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Abstract

Chronic caffeine exerts negligible effects on learning and memory in normal adults, but it is
unknown whether this is also true for children and adolescents. The hippocampus, a brain region
important for learning and memory, undergoes extensive structural and functional modifications
during pre-adolescence and adolescence. As a result, chronic caffeine may have differential effects
on hippocampus-dependent learning in pre-adolescents and adolescents compared with adults.
Here, we characterized the effects of chronic caffeine and withdrawal from chronic caffeine on
hippocampus-dependent (contextual) and hippocampus-independent (cued) fear conditioning in
pre-adolescent, adolescent, and adult mice. The results indicate that chronic exposure to caffeine
during pre-adolescence and adolescence enhances or impairs contextual conditioning depending
on concentration, yet has no effect on cued conditioning. In contrast, withdrawal from chronic
caffeine impairs contextual conditioning in pre-adolescent mice only. No changes in learning were
seen for adult mice for either the chronic caffeine or withdrawal conditions. These findings
support the hypothesis that chronic exposure to caffeine during pre-adolescence and adolescence
can alter learning and memory and as changes were only seen in hippocampus-dependent learning,
this suggests that the developing hippocampus may be sensitive to the effects of caffeine.
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1. Introduction

Caffeine, a non-specific adenosine receptor antagonist (Fredholm et al., 1999), is the only
licit psychoactive drug available to minors in all 50 United States (Luebbe & Bell, 2009).
Approximately 75-95% of children and adolescents consume caffeine on a regular basis
(Frary, Johnson, & Wang, 2005; James, Kristjansson, & Sigftsdéttir, 2011). In addition, the
number of young people who consume caffeine and the quantities consumed are increasing
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(Temple, 2009) and yet there is limited information on how caffeine affects the pre-
adolescent and adolescent brain (Temple, 2009).

Chronic caffeine has been shown to reverse cognitive deficits induced by aging, sleep
deprivation, and in animal models of disrupted cognition (e.g. Alzheimer's disease models
and attention deficit disorder models) (for review see Cunha & Agostinho, 2010), but
chronic caffeine does not appear to affect learning and memory in normal adult humans
(Herz, 1999; Koppelstaetter et al., 2008; Warburton, 1995) or rodents (Alhaider, Aleisa,
Tran, Alzoubi, & Alkadhi, 2010; Alzoubi et al., 2013; Corodimas, Stieg, & Pruitt, 2000).
Likewise, although withdrawal from chronic caffeine can produce negative affective states
(e.g., irritability) and have adverse effects on cognition (e.g., difficulty concentrating; see
Juliano & Griffiths, 2004 for a review of caffeine withdrawal), withdrawal has little effect
on memory in adults (Addicott & Laurienti, 2009; Comer, Haney, Foltin, & Fischman,
1997; Lane & Phillips-Bute, 1998). Thus, in adults, chronic caffeine has limited effects on
learning and memory, and withdrawal from chronic caffeine alters cognition but leaves
memory processes largely intact.

The effects of chronic caffeine and withdrawal from chronic caffeine on learning and
memory during pre-adolescence and adolescence are not well understood. Habitual caffeine
consumption by adolescents is associated with attention deficit hyperactivity disorder
(ADHD)- like symptoms (Dosh et al., 2010). In addition, children who habitually consume
caffeine show impaired performance on tests of attention 24 h after caffeine cessation
(Bernstein et al., 1998) and negative academic outcomes (James et al., 2011). Thus, caffeine
consumption during childhood may impair attention and/or produce deficits in learning and
memory. However, few studies have attempted to address the causal relationship between
exposure to chronic caffeine during pre-adolescence and adolescence and changes in
learning and memory.

Exposing rats to caffeine during pre-adolescence (between postnatal days 25 and 38) impairs
discriminatory ability in the novel object recognition task in adulthood (i.e. when animals
are 63-70 days old) (Pires, Pamplona, Pandolfo, Prediger, & Takahashi, 2010), yet
continuing caffeine treatment throughout pre-adolescence, adolescence, and adulthood
(between postnatal days 21 and 90) enhances novel object recognition memory when the rats
are tested while remaining on caffeine (Abreu, Silva-Oliveira, Moraes, Pereira, & Moraes-
Santos, 2011). Furthermore, Ardais and colleagues (2014) demonstrated that exposure to
chronic caffeine during adolescence enhances novel object recognition when animals are
tested with caffeine on board later in adolescence. This raises the possibility that pre-
adolescents and adolescents are sensitive to the effects of chronic caffeine on learning, but
the reason for the opposite effects in the different studies is unclear.

Although findings imply that caffeine has age-dependent effects on learning and memory,
the specific memory systems modulated by caffeine exposure during different
developmental periods are not well understood. The hippocampus undergoes structural and
functional changes during adolescence (Pokorny & Yamamoto, 1981; Seress & Ribak, 1995;
Zehr, Nichols, Schulz, & Sisk, 2008; Pyapali, Turner, Wilson, & Swartzwelder, 1999;
Swartzwelder, Wilson, & Tayyeb, 1995a, 1995b; White & Swartzwelder, 2004). In addition,
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the adolescent hippocampus and associated learning processes are sensitive to nicotine.
These considerations led us to hypothesize that chronic caffeine exposure would have
particularly marked effects on learning mediated by the hippocampus in adolescent animals.

Chronic exposure to other psychostimulants has a more pronounced effect on hippocampus-
dependent conditioning in pre-adolescent and adolescent animals than adults. For example,
Portugal and colleagues (2012) demonstrated that exposing mice to chronic nicotine during
pre-adolescence and adolescence enhanced contextual fear conditioning, yet exposure to
chronic nicotine in adulthood had no effect on contextual conditioning. Furthermore, in the
same study, adolescent mice showed deficits in contextual conditioning when withdrawn
from a dose of chronic nicotine that did not produce deficits in adult mice. Chronic nicotine
had no effect on cued conditioning in any age group. Given that the hippocampus is
essential for contextual fear conditioning in rodents, but not cued fear conditioning (Phillips
& LeDoux, 1992; Rudy, 1993; Kim & Fanselow, 1992; Logue, Paylor, & Wehner, 1997),
these results suggest that hippocampus-dependent memory systems are more vulnerable to
psychostimulant exposure during pre-adolescence and adolescence than in adulthood.

In sum, it is unclear if exposure to chronic caffeine during pre-adolescence or adolescence
specifically affects hippocampus-dependent learning and memory as opposed to learning
and memory in general. Thus, our goal here was to investigate the age-dependent effects of
chronic caffeine and withdrawal from chronic caffeine on contextual and cued fear
conditioning. We hypothesized that chronic caffeine would enhance contextual conditioning
in pre-adolescent and adolescent mice, but not adult mice due to previous findings that
chronic exposure to caffeine starting in pre-adolescence and continuing through testing
enhances novel object recognition (Abreu et al., 2011; Ardais et al., 2014), and that chronic
exposure to the psychostimulant nicotine enhances contextual conditioning in pre-adolescent
mice, but not adult mice (Portugal et al., 2012). In addition, we hypothesized that
withdrawal from chronic caffeine would impair contextual conditioning in pre-adolescent
and adolescent mice because the developing hippocampus could be more sensitive to
withdrawal effects. Finally, we investigated the age-dependent effects of chronic caffeine on
anxiety-related behavior as a control for changes in anxiety because chronic caffeine
increases anxiety-related behavior in adolescent rats (Ardais et al., 2014) and anxiety can
influence the expression of fear (Davis, Walker, & Lee, 1997; Helmstetter, 1993).

2. Methods
2.1. Subjects

Male C57BL/6J mice were obtained from Jackson Laboratory (Bar Harbor, ME). C57BL/6J
mice were selected because robust fear conditioning has been demonstrated in this strain
(Balogh & Wehner, 2003; Bolivar, Pooler, & Flaherty, 2001). Housing rooms were
illuminated on a 12:12 h light/dark cycle with lights on at 7:00 AM. Mice received ad
libitum food and water. Mice were housed 2 per cage. All behavioral procedures were
performed between 11:00 AM and 5:00 PM. The experiments were approved by the Temple
University Institutional Animal Care and Use Committee and were in accordance with the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.
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Mice arrived one week prior to the start of experiments to acclimate to the colony room. On
the day of arrival, pre-adolescent mice were postnatal day (PND) 16, adolescent mice were
PND 31, and adult mice were PND 64. PND 16 were shipped with Dams and weaned at
PND 21. At the start of all experiments, pre-adolescent mice were PND 21, adolescent mice
were PND 38, and adult mice were PND 70. The neurodevelopmental and behavioral
changes that occur in humans are analogous to those that occur in rodents (Schneider, 2013;
Spear, 2000). For example, at approximately PND 30, male mice exhibit signs of puberty,
increased risk-seeking, impulsivity, and reward sensitivity, and begin exhibiting social
behavior that is more characteristic of adult mice (Schneider, 2013; Terranova, Laviola, de
Acetis, & Alleva, 1998). In mice, early adolescence occurs between PND 21 and 28, middle-
adolescence occurs between PND 34 and 46, late adolescence occurs between PND 46 and
59, and adulthood has been described as PND 60 and beyond (Hefner & Holmes, 2007;
Laviola, Macri, Morley-Fletcher, & Adriani, 2003; Spear, 2000).

2.2. Apparatus

2.2.1. Fear conditioning—Training and testing of contextual fear conditioning occurred
in four identical chambers (17.78 cm x 19.05 cm x 38.10 cm) that were housed in sound
attenuating boxes (Med-Associates, St. Albans, VT). The front and back walls of the
training chambers were constructed from Plexiglas and the side walls were aluminum. The
bottoms of the training chambers were composed of stainless steel grid floors (rods were 2
mm in diameter and spaced 1 cm apart) connected to a scrambled shock generator.
Background noise (69 dB) during training and testing was provided by ventilation fans.
Stimulus administration during training and testing was controlled by a computer running
Med-PC software. Cued fear conditioning was tested in an altered context, which consisted
of four identical chambers with different dimensions than the training context (20.32 cm x
22.86 cm x 17.78 cm). The front and back walls of the altered context chamber were
constructed from Plexiglas, the side walls were constructed from aluminum, and the floors
were constructed from smooth plastic. The altered context chambers were located in a
different room from the training chambers. A vanilla scent was used to further distinguish
the altered context from the training context. Thus, the altered context chambers differed
from the training chambers in size, construction, tactile cues, visual cues, and olfactory cues.
The training and testing chambers used in the present study were previously described by
Davis and colleagues (2005).

2.2.2. Zero maze—The zero maze was constructed of white Plexiglas and consisted of a
5.5 cm wide circular track with an inside diameter of 34 cm, a mid-track circumference of
121 cm, and an elevation of 40 cm (Tarantino, Gould, Druhan, & Bucan, 2000). The maze
has two open quadrants with a raised 2 mm edge and two closed quadrants with walls 11 cm
high. Lighting was held at 40 lux. White noise (69 dB) was generated by a fan in the room.

2.3. Behavioral Procedures

2.3.1. Fear Conditioning—The procedure for fear conditioning has been used in previous
studies (Davis, James, Siegel, & Gould, 2005; Gould & Higgins, 2003). Training was
initiated by placing mice in the training context and activating the house lights. Baseline
freezing was then scored for 120 s. Then, a 30 s white noise conditioned stimulus (CS, 85
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dB) was activated that co-terminated with a 2 s 0.62 mA footshock unconditioned stimulus
(US). After 120 s, a second CS-US pairing was administered. The end of the training session
consisted of a 30 s interval that terminated when the house lights turned off. The training
session lasted a total of 5.5 min.

A separate group of mice was also trained using a reduced conditioning protocol as a
control. They were trained with one 15 s white noise CS that co-terminated with a 2 s 0.62
mA footshock US as was described previously (Gould et al., 2004). Freezing was defined as
the absence of all movement except respiration (Blanchard & Blanchard, 1969) and was
scored using a time-sampling procedure for 1 s every 10 s. Freezing was the dependent
variable and the measure of learning and memory for all fear conditioning experiments.

Contextual fear conditioning was tested 24 h after training by returning mice to the training
chambers, activating the house lights, and scoring freezing for 5 min. Cued fear conditioning
was tested 1 h after contextual fear testing by placing mice in the altered context, activating
the house lights, and scoring freezing for 6 min. During the first 3 min, freezing was scored
in the absence of the CS. During the last 3 min, freezing was scored in the presence of the
CS. At the end of the 6 min session, the house lights were turned off. A solution of 70%
ethanol was used to clean the conditioning chambers after training and testing.

2.3.2. Shock sensitivity—Mice were tested for shock sensitivity in the same chambers
used for fear conditioning, as described in previous studies (Gulick & Gould, 2009; Kenney,
Wilkinson, & Gould, 2010). In brief, after 3 min of acclimation to the chambers, mice were
exposed to a range of 2 s foot shocks (0.10-0.80 mA), which escalated by 0.10 mA over a
testing period that lasted approximately 20 min. There were three presentations at each
shock intensity, with a 20 s inter-stimulus interval and a 90 s inter-trial interval. Movement
was scored during each shock presentation (0 = no response; 1 = hop; 2 = jump; 3=run; 4 =
horizontal jump; 5 = vertical jump) as described previously (Gulick & Gould, 2009). A
solution of 70% ethanol was used to clean the chambers after the end of each session.

2.3.3. Zero Maze—The effects of chronic caffeine on anxiety-related behavior were tested
using a zero maze. Mice were placed in a closed quadrant and allowed to explore the zero
maze for 5 min. During this time mice were video recorded and the distance traveled was
tracked using PanLab Smart software. Videos were manually scored for anxiety-related
variables (i.e., time spent in both open and closed quadrants, number of transitions between
quadrants, and rearing) as described elsewhere (Shepherd, Grewal, Fletcher, Bill, &
Dourish, 1994; Tarantino, Gould, Druhan, & Bucan, 2000). An entry into an arm was
defined when the back legs of each mouse had crossed into that quadrant. Rearing was
defined as the mouse raising upright on its hind legs. A solution of 70% ethanol was used to
clean the zero maze after the end of each session.

2.4. Drug Administration and Experimental Design

For all experiments, caffeine (C0750; Sigma-Aldrich, St. Louis, MO) was dissolved in
filtered water and administered through drinking bottles at 0, 1.0, or 3.0 mg/mL. The
selection of chronic caffeine concentrations was based on previous work (Dall'lgna et al.,
2003; Jaszyna, Gasior, Shoaib, Yasar, & Goldberg, 1998; Rossi et al., 2009). A preliminary
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dose analysis indicated that higher concentrations of caffeine were not well tolerated. Bottles
were changed every 2-3 days as described previously (Boeck et al., 2009; da Silva et al.,
2003).

2.4.1. The effects of chronic caffeine on fear conditioning—To investigate the
effects of chronic caffeine on fear conditioning, PND 21, 38, and 70 mice were administered
0, 1.0, or 3.0 mg/mL caffeine through drinking bottles for 14 days. Mice were trained in fear
conditioning on day 13 of chronic treatment and tested for contextual and cued conditioning
on day 14 of chronic treatment (n = 8 per age and treatment group). A separate cohort of
PND 21 mice were administered chronic caffeine at 0 or 1.0 mg/mL for 14 days, trained
using a reduced 1 CS-US fear conditioning protocol on day 13 of chronic treatment, and
tested for contextual and cued conditioning on day 14 of chronic treatment (n = 9-11 per
treatment group).

2.4.2. The effects of withdrawal from chronic caffeine on fear conditioning—To
examine the effects of withdrawal from chronic caffeine on fear conditioning, PND 21, 38,
and 70 mice were administered 0, 1.0, or 3.0 mg/mL caffeine through drinking bottles for 12
days. All bottles were changed and filled with water on day 12. On day 13, the mice were
trained in fear conditioning and, on day 14, they were tested for contextual and cued
conditioning (n = 8). On day 21, the mice were re-tested for contextual and cued recall. Prior
work indicates mice experience caffeine withdrawal at the timepoints examined here (i.e.,
24-48 h after cessation of chronic caffeine treatment, see Sukhotina, Zvartau, Danysz, &
Bespalov, 2004; Kaplan, Greenblatt, Kent, & Cotreau-Bibbo, 1993).

2.4.3. The effects of chronic caffeine on anxiety-related behavior and shock-
sensitivity—To investigate the effects of chronic caffeine on anxiety-related behavior and
shock-sensitivity, PND 21, 38, and 70 mice were administered 0, 1.0, or 3.0 mg/mL caffeine
through drinking bottles for 14 days. On day 13 of treatment, the mice were tested in the
zero maze and on day 14 of treatment they were tested for shock sensitivity (n = 8-12 age
and treatment group). As a control for the withdrawal fear conditioning experiments, a
separate group of PND 21 mice were administered 0 or 3.0 mg/mL caffeine through
drinking bottles for 12 days. Twenty-four hours after treatment cessation (i.e., day 13 of the
experiment), the mice were tested in the zero maze and on day 14 they were tested for shock
sensitivity (n = 7-8 per treatment group).

2.5 Data Analysis

One-way ANOVAs were used to analyze treatment effects on each fear conditioning
measure (i.e., freezing during baseline, context, pre-CS, and CS) and each zero maze
measure (i.e., time spent in open quadrants, number of transitions between quadrants, and
rearing) when more than two treatment groups were tested. One-way ANOVAS were
followed by Dunnett's post-hoc tests using the water-treated group as the reference group
when a significant treatment effect was detected. Unpaired t-tests were used to analyze
treatment effects on each fear conditioning and zero maze measure when fewer than three
treatment groups were tested (i.e., in control experiments). Regression analyses between
context freezing and pre-CS freezing scores were run to aid in interpretation of seemingly
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concomitant changes in context freezing and pre-CS freezing. Two-way (3 treatment groups
x 8 shock levels) repeated measures ANOVAs were used to analyze the effect of treatment
on shock sensitivity within each age group. Two-way ANOVAs were followed by
Bonferonni post-hoc tests when a significant interaction was detected, or planned t-tests
when a significant main effect was detected. Excel was used to run regression analyses and
Graph Pad Prism 5.0F (GraphPad, San Diego, CA, USA) was used for all other statistical
analyses.

3.1. The age-dependent effects of chronic caffeine on fear conditioning

The effects of exposure to caffeine (at 0, 1.0, or 3.0 mg/mL) for 14 days on hippocampus-
dependent (contextual) and hippocampus-independent (cued) fear conditioning (Phillips &
LeDoux 1992; Logue, Paylor, & Wehner, 1997; Kim and Fanselow, 1992) were investigated
in 3 age groups of mice (Figure 1). A significant effect of caffeine treatment was found in
pre-adolescent and adolescent mice for contextual conditioning (pre-adolescent: [F(2, 21) =
38.49, p < 0.001]; adolescent: [F(2, 21) = 19.35, p < 0.001]). Post-hoc tests revealed that
pre-adolescent and adolescent mice exposed to 1.0 mg/mL chronic caffeine exhibited
enhanced contextual conditioning relative to water-treated controls within each respective
age group (p < 0.05). In addition, pre-adolescent and adolescent mice exposed to 3.0 mg/mL
caffeine exhibited decreased contextual conditioning relative to water-treated controls within
each respective age group (p < 0.05). No significant effect of treatment on contextual
conditioning was found in adult mice [F(2, 21) = 1.94, p > 0.05]. Thus, chronic caffeine has
concentration-dependent effects on contextual conditioning in pre-adolescent and adolescent
mice, but not adult mice.

Caffeine induced changes in pre-CS freezing that were age-dependent as well. Although
caffeine had no effect on pre-CS freezing in adult mice [F(2, 21) = 1.57, p > 0.05], caffeine
altered pre-CS freezing in pre-adolescent [F(2, 21) = 7.16, p < 0.01] and adolescent mice
[F(2, 21) = 29.72, p < 0.001]. Post-hoc tests revealed that pre-adolescent mice treated with
chronic caffeine at 3.0 mg/mL froze less in the altered context during the pre-CS period
compared with water-treated control mice. In contrast, adolescent mice treated with chronic
caffeine at 1.0 mg/mL froze more in the altered context during the pre-CS period compared
with water-treated control mice (all p's < 0.05). A significant association was found between
context freezing and pre-CS freezing in pre-adolescent mice treated with chronic caffeine at
1.0 mg/mL (r = 0.76, p < 0.05). However, there was no correlation between context freezing
and pre-CS freezing in pre-adolescent mice treated with chronic caffeine at 3.0 mg/mL (r =
0.41, p > 0.05), adolescent mice treated with chronic caffeine at 1.0 mg/mL (r = 0.53, p >
0.05), or adolescent mice treated with chronic caffeine at 3.0 mg/mL (r = 0.11, p > 0.05).

No significant effects of caffeine on baseline freezing or cued fear conditioning were
observed in any age group (adult baseline: [F(2, 21) = 0.53, p > 0.05]; adolescent baseline:
[F(2, 21) = 2.38, p > 0.05]; adult cued: [F(2, 21) = 2.10, p > 0.05]; adolescent cued: [F(2,
21) = 0.62, p > 0.05]; pre-adolescent cued: [F(2, 21) = 0.61, p > 0.05]), which suggests that
treatment with chronic caffeine had no effect on non-specific freezing behavior or
hippocampus-independent conditioning.
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3.2. The effect of decreasing the level of conditioning on chronic caffeine-induced
enhancement of contextual conditioning vs. cued conditioning

We next sought to determine if the lack of effect of chronic caffeine on cued conditioning
was due to a ceiling effect (Figure 2). Thus, we conditioned pre-adolescent mice with a
single CS-US pairing and a shorter duration CS to reduce levels of conditioned freezing.
Pre-adolescent mice treated with chronic caffeine at 1.0 mg/mL showed enhanced
contextual conditioning [t(18) = 2.70, p < 0.05], yet decreasing the number of CS-US
pairings and the duration of the CS did not result in caffeine-enhanced cued conditioning
[t(18) = 0.64, p > 0.05]. In addition, chronic caffeine had no effect on pre-CS freezing [t(18)
= 1.66, p > 0.05]. Therefore, the lack of a treatment effect on cued conditioning was not due
to a ceiling effect.

3.3. Caffeine and shock sensitivity

To rule out potential non-specific effects of chronic caffeine treatment on the response to
shock, shock sensitivity during chronic caffeine treatment was tested in all age groups. A
significant main effect of shock level was found within each age group (adult: [F(7, 154) =
155.8, p < 0.0001]; adolescent: [F(7, 147) = 171.8, p < 0.0001]; pre-adolescent: [F(7, 147) =
136.4, p < 0.0001] (data not shown). In addition, a significant main effect of treatment was
observed in adult [F(2, 154) = 4.60, p < 0.05], but not adolescent [F(2, 147) = 3.38, p >
0.05] or pre-adolescent [F(2, 147) = 2.60, p > 0.05] mice. Planned comparisons revealed that
adult mice treated with chronic caffeine at 1.0 mg/mL showed an increased response to
shock compared with adult mice treated with chronic caffeine at 3.0 mg/mL [t(134) = 2.55,
p < 0.05]; however, neither caffeine treated group was significantly different from the
control group that consumed water (water vs. 1.0 mg/mL.: [t(126) = 1.05, p > 0.05]; water
vs. 3.0 mg/mL: [t(134) = 1.47, p > 0.05]). Given the lack of shock x treatment interaction
for all age groups, and the lack of a significant difference observed between caffeine and
water treated adult mice, it was concluded that the observed chronic caffeine-induced
changes in fear conditioning could not be attributed to differences in response to shock.

3.4. The age-dependent effects of withdrawal from chronic caffeine on fear conditioning

To explore the age-dependent effects of withdrawal from chronic caffeine on contextual and
cued conditioning, pre-adolescent, adolescent, and adult mice were treated with chronic
caffeine for 12 days and withdrawn from treatment 24 h prior to fear conditioning training
(Figure 3A-C). A significant effect of treatment on contextual conditioning in pre-adolescent
mice was found [F(2, 21) = 20.07, p < 0.001]. Post-hoc tests revealed that withdrawal from
chronic caffeine at both 1.0 mg/mL and 3.0 mg/mL produced deficits in contextual
conditioning in pre-adolescent mice (all p's < 0.05). A control experiment conducted on a
separate group of pre-adolescent mice found that withdrawal from chronic caffeine at 3.0
mg/mL had no effect on shock sensitivity (main effect of treatment: [F(1, 13) = 2.39, p >
0.05]; main effect of shock level [F(7, 91) = 85.16, p < 0.0001]) (data not shown). No other
significant effects of withdrawal from chronic caffeine were observed for any other fear
conditioning measure in any age group (adult context: [F(2, 21) = 2.42, p > 0.05];
adolescent context:[F(2, 21) = 1.79, p > 0.05], adult pre-CS:[F(2, 21) = 2.96, p > 0.05];
adolescent pre-CS:[F(2, 21) = 0.77, p > 0.05]; pre-adolescent pre-CS:[F(2, 21) = 0.28, p >
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0.05]); adult CS: [F(2, 21) = 0.04, p > 0.05]; adolescent CS: [F(2, 21) = 2.27, p > 0.05]; pre-
adolescent CS: [F(2, 21) = 2.48, p > 0.05]). Thus, withdrawal from chronic caffeine
disrupted contextual conditioning in pre-adolescent mice, but had no effect on contextual
conditioning in adolescent or adult mice.

To investigate the effects of withdrawal from chronic caffeine on later recall of a fear
memory acquired during withdrawal, mice were retested (Test 2) for contextual and cued
memory 7 days after their first test (Test 1). One-way ANOVAs did not reveal any
significant differences in recall of contextual or cued conditioning between treatment groups
within each age group (adult context: [F(2, 21) = 2.42, p > 0.05]; adolescent context: [F(2,
21) = 1.79, p > 0.05]; pre-adolescent context: [F(2, 21) = 0.54, p .0.05]; adult cued: [F(2, 21)
=0.04, p > 0.05]; adolescent cued: F(2, 21) = 0.69, p > 0.05]; pre-adolescent cued: [F(2, 21)
= 2.78, p > 0.05]) (Figure 3D-F). A significant effect of treatment on pre-CS freezing was
observed in adolescent mice [F (2, 21) = 5.52, p < 0.05]; however, post-hoc tests were n.s.
(p > 0.05).

3.5. The age-dependent effects of chronic caffeine on anxiety-related behavior in the zero

maze

To examine the age-dependent effects of caffeine on anxiety-related behavior, the time spent
in the open quadrants of the zero maze was analyzed in pre-adolescent, adolescent, and adult
mice treated with chronic caffeine for 13 days (at 0, 1.0, or 3.0 mg/mL) (Figure 4A). A
significant effect of treatment on time spent in the open quadrants was found in pre-
adolescent mice [F (2, 32) = 4.14, p < 0.05]. Post-hoc tests revealed that pre-adolescent mice
treated with chronic caffeine at 3.0 mg/mL spent more time in the open quadrants of the zero
maze (all p's < 0.05). A significant effect of treatment on time spent in open quadrants was
found in adolescent mice [F (2, 32) = 4.63, p < 0.05], but post-hoc tests were n.s. (p's >
0.05). There was no effect of treatment on time spent in open quadrants in adult mice [F (2,
32) =0.75, p > 0.05]. Thus, chronic caffeine at 3.0 mg/mL decreased anxiety-related
behavior in pre-adolescent mice, yet had no effect on anxiety-related behavior in adult mice.
In contrast, a control experiment conducted on a separate group of pre-adolescent mice
found that withdrawal from chronic caffeine at 3.0 mg/mL had no effect on time spent in
open quadrants [t(13) = 0.88, p > 0.05] (data not shown).

The effect of treatment on rearing and transitions between quadrants was examined in the
zero maze as well (see Tarantino et al., 2000) (Figure 4B and C). There was a significant
effect of treatment on rearing in pre-adolescent mice [F(2, 32) = 9.72, p < 0.001], but not
adolescent [F(2, 32) = 0.75, p > 0.05] or adult mice [F(2, 32) = 1.14, p > 0.05]. Post-hoc
tests revealed that pre-adolescent mice treated with chronic caffeine at 3.0 mg/mL reared
significantly more than the water-treated control mice (p < 0.05). In addition, a significant
effect of treatment on transitions was found in both pre-adolescent and adolescent mice (pre-
adolescent: [F(2, 32) = 5.60, p < 0.05]; adolescent: [F(2, 32) = 7.57, p < 0.001]), but not
adult mice [F(2, 32) = 1.43, p > 0.05]. Post-hoc tests revealed that pre-adolescent and
adolescent mice treated with chronic caffeine at 3.0 mg/mL were more active in the zero
maze than water treated control mice (all p's < 0.05). Together, the zero maze results
indicate that chronic caffeine at 3.0 mg/mL decreases anxiety-related behavior and/or
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increases activity in pre-adolescent mice, and that chronic caffeine increases activity in
adolescent mice. Finally, pre-adolescent mice treated with chronic caffeine at 3.0 mg/mL
displayed increased rearing whereas adolescent mice did not, suggesting that caffeine-
induced changes in behavior differ between these age groups. A separate group of pre-
adolescent mice that were withdrawn from chronic caffeine at 3.0 mg/mL displayed
behavior in the zero maze that was comparable to age-matched water-treated control mice
(rearing: [t(13) = 1.33, p > 0.05]; transitions [t(13) = 0.52, p > 0.05]) (data not shown),
which suggests cessation of chronic caffeine returns anxiety-related behavior and/or activity
to water-treated control levels.

4. Discussion

In the present study, the effects of chronic caffeine and withdrawal from chronic caffeine on
hippocampus-dependent (contextual) and hippocampus-independent (cued) fear
conditioning were investigated in pre-adolescent, adolescent, and adult mice. Chronic
caffeine had concentration-dependent effects on contextual conditioning in pre-adolescent
and adolescent mice, but not adult mice. Specifically, chronic caffeine at 1.0 mg/mL
enhanced contextual conditioning in pre-adolescent and adolescent mice, whereas chronic
caffeine at 3.0 mg/mL produced deficits in contextual conditioning in pre-adolescent and
adolescent mice. In contrast, withdrawal from both concentrations of chronic caffeine
impaired contextual conditioning in pre-adolescent, but not adolescent or adult mice. Cued
conditioning was not affected by chronic caffeine or withdrawal from chronic caffeine in
any age group. Together, our results demonstrate that chronic caffeine and withdrawal from
chronic caffeine have age-dependent effects on hippocampus-dependent learning but not on
hippocampus-independent learning. This difference in the effects of caffeine on cued versus
contextual fear conditioning is consistent with the hypothesis that caffeine alters the neural
circuitry underlying contextual fear conditioning differently than the neural circuitry
underlying cued fear conditioning. It is unlikely that the lack of effect of chronic caffeine on
cued conditioning was due to a ceiling effect, because freezing to the CS was not altered by
caffeine following training that produced lower levels of conditioning (i.e., a one shock
presentation). Thus, our data suggest that chronic caffeine may be acting on the
hippocampus, or afferent or efferent structures that modulate hippocampal function, to alter
contextual conditioning in pre-adolescent and adolescent mice.

There are several explanations for why hippocampus-dependent learning and memory may
be more affected by caffeine exposure during pre-adolescence and adolescence compared
with adulthood. First, the hippocampus undergoes structural (Pokorny & Yamamoto, 1981;
Seress & Ribak, 1995; Zehr, Nichols, Schulz, & Sisk, 2008) and functional (Pyapali, Turner,
Wilson, & Swartzwelder, 1999; Swartzwelder, Wilson, & Tayyeb, 1995a, 1995b; White &
Swartzwelder, 2004) modifications during adolescence. Second, caffeine is a non-specific
adenosine receptor antagonist (Fredholm et al., 1999), and although the hippocampus
expresses high levels of inhibitory adenosine Al receptors (A1Rs), yet lower levels of
facilitatory adenosine A2A receptors (A2ARs) throughout life (Costenla et al., 2010; Cunha
et al., 1995; Fastbom et al., 1987; Fredholm et al., 2005; Rosin & Robeva, 1998); the
adenosinergic system changes throughout development. For example, between late
adolescence (postnatal day 42) and adulthood (postnatal day 180) the density of A1Rs
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decrease and the density of A2ARs increase in the hippocampus (Cunha et al., 1995).
Therefore, caffeine may have age-dependent effects on hippocampal excitability due to age-
related differences in adenosine receptor levels. In fact, Costenla and colleagues (2011)
found that selective ALR blockade increases LTP magnitude in young adult rats, but has no
effect on middle-aged or aged rats. Moreover, selective A2AR blockade attenuated LTP
more in old rats than middle-aged and young adult rats. Therefore, age-related differences in
adenosine receptor levels could contribute to the effect of caffeine on hippocampal-
dependent learning.

The ability of chronic caffeine at 1.0 mg/mL to enhance contextual conditioning in pre-
adolescent and adolescent mice may be related to the development of tolerance. Acute
caffeine is known to specifically affect hippocampus-dependent learning and memory in
adults in a dose-dependent manner. For example, low doses of caffeine (e.g., 0.3 mg/kg)
enhance retention and retrieval in the Morris water maze task (Angelucci et al., 2002), and
high doses of caffeine (e.g., 30 mg/kg) disrupt acquisition and retrieval of contextual fear
conditioning (Corodimas et al., 2000). However, in adults chronic caffeine has no effect on
performance in the radial arm water maze (Alzoubi et al., 2013; Alhaider et al., 2010),
object recognition (Botton et al., 2010), inhibitory avoidance (Sallaberry et al., 2013), or
contextual fear conditioning (Corodimas et al., 2000) when administered in a wide range of
doses and for different periods (0.3 mg/mL for 3 months, 0.3 mg/mL for 4 weeks, 10
mg/kg/day for 4 days, 1 mg/mL for 30 days, or through 5-25 mg s.c. pellets for 7 days,
respectively). Therefore, it is possible that pre-adolescent and adolescent mice do not
develop the same degree of tolerance to the effects of caffeine on hippocampus-dependent
learning and memory as adults.

Chronic caffeine at 3.0 mg/mL may exert effects beyond the adenosinergic system to
produce deficits in contextual conditioning. In support, higher doses of caffeine that produce
higher than average plasma levels of caffeine act on different molecular substrates (e.g.
phosphodiesterases and GABA receptors) than lower doses of caffeine (Fredholm et al.,
1999). Furthermore, higher doses of caffeine act on different brain regions and exert
different behavioral effects than do lower doses. For example, higher doses of caffeine can
produce deficits in cognition and increase glucose utilization in the shell of the nucleus
accumbens (Fredholm et al., 1999; Hyman, Malenka, & Nestler, 2006; Kaminer, 2010;
Nehlig, 1999; Nehlig, Armspach, & Namer, 2010). Therefore, chronic caffeine at 3.0
mg/mL could disrupt contextual conditioning by acting on the nucleus accumbens and/or the
hippocampus. In support, lesions to the nucleus accumbens disrupt contextual fear
conditioning, but not cued fear conditioning (Levita, Dalley, & Robbins, 2002). Future
studies are needed to determine if chronic caffeine has age-dependent effects on the
hippocampus, nucleus accumbens, and/or other brain regions involved in contextual
conditioning.

An alternative explanation for the contextual conditioning deficits observed in pre-
adolescent and adolescent mice treated with chronic caffeine at 3.0 mg/mL is that caffeine-
induced hyperactivity interfered with the freezing response. However, our results suggest
caffeine-induced hyperactivity is not responsible for decreased freezing during contextual
testing. First, mice treated with chronic caffeine at 3.0 mg/mL did not show decreased
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freezing during the CS. If hyperactivity caused decreased freezing, we would have expected
freezing to be muted for all fear conditioning measures. Second, there was no association
between contextual freezing and pre-CS freezing in mice treated with chronic caffeine at 3.0
mg/mL, again suggesting that hyperactivity cannot explain the conditioning deficits we
observed.

The effects of withdrawal from chronic caffeine on cognition have received little attention.
Therefore, we also examined the effects of withdrawal from chronic caffeine on contextual
and cued conditioning in pre-adolescent, adolescent, and adult mice. Withdrawal from
chronic caffeine specifically disrupted contextual conditioning in pre-adolescent mice
regardless of concentration, yet had no effect on contextual or cued conditioning in
adolescent or adult mice. Thus, while pre-adolescent mice show enhanced contextual
conditioning during treatment with chronic caffeine at 1.0 mg/mL, they show deficits during
withdrawal from the same concentration. We demonstrated that pre-adolescent mice
withdrawn from the highest concentration of caffeine tested (i.e., 3.0 mg/mL) display
normal behavior in the zero maze and normal response to shock, which supports the
conclusion that withdrawal from chronic caffeine during pre-adolescence causes cognitive
deficits.

Withdrawal from chronic caffeine is associated with a variety of symptoms in humans
including fatigue, decreased alertness, difficulty concentrating, irritability, and depressed
mood (Juliano & Griffiths, 2004). In addition, negative symptoms associated with
withdrawal from chronic caffeine have been reported in children (Bernstein et al., 1998),
adolescents (Bernstein, Carroll, Thuras, Cosgrove, & Roth, 2002), and adults (Juliano &
Griffiths, 2004) alike. Therefore, withdrawal from chronic caffeine is associated with
negative symptoms in all age groups; however, our data suggest that only pre-adolescent
animals show withdrawal-induced learning and memory deficits. Interestingly, Luebbe and
colleagues (2011) found that children who experience more intense withdrawal symptoms
after caffeine cessation tend to drink more caffeine rather than less. Thus, the findings that
chronic caffeine may have positive effects on cognition in pre-adolescent animals, whereas
withdrawal from chronic caffeine may have negative effects on cognition in pre-adolescent
animals is consistent with the possibility that children may be more vulnerable to developing
caffeine dependence than adolescents or adults. Furthermore, the findings that both chronic
and withdrawal from chronic caffeine at 3.0 mg/mL impaired contextual conditioning in pre-
adolescent mice may suggest that exposure to chronic caffeine at 3.0 mg/mL produces
disruptive effects on hippocampus-dependent learning and memory that continue after
caffeine cessation.

Again, the effects of caffeine on learning were most likely not due to peripheral effects
because we did not find chronic caffeine-induced changes in response to footshock. To
determine if chronic caffeine affected anxiety, which could have an effect on unconditioned
fear responding (Davis, Walker, & Lee, 1997; Helmstetter, 1993), we analyzed anxiety-
related behavior in the zero maze. Chronic caffeine at 1.0 mg/mL did not decrease time
spent in the open quadrant of the zero maze, a measure of anxiety, in any age group,
suggesting that any change in freezing observed at this dose was not due to changes in shock
sensitivity or anxiety.
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Although chronic caffeine at 3.0 mg/mL did not produce deficits in cued fear conditioning in
pre-adolescent or adolescent mice, it did alter behavior in the zero maze. Specifically,
exposure to chronic caffeine at 3.0 mg/mL during adolescence increased transitions in the
zero maze, but had no effect on time spent in the open arm, suggesting an increase in
activity. In contrast, exposure to chronic caffeine at 3.0 mg/mL during pre-adolescence
increased both transitions and rearing, as well as time spent in the open quadrant of the zero
maze, suggesting an increase in activity and/or a decrease in anxiety. It should be noted that
an increase in exploratory behavior, including increased activity (i.e. increased transitions),
in anxiety paradigms has been interpreted as a release of exploratory inhibition (Bailey &
Crawley, 2009), and has been observed after animals are treated with anxiolytic drugs
(Crawley & Goodwin, 1980). Therefore, exposure to chronic caffeine at 3.0 mg/mL during
pre-adolescence and adolescence could increase activity and/or decreases anxiety-related
behavior. While it would be reasonable to conclude that increased activity levels may be
responsible for the observed contextual conditioning deficits in pre-adolescent and
adolescent mice treated with chronic caffeine at 3.0 mg/mL, this treatment did not affect
cued conditioning, which suggests that chronic caffeine at 3.0 mg/mL specifically impairs
contextual conditioning rather than reducing freezing as a result of an increase in activity
levels.

In conclusion, we found age-dependent differences in the effects of chronic caffeine on fear
conditioning. Chronic caffeine at 1.0 mg/mL enhanced hippocampus-dependent contextual
conditioning in pre-adolescent and adolescent mice. In contrast, chronic caffeine at 3.0
mg/mL impaired hippocampus-dependent contextual conditioning in pre-adolescent and
adolescent mice. Furthermore, withdrawal from chronic caffeine at both concentrations
tested impaired contextual conditioning in pre-adolescent mice only. No effects of chronic
caffeine or withdrawal from chronic caffeine were observed in adult mice. Overall, our
results indicate that chronic caffeine and withdrawal from chronic caffeine exert age-
dependent effects on hippocampus-dependent learning and memory, but not hippocampus-
independent learning and memory. These effects may be due to age-related differences in
hippocampus structure and function, the adenosinergic system, or chronic caffeine-induced
changes in other brain regions that modulate hippocampus-dependent learning and memory.
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] Chronic caffeine enhances contextual conditioning in adolescent and pre-
adolescent mice.

] Withdrawal from chronic caffeine impairs contextual conditioning in pre-
adolescent mice.

] Chronic caffeine has no effect on contextual conditioning in adult mice.
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Fig. 1.
The age-dependent effects of chronic caffeine on fear conditioning (n = 8). No concentration

of chronic caffeine tested affected baseline or CS freezing in any age group (A-C). In
adolescent and pre-adolescent mice only, chronic caffeine at 1.0 mg/mL enhanced
contextual fear conditioning, yet chronic caffeine at 3.0 mg/mL produced deficits in
contextual fear conditioning (B and C). Chronic caffeine at 1.0 mg/mL increased pre-CS
freezing in adolescent mice only (B) and chronic caffeine at 3.0 mg/mL decreased pre-CS
freezing in pre-adolescent mice only (C). Error bars indicate SEM, (*) indicates p < 0.05,
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(**) indicates p < 0.01, and (***) indicates p < 0.001 compared to water treated mice from
each respective age group.
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Fig. 2.

The effect of chronic caffeine on hippocampus-dependent (contextual) and -independent
(cued) conditioning using a reduced fear conditioning protocol (n = 9-11). Chronic caffeine
at 1.0 mg/mL had no effect on pre-CS or CS freezing in pre-adolescent mice using a reduced
conditioning protocol. In contrast, caffeine at 1.0 mg/mL enhanced hippocampus-dependent
contextual conditioning using the same protocol. Error bars indicate SEM, (*) indicates p <
0.05 compared with water treated mice.
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Fig. 3.

The age-dependent effects of withdrawal from chronic caffeine on fear conditioning (n = 8).
Withdrawal from chronic caffeine had no effect on baseline, context, pre-CS, or CS freezing
in adolescent or adult mice (A and B). Pre-adolescent mice withdrawn from chronic caffeine
at both 1.0 mg/mL and 3.0 mg/mL showed deficits in contextual fear conditioning, but not
cued fear conditioning (C). Withdrawal had no effect on recall at Test 2 in any age group
(D-F). Error bars indicate SEM, (*) indicates p < 0.05 and (***) indicates p < 0.001
compared to water treated mice from each respective age group.
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Fig. 4.

Tr?e age-dependent effects of chronic caffeine on anxiety-related behavior in the zero maze.
Caffeine treatment altered the time spent in the open quadrant of the zero maze in adolescent
and pre-adolescent mice, but not adult mice (A). Chronic caffeine at 3.0 mg/mL increased
rearing in pre-adolescent mice, and increased transitions in both adolescent and pre-
adolescent mice, but not adult mice (B and C). Error bars indicate SEM, (*) indicates p <
0.05, (**) indicated p < 0.01 compared with water treated mice from each respective age

group.
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