pyr) cells (n=200 cells)

Feed-forward (Ff) interneurons (n=
100 cells)

Values without NE modulation.

PValues with NE modulation.

“Values from electrophysiological data.

4Values inferred from electrophysiological data reported in this study.
“Values inferred from electrophysiological data reported in the literature.

0.0001; paired t Student test) (Fig. 5D, inserted graph) were signifi-
cantly reduced in the recall 2 phase when compared with recall
1. Moreover, we observed that onset of the pyramidal cell activity
was closer to the rising phase of inhalation during recall 1, but was
delayed to the middle of the inhalation phase during recall 2. This
computational experiment (intrasubject design) (see Fig. 2C) con-
firms that the GABAergic input per se contributes to the amplifica-
tion of the response of the P5-P8 OB-aPC circuit for the
conditioned maternal odor.

Discussion

Previous studies of early olfactory learning in infant rodents (most-
ly rats and mice) have pointed the OB and aPC as crucial areas, in
which NE release is both necessary and sufficient for infant olfacto-
ry learning (for a revision, see Moriceau and Sullivan 2005; Yuan

www.learnmem.org

et al. 2014). The main contributions of the present study are (1)
to propose a model of the OB-aPC circuit for the maternal odor
learning during the sensitive period based on the GABAergic syn-
aptic input profile, in addition to the aPC experimental intrinsic
electric properties of pyramidal cells, and (2) to reveal that the
GABAergic synaptic input profile during this period also contrib-
utes to supporting the maternal odor learning and the recall
process.

Does GABAergic input in aPC contributes to the maternal
odor learning during the sensitive period?

In this work, we investigate the possible contribution of GABAergic
synapses into our model for early olfactory learning. We found that
adding GABAergic inputs increased by 47% both the number of ac-
tive pyramidal cells in aPC and their spiking activity in response to
the conditioned odor (Fig. 3). Moreover, we found that GABA is not
only relevant during learning but also in the recall phase (Fig. 4).
The contribution for immature GABA cells was able to increase
in 70% the number of pyramidal cells in aPC that were responsive
to the learned odor when compared to the scenario where these
cells have the adult profile (Fig. 4). Finally, after eliminating any
possible effect of random connections in the OB-aPC circuit on
the effect of GABAergic input in the maternal odor recall, we tested
the circuit for two recall scenarios (with intact or blocked GABA in-
put) after odor conditioning. We found that blocking GABA input
reduced the number of active cells (15%) and spiking activity
(20%), suggesting that the GABAergic input in the aPC amplifies
the ability of the circuit to support the recall process of the mater-
nal odor (Fig. 5). Therefore, we showed that GABAergic input char-
acteristic of P5-P7 contributes to the maternal odor learning and
this contribution resides in the ability to amplify the response of
the OB-aPC circuit to the conditioned maternal odor in terms of
both numbers of active cells and spikes.

How does the GABAergic input in aPC manage to amplify
the activity of pyramidal cells during the sensitive period?
We found that the Egapa of the aPC pyramidal cells from P5-P8 an-
imals was more depolarized (-24.58 mV) (reported in the present
study) in comparison with the resting membrane potential and
the voltage threshold potential of the same type of cells (—40.27
mV and -35.94 mV, reported in our previous work (see Fig. 6;
Oruro et al. 2020). The Egapa of the aPC pyramidal cells from
P5-P8 animals was also ~18 mV more depolarized than the value
obtained in older pups (GVE Pardo, AB Lucion, ME Calcagnotto,
et al. unpubl.). This result strongly suggests that during the sensi-
tive period of attachment learning, the activation of GABA synaps-
es produces depolarization in the aPC pyramidal cells instead of
the characteristic hyperpolarization. It is not uncommon phenom-
ena in developing cortices. Excitatory GABA has been reported for
many immature brain areas attributed to the positive switch in the
chloride reversal potential due to elevated intracellular chloride
concentration (Rivera et al. 1999; Rheims et al. 2008; Ehrlich
et al. 2013; Tyzio et al. 2014) and for revision see (Ben-Ari 2014)).

If GABAergic input to aPC pyramidal cells is excitatory
during this period, as we are suggesting, why is that the
local infusion of GABA receptor agonist (muscimol) into
the aPC 10 min before odor-stroke training has shown to
prevent the olfactory preference learning in P7 age rat
pups?

A possible answer to this question arises from our experimental ob-

servation of the active membrane properties of the aPC pyramidal
cells during this period of development. In the experiment by
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Figure 3. Cumulative number of spikes and number of active aPC pyramidal cells during maternal
odor conditioning in the P5-P8 OB-aPC circuit with and without GABA synaptic input. (A) Protocol
for odor conditioning. A delayed pairing procedure was used in which the odor (black trace) onset pre-
ceded the NE (blue trace) by 2 sec and odor and NE overlapped for 2 sec, after which the odor was ter-
minated. The odor-NE pairing was presented seven times with 2 sec intervals. Plot of cumulative number
of spikes (B) and number of active cells (C) during odor-NE pairing and odor test are showed for the P5—
P8 OB-aPC circuit with GABA input (red dots) superimposed to the circuit without GABA input (black
dots). Data were collected at every 0.5 msec in a 200-msec window of simulation. Simulation (from 0
msec to 54,000 msec) was carried out over several respiratory cycles modulating the activity of the
mitral cells, starting with 200 msec of the exhalation phase followed by 200-msec inhalation phase.
Activity was measured during inhalation and exhalation phase. After conditioning, the test of the
odor (yellow background) evoked a higher cumulative number of spikes and number of active cells
for the circuit with GABA input compared to the cells for the circuit without GABA input (inserted
graphs). Asterisks represent statistically significant unpaired t Student test comparison between the

synapsis in the basolateral amygdala,
which correlates with the emergence of
conditioned odor aversion in rodent
pups older than P10 (Thompson et al.
2008). For an excellent revision in the
matter see (Ross and Fletcher 2019).

In conclusion, our computational
experiments show that the GABAergic in-
put enhances the OB-aPC circuit’s ability
for maternal odor learning and amplifies
its recall. Such effect is due to the matura-
tional characteristics of the GABAergic in-

groups during the odor test. (***) P<0.001. Bin: 0.5 msec.

Morrison et al. (2013), the injection of muscimol into the aPC was
used to increase the inhibitory synaptic effect of GABA onto the
pyramidal cells. The effect of muscimol can be interpreted as a
constant excitatory synaptic effect of GABA similar to the effect
of the sustained depolarizing current into the pyramidal cells on
in vitro current clamp experiment, as we have observed in our pre-
vious experiments (Oruro et al. 2020). The aPC pyramidal cells of
P5-P8 pups exhibit adaptation properties to increasing depolariz-
ing inputs but this is no longer observed in older pups
(Supplemental Fig. S1). In Figure 7, pyramidal cells respond main-
taining constant or reducing their firing to increasing inputs,
which suggest that aPC pyramidal cells can eventually reduce or in-
terrupt their activity in response to increasing GABAergic input.
Thus, the local infusion of muscimol into the aPC may be equiva-
lent to the synaptic activity of all GABAergic neurons at the same
time, which in physiological conditions is unlikely to occur.
Therefore, if the aPC pyramidal cells show adaptation, the resulting
increase in depolarizing inputs could have inhibitory effect in their
activity. This effect could be progressively reduced with develop-
ment, as data from older pups seem to indicate, since Egapa tends
to change to more hyperpolarized values (GVE Pardo, AB Lucion,
ME Calcagnotto, et al., unpubl.). This also suggests that the firing
adaptation properties of the aPC pyramidal cells could be the
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puts that depolarize aPC pyramidal

neurons at age younger than P10.
Furthermore, in this developing circuit, the apparent lack of synap-
tic inhibition mediated by GABA appears to be compensated by the
adaptive firing properties of aPC immature pyramidal neurons. The
depolarizing GABA input may contribute, at least in part, to induce
the immature pyramidal neuron to reach its adaptive firing pattern
therefore preventing runaway excitation in the circuit. The pano-
rama unfolded here indicates that although an immature circuit
may present very different properties regarding its individual cell
types, this does not render the circuit useless. On the contrary, im-
mature cells may provide the circuit with important computation-
al properties while the stability of the circuit as a whole remains
unchanged.

Materials and Methods

Circuit model and connectivity

The model presented here is an extension of our previous work
(Oruro et al. 2020). The OB and aPC are implemented in separate
subnetworks (de Almeida et al. 2013, 2016). Only the mitral cells
(Mt) were implemented in the OB, which projects to the aPC by
the lateral olfactory tract (LOT), as shown in Figure 1. The aPC
was implemented with three cell types: pyramidal (Pyr) cells, feed-
forward (Ff) interneurons, and feedback (Fb) interneurons (Stokes
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and Isaacson 2010; Bekkers and Suzuki
2013), with parameters listed in Table 1.

The present model contains 100 neu-
rons of Mt cells, 200 neurons of Pyr cells,
and 100 neurons of each type of interneu-
rons (Ff and Fb). In our previous work, we
adjusted the parameters for connectivity
of Mt and Pyr cells to best match the ex-
perimentally reported data (Oruro et al.
2020). We assume that each Pyr cell is ran-
domly connected with ~15-45 Mt cells.
For the autoassociative Pyr-Pyr connec-
tivity, we considered that each Pyr cell is
randomly connected with five to 15 Pyr
cells. This model does not consider the
feedback interaction between the aPC
and OB. The Ff interneurons receive excit-
atory input from Mt cells via the lateral ol-
factory tract (LOT) and connect the distal
apical dendrites of the L2/3 Pyr cells
(Suzuki and Bekkers 2007; Bekkers and
Suzuki 2013). In our model, each Pyr cell
is connected to 40% of the Ffinterneurons
population. Each Fb cell is excited by 25%
random Pyr cells, and each Pyr cell is con-
nected to 40% of the Fb cells. The param-
eters for the connectivity of Ff and Fb
interneurons were adjusted using experi-
mental data reported in our previous
work (Pardo et al. 2018) and with data re-
ported here (Table 2). To assure continuity
between models, the architecture and pa-
rameters in the model, other than those
related to the function of GABAergic in-
put investigated here, were kept the
same as the previous model (Oruro et al.
2020), as detailed in Table 2. Details about
connectivity can be found in Figure 1, and
all neural and synaptic parameters are de-
tailed in Table 1.

The computational model and simu-
lations were developed using NetLogo
6.0.4 software (NetLogo, http://ccl.north
western.edu/netlogo, June 4, 2018). In
the framework of NetLogo, each neuron
was represented as an individual agent
that processes information.

Neuron model

All neurons were modeled as single com-
partment leaky integrate-and-fire neu-
rons, in which the change in the mem-
brane voltage is described by Equation 1:
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Figure 4. Comparative cumulative number of spikes and active number of cells during maternal odor
recall in the P5-P8 OB-aPC circuit with GABA, without GABA and adult GABAergic input profile. (A)
lllustration of the protocol of recall of CS (during 3 sec), which onset 2 sec after the last odor-NE
pairing. Superimposed plot of cumulative number of spikes (B) and number of active cells (C)
(average of 10 simulations) of the P5-P8 OB-aPC circuits with GABA input (red dots), without GABA
input (black dots) and adult GABA input profile (green dots), collected at every 0.5 msec in a
200-msec window of simulation. The simulation (from 0 msec to 53,000 msec) was carried out over
several respiratory cycles modulating the activity of the mitral cells, starting with 200 msec of the exha-
lation phase followed by 200-msec inhalation phase. Activity was measured during the inhalation and
exhalation phase. The circuit P5-P8 OB-aPC with GABA input was submitted to seven trials of
odor-NE pairing (simulation carried out from 0 msec to 47,000 msec) and 1 sec after the last pairing
the GABA synaptic input (Egaga =—25 mV) was switched to adult profile (Egaga=—70 mV, approximate
value based on experimental data reported in Kapur et al. 1997; Whalley and Constanti 2006; Kfir et al.
2020) or blocked (without GABA) (red arrows indicate the beginning of the switch; simulation carried
out from 48,000 msec to 53,000 msec). Under those conditions, the mean of cumulative number of
spikes and the number of active cells were significant higher in the circuits with GABA input than in
the circuits without or with adult profile (inserted graphs). Asterisks represent statistically significant
one-way ANOVA comparison among the three condition groups followed by Tukey’s multiple compar-
isons test. (****) P<0.0001. Bin: 0.5 msec.

firing probability of the model neuron at voltage V is described by

WO _ 210 V) ~ B () ~Favation3:
0
V _ emin B lf V < Hmm
where V (t) is the membrane potential, C is the capacitance, g is Fi(V) = ( i ) if V e [gmin, gmax] 3)
the leaky membrane conductance, E;, is the resting potential, and gmax — gmin if V> gmax
I is the time-dependent external current input adapted from previ- 1

ous work (Oruro et al. 2020). A particular external input (I¢) that a
neuron i receives from a presynaptic neuron j at time t is given by
Equation 2:

11(t) = Wigii (D) [En,j — Vi(®)]. @
where Wj; is the synaptic strength of the synapse connecting neu-
rons i and j, g; (t) is the change of channel conductance at time f,
En,jis the reversal potential of the specific channel type and V; (t) is
the membrane potential of the postsynaptic neuron at time t. The
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where 6”""* represents the saturation value of the threshold, ™" is
the minimum value of the threshold, and f is a constant defining
the nonlinearity of F; (V). At each spike of the presynaptic neuron j
the corresponding conductance in the postsynaptic neuron i
changes according to Equation 4:

fire fire
—t+t —t+t
() = gmax| ex L] —ex / ,
gl]( ) gl/ |: p( Tl,l']' ) p( TZ,ij
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Figure 5. Activity of pyramidal cells during maternal odor recall in the P5-P8 OB-aPC circuit with and without GABA synaptic input. (A) Protocol of
two periods of maternal odor recall. Two seconds after the last odor-NE pairing (simulation carried out from 0 msec to 47,000 msec), the circuit was
exposed to the odor for 3 sec (recall 1) and 2 sec after it has finished, the circuit was exposed again to the odor for 3 sec (recall 2) (simulation carried out
from 48,000 msec to 57,000 msec). At the middle of the interval, the circuits have their GABA input profile blocked (red arrows indicate the beginning
of the switch, corresponding to 53,000 msec of simulation). The simulation (from 0 msec to 57,000 msec) was carried out over several respiratory cycles
modulating the activity of the mitral cells, starting with 200 msec of the exhalation phase followed by 200-msec inhalation phase. Activity was measured
during the inhalation and exhalation phase and date were collected at every 0.5 msec in a 200-msec window of simulation. (B) Action potential traces of
one pyramidal cell during the recall 1 and recall 2. Note that during recall 2 the cell reduced its firing frequency. Plot of cumulative number of spikes (C)
and number of active cells (D) (average of 10 simulations) of the P5-P8 OB-aPC circuits during recall 1 and recall 2. Note that during the recall 2 (circuits
without GABA synaptic input) the number of spikes and number of active pyramidal reduced significantly (inserted graphs). Asterisks represent statisti-
cally significant unpaired t Student test comparison between recall 1 and recall 2. (****) P<0.0001. Bin: 0.5 msec.

EcaBa VThresh Vrest

where tfﬁ " is the spike time of neuron j, &ii™ represents the maxi-
mum conductance of the corresponding channel, while 7; ; and
7,5 are its rise and fall. Following an action potential, the voltage S ~101
of each neuron is reset to the hyperpolarization potential V¥, € 20
where it remains clamped for the refractory period ™™, re
In the model, Pyr cells adaptation was implemented as a chan- g 30  ecee | ® o
ge in the voltage V' (f) due to a hyperpolarizing current that in- 5 M 0
creases the firing threshold for the recently activated Pyr neuron i, = -40- o 0
described by Equation 5: oo
-504
e AV e ahe ahe Figure 6. The reversal potential for the GABA,R- mediated synaptic cur-
s Tdr + Vi = ATEX, ®) rents in P5-P8 L2/3 aPC pyramidal cells are more depolarized than the V s
and Vrpresh- Bar graph showing comparison of mean (+SEM) values of re-
. . . L versal potential for the GABAsR-mediated synaptic currents (Egaga), restin
where ).(i is equal to lin t}?]g time-step af.ter neuron 1 splkez lf‘(nd 0 meme;ane potential (V,est) and the threshgld FF;otentiaI (Vrhresh)- The valu%
otherwise. Accordingly, V"™ increases with the constant A" and for Egaga is more positive than Vyes and Vrpresn, suggesting that during the
decays with the characteristic time 7. P5-P8 age period, the GABAergic synaptic transmission mediated by

The output from Mt cells is modulated by a sinusoidal wave of GABA, receptors could result in the depolarization of the membrane po-
2 Hz, which mimics the respiratory rhythm (Uchida and Mainen tentials of the L2/3 aPC pyramidal cells. The bar graph was generated
2003; Kepecs et al. 2007; Verhagen et al. 2007; Wesson et al. using data described in Table 2.
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potential of postsynaptic neurons de-
scribed by Equation 7:

i post (t) —

t t
Tpost exp(l - Tpvst)’ (7)

where the time course of the depolariza-
tion at the postsynaptic neuron (z%*) is
of 2 msec. b¥" is the time course of the ki-
netics of the binding of glutamate on
NMDA receptors (de Almeida et al.
(2013, 2016) is described by Equation 8.

—t
bglu (t) = exp <m)

x [1 - exp(TN&—I;r)] (8)

where YMPAf (7 msec) and "MPAT (1
msec) characterize the NMDA receptor
Kinetics.

During early postnatal weeks, NMDA
receptors predominate at the LOT-aPC
synapses (Mt-Pyr) (Franks and Isaacson
2005), and these synapses express a robust
NMDA-dependent LTP plasticity with
strength declining by the first postnatal

Injected Current (pA)

Figure 7. In P5-P8, the firing responses of L2/3 aPC pyramidal cells show adaptive properties to in-
creasing depolarizing currents. Firing properties of the L2/3 aPC pyramidal cells were estimated in the
current-clamp mode by applying depolarizing current steps (1 sec of constant current injection). (A)
Representative traces of pyramidal cell responding to steps of depolarizing currents. Note how the
cells reduced its firing at higher intensities of injected currents. (B) For depolarizing currents >180 pA,
the cells responded by reducing their spike rates. Data are mean (+ SEM) values from nine cells. The

graphs were generated based in our previous work (Oruro et al. 2020).

2008; Poo and Isaacson 2009). Based on in vivo experimental stud-
ies in rodents (Poo and Isaacson 2009; Haddad et al. 2013; Stern
et al. 2018) we simulated the activity of mitral cells over the course
of several respiratory cycles, with a single respiratory cycle consist-
ing of a 200-msec exhalation followed by a 200-msec inhalation.
The onset of odor stimulation was set to coincide with the begin-
ning of the exhalation phase. In the model, only Mt cells received
NE modulation.

Synaptic plasticity model

Similar to de Almeida et al. (2013, 2016), activity-dependent syn-
aptic plasticity (Hebbian learning) was implemented for synapses
from Mt to Pyr and from Pyr to Pyr. The synaptic strength Wj;is in-
creased if both presynaptic and postsynaptic neurons fire together;
otherwise, it is reduced to a plasticity rate of 0.25, which multiplies
the change of W. This change described by Equation 6:

- jpost(¢ tﬁ’e bs;lu t— tﬁ“’ _ tdeluy
awi _ (Werp — W) ( - ) ( ] )
dt TP
l'post (t _ tﬁ’e) bglu (l’ _ tﬁ“’ _ tdelay) (6)
1 ]
+ (Wi — Wy) |: T + o :|’

where t%/% is the time it takes for the action potential to travel from
the soma to the recurrent collateral connections, and i’ is the
postsynaptic depolarization attributed to retropropagated action
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month. However, the associative synapses
(Pyr to Pyr) plasticity do not lose strength
in the same period (Poo and Isaacson
2007). The maximum weight for LTP
(W_rrp) was set initially to 62.2 and the
minimal weight for LTD (W_7p) was set
initially to 12.25. If i**" and i"*** peak to-
gether, then the synaptic weight between
thenneuronsiandjis driven to (W rp) with
the characteristics time 7*¥ (12 msec) oth-
erwise, in the case of unsynchronized fir-
ing, it is reduced to (W rp)_with the
time constant 7 = 777 = 500 msec.

Experimental data

In our previous work, we reported characteristics of the GABA,
receptor-mediated spontaneous inhibitory postsynaptic currents
(sIPSC) obtained by patch-clamp recordings in voltage-clamp
mode from pyramidal neurons in layer 2/3 (L2/3) of the aPC in vi-
tro slice preparation of the P5-P8 rat brain slices (Pardo et al. 2018).
In some of those recordings from control animals, we identified the
GABA, receptor equilibrium potential (Egapa) by systematically
varying the holding potential from 0 to —100 mV in 5-mV-steps.
The holding potential where the Egapa has its current zero was con-
sidered as a potential for reversion. The analysis of Egaga was car-
ried out by pClamp 10.0 software, through the measurement of
the amplitude (pA) of the sIPSC in each step of holding potential
tested. Results from this experiment are reported in Table 2.
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Table 2. Experimental data obtained by recording L2/3 aPC pyramidal cells during P5-P8 age

Passive and active membrane properties (mean data)

GABAergic synaptic properties (sIPSC) (mean data)

Vies -39.22 mV®
Rinp 438.6 MQ?
Tm 42.78 ms®
Capacitance 98.21 pF*
AP threshold (mV) -36.63 mVv®
AP amplitude (mV) 76.90 mv?

sIPSC amplitude 11.61 pA®

sIPSC 10%-90% rise time 4.88 msec®

sPSC Decay-time constant 5.36 msec®
Ecasa -24.58+1.3 mV©

?Data are from Oruro et al. 2020.
PData are from Pardo et al. 2018.
“Mean value (+SEM) from 12 pyramidal cells recorded.
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