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Abstract

Expression of a4ps GABAA receptors (GABARS) increases at the onset of puberty on dendritic
spines of CA1 hippocampal pyramidal cells. These receptors reduce activation of NMDA
receptors (NMDARS), impair induction of long-term potentiation (LTP) and reduce hippocampal-
dependent spatial learning. These effects are not seen in the 6—/— mouse, implicating a4p&
GABARs. Here we show that knock-out of a4 also restores synaptic plasticity and spatial learning
in female mice at the onset of puberty (verified by vaginal opening). To this end, field excitatory
post-synaptic potentials (fFEPSPs) were recorded from the stratum radiatum of CA1 hippocampus
in the slice from +/+ and a4-/- pubertal mice (PND 36-44). Induction of LTP, in response to
stimulation of the Schaffer collaterals with theta burst stimulation (TBS), was unsuccessful in the
+/+ hippocampus, but reinstated by a4 knock-out (~65% potentiation) but not by blockade of a5-
GABARs with L-655,708 (50 nM). In order to compare spatial learning in the two groups of mice,
animals were trained in an active place avoidance task where the latency to first enter a shock zone
is a measure of learning. a4—/- mice had significantly longer latencies by the third learning trial,
suggesting better spatial learning, compared to +/+ animals, who did not reach the criterion for
learning (120 s latency). These findings suggest that knockout of the GABAR a4 subunit restores
synaptic plasticity and spatial learning at puberty and is consistent with the concept that the
dendritic a4p& GABARs which emerge at puberty selectively impair CNS plasticity.
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1. Introduction

Both human and animal studies show that there is a critical period for optimal learning of
numerous cognitive processes, including spatial memory, that decline at the onset of puberty
(Johnson and Newport, 1989; Kanit et al., 2000; McGivern et al., 2002; Newman et al.,
2001; Subrahmanyam and Greenfield, 1994; Wright and Zecker, 2004). For review, see
(Smith, 2013). Impairment of spatial memory at the onset of puberty in female mice appears
to be due, at least in part, to the increased expression of &-containing GABA receptors
(GABARS) in the hippocampus (Shen et al., 2010) because it is not observed in the 6 —/-
mouse.

1.1. Learning deficits in adolescence

Certain types of learning are facilitated before puberty in humans, an outcome more
pronounced in individuals with learning disabilities (Wright and Zecker, 2004). For
language acquisition, the onset of puberty may represent the end of a critical period for
optimal acquisition, as both adolescents and adults are less likely to learn a second language
as quickly or accurately as younger children (Johnson and Newport, 1989; Newman et al.,
2001). Structural and functional changes are also apparent in musicians who begin training
before puberty compared to later learners and non-musicians (Bailey and Penhune, 2012;
Imfeld et al., 2009; Schlaug et al., 1995), suggesting that the pubertal period may have
important implications for brain plasticity.

In other cases, impairments in learning are reported to be transient events, limited to the
pubertal period. Mismatch detection is selectively impaired at puberty, with greater and
longer impairment in girls than in boys (McGivern et al., 2002), but gradual improvement in
late adolescence. Both mismatch detection and some types of semantic processing are
mediated by the hippocampus (Kumaran and Maguire, 2006).

The hippocampus is best known for its role in spatial memory (Bannerman et al., 2004), and
there is evidence that impairment of visuo-spatial learning on a computer game task is seen
in early adolescence compared to young adult and pre-pubertal children (Pepin and Dorval,
1986; Shavalier, 2004; Subrahmanyam and Greenfield, 1994). A more recent study suggests
that early adolescence is associated with a slowing of the rapid upward trajectory of learning
seen in younger children (Gur et al., 2012), which is especially apparent for spatial learning
in females, but which then improves later in adolescence. Several studies have suggested that
sex differences in spatial memory appear at or after the onset of puberty (Ardila et al., 2011;
Gur et al., 2012; Kanit et al., 2000), although there are conflicting reports (Newhouse et al.,
2007).

1.2. Hippocampus

The hippocampus is widely known to be the site for encoding and storage of spatial memory
in both rodents and humans (Burgess et al., 2002; Maguire et al., 2006; Pastalkova et al.,
2006; Tsien et al., 1996). This CNS area is theorized to encode memory through the activity-
dependent increase of synaptic transmission between neurons, or long-term potentiation
(LTP) (Bliss and Collingridge, 1993; Herron et al., 1986; Larson and Lynch, 1986) that is
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dependent upon activation of NMDA receptors (Herron et al., 1986), which are localized to
dendritic spines (He et al., 1998). It is well established that the ability to induce LTP in vitro
serves as a cellular model of learning (Bliss and Collingridge, 1993; Malenka and Nicoll,
1999). We have shown that induction of NMDAR-dependent LTP in CA1 hippocampus
through theta burst stimulation (TBS) of the Schaffer collaterals is impaired at pubertal onset
in +/+ female mice, as is spatial learning. Both parameters are restored to pre-pubertal levels
by knock-out of the § GABAR subunit (Shen et al., 2010).

1.3. a4p6 GABARs

a4 GABARs occur extrasynaptically (Wei et al., 2003) where they generate a tonic
shunting inhibition (Stell and Mody, 2002) in response to ambient levels of GABA (<1 uM)
(Wu et al., 2003) due to their high sensitivity to GABA and relative lack of desensitization
under steady-state conditions (Brown et al., 2002). They are also capable of high degree of
plasticity, especially in response to fluctuations in ovarian hormones (Lovick et al., 2005;
Maguire et al., 2005; Maguire et al., 2009; Sabaliauskas et al., 2014; Shen et al., 2005). At
puberty, expression of a4 and § GABAR subunits increases on the dendritic shafts and
spines of CA1 hippocampal pyramidal cells (Shen et al., 2007; Shen et al., 2010) from
almost undetectable levels before puberty. The presence of these receptors impairs activation
of NMDA receptors (NMDARSs), likely due to their shunting of current on the spine, because
NMDA currents are more robust in the 6—/- hippocampus than in age-matched wildtypes
(Shen et al., 2010).

1.4. a4 knock-out and synaptic plasticity

Although pubertal deficits in both LTP induction and spatial learning are not observed in the
& —/- mouse, these parameters have yet to be tested in the a4 —/- mouse. Therefore, the aim
of the current study was to determine whether the a4 subunit is obligatory in the diminished
spatial learning seen in female mice at the onset of puberty. Previous EM-ICC data showed a
concomitant decrease in & expression on both the spines and dendritic shaft upon knockout
of the a4 subunit (Sabaliauskas et al., 2012) with a corresponding decrease in the response
of the tonic current to a 100 nM gaboxadol, which is selective for a4pd GABARs (Brown et
al., 2002; Meera et al., 2011), suggesting a decrease in functional a4p5 GABARs. However,
& can still form heteromers with a1 (Glykys et al., 2007) in the a4—/-, suggesting a
potential reason to predict that results from a4-/- and §—/- mice might be different at
puberty. Therefore, in the present study we compared recordings from +/+ and a4—-/- mice
to test whether a4 knock-out reverses the impairment in LTP induction and hippocampal-
dependent spatial learning. We hypothesized that a4 —/- mice would not show a reduction in
synaptic plasticity at puberty onset, and therefore would not exhibit a pubertal learning
deficit.

2. RESULTS
2.1. LTP induction

2.1.1. a4 GABAR knock-out—Because a4 knock-out resulted in robust generation of
NMDA-mediated currents at puberty, we predicted that it would also have an impact on
synaptic plasticity. To test this hypothesis, we compared the induction of LTP in CAl
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hippocampus between pubertal a4 —/- and +/+ mice. It has been established previously that
LTP induction is not observed at puberty, an impairment not seen in the 6—/— mouse, where
induction of LTP is highly significant (Shen et al., 2010). Therefore, upon knock-out of a4,
we also expected to see reinstatement of LTP inducibility because this mouse is also a
functional & knock-out (Sabaliauskas et al., 2012). Indeed, we observed robust LTP
induction in hippocampal slices from a4—/— mice, where the average potentiation was
~175%, by 2 h after stimulation of the Schaffer collaterals with theta burst stimulation (TBS,
Fig. 1). This is contrast to pubertal +/+ hippocampus, where induction of LTP was not
observed.

2.1.2. a5 GABAR blockade—The most abundant extrasynaptic GABAR in CAl
hippocampus is a5p3y2 (Caraiscos et al., 2004). Thus, we blocked its effect with 50 nM
L-655,708 to test whether the tonic inhibition generated by this receptor could also reinstate
LTP induction. In fact, LTP induction was not significantly changed after bath
administration of L-655,708 (Fig. 1), suggesting that the impairment of synaptic plasticity at
puberty is exclusively due to a46 GABARs.

2.2. a4 KO eliminates the spatial learning deficit seen at puberty in wildtypes

As hippocampal LTP is an accepted model for /nn vivo learning, we would expect ad-/-
mice to show better performance on a hippocampal-dependent spatial learning task as
compared to +/+ mice at the onset of puberty. Our new data confirm the previous findings
(Shen et al., 2010) that +/+ pubertal mice are severely compromised in their ability to
perform a spatial learning task. In contrast, a4 —/— animals do not exhibit a learning deficit
at puberty, relative to +/+ pubertal mice. For the active avoidance task that we used, the
latency to first enter the shock zone on a trial-by-trial basis is a measure of spatial learning,
where longer latencies indicate better learning. Best latencies of pubertal a4—/— mice were
more than 4-fold longer than those of +/+ mice at puberty (p<0.01, Fig. 2): The average best
latency for a4 —/— mice was 235 seconds, compared to 53 seconds for +/+ mice. Only ~7%
of the +/+ pubertal mice were able to achieve the 120-second learning criterion, whereas
~70% of a4 —/- animals achieved this criterion. When broken down by trial, a4-/- mice
begin outperforming their +/+ counterparts by the second training trial, showing a 127%
longer latency to first entry (109 seconds versus 43 seconds; p<0.05). By the third trial, a4-/
- mice show a 343% increase in latency compared to WT mice (p<0.01).

2.2.1. Non-specific behavior—To verify that both groups of animals were equally able
to perform the task, we measured the ratio of the number of shocks to the number of
entrances. This value is a measure of escape behavior, but also shows if the shock is equally
aversive to each group. We found no significant difference between the shock-to-entrance
ratio for a4 —/- and +/+ pubertal mice (Fig. 2). Locomotor activity, assessed by the number
of entries in the first acclimation trial (no shock), was also similar between groups (Fig. 2).
Thus, these data suggest that the results reflect differences in spatial learning, rather than
differences in pain threshold or sensorimotor performance.
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3. Discussion

3.1. Overview

Previous data have shown that knock-out of the a4 GABAR subunit is a functional knock-
out of & subunit expression (Sabaliauskas et al., 2012), where expression was barely
detectable on both the dendritic shafts and spines of CA1 hippocampal pyramidal cells at
puberty. In this study, our findings are consistent with a lack of a4p& GABAR expression on
dendritic spines because we observed robust induction of LTP and rapid learning of a
hippocampal-dependent spatial learning task as previously observed for the §—/— mouse.
These findings suggest that expression of hippocampal a4p5 GABARS at puberty are
necessary and sufficient for the decline in plasticity and learning observed at puberty in
female mice.

3.2. GABA inhibition effects on synaptic plasticity and learning

It is well known that reducing GABA inhibition facilitates synaptic plasticity (Paulsen and
Moser, 1998; Wigstrom and Gustafsson, 1983), while GABA agonists impair LTP (Whissell
et al., 2013): Positive GABA modulators which enhance GABA inhibition, including
benzodiazepines and anesthetics, are known to be amnestic in humans (Veselis et al., 2009).
These drugs, and others such as alcohol, impair hippocampal synaptic plasticity and spatial
learning in rodents (del Cerro et al., 1992; Izumi et al., 2005; Matthews et al., 2002;
Nagashima et al., 2005; Saab et al., 2010).

3.3. Effect of a5-GABARs on LTP

The predominant extrasynaptic GABAR in pre-pubertal and adult hippocampus is a5p372,
which is a target for the amnestic effects of anesthetics (Cheng et al., 2006). In the present
study, in contrast to the full recovery of LTP induction in response to TBS after a4 knock-
out, blockade of a5-GABARSs did not improve the impairment in LTP induction at puberty.
Previous studies have shown that a5 knock-out does not alter TBS-induced LTP in the adult
(Collinson et al., 2002), although it lowers the threshold for LTP induction to 10 Hz (Martin
et al., 2010), suggesting that a5-GABARs may have a more subtle effect on synaptic
plasticity than a4p6 GABARs. This may be due to the fact that a4p6 are exclusively
localized to the spine (Shen et al., 2010), while a5-GABARs are localized to the dendritic
shaft (Brunig et al., 2002). Thus, a4p& GABARSs would play a greater role in shunting
excitatory current to impair NMDA receptor activation, necessary for LTP induction (Herron
et al., 1986).

3.4. Effect of a5-GABARS on learning

However, a5-GABARs play a specific role in memory and learning; an a5 inverse agonist
improves encoding and recall but not consolidation in the hippocampal-dependent Morris
Water Maze task (Chambers et al., 2003; Collinson et al., 2006). Knock-out of a5 also
improves weak hippocampus-dependent associative fear memory tasks. Trace fear
conditioning, but not delay conditioning or contextual conditioning, is facilitated in a5 —/-
mice (Crestani et al., 2002). For delay conditioning, the tone co-terminates with the foot
shock. Trace fear conditioning differs from delay conditioning in that the tone and footshock
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are separated by a time interval. The facilitation of trace fear conditioning by a.5 knock-out
suggests that a5-containing GABARS serves as control elements of the temporal association
of threat cues (Crestani et al., 2002). This suggests a significant but pattern-specific role for
a5p3y2 in contrast to the more global inhibitory effect of a4p6 GABARS on synaptic
plasticity and learning at puberty.

3.5. a4B8 GABAR localization

The a4p6 GABAR plays a greater role in regulating synaptic plasticity at puberty than at
other developmental stages due to the unique localization of a 48 on dendritic spines at
puberty (Shen et al., 2010) where it can reduce the depolarizing current necessary for
NMDAR activation. In the adult and pre-pubertal rodent, most GABARs in CAl
hippocampus localize to the soma (80%) or dendritic shaft (20%) (Megias et al., 2001),
unlike layer 1 of the neocortex and stratum lacunosum-moleculare of the hippocampus,
where GABAergic innervation directly targets the dendritic spine (Kubota et al., 2007). In
fact, earlier studies reported that GABAergic inhibition limited LTP induction around the
time of puberty (Paulsen and Moser, 1998), although a4p& GABARS were not yet identified
as the mediating factor. For this reason, many LTP studies have been carried out using pre-
pubertal animals. Surpisingly, blockade of the synaptic GABARs does not restore induction
of LTP at puberty (Shen et al., 2010), suggesting that a4ps GABARs selectively impair LTP
induction at puberty.

3.6. a4B8 GABAR impairment of NMDAR activation

Activation of NMDARSs on the spine is the trigger for synaptic plasticity, which requires
sufficient depolarization to unblock the receptor from Mg2* (Nowak et al., 1984), which
normally prevents receptor activation (Herron et al., 1986). The development of a shunting
inhibition on the spines would be expected to selectively impair activation of NMDARS
relative to activation of the AMPARSs, which do not require local depolarization to trigger
receptor activation. Thus, expression of a4p& GABARs on dendritic spines would be
expected to decrease the NMDA/AMPA ratio which is observed in the pubertal +/+ mouse
(Shen et al., 2010). Recent reports have suggested that local changes in depolarization have a
bigger impact on synaptic plasticity than events mediated via the dendritic shaft such as
back-propagating action potentials, although both would contribute to the general
excitability level of the neuron (Hardie and Spruston, 2009). In fact, estrous cycle-correlated
changes in a4B8 GABAR expression are localized to the dendritic shaft, rather than to the
spine (Sabaliauskas et al., 2014). The impact of increased a4B& expression on proestrus is to
reduce the degree of LTP, but not abolish it, as seen in pubertal hippocampus, suggesting
that inhibition of the dendritic shaft has less of an impact on synaptic plasticity.

3.7. The dentate gyrus and learning

In contrast to the CA1 hippocampus, the dentate gyrus normally exhibits high expression
levels of extrasynaptic a4pd GABARs (Peng et al., 2014; Wei et al., 2003). This CNS

region plays a pivotal role in certain types of learning, such as context-dependent fear
conditioning (Saxe et al., 2006). Knock-out of either a4 or 6 subunits has also been shown
to improve this type of learning (Moore et al., 2010; Wiltgen et al., 2005) although sex
differences were observed in which trace conditioning or delay conditioning were selectively
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affected, in female versus male mice, respectively (Moore et al., 2010). Other studies have
shown that acute administration of gaboxadol, to activate §-containing GABARS, impairs
both LTP and spatial learning in the hippocampus (Whissell et al., 2013).

3.8. Knock-out of a4 versus § GABAR subunits

Previous immunohistochemical findings demonstrate that knockout of the & subunit leads to
a concomitant decrease in a4 subunit immunoreactivity in adult males in areas of the brain
which normally express high levels of this receptor, such as dentate gyrus and thalamic relay
nuclei (Peng et al., 2002). However, a4 readily co-expresses with y2, which increases its
expression in the 8—/—, consistent with a re-partnering of a4 with y2, which is likely
synaptic because the tonic current is reduced (Mihalek et al., 1999). More recent studies
investigating the a4—-/- suggest that & expression is concomitantly reduced in thalamic relay
nuclei, and the tonic current is also reduced, suggesting that re-partnering of & does not
occur (Peng et al., 2014).

3.9. Plasticity of a4B8 GABAR expression

Unlike the thalamus and dentate gyrus, the CA1 hippocampal pyramidal cell does not
normally express a high level of a4p& GABARS (Benke et al., 1997; Wisden et al., 1992).
However, these receptors exhibit a high degree of plasticity. Their expression is influenced
by ovarian and stress steroids (Kuver et al., 2012; Sabaliauskas et al., 2014; Shen et al.,
2005), and are increased by up to 8-fold at the onset of puberty in the female mouse (Shen et
al., 2010). At puberty, a4p5 GABARS express on the dendritic shaft and spines, for a period
of about 10 days before declining to low levels in adulthood (Aoki et al., 2012; Shen et al.,
2010). Recent studies from our labs demonstrate that the a4—/- is a functional & knock-out
at puberty (Sabaliauskas et al., 2012). However, intracellular & expression was not reduced,
suggesting that co-expression of a4 and 6 subunits is necessary for surface expression of &.
Knock-out of a4 reduced the tonic current at puberty and greatly diminished the response to
100 nM gaboxadol, which is selective for a4p& GABARs at this concentration. These are
outcomes similar to those observed in the pubertal 8—/— hippocampus (Shen et al., 2010),
suggesting that knock-out of either subunit has a similar impact to decrease inhibition of
CAL hippocampal pyramidal cells.

3.10. Comparison with the §—/- mouse

The effects of a4 knock-out to restore synaptic plasticity and spatial learning which are
impaired at puberty are virtually identical to those observed in the §—/- mouse (Shen et al.,
2010). This suggests that expression of both the a4 and & subunits play an equally important
role in producing extrasynaptic receptors which impair NMDAR activation and reduce
synaptic plasticity. Thus, knock-out strains of both of these receptor subunits are important
genetic tools for use in elucidating the mechanism of learning.

3.11. Summary

Collectively, these data confirm the role of the a4 subunit in mediating altered NMDAR
activation at puberty, and how this translates into synaptic plasticity and learning. The
GABAR has been implicated in defining critical periods for other systems (Aoki and Erisir,
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2012), such as in the auditory cortex (Sarro et al., 2008) and visual cortex (Fagiolini and
Hensch, 2000), the latter of which also involves tonic inhibition (lwai et al., 2003). This
inhibitory system may provide the limit for changes in plasticity of CNS areas when
appropriate for developmental time-points.

4. Experimental Procedures

4.1. Experimental subjects

a4 +/- mice (C57BLS6, supplied by G. Homanics, Univ. Pittsburgh) were bred to yield first
generation a4 +/+ and —/— mice, as described previously (Chandra et al., 2006). Tails were
genotyped to verify the genetic identity of the offspring. Because +/+ and C57BL6 mice
(Jackson Labs, Bar Harbor, Maine) did not exhibit different characteristics, these groups
were pooled. Pubertal (~35 to 43 days old) female mice were housed on a 12-hour reverse
light-dark cycle, with lights off at 11:30 AM and had free access to food and water. All mice
were tested in the early AM before the onset of the dark cycle. Vaginal opening was used to
determine the onset of puberty (Shen et al., 2007). All procedures involving live animals
were in accordance with NIH guidelines and the Institutional Animal Care and Use
Committees of SUNY Downstate Medical Center, University of Pittsburgh, and New York
University Washington Square Campus.

4.2. Hippocampal slice electrophysiology

4.2.1. Slice preparation—Mice were rapidly decapitated; the brains were removed and
cooled using an ice cold solution of artificial cerebrospinal fluid (aCSF) containing (in mM):
NaCl 124, KCI 3, CaCl, 2, KH,PO,4 1.25, MgSO4 2, NaHCO3 26, and glucose 10, saturated
with 95% O, 5% CO, and buffered to a pH of 7.4. Following sectioning at 400 um, slices
were incubated for one hour in oxygenated aCSF.

4.2.2. LTP studies—Field EPSPs (fEPSPs) were recorded extracellularly from the stratum
radiatum of CA1 hippocampus using an aCSF-filled glass micropipet (1-5 mQ) in response
to stimulation of the Schaffer collateral-commissural pathway using a pair of insulated
tungsten bipolar electrodes as we have described (Shen et al., 2010). The intensity of the
stimulation was adjusted to produce 50% of the maximal response. LTP was induced using
theta burst stimulation (TBS 8-10 trains of 4 pulses at 100 Hz, delivered at 200 ms intervals,
repeated 3 times at 30 s intervals). EPSP responses were recorded at 30 s intervals with an
Axoprobe-1A amplifier (Axon Instruments) and pClamp 10 (Axon Instruments) for 20 min
before and 120 min after TBS (producing 1-4 mV EPSPs). In some cases, the a5 selective
inverse agonist (Caraiscos et al., 2004), L-655,708 (50 nM) was bath applied to test the
effect of a5 blockade on LTP induction.

4.3. Spatial learning task

4.3.1. Spatial learning apparatus—Mice were placed on a 48-cm diameter metal disk
with a 40-cm high transparent wall and an electrifiable grid floor (Bio-Signal Group, DE).
The apparatus was located in a rectangular room with many visible landmarks. Animal
position and movement were tracked by PC-based software that analyzes images from an
overhead camera acquired at 60 Hz. This spatial learning task has been successfully used as
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a measure of hippocampal synaptic plasticity in a number of studies (Cimadevilla et al.,
2001; Sabaliauskas et al., 2014; Shen et al., 2010).

4.3.2. Spatial learning training—Mice were habituated to the rotating arena (1 rotation
per minute). Mice were trained for four 10-minute trials on an hourly basis, to avoid a foot
shock (0.2 mA, 500 ms) administered upon entrance in a 60° sector of the rotating disk. The
position of the electrified sector remained stationary with respect to the room frame of
reference, but rotated relative to the platform, thus requiring the animal to perform active
avoidance behavior. If the animal failed to exit the 60° sector, additional shocks were
administered every 1.5 seconds until the mouse left the shock zone. The time to first entry
into the 60° sector was recorded from each trial as a measure of spatial memory acquisition.
The criterion for learning was set at a minimum latency of 120 s (Shen et al., 2010). This
task is hippocampus-dependent, as performance has been shown to worsen upon inactivation
of the hippocampus (Cimadevilla et al., 2001). It has also recently been shown to correlate
with measures of LTP, assessed /1 vivo, together with task performance (Pastalkova et al.,
2006).

This shock intensity used is subthreshold for release of the stress hormone corticosterone
(Harrison et al., 2009), suggesting that this paradigm is not highly stressful. As a measure
for pain sensitivity, the number of shocks per entry into the shock zone was recorded. If this
value is equivalent between experimental groups, it indicates that the shock is equally
aversive for all animals, and that they are equally capable of escape behavior. Similar shock-
to-entrance ratios are indicative of equivalent pain sensitivity and sensorimotor function
between groups.
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Highlights
Pubertal impairment of synaptic plasticity is restored by a4 knock-out

Pubertal impairment of synaptic plasticity is not restored by a.5
blockade

Pubertal impairment of spatial learning is restored by a4 knock-out

Pubertal a4p5 GABARs impair CNS plasticity and learning
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Figure 1. Pubertal impairments in LTP induction are not observed in a4 —/- hippocampus
LTP was induced by theta burst stimulation (TBS) of the Schaffer collaterals to the CAl

hippocampus (arrow). LTP was not successfully induced in pubertal +/+ hippocampus (left),
but was robustly induced in the a4 —/- at puberty (middle). Bath application of 50 nM
L-655,708 to block a5-GABARS (right) did not reinstate LTP induction at puberty. (Dashed
line, average potentiation at 2 h post-TBS, a4 —/-) Inset, Representative fEPSPs before and
after TBS (arrow). Scale, 0.5 mV, 50 ms; n=10-12 slices/group; *P<0.05 vs. pre-TBS.
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Figure 2. Pubertal impairments in spatial learning are not observed in a4 —/- mice
A, Spatial learning was assessed by the latency to enter the shock zone (hatched sector) on a

rotating arena in an active avoidance task (longer latency=improved learning) across 3 10-
min learning trials. B, Representative traces of mouse trajectory during the final training trial
for +/+ (left) and a4 —/- (right) pubertal mice, reflecting a greater number of shocks (open
circles, 13) for the +/+ compared to the a4 —/- (1). C, Latency to first entry for training
trials #1-3. Latencies were significantly longer in pubertal a4 —/- mice compared to wild-
type (WT), signifying improved learning by learning trial #2. *P<0.05 vs. +/+. D, A greater
percentage of a4 —/— mice reached learning criterion (120 s latency) compared to +/+. E,
#shocks/entry was unaltered across groups suggesting that the shock was equally aversive
for all WT and a4 —-/- mice. F, #entries for the acclimation trial (no shock), a measure of
locomotor activity. n=14 mice/group.
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