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Abstract
Rats are responsive to shock from an early age but eyeblink conditioning to a tone conditioned
stimulus (CS) paired with a shock unconditioned stimulus (US) does not emerge until postnatal
day 20 (P20). More generalized postural responses such as conditioned freezing can occur at P16.
Using the same periorbital shock as both the CS and US in a US-US conditioning paradigm
previously shown to be effective in adult animals, we found that shock-shock pairings with a 200-
ms trace interval resulted in eyeblink conditioning in younger animals than previously thought.
Some rat pups showed conditioned eyeblink responses as early as P12, and by P18, conditioned
responses were fully developed in all animals. Unpaired control subjects confirmed that
responding in paired subjects was associative. Although many stimuli can act as a CS in adults,
the advantage of using US-US pairings is that responses to first US ensure young rat pups are
capable of detecting the stimulus – something that may not be true when auditory or visual stimuli
are used early in the development of altricial animals. The US-US pairing paradigm could be used
to study the ontogeny and neural substrates of learning and memory before other sensory systems
mature and evaluate learning and memory in animal models of early developmental disorders.
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Rats are responsive to shock from an early age (Richardson, Wang, & Campbell, 1995) but
information about the ability of rat pups to time responding to shock is limited. Adaptive
timing of discrete responses including changes in heart rate (Richardson et al., 1995) and
eyeblink (Stanton, Freeman, Jr., & Skelton, 1992) following tone-shock pairings does not
emerge reliably until after postnatal day 20 (P20) although more generalized postural
responses such as freezing to a tone followed by shock can occur as early as P16 (Campbell
& Ampuero, 1985). Some of the delay in the development of eyeblink conditioning is due to
sensory limitations because Freeman and colleagues have shown that replacing tone with
stimulation of pontine auditory inputs supports moderate levels of delay eyeblink
conditioning at P12 (Campolattaro & Freeman, Jr., 2008). The slow development of
eyeblink conditioning may also be a function of the paradigm. There is convincing evidence
that trace fear conditioning – where there is a temporal gap between tone and shock –
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normally develops later than delay conditioning - where the stimuli overlap (Barnet & Hunt,
2005; Moye & Rudy, 1987). This may also be true for eyeblink conditioning in older rat
pups although the length of the interval between the onset of the tone and shock may also be
a factor (Claflin, Garrett, & Buffington, 2005; Ivkovich, Paczkowski, & Stanton, 2000).

Classical conditioning using the pairing of two sequential unconditioned stimuli (USs) has
been studied in a number of species (Goddard & Jenkins, 1988; Gruart, Pastor, Armengol, &
Delgado-García, 1997; Pavlov, 1927; Rodriguez-Moreno, Dominguez Del, Porras-Garcia, &
Delgado-Garcia, 2004; Schreurs & Alkon, 1990; Svensson, Ivarsson, & Hesslow, 2000) and
was first described by Pavlov (1927, p. 29–31) in an experiment conducted by Erofeeva who
presented shock as a signal for food. With repeated pairings, the shock served as a
conditioned stimulus (CS) that came to elicit salivation. Schreurs and Alkon (1990) paired
two periorbital shocks of different intensity to adult rabbits and reported the gradual
emergence of a conditioned nictitating membrane response, i.e., the shock served as a CS
that came to elicit a conditioned response (CR). Explicitly unpaired control presentations of
the two shocks ensured responding was associative because there was little nonassociative
responding (Gormezano & Kehoe, 1975). Rodriguez-Moreno et al. (2004) showed that
pairing two shocks of different intensity supported eyeblink conditioning in the adult mouse
and Gruart et al. (1997) showed eyeblink conditioning in adult cats could be induced by
presenting the same air puff twice. Although there is evidence rats respond to shock at an
early age, there are no studies that have investigated the ontogeny of eyeblink conditioning
to the pairing of two shocks.

The present experiment was designed to examine the ontogeny of trace eyeblink
conditioning using a US1–US2 pairing paradigm. The presence of an unconditioned
response (UR) to both US1 and US2 ensured that very young animals were able to detect the
stimuli which allowed us to study the development of eyeblink conditioning before other
sensory modalities including the auditory and visual systems normally used for eyeblink
conditioning had matured. We present data showing pairings of two shocks of the same
intensity but of different durations (US1, 10 ms; US2, 25 ms) in the rat pup support trace
eyeblink conditioning as a function of age indexed by the emergence of a second response to
US1 that is timed to coincide with where US2 would have occurred. Rat pups given
explicitly unpaired US presentations showed low levels of nonassociative responding but did
not show the emergence of a second response to US1 confirming the associative nature of
rat pup eyeblink conditioning to the pairing of two shocks.

Method
Subjects

A total of twenty four male and twenty five female Long–Evans rat pups (Harlan) from
twelve litters were trained beginning on postnatal day 12 (8 males, 9 females), 15 (7 males,
9 females) or 18 (9 males, 7 females) and were designated P12, P15 or P18. Because of
equipment and timing constraints, we typically sampled one or two different ages per litter.
Rat pups were randomly selected for each group. Implanted rat pups were housed in a cage
with their littermates and mother and maintained on a 12 hour light-dark cycle and given ad
libitum access to food and water. Rat pups were maintained in accordance with guidelines
issued by the National Institutes of Health and the research was approved by the West
Virginia University Animal Care and Use Committee.

Apparatus
The conditioning apparatus consisted of a sound-attenuating, ventilated chamber (Coulborn
Instruments) containing a 21-cm diameter Plexiglas cylinder with a padded floor. The
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chamber was equipped with a small light and camera making it possible to monitor the
subject throughout the session. The chamber was maintained at an ambient temperature of
22 ± 1° C. The electromyography (EMG) connector on the subject's head was attached to a
lightweight cable that fed through a commutator (Plastics One Inc.) allowing the rats to
move freely during the behavioral procedures. The cable separated and terminated as the
input to an AC/DC differential EMG amplifier (A-M Systems) and the output of a stimulus
isolator (World Precision Instruments) for shock delivery (3.0–3.5 mA). LabVIEW software
(National Instruments) controlled the delivery of stimuli and the recording of eyelid EMG
activity.

Procedures
Two days prior to stimulus presentations, rat pups were implanted with bipolar stimulating
and differential EMG recording electrodes. The rat pups were anesthetized with isoflurane
(induction dose 5%), prepared for surgery, and positioned in an infant rodent stereotaxic
head holder, Bupivicaine, a local anesthetic (2 mg/kg), was injected subcutaneously at the
site of incision. Isoflurane (1.5–2%) was delivered intranasally throughout the procedure. A
midline incision through the scalp, anterior to posterior was made in order to expose the
skull. A custom-made connector containing a differential EMG electrode, bipolar
stimulating electrode and silver ground wire (Plastics One Inc.) was attached to the skull
with cement (Jet Repair Acrylic) and anchored with a fabricated skull hook. The ground
wire was placed subcutaneously at the back of the neck. The EMG electrodes were
implanted by inserting a 27-gauge needle through the skin and orbicularis oculi muscle of
the left eye and threading the electrode wires through the needle tip. The recording electrode
was implanted in the center of orbicularis oculi muscle, and the reference electrode was
implanted rostral to the muscle. The tip of the bipolar stimulating electrode (used to deliver
periorbital shock) was placed subdermally immediately caudal to the left eye assuring good
contact with the surrounding skin and muscle. Insulation from the recording and reference
electrodes was removed and wires trimmed so that there was 2 mm of exposed wire in the
eyelid. The incision was closed with surgical sutures and animals received a subcutaneous
injection of acetaminophen (50 mg/kg) as an analgesic. Animals recovered on a heated
surgery table and upon regaining sternal recumbency were returned to their littermates and
mother.

Following a two-day recovery from surgery, training sessions began at P12, P15 or P18 and
continued the following day. Three sessions occurred per day and were separated by 4
hours, yielding a total of six training sessions. Rat pups at each age were assigned to Paired
and Unpaired groups. At the beginning of each paired and unpaired session there was an
adaptation period that lasted 5 minutes during which no stimuli were presented. For the
remainder of each session, Paired groups received 100 trials consisting of 90 paired
periorbital shock-shock trials (US1–US2) with a US1-alone probe trial occurring every 10th

trial. US1 occurred at 200 ms after the beginning of the trial and lasted for 10 ms, and US2
occurred at 410 ms after the beginning of the trial and lasted for 25 ms (200-ms trace
between US1 and US2). Paired trials occurred with an average ITI of 30 s. Following five
minutes of adaptation, the Unpaired groups received 190 trials (100 US1 and 90 US2) and
the US1 and US2 were presented separately in an explicitly unpaired manner with an
average ITI of 15 s. Every 10th US1 trial was designated a probe trial for comparison with
probe trials from the Paired groups. For each subject, the intensity of US1 and US2 was
always the same (3.0–3.5 mA). With a single behavioral system we were able to implant and
train a maximum of four pups per week – three training sessions for the four pups took a
total of twelve hours per day.
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Data Analysis
The EMG signal was filtered (300–3,000 Hz), amplified (5 K), and stored (raw EMG) in
addition to being rectified and integrated (20-ms time constant). Baseline activity was
averaged during the first 200 ms from trial onset during US1-alone probe trials. If the
integrated EMG activity 100 ms prior to US1 onset exceeded 4 standard deviations from
baseline, the trial was omitted from analysis (<1% of total). We characterized URs to US1
and US2 as integrated EMG activity that exceeded the average baseline value by 8 standard
deviations. CRs were assessed as EMG activity of 8 standard deviations above the baseline
during the period of 350–400 ms from trial onset. This window ensured that movement
artifacts, which were common in all three age groups, did not artificially inflate levels of
responding. URs to US1 on probe trails were assessed from 245 to 350 ms from trial onset
and to US2 on non-probe trials from 470 to 525 ms from trial onset. In addition to response
frequency, the magnitude of each response was calculated as the average EMG signal during
the baseline period subtracted from the maximum EMG signal during the response period.

Results
Figure 1 shows sample integrated EMG activity to US1-alone probe trials for individual rat
pups given paired (Paired) or explicitly unpaired (Unpaired) US1 and US2 presentations
from the P12, P15, and P18 groups. The figure shows that following the shock artifact, rat
pups exhibited a UR to US1 and, only in the case of the rat pups receiving paired
presentations of US1 and US2, there was responding following the UR to US1 that grew
more pronounced as a function of age and overlapped with the point at which US2 would
have occurred on paired trials.

Figure 2 shows differences in mean CR levels between Paired and Unpaired groups
developed as a function of age with the strongest differences at P18 and very modest
differences at P12 and P15. An analysis of variance (ANOVA) of percent CRs to US1 on
probe trials with factors of pairings, age, days, and sessions yielded significant main effects
of pairings (F(1,43) = 19.00, p < .001) and age (F(2,43) = 17.82, p < .001), and an interaction
of pairings and age (F(2,43) = 4.45, p < .05) confirming paired rat pups acquired CRs to US1
and the acquisition of those CRs improved with age. Analysis also revealed a main effect of
days (F(1,43) = 11.08, p < .01), and interactions of days with pairings (F(1,43) = 12.93, p < .
01), age (F(2,43) = 13.08, p < .001), and with pairings and age (F(2,43) = 5.15, p < .05)
suggesting conditioned responding to US1 improved from Day1 to Day 2 as a function of
pairings and age. There were no significant effects of sessions (F's < 1.8).

Given the main effect of age in the overall analysis, separate ANOVAs of percent CRs to
US1 were conducted for the Paired and Unpaired at P12, P15 and P18 with factors of
pairings, age, days, and sessions. There were significant main effects of pairings (F(1,14) =
15.57, p < .01) and days (F(1,14) = 23.93, p < .001), and an interaction of pairings and days
(F(2,28) = 12.55, p < .01) at P18 confirming the strong differences in CRs to US1 as a
function of US1-US2 pairings that increased from Day 1 to Day 2. There was a significant
interaction of pairings and days at P15 (F(1,14) = 6.52, p < .05) but not of sessions suggesting
the increase in CRs to US1 in the Paired P15 group on Day 2 which was confirmed by a post
hoc comparison (F (1,14) = 4.76 p < .05). There was no significant effects of pairings or days
at P12 although there was an interaction of pairings and sessions at P12 (F(2,28) = 3.65, p < .
05). Post hoc comparisons yielded no significant group differences. Nevertheless, an
examination of individual response levels at P12 revealed that three of eight rat pups showed
levels of conditioning of at least 70% CRs on at least one session and seven of eight rat pups
showed conditioning of at least 50% CRs on at least one session. As a group, however, these
rats did not show consistent conditioning across sessions. Finally, an analysis of responding
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to US1 in the Unpaired groups found no significant changes in nonassociative responding as
a function of days, sessions or age (F's < 2.65).

Examination of Figure 1 suggests that in addition to the level of CRs, the size of CRs grew
larger as a function of age in the Paired groups. The low mean frequency of CRs shown by
the Paired P12 and P15 groups and by all of the Unpaired groups precluded a standard
analysis of CR amplitude because of the large amount of missing data (empty cells with no
CRs). As a result, we calculated magnitude of all responses within the CR window (Garcia,
Mauk, Weidemann, & Kehoe, 2003; Schreurs, Smith-Bell, & Burhans, 2011) to analyze
changes in response size as a function of age for rat pups from Paired and Unpaired groups.
The inset in Figure 2 shows CR magnitude as a function of pairings and age and an ANOVA
of CR magnitude revealed significant main effects of pairings (F(1,43) = 11.93, p < .001), age
(F(2,43) = 5.82, p < .01), and an interaction of pairings and age (F(2,43) = 3.93, p < .05)
confirming the increase in response size in the Paired groups as a function of age. The
analysis also revealed interactions of days with age (F(2,43) = 7.64, p < .01), and days with
pairings and age (F(2,43) = 5.92, p < .01) suggesting magnitude of CRs to US1, as well as
frequency, improved from Day1 to Day 2 as a function of pairings and age.

Finally, analyses of UR1 frequency and amplitude to US1 on probe trials revealed no
significant main effects or interactions of pairings (F's < 2.5) suggesting URs to US1 did not
change as a function US1–US2 pairings. Analyses of the frequency of URs to US2 on non-
probe trials revealed a significant main effect of pairing (F (1, 43) = 5.12, p < .05),
suggesting that the presence of CRs on paired trials increased the likelihood of a response to
US2. There was also a main effect of age (F (1, 43) = 3.92, p < .05) which, surprisingly, was
due to higher levels of responding at P12 (68.54 ± 6.16) than at P15 (51.43 ± 6.31) or P18
(59.40 ± 6.14). Analysis of the amplitude of URs to US2 revealed no significant effects of
pairings or age (F's < 2.70).

Discussion
The principal findings of the present experiment were that rat pups showed strong evidence
of trace conditioning to pairings of two shocks by P18 and began to show evidence of trace
conditioning as early as P12. The emergence of trace conditioning to the first shock (i.e., the
“conditioned stimulus”) was associative, grew larger as a function of age, and was timed in
anticipation of and to overlap with the occurrence of the second shock (i.e., the
unconditioned stimulus). The results suggest rat pups as young as P12 that do show learning
could make an ideal preparation for studying the neural substrates of trace conditioning. The
preparation may also be important for studying the effects of pre- and perinatal events on
learning and memory – events such maternal alcohol consumption, malnutrition, drug abuse,
or deprivation that may lead to any number of disorders including, for example, fetal alcohol
syndrome (Green, Johnson, Goodlett, & Steinmetz, 2004; Green, Tran, Steinmetz, &
Goodlett, 2002; Jacobson et al., 2011).

There is convincing evidence trace conditioning in animal models normally develops later
than delay conditioning. During fear conditioning, acquisition of trace conditioning begins
between P18 and P21 whereas delay conditioning begins as early as P15 (Barnet & Hunt,
2005; Moye & Rudy, 1987). During eyeblink conditioning, rat pups show trace conditioning
beginning at between P20 and P23 whereas delay conditioning begins to emerge at P17
(Ivkovich et al., 2000; Stanton et al., 1992). The fact that delay conditioning begins before
trace conditioning suggests rat pups can detect the stimuli at an early age but the ability to
bridge the temporal gap between those stimuli develops later presumably because of
postnatal development of the hippocampus and prefrontal cortex - structures required for the
acquisition and retention of trace conditioning (Quinn, Ma, Tinsley, Koch, & Fanselow,
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2008; Weible, McEchron, & Disterhoft, 2000; Woodruff-Pak & Disterhoft, 2008). This is
certainly true for eyeblink conditioning with trace intervals of 500-ms or more, but for
shorter traces including the 200 ms used in the present experiment, the hippocampus and
prefrontal cortex may not be necessary and the cerebellum may suffice (Takehara,
Kawahara, & Kirino, 2003; Weiss & Disterhoft, 2011; Woodruff-Pak & Disterhoft, 2008).
The role of the cerebellum in the ontogeny of rat eyeblink conditioning has been explored
extensively by Freeman and colleagues (Freeman, Jr. & Nicholson, 2000; Nicholson &
Freeman, Jr., 2003) who have shown delay conditioning can begin as early as P12 if the
immature auditory system is bypassed by direct stimulation of the pontine nuclei
(Campolattaro & Freeman, Jr., 2008; Freeman, Jr., Rabinak, & Campolattaro, 2005) and
inactivation of the cerebellum prevents the expression of conditioning to pontine stimulation
(Campolattaro & Freeman, Jr., 2008). The present results are consistent with the Freeman
pontine stimulation delay conditioning data and extend them to trace conditioning with
peripheral sensory stimulation. Moreover, the elicitation of a reliable UR to US1 ensured
that all rat pups detected the shock CS - something that cannot be ensured in young animals
if presented with other CSs such as tones and lights. The higher levels of responding to US2
by P12 rat pups also suggest that any potential effects of ambient temperature on sensory or
motor systems in young animals did not contribute to the low levels of learning although
potential temperature effects on associative processes cannot be ruled out (Blumberg &
Sokoloff, 1998). A question of some significance for the present pairing paradigm is
whether US-US conditioning is fundamentally different from CS-US conditioning using a
tone or light CS. Shock sensory inputs reach the cerebellum via mossy fibers and climbing
fibers although shock is traditionally thought to only be conveyed via climbing fibers that
project from the inferior olive (Meng, Hu, Benetti, & Bereiter, 1997; Schreurs, 1988). If one
assumes that US-US conditioning is a case of simply stimulating climbing fiber inputs to the
cerebellum twice then it would be different from CS-US pairings where the CS activates
mossy fiber inputs and the US activates climbing fiber inputs. In that case, the US-US
paradigm would be a new form of associative plasticity mediated by the cerebellum that
might have features in common with in vivo and in vitro paired pulse phenomena (Johnson,
Goel, & Buonomano, 2010). If, on the other hand, US-US conditioning activates mossy
fibers as well as climbing fibers as a good deal of evidence suggests (Cody & Richardson,
1978; Ikeda, 1979; Jorntell & Ekerot, 2011; Richardson, Cody, Paul, & Thomas, 1978;
Watson & Switzer, III, 1978), it would contain the essential elements of CS-US conditioning
and would be consistent with the eyeblink conditioning that occurs with direct electrical
stimulation of mossy fiber and climbing fiber pathways (Gould, Sears, & Steinmetz, 1993;
Steinmetz, Lavond, & Thompson, 1989). There is good evidence that a shock US does
activate mossy fibers particularly from the work of Jorntell and Ekerot who have shown that
shock to the skin approximates natural stimulation as mossy fiber activity (Jorntell &
Ekerot, 2011). Of course, the complication from a mechanistic point of view is that in the
current US-US paradigm both mossy fibers and climbing fibers are activated at essentially
the same time by the US and both inputs are activated twice.

Finally, some may consider the US-US paradigm unusual and not relevant to more
traditional forms of CS-US pairings. However, presenting the same pulsed stimulus twice
has been shown to produce plastic changes in preparations as disparate as cortical brain
slices in the rat (Johnson et al., 2010) to motor cortex in human using transcranial magnetic
stimulation (Valls-Sole, Pascual-Leone, Wasserman, & Hallett, 1992). Perhaps more
importantly, the present data add support to the observation that almost any stimulus to
which the organism is sensitive (Hilgard & Marquis, 1940) can act as a CS including shock
to the skin (Pavlov, 1927).
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Figure 1.
Development of eyeblink trace conditioning to shock-shock pairings. Sample integrated
EMG activity in the upper eyelid muscle to a shock-alone unconditioned stimulus (US1)
probe trial for individual rat pups given paired (Paired, left) or explicitly unpaired
(Unpaired, right) US1 and US2 presentations beginning at postnatal day 12, 15, and 18 (P12,
P15, and P18). The black arrow indicates the onset of the first shock unconditioned stimulus
(US1) which is followed by an unconditioned response (UR). The gray arrow indicates
where the second shock unconditioned stimulus (US2) would have occurred on US1-US2
paired trials for rat pups in the Paired groups. The left samples of integrated EMG activity
show the occurrence of a conditioned response (CR) that begins in anticipation of and
overlaps with the point at which US2 would have occurred on a paired US1-US2 trial
particularly at P18 and the magnitude of the CR increases with age. The right samples show
there was no evidence of CRs in the sample integrated EMG activity from rat pups in any
age group that received explicitly unpaired presentations of US1 and US2.
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Figure 2.
Trace conditioning frequency and magnitude (inset) to shock-shock pairings develops as a
function of age. Mean (± SEM) percent conditioned responding (%CRs) to the shock-alone
unconditioned stimulus (US1) trials for rat pups given paired (Paired) or explicitly unpaired
(Unpaired) US1 and US2 presentations beginning at postnatal day 12, 15, and 18 (P12, P15,
and P18) across three sessions of stimulus presentations on Day 1 and three sessions of
stimulus presentations on Day 2. The inset shows mean conditioned response (CR)
magnitude to the shock-alone unconditioned stimulus (US1) trials for rat pups given Paired
or explicitly Unpaired US1 and US2 presentations beginning at postnatal day 12, 15, and 18
(P12, P15, and P18) collapsed across sessions and days.
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