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Developmental Changes in Hippocampal Associative Coding
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Behavioral analyses of the ontogeny of memory have shown that hippocampus-dependent learning emerges relatively late in postnatal
development compared with simple associative learning. Maturation of hippocampal mnemonic mechanisms has been hypothesized to
underlie the development of the later emerging learning processes. However, the role of hippocampal maturation in learning has not been
examined directly. The goal of the present study was to examine developmental changes in hippocampal neuronal coding during acqui-
sition of a hippocampus-dependent learning task. We recorded activity from CA1 pyramidal cells in rat pups while they were trained on
trace eyeblink conditioning. Trace eyeblink conditioning is a Pavlovian conditioning task that involves the association of a conditioned stimulus
(CS) with an unconditioned stimulus over a stimulus-free trace interval. The inclusion of the trace interval is what makes the task hippocampus
dependent. In the present study, rats were trained at 21–23, 24 –26, and 31–33 d of age. Previous research from our laboratory and others shows
that trace conditioning begins to emerge during the third postnatal week. The results indicate that hippocampal neurons show a substantial
increase in responsiveness to task-relevant events during development. Moreover, there is an age-related increase in the proportion of neurons
that respond to a combination of trial events (e.g., CS and trace). Our findings indicate that the developmental emergence of hippocampally
mediated learning is related to increases in the strength and complexity of CA1 associative coding.
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Introduction
Developmental studies of learning and memory indicate that
hippocampus-dependent memory develops after hippocampus-
independent memory in altricial mammalian species such as hu-
mans, monkeys, and rats (Stanton, 2000; Stanton et al., 2009).
Learning that is independent of hippocampal function tends to
emerge much earlier in development, in some cases even prena-
tally (Smotherman, 1982). However, due to the relatively late
maturation of forebrain structures such as the hippocampus,
other types of learning do not begin to emerge until much later
in development (Ivkovich and Stanton, 2001). Several ap-
proaches have been used to examine the development of learn-
ing, including behavioral analyses of hippocampus-dependent
tasks such as spatial learning. Spatial learning emerges rela-
tively late in altricial species and parallels some aspects of
hippocampal anatomical development (Rudy and Paylor, 1988;
Green and Stanton, 1989; Freeman and Stanton, 1991). Rudy and
Paylor (1988) found that although postnatal day 22 (P22) rat pups
successfully learn the water maze place-learning task, P19 pups
are unable to. One possible explanation for the delayed develop-
ment of place learning could be that it is limited by the develop-
ment of hippocampal function. Recent work characterizing the

development of place fields in the hippocampus has indirectly
supported this hypothesis by demonstrating that the develop-
ment of place fields occurs between the ages of P16 and P28
(Langston et al., 2010; Wills et al., 2010). However, these studies
did not directly examine the relationship between hippocampal
physiological development and the ontogeny of memory. More-
over, the behavioral development of complex memory processes
such as spatial navigation can be difficult to compare across ages
due to the concurrent development of sensory processing and
motor control.

One possible solution to these limitations is to employ a learn-
ing task that is less affected by motor and sensory development
such as eyeblink conditioning (Stanton et al., 1992). The primary
goal of the present study was to examine the relationship between
hippocampal physiological development and the ontogeny of a
hippocampus-dependent task, trace eyeblink conditioning. In
trace eyeblink conditioning, a conditioned stimulus (CS, e.g., a
tone) is followed by an unconditioned stimulus (US) that elicits a
reflexive blink. The CS and US are temporally separated by a brief
stimulus-free “trace” interval. The inclusion of this trace interval
makes the task hippocampus dependent (Solomon et al., 1986;
Moyer, Deyo, and Disterhoft, 1990; Clark et al., 2002). Adult
hippocampal CA1 pyramidal cells respond to the events within
the trace conditioning trials including the CS, trace interval, and
the US (McEchron and Disterhoft, 1997; Weible et al., 2006;
Green and Arenos, 2007). The late emergence of trace condition-
ing parallels the developmental trajectory of spatial learning and
is likewise believed to be due to delayed development of the hip-
pocampus and other forebrain structures (Ivkovich et al., 2000).
If the developmental trajectory of this learning task is indeed due
to the late development of the hippocampus we would anticipate
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age- and learning-related changes in the responsiveness of hip-
pocampal neurons.

Materials and Methods
Subjects. Subjects were 15 Long–Evans rat pups (7 females and 8 males),
all from different litters. For paired training (6 sessions), there were 3
pups used in each age group. For unpaired training (also 6 sessions per
animal), there were 3 pups in the oldest age group, 2 pups in the middle
age group, and 1 pup in the youngest age group. For neuron counts per
group, please see Table 1. All pups were born and reared in the Spence
Laboratories of Psychology animal colony at the University of Iowa. The
colony was maintained on a 12/12 h light/dark cycle, with light onset at
7:00 A.M. All procedures were approved by the University of Iowa Insti-
tutional Animal Care and Use Committee.

Surgery. Detailed surgical methods have been described previously
(Ng and Freeman, 2012). We implanted rat pups with microdrives for
neuronal recording with multiple tetrodes on P19, P22, and P29, 2 d
before training. Pups were anesthetized using 1.5–3% isoflurane gas.
During surgery, rats were fitted with a microdrive for neuronal record-
ing, differential EMG electrodes to record blink activity, and a bipolar
stimulating electrode for US delivery.

For microdrive implantation, a small hole was drilled in the skull
directly above the right dorsal hippocampus (AP, �4.0 mm; ML, �2.5
mm). The microdrive was lowered until the tetrodes touched the brain
surface. Any additional space between the drive and the skull was filled
with a low-viscosity silicone gel (Kwik-Sil; World Precision Instru-
ments). The microdrive was then grounded with a stainless steel screw
fixed to the skull. Immediately after implantation, the tetrodes were low-
ered �0.6 mm into the brain.

To record differential EMG activity from the eyelid, two stainless steel
electrodes were threaded through the left upper orbicularis oculi muscle
and a ground wire was attached to the skull with a screw. The bipolar
stimulating electrode for US delivery was placed subdermally immedi-
ately caudal to the left eye.

On the day after surgery, spike activity was monitored as the recording
tetrodes were lowered into the CA1 layer (�DV, �2.1 mm) and the
reference tetrode was lowered into the cortex dorsal to the hippocampus
(�DV, �0.9).

Spike data acquisition. Spike data acquisition has been described pre-
viously in detail (Ng and Freeman, 2012). Pups were surgically implanted
with either an 8- or 16-channel microdrive array for either 2 or 4 record-
ing tetrodes, respectively. Each drive had a separate, independently mov-

ing reference channel tetrode. Before implantation, each tetrode was
gold-plated until the tetrode impedance was �350 k�.

During data collection and tetrode lowering, the microdrive was con-
nected to a spike acquisition system (Neuralynx). The spike signal was
then amplified at a gain of 10,000 –25,000 and band-pass filtered between
0.6 and 6.0 kHz. Signals were digitized and stored at 32 kHz (Cheetah;
Neuralynx).

Conditioning apparatus. The conditioning apparatus has been de-
scribed previously in detail (Ng and Freeman, 2012). Rat pups were
trained within a conditioning chamber that was contained within a
sound-attenuation chamber. Lightweight cables with connectors for
both the recording EMG and the bipolar US electrode were attached to a
commutator above the conditioning chamber and threaded through a
hole in the ceiling of the chamber. Computer software controlled the
delivery of both CS and US while simultaneously recording differential
eyelid EMG activity (sampling rate � 250 Hz). EMG activity was ampli-
fied (�2000), filtered (500 –5000 Hz), and integrated (20 ms time
constant).

Conditioning procedures. To parse out nonassociative responding to
the CS from learning, pups were given either paired or unpaired presen-
tations of the CS and US. Pups in the paired group received 100 trials per
session of trace EBC with a 250 ms (2 kHz) tone CS, a 500 ms trace
interval, and a 25 ms periorbital stimulation US (2–3 mA; see Fig. 1B). In
adult animals, this training paradigm results in a learned association
between the CS and US. Each paired session was divided into 10 blocks of
10 trials. The first nine trials of the block were paired CS–US presenta-
tions and the tenth trial of each block was a probe trial containing only
the tone CS. The probe trials were used to evaluate conditioned respond-
ing (CR) in the absence of the unconditioned response (Gormezano et
al., 1983). Paired trials were separated by a variable intertrial interval that
averaged 30 s. Learning was demonstrated by the presence of a CR after
CS onset but before US onset on a given trial. The CR threshold was 0.4 V
above the amplified and integrated baseline EMG activity. Pups in the
unpaired group received 200 trials per session of either the CS or the US.
In adult animals, unpaired training does not result in a learned associa-
tion because the CS and US are presented separately. Unpaired trials were
separated by a variable intertrial interval that averaged 15 s. Any response
that occurred during the first 80 ms of the CS was considered a startle
response and was omitted from future analyses.

Neuronal recording analyses. Offline neuron separation was initially
performed automatically with KlustaKwik (Kadir et al., 2014). Separated
neurons were then manually inspected and refined using MClust-3.5
(Redish et al., 2010). Neurons were classified as pyramidal cells if they:
(1) showed a bursting pattern of activity as demonstrated by a peak in the
autocorrelogram at 3– 8 ms, (2) had a baseline (500 ms sample duration
before CS onset) firing rate of �10.5 spikes/s, and (3) had at least 300
spikes during the training session.

Neuronal activity was then analyzed in relation to trial event respon-
sivity using NeuroExplorer. First, neurons were classified according to
the trial event(s) they responded to (CS, trace interval, US). To accom-
plish this, the trial was divided into nine 125 ms intervals. The nine time
intervals included baseline (125 ms), CS (250 ms), trace (500 ms), and US
periods (250 ms). Firing rate for each neuron was normalized to the
pre-CS baseline using z-score values in NeuroExplorer. Intervals that had
values exceeding the preestablished 99% confidence limits based on the
Poisson distribution (two-tailed, � � 0.05) were considered to be statis-
tically significant from the baseline firing rate, thus showing either excit-
atory or inhibitory responses to trial events. Based on which intervals
were different from baseline, neurons were classified as unresponsive,
CS-responsive, trace-responsive, US-responsive, or a combination
thereof. Therefore, categories were overlapping and combination units
could be considered as belonging to more than one category. For exam-
ple, a unit that showed increased activity during both the CS and the US
periods would be categorized as a CS-responsive unit and a US-
responsive unit (see Fig. 2). The proportion of neurons that fell into each
response category was compared across age groups and sessions with � 2

analyses.
The magnitude of the neuronal response was also examined.

Peristimulus-time histograms of neuronal activity were generated with

Table 1. Count and percentage of neurons in categories of responsiveness

P21–P23 P24 –P26 P31–P33 All ages

Paired training
Nonresponsive 152 (48.9%) 188 (45.2%) 282 (48.4%) 622 (47.5%)
CS-responsive 2 (0.6%) 1 (0.2%) 11 (1.9%) 14 (1.1%)
Trace-responsive 6 (1.9%) 21 (5%) 8 (1.4%) 35 (2.7%)
US-responsive 86 (27.7%) 89 (21.4%) 109 (18.7%) 284 (21.7%)
CS- and trace-responsive 8 (2.6%) 2 (0.5%) 7 (1.2%) 17 (1.3%)
CS- and US-responsive 3 (1.0%) 7 (1.7%) 27 (4.6%) 37 (2.8%)
Trace- and US-responsive 14 (4.5%) 59 (14.2%) 47 (8.1%) 120 (9.2%)
CS-, trace-, and US-responsive 40 (12.9%) 49 (11.8%) 92 (15.9%) 181 (13.8%)
Grand total 311 (100%) 416 (100%) 583 (100%) 1310 (100%)
Combination neurons 65 (20.9%) 117 (28.1%) 173 (29.7%) 355 (27.1%)

Unpaired training
Nonresponsive 77 (45.6%) 132 (66.3%) 86 (64.2%) 295 (58.8%)
CS-responsive 7 (4.1%) 10 (5.0%) 8 (6.0%) 25 (5.0%)
US-responsive 80 (47.3%) 53 (26.6%) 30 (22.4%) 163 (32.5%)
CS- and US-responsive 5 (3.0%) 4 (2.0%) 10 (7.5%) 19 (3.8%)
Grand total 169 (100%) 199 (100%) 134 (100%) 502 (100%)

During paired training, CA1 neurons were categorized in one of eight categories according to the trial events to
which they were responsive. During unpaired training, neurons were categorized in one of four categories. The
number and percentage (in parentheses) is noted for each category and age group. Based on these values, the
number (and percentage) of units that responded to more than one trial event was calculated and labeled as
“combination neurons.”
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12.5 ms bins and normalized as follows: normalized bin � (bin mean �
125 ms baseline mean)/SD of 125 ms baseline). The normalized bin
values of responsive neurons were then compared across age and CR/
no-CR trials with a repeated-measures ANOVA and the Tukey HSD post
hoc test to examine age-related differences in the magnitude of neuronal
responding during the trial.

Histology. Histological methods have been described previously in de-
tail (Ng and Freeman, 2012). Tetrode placement was determined by
creating small electrolytic lesions after the last session of training. Brains
were placed in a 30% sucrose-formalin solution upon removal, sectioned
at 50 �m, mounted on slides, and stained with thionin. Histology was
then examined with a light microscope to determine tetrode placement.
Only placements confirmed to be in the CA1 layer of the hippocampus
were included in the analysis.

Results
Behavioral data
Behavioral analyses of learning, as demonstrated by conditioned
responding across age and training type, revealed that there were
significant differences between groups (Fig. 1A). When pups re-
ceived paired training, there was an age-related increase in learn-
ing, with older pups learning the association better than younger
pups. However, there were no significant differences between age
groups when pups received unpaired training. These observa-
tions were confirmed with a repeated-measures ANOVA exam-
ining differences in the percentage of CRs across sessions
(sessions 1– 6), training condition (paired vs unpaired), and age
(P21–P23, P24 –P26, or P31–P33), which found a session �
training condition � age interaction (F(10,45) � 2.654, p � 0.012;
Fig. 1A). This interaction was further examined with Tukey HSD
post hoc tests. During paired training, the P31–P33 age group had
a significantly greater CR percentage on sessions 1– 6 than did the
P21–P23 group (p � 0.01). The P31–P33 age group also had a
significantly higher CR percentage on sessions 1– 4 compared
with the P24 –P26 age group (p � 0.01). Finally, the two youngest
age groups differed from each other on sessions 5– 6 (p � 0.01).
For unpaired training, there were no significant differences in the
percentage of CRs across age.

Neuronal responsiveness
Recorded pyramidal neurons from the CA1 field of the hip-
pocampus were categorized (Fig. 2) according to their firing rates
as either responsive or unresponsive to trial events (n � 1812).
Responsiveness was further categorized as either excitatory
(showing increases in activity) or inhibitory (showing decreases
in activity). The proportion of neurons that showed inhibitory
responses was extremely low and was therefore excluded from
further statistical analyses. The proportion of neurons that
showed either excitatory or no response were then compared
across categories using � 2 analyses (Table 1). The proportion of
excitatory responsive neurons was greater when pups were given
paired training than unpaired training [X2(1, N � 1812) � 18.49,
p � 0.0001; Fig. 3]. These differences in neuronal responsiveness
across paired and unpaired training indicate that the associative
nature of the CS and US during paired training leads to an in-
crease in neuronal recruitment.

Within the paired training group, there were no differences
across age for the proportion of responsive versus unresponsive
neurons [X2(2, N � 1310) � 1.30, p � 0.05]. However, this
analysis only examined overall responsiveness and did not take
into account responsiveness to individual trial events (e.g., the
US). When trial components were broken down into CS, trace,
and US components, several age-related changes were found.

Proportion of responsive neurons during paired training
When CS responsivity was examined, an age-related increase in
the proportion of neurons that responded to the CS was observed
[X 2(2, N � 1310) � 14.71, p � 0.0006; Fig. 3A]. However, the
proportion of neurons that were responsive to the CS alone, as
opposed to those responsive to the CS in combination with other
trial events, was too low to compare statistically between age
groups. During paired training, there were no significant differ-
ences across age in the proportion of neurons that showed re-
sponses to the US [X2(2, N � 1310) � 0.71, p � 0.70; this
category included combination neurons that were also respon-
sive to the CS and trace interval; Fig. 3B]. However, when exam-

Figure 1. Hippocampus-dependent learning increases as a function of age. A, Mean (	SE) CR percentage in rat pups given trace eyeblink conditioning on P21–P23 (paired group, n � 3;
unpaired group, n � 1), P24 –P26 (paired group, n � 3; unpaired group, n � 2), or P31–P33 (paired group, n � 3; unpaired group, n � 3). There was an increase in CR percentage as a function
of age in the pups given paired training, but not in the pups given unpaired training. B, The paired trace conditioning procedure involved a 250 ms tone CS, a stimulus-free 500 ms trace interval, and
25 ms periorbital stimulation US. C, Representative Nissl-stained coronal brain section with tetrode placement in CA1 layer of hippocampus. The tetrode-marking lesion is indicated by arrow.
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ining the proportion of neurons that showed increases in activity
uniquely during the US (therefore not US combination neurons),
a significant effect of age was found, with the proportion of US-
only responsive neurons decreasing with age [X2(2, N � 1310) �
9.61, p � 0.008; Fig. 3C]. Therefore, although all age groups
showed similar levels of US responsivity, older pups tended to
have neurons that responded to the US in combination with
other trial events, whereas younger pups were more likely to have
neurons that responded only to the US. In younger animals, the
increased proportion of neurons that were responsive to the US
alone could be interpreted as a neuronal representation of sur-

prise to the US presentation due to weaker associative prediction
(Rescorla and Wagner, 1972). A second interpretation of these
results is that the increased activity during the US is learning
related and serves as a precursor to the overt learned response
(Berger et al., 1976).

There was also an age-related difference in the proportion of
neurons that showed responding to a combination of trial events
[X2(2, N � 1310) � 6.64, p � 0.036; Fig. 3D]. Younger animals
had a lower proportion of cells that responded to a combination
of trial events when compared with older animals. Therefore, the
older a pup is, the more likely its hippocampal neurons are to
respond to a combination of trial events (Fig. 3).

Learning-related changes in the proportion of responsive neurons
during paired training
To investigate how learning affected neuronal activity, the pro-
portion of neurons that showed changes in responsiveness be-
tween CR and no-CR trials were compared across age and
sessions. Only neurons that showed responsiveness to trial events
were included in the analysis. Depending on whether the respon-
siveness category was same or different between CR and no-CR
trials, 2 different categorical values (e.g., 1 for same and 0 for
different) were assigned to each neuron. These values were com-
pared across sessions as well as across the age group with a Pear-
son’s � 2 test. Note that we excluded sessions in which the CR
percentage was �5% or �95% to have minimum numbers of
samples in both the CR and no-CR conditions.

The proportion of neurons that responded differentially dur-
ing CR and no-CR trials did not differ significantly when com-
pared across age groups [X2(2, N � 648) � 1.210, p � 0.546].
Therefore, although all three age groups had a large number of
neurons that differed in responsiveness between CR and no-CR
trials, there were no significant age-related differences (Fig. 4A).
When broken down by session as well as age group, between-
group differences in responding were found during session 2
[X2(2, N � 122) � 7.098, p � 0.029]. However, during the other
sessions, the proportions were not statistically different across age
groups [X2(2, N � 84) � 2.297, p � 0.317; Fig. 4B]. Last, the
proportion of units that showed differential responses between CR
and no-CR trials was examined across sessions separately for each
age group. In the youngest two age groups, the proportion of neu-
rons that showed differential responsiveness was not statistically dif-
ferent across sessions [X2(2, N � 140) � 7.268, p � 0.201]. In the
P31–P33 age group, however, the proportion of neurons that re-
sponded differentially to CR and no-CR trials significantly decreased
across sessions [X2(5, N � 294) � 16.755, p � 0.005].

Proportion of responsive neurons during unpaired training
In contrast to paired training, during unpaired training, the pro-
portion of responsive neurons differed significantly across age,
with an age-related decrease in responsivity [X2(2, N � 502) �
22.84, p � 0.00001]. When examining trial events during un-
paired training, there was a difference in US responsiveness
across age (Fig. 3B). The youngest age group had a greater pro-
portion of responsive neurons compared with the oldest two age
groups [X2(2, N � 502) � 21.73, p � 0.000003]. This increased
proportion of US-responsive neurons was primarily due to the
extremely high proportion of US-responsive neurons during the
first three sessions of P21–P23 unpaired training (session 1: 88%,
session 2: 58%, session 3: 64%). Indeed, there was a significant
decrease in the proportion of US-responsive neurons as unpaired
training continued [X2(5, N � 169) � 39.21, p � 0.0000002]. By
the end of training, the P21–P23 group neurons showed a similar
level of US responsiveness to that seen in the older groups.

Figure 2. Example CA1 pyramidal cell firing rate profiles during trial presentation. All figures
include pre-CS baseline (125 ms), CS (250 ms), trace (500 ms), and US (250 ms) intervals. Z-score
analyses were used to categorize neurons according to the responsiveness to trial events ( p �
0.01). The proportion of neurons in each category was compared across training conditions and
age groups.
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Changes in neuronal responsiveness across sessions in all
age groups
Differences in neuronal responsiveness across sessions were
found. There was a significant decrease in the proportion of re-
sponsive neurons across sessions during both paired [X2(5, N �
1310) � 26.82, p � 0.00006] and unpaired [X2(5, N � 502) �
24.81, p � 0.0002 training; Fig. 5]. When neuronal responsive-
ness during unpaired sessions was further examined, � 2 analyses

showed that the significant decrease in responding across sessions
was most likely due to the US-responsive neurons. The propor-
tion of US-responsive [X2(5, N � 502) � 21.57, p � 0.0006], but
not CS-responsive [X2(5, N � 502) � 10.35, p � 0.066] neurons
significantly decreased across training sessions. When neuro-
nal responsiveness across sessions was examined during
paired training, � 2 analyses revealed that the proportion of
both CS-responsive [X2(5, N � 1310) � 24.25, p � 0.0002] and

Figure 3. Hippocampal neurons respond differentially to trial events. A, Age-related difference in the proportion of cells that respond to the tone CS during paired but not unpaired training (this
category includes neurons that were also responsive to other trial events, i.e., CS neurons that were also responsive to the trace interval). The difference in activity between paired and unpaired
training is an index of associative activation. B, Age-related difference in the proportion of neurons that responded to the US during unpaired but not paired training (this category includes neurons
that were also responsive to other trial events, i.e., US neurons that were also responsive during the trace interval). The drop in US-related activity during unpaired training with age is related to
learning that the CS does not predict the US. C, Proportion of US-only responsive neurons decreased with age, which reflects an age-related increase in the proportion of neurons that respond to the
US in combination with other learning-related events. D, An age-related increase in the percentage of neurons that respond to a combination of trial events (CS, trace interval, and US) was also found.
These findings indicate that there was a developmental increase in the percentage of neurons that showed complex coding of learning-related events.

Figure 4. Learning-related changes in neuronal responsiveness. A, The percentage of cells that responded differently during CR and no-CR trials was similar across age group (total number of
significantly responding neurons used as denominator). B, When broken down by session, there were age-related differences in the proportion of neurons that responded differently during CR versus
No-CR trials (total number of significantly responding neurons used as denominator). Although the younger two age groups tended to show similar proportions of differently responding neurons
throughout training, the oldest age group had a steep decrease in the proportion of neurons that responded differently.

4242 • J. Neurosci., March 11, 2015 • 35(10):4238 – 4247 Goldsberry et al. • Developmental Changes in Associative Coding



US-responsive [X2(5, N � 1310) � 24.95, p � 0.0001] neurons
decreased significantly as training continued. The proportion of
trace-responsive neurons, however, did not change across ses-
sions [X2(5, N � 1310) � 10.20, p � 0.07].

Magnitude of neuronal responses to trial events
Magnitude of neuronal response during paired training
To determine how the magnitude of the neuronal response
changed across age, learning, and stimulus type, activity during

Figure 5. Session by session changes in neuronal responsiveness. The proportion of neurons that were responsive to trial stimuli significantly decreased during both paired and unpaired training.

Figure 6. Color map depicting single representative CA1 neuronal firing rate profiles during unpaired and paired training. Firing profiles of six different single CA1 neurons recorded from rats in the P21–P23,
P24 –P26, and P31–P33 groups during a single session of either paired or unpaired training. Pups received CS alone and US alone trials during unpaired training. During trace conditioning, the CS and US were
separated by a 500 ms trace (Tr) interval. In each color map, the x-axis indicates the CS and US onset time and the y-axis represents trial numbers (from top to bottom). Unpaired trials (UP) had low levels of
neuronalrespondingtotheCS.However,duringpairedtraining(PR),therewasanage-relatedincreaseinthemagnitudeofrespondingduringtheCSandtraceintervals.Firingratesareshownduringthebaseline
(125 ms), CS (250 ms), trace (500 ms), and US (250 ms) periods. Color map scaling ranges from 0 to 30 spikes/s. Dashed lines indicated onset of trial event.
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trials was normalized to the pre-CS baseline (see “Materials and
Methods” section). Normalized neuronal activity of responsive
neurons (Figs. 6, 7, 8) was then examined with repeated-
measures ANOVA to determine which time bins were signifi-
cantly affected by age and whether the animal showed a CR.
Therefore, the magnitude of the response was compared across
age groups and learning. Overall, there was a significant age �
CR � time bin interaction (F(41.87, 19196.93) � 1.486, p � 0.022).
Tukey post hoc tests controlling for the number of comparisons
and the Tukey–Kramer approach to unequal “n” were run on
individual bins. These post hoc tests indicated that the oldest two
age groups showed greater neuronal activity during the CS and
trace periods on CR trials relative to no-CR trials (Fig. 8). Specif-
ically, in the P24 –P26 and P31–P33 age groups, there were 30 and
45 (respectively) of 60 total bins that were significantly lower in
the no-CR trials compared with the CR trials during the CS and
trace periods. In contrast, when examining this averaged activity,
all age groups had a decrease in the magnitude of responding to
the US during CR trials when compared with no-CR trials, with

this effect being most evident in the youngest age group with 13 of
20 bins showing significant decreases (Fig. 8). Learning was
therefore associated with an age-related increase in the magni-
tude of the neuronal response during the CS and trace interval,
but a decrease after the US. In addition, there were age-related
differences in the magnitude of neuronal responding across
groups during CR trials. Specifically, four of 20 bins were signif-
icantly lower in the youngest age group than the two older age
groups during the CS (p � 0.05). During the trace interval, six of
40 bins were significantly lower in the youngest age group com-
pared with the older two age groups and, during the US period, 11
of 20 bins were significantly lower in the youngest age group than
the older two age groups (p � 0.05).

Magnitude of neuronal response during unpaired training
The magnitude of the neuronal response was also evaluated dur-
ing unpaired training (see Fig. 6 for an example of single-unit
neuronal activity). Normalized neuronal activity of responsive
neurons during either CS- or US-alone unpaired trials was com-

Figure 7. Color map of representative single CA1 pyramidal cell firing rate profiles comparing no-CR and CR trials across age. Firing profiles of three different single CA1 neurons
recorded from rats in the P21–P23, P24 –P26, and P31–P33 groups during CR and no-CR trials in a single session. On the color map figures, the x-axis indicates the event time onset and
the y-axis indicates time (from top to bottom). Firing rates are shown during the baseline (125 ms), CS (250 ms), trace (500 ms), and US (250 ms) periods. The neurons recorded from the
older pups show greater activity during the CS and trace interval during CR trials compared with no-CR trials. These neurons also show a stronger response to the US on no-CR trials. In
contrast, the neuron recorded from the youngest pup shows very little change in responding between CR and no-CR trials. Color map scaling is based upon the maximum value of each
image. Dashed lines indicated onset of trial event.
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pared across age groups. When the magnitude of responding for
unpaired CS-responsive neurons was examined, there was no
effect of age on the magnitude of the neuronal response. This is in
stark contrast to the robust age-related changes in response mag-
nitude to the CS observed during paired training, a finding that
suggests that the presence of the associative context is sufficient to
produce increased activity during the CS presentation.

When the magnitude of responding for unpaired US respon-
sive neurons was examined, there was a significant effect of age on
the magnitude of the neuronal response (F(178, 18245) � 2.175, p �

0.0000001). Post hoc tests showed that differences in the magni-
tude of responding were observed only in the first 150 ms after
the US onset ( p � 0.05). Specifically, four of 20 bins were
significantly higher in the P21–P23 than the P24 –P26 group,
three of 20 bins were significantly higher in the P21–P23 than
the P31–P34 group, and two of 20 bins were higher in the
P31–P34 group than the P24 –P26 group. However, unlike the
differences observed in the magnitude of responding during
paired training, no clear overall developmental changes were
evident in these differences.

Figure 8. CA1 pyramidal cells show age-and learning-related changes in neuronal activity. To examine population-level changes in activity, the average neuronal firing rates during the baseline,
CS (250 ms), trace (500 ms), and US (250 ms) periods for all responsive neurons were calculated for each age group across all paired sessions. Each graph compares trials with a CR and trials without
a CR for a given age group. The shaded areas along the lines indicate the SEM across neurons. Firing rates were normalized to pre-CS baseline activity. Hippocampal neurons in the pups trained on
P24 –P26 and P31–P33 showed greater activity during the CS and trace interval on CR trials than on no-CR trials, an associative effect not seen on P21–P23. Conversely, across all ages, the presence
of a CR was associated with a decrease in the neuronal firing rate in response to the US. This difference was greatest and most prolonged in the youngest age group. These findings suggest that the
magnitude of associative activity during the CS and trace interval increased between P21 and P24. Moreover, the magnitude of responsiveness to the US may be inversely related to performing a
conditioned response.
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Changes in the magnitude of neuronal response across session
When the magnitude of responding for different age groups was
compared across sessions, a repeated-measures ANOVA on re-
sponsive cells found an age � session � time bin interaction
(F(219.927, 14735.123) � 1.664, p � 0.0000001; Fig. 9). Tukey post hoc
tests (P � 0.05) indicated that the majority of age-related changes
in activity to the CS and trace interval occurred during the first
two sessions of training (Fig. 9). Although there were significant
group differences in the magnitude of the neuronal response for
individual bins during the US period, a clear developmental trend
was not apparent. Table 2 depicts the number of significant bins
between age groups during the CS, trace, and US intervals. Dur-
ing both sessions 1 and 2, the oldest age group had a significantly
increased magnitude of responding during the CS period com-
pared with the younger two age groups. Although there were a
few bins that showed increases in magnitude during the trace
interval compared with the younger two age groups, this effect
was far more noticeable during session 2.

Discussion
As seen in previous studies (Ivkovich et al., 2000), rat pups
trained in trace eyeblink conditioning did not show robust levels
of conditioned responding until nearly the fourth postnatal week.
This developmental trajectory is very similar to that seen in stud-
ies of spatial learning (Rudy and Paylor, 1988; Green and Stanton,
1989; Freeman and Stanton, 1991). However, just as observed in
place cell development (Langston et al., 2010; Wills et al., 2010),
the development of neuronal activity preceded the development

of the behavior. Even at the youngest age tested here (P21–P23),
hippocampal CA1 pyramidal cells showed changes related to as-
sociative learning. There was significantly greater responsivity to
trial events when presented in the paired context than when pre-
sented in the unpaired context. Therefore, even though the
youngest rats were not showing overt behavioral signs of learn-
ing, they did, at the neuronal level, recognize the difference be-
tween associative and nonassociative contexts. However, the
pattern of neuronal responsivity in younger rats differed substan-
tially from more mature rats. This difference in CA1 responsive-
ness may be one of the underlying factors contributing to the
developmental change in trace eyeblink conditioning. During
paired sessions, neurons of younger rats were more likely to re-
spond to a single trial event, such as the US, whereas neurons of
older rats were more likely to respond to a combination of trial
events. The CA1 pyramidal cells of younger pups also showed a
lower magnitude of responding during conditioning trials. This
pattern of responsiveness suggests that the hippocampus of older
rats is sufficiently developed to bind the US with other trial
events, thus providing the basis for richer associative coding.

CA1 pyramidal cells also showed changes in responsivity
across training sessions. Just as seen in adult animals, there was a
decrease in responding to both the CS and the US as sessions
progressed (McEchron and Disterhoft, 1997). Moreover, these
changes were most evident in the oldest age group. These results
support the current hypothesis that hippocampal involvement
may be most critical early in training (Takehara et al., 2003).

All age groups showed differences in the magnitude of CA1
pyramidal cell responding to the US between learning and non-
learning trials. However, in older animals, learning was associ-
ated with an increase in neuronal responsiveness to the CS and
trace intervals. This increased responding could be a neuronal
representation of the pups attending to CS and trace intervals as
salient predictors of the US. Conversely, the increased magnitude
of neuronal responding to the US during no-CR trials could in-
dicate that the pup is “surprised” by the arrival of the US (i.e., a
prediction error; Rescorla and Wagner, 1972).

A number of developmental changes in both neurogenesis
rates and cellular function occur during these ages that might
explain the developmental changes in CA1 activity. There is an
age-related increase in the strength of CA3–CA1 synapses due to
an increase in the probability of transmitter release (Dumas and
Foster, 1995), which in turn could be a result of age-related
changes in adenylyl cyclase expression (Matsuoka et al., 1997).

Figure 9. CA1 neuronal firing rate magnitude across sessions and age groups. The average normalized firing rate from responsive CA1 pyramidal cells was compared across session and age group.
The x-axis shows the event onset time, the y-axis indicates normalized spikes/s values, and the z-axis represents the session numbers. During trace conditioning, the CS and US were separated by
a 500 ms trace (Tr) interval. There was an age-related increase in firing rate during the CS and trace intervals. Importantly, this developmental change was primarily evident during the first two
sessions. See Table 2 for details. Firing rates are shown during the pre-CS baseline (125 ms), CS (250 ms), trace (500 ms), and US (250 ms) periods.

Table 2. Session differences in the magnitude of responding between age groups

Interval Session 1 Session 2 Session 3 Session 4 Session 5 Session 6

P21–P23 vs
P24 –P26

CS 0 0 0 0 1 0
Trace 0 0 0 3 0 0
US 18 7 5 1 5 1

P21–P23 vs
P31–P33

CS 2 3 0 1 0 0
Trace 1 3 0 2 0 0
US 9 5 5 1 3 2

P24 –P26 vs
P31–P33

CS 7 5 0 1 0 1
Trace 2 3 0 2 0 0
US 13 5 8 5 1 0

The magnitude of responding was broken down by session and compared across age group (see Fig. 9). The number
of bins that differed significantly between age groups for sessions 1– 6 is depicted in columns. The age group and the
trial interval (CS, trace, US) during which the significant bins occurred are depicted in rows. The majority of changes
that occurred during the CS and trace intervals occurred during the first two sessions. The magnitude of responding
during the US did not show any clear age- or session-related patterns.
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Moreover, there is an overall increase in synaptic connectivity
across development as indicated by an age-related increase in
synaptic number and density (Harris et al., 1992; Hsia et al.,
1998). There is also some evidence that there is a postsynaptic
decrease in LTP induction threshold, thus contributing to greater
levels of depolarization (Dumas, 2012). These and other changes
in synaptic connectivity result in overall changes in synaptic plas-
ticity. In addition to synaptic plasticity mechanisms, the rate of
neurogenesis in the dentate gyrus could play a role in the devel-
opment of hippocampal forms of learning (Akers et al., 2014).
High rates of neurogenesis, as seen early in the postnatal devel-
opment of altricial species such as rats, are related to weaker
memory and thus blocking dentate gyrus neurogenesis in young
animals results in better retention (Akers et al., 2014). Develop-
mental changes in dentate gyrus function related to changes in
neurogenesis might have downstream effects on CA1 function
that influence CA1 responses during associative learning. There-
fore, developmental changes in synaptic function and neurogen-
esis rates in the dentate gyrus may be reflected in the development
of learning-related neuronal activity in CA1 pyramidal cells de-
scribed here.

Developmental changes in hippocampal associative coding
identified in the present study provide a more mechanistic un-
derstanding of the development of learning and memory relative
to previous studies that relied on inferred mechanisms from de-
velopmental changes in learning or deficits produced by lesions.
Previous studies of hippocampal function found that some of the
quantitative features of place fields developed as a nearly linear
function of postnatal age (Langston et al., 2010; Wills et al., 2010).
Our findings suggest, however, that developmental changes in
hippocampal associative coding are more abrupt developmen-
tally, with a substantial transition in between P21 and P24. The
developmental increases in the strength and complexity of
hippocampal coding may underlie the development of other
hippocampus-dependent processes such as episodic memory,
which requires integration of object, spatial, and temporal
information.
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