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Abstract
Caffeine is globally consumed as a stimulant in beverage drinks; it is also ingested in puri�ed forms as
power and tablets. Concerns have been raised about the potential consequences of intrauterine and early
life caffeine exposure on brain health. This study modeled caffeine exposure during pregnancy and early
postanal life until puberty, and the potential consequences. Caffeine powder was dissolved in distilled
water. Thirty-two (n = 32) pregnant mice (Mus musculus) were divided into four groups- A, B, C and D.
Group A animals served as a control, receiving placebo. Caffeine doses in mg/kg body weight were
administered as follows: Group B, 10mg/kg; Group C, 50mg/kg; Group D, 120mg/kg. Prenatal caffeine
exposure [phase I] lasted throughout pregnancy. Half the number of offspring were sacri�ced at birth; the
rest were recruited into phase II and the experiment continued till day 35, marking puberty. Brain samples
were processed following sacri�ce. γ-aminobutyric acid (GABA), acetylcholine (ACh), and serotonin (5Ht)
neurotransmitters were assayed in homogenates to evaluate functional neurochemistry. Anxiety and
memory as neurobehavioural attributes were observed using the elevated plus and Barnes’ mazes
respectively. Continuous caffeine exposure produced positive effects on short and long-term memory
parameters; the pattern interestingly was irregular and appeared more effective with the lowest
experimental dose. Anxiety test results showed no attributable signi�cant aberrations. Caffeine exposure
persistently altered the neurochemistry of selected neurotransmitters including ACh and 5Ht, including
when exposure lasted only during pregnancy. ACh signi�cantly increased in group BC+ to 0.3475µgg-1

relative to control’s 0.2508µgg-1; pre-and continuous postnatal exposure in Group B increased 5Ht to
0.2203 µgg-1 and 0.2213 µgg-1 respectively relative to control’s 0.1863 µgg-1. From the current
investigation, caffeine exposure in pregnancy had persistent effects on brain functional attributes
including neurotransmitters activities, memory and anxiety. Caffeine in moderate doses affected memory
positively but produced negative effects at the higher dosage including increased anxiety tendencies.

Background
Caffeine exerts its effects on the brain primarily by blocking the Adenosine A1 and A2A receptors. The
blocking effects of caffeine on adenosine receptors produce secondary effects on several
neurotransmitters especially noradrenalin, dopamine, serotonin, acetylcholine, glutamate as well as GABA
(Daly 1993). It has been observed that caffeine could accumulate in the brain over time during
development (Li et al. 2012; Tanaka, et al. 1987). In the report of Li et al. (2012), caffeine metabolites are
naturally decreased in the pregnant mother by natural biological mechanisms; the inability to metabolize
caffeine results in caffeine build-up over time and this also relates to disruption of neurotransmitter
signals which may affect development through organogenesis and growth in the third trimester of
humans. Another report stated that caffeine retarded brain development when administered around
puberty in rat supposedly by reducing optimal synaptic development (Olini et al. 2013). This effect was
said to have been associated with sleep reduction caused by caffeine (Olini et al. 2013).
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Castellanos and Rapoport (2002) in their review article concluded that caffeine effects in children were
modest and harmless. It has also been reported by Ådén et al. (2000) that low dose of caffeine ingestion
during gestation and postnatal life produced minor effects on development of adenosine A1 and A2A

receptors and GABAA receptors in the rat brain. In humans. Nehlig et al. (1992) reported that the effects of
caffeine on learning, memory, performance and coordination are rather related to the methylxanthine
action on arousal, vigilance and fatigue. Caffeine exerts obvious effects on anxiety and sleep which vary
according to individual sensitivity to the methylxanthine. Children in general do not appear more sensitive
to methylxanthine effects than adults. Also, the central nervous system does not seem to develop a great
tolerance to the effects of caffeine although dependence and withdrawal symptoms are reported.

Caffeine in�uences mood, and a dose of about 3.0 mg/kg body weight of caffeine has been associated
with positive subjective effects (Daly, 1993). Such effects reportedly made subject energetic, creative,
e�cient, self-con�dent, alert, motivated, focused on tasks with an accompanying willingness to socialize
(Fredholm et al. 1999; Gri�ths et al. 1990; Silverman et al. 1994; Gri�ths and Mumford 1995). Kenemans
and Lorist (1995) stated that caffeine effects include increase of cortical activation which is the rate at
which information about the stimulus accumulates selectivity particularly with regard to further
processing of the primary attribute as well as rates of motor processes via central and/or peripheral
mechanisms. Caffeine interactions with the brain, especially in adults, have been found to produce
interesting behavioural effects including self con�dence, positive attitude and talkativeness (Gri�ths and
Mumford, 1995). Caffeine tolerance (Fredholm et al. 1999) and dependence (Gri�ths et al. 1986;
Silverman et al. 1992; Strain et al. 1994; Hughes and Hale, 1998; Hughes et al. 1998; Bernstein et al.
2002); though certain sources tend to express caution with respect to the use of these terms due to the
high non-drug social acceptance of caffeine and the wide range of effects that it could produce on
various people (Kendler and Prescott 1999; Alsene et al. 2003; Temple 2009).

It is very important to note that most human subject studies on caffeine consumption have been
conducted on adults’ brains and behaviours (Temple 2009). Hence several caffeine-safety-for- all reports
might have been obtained from adult studies. Concerns have been raised on whether caffeine is equally
safe for consumption at all life stages (Temple 2009). Children and adolescents have increasingly
consumed caffeine-containing substances (Harnack et al. 1999).

Relative to body weight, children and adolescents might often consume more caffeine than adults (Frary
et al. 2005; Temple 2009). Some of the studies on children and adolescents suggested that caffeine
could produce long term effects on young habitual consumers. Certain effects of caffeine in children are
similar to those that occur in adults (Temple 2009). Moderate to high caffeine dosages of about 100-
400mg have been associated with behavioural effects including increased alertness, jitteriness,
nervousness and �dgetiness (Elkins et al. 1981; Rapoport et al. 1984; Bernstein et al. 1994). In addition to
these are other adult related effects including withdrawal effects (Hale et al 1995; Bernstein et al. 2001)
and rise in ambulatory blood pressure (Savoca et al. 2004; Savoca et al. 2005). This study is very
important as it was estimated that as many as 80% of women consume caffeine throughout pregnancy.
The American College of Obstetricians and Gynecologists (2010) had recommended caffeine
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consumption dose limit of less than 200mg/kg body weight per day for preganat women (ACOG, 2010).
This study is also one of the very few research efforts to experimentally model caffeine consuption
across human lifespan from the start of preganacy up until puberty.

Materials And Methods
Caffeine Preparation and Administration

Pure anhydrous caffeine was used for the investigation. It was obtained from Powder City, York USA;
labelled as dietary supplement caffeine anhydrous with Batch Number 151219 and Lot Number
CAFAH20151012. It was dissolved in distilled water to produce the experimental doses that were orally
administered to the animal groups. The anhydrous caffeine powder was dissolved in distilled water at
room temperature.

Experimental Animals- Housing, Handling and Treatment

Housing space was designed based on Fawcett (2012b) recommendation. Caging, handling of adult
mice and neonates, routine husbandry procedure, laboratory environment, environmental enrichment,
feeding and drinking water supply as well as monitoring of the animals were done in line with the
recommendations of Fawcett (2012c). Adequate laboratory space and proper ventilation helped to
maintain a suitable room temperature. Handling was minimized, only when necessary and generally and
done with care bearing in mind that handling neonates could produce effects that might persist
throughout the animal’s life (D’Amore et al. 1995). Generally, animals were treated, observing proper
ethical guidelines.

Overview of Research Design

Thirty-two (n = 32) adult female pregnant mice (Mus musculus), of approximately same age (60 days old)
and 21g average body weight were used primarily for the research. They were divided into four groups
labelled A, B, C and D which included the Control, Low-Dose, Medium-Dose and High-Dose groups
respectively. The Phase II (postnatal development stage) of the investigation included the remaining
offspring (minus the ones sacri�ced at the end of Phase I). In the Phase II, the B C−, C C− and D C− animal
groups represent the animal that were only subjected to prenatal caffeine treatment through their mothers
but afterwards allowed to develop till puberty without caffeine administration so as to observe the
possibility of persistence of caffeine prenatal effects. Also, the B C+, C C+ and D C+ represented animals
that were continuously exposed to ca�ine until the end of experiment. To achieve the objective of Phase
II, animals that continued with caffeine exposure had caffeine administered to their mothers unitl they
were weaned about day 25, postnanal; after which they received ca�ne through the oral gavage till day
35 [Table 1].



Page 5/33

Table 1
Experimental Animal Grouping, Dosages and Rationale

Phase I

Grouping Animals Dosage Description Rationale

Group A 8 Control No caffeine treatment; animals received a
placebo of 5% sucrose solution

 

Group B 8 10mg/kg
body weight

Lower caffeine dosage was administered to
pregnant animals

Lower dose
treatment

Group C 8 50 mg/kg
body weight

Medium caffeine dosage was administered
to pregnant animals

Medium
dose
treatment

Group D 8 120 mg/kg
body weight

High caffeine dosage was administered to
pregnant animals

High dose
treatment

Phase II

Grouping Animals Dosage Rationale

Group A 8 Control    

Group B
C+

8 10 mg/kg
body weight

Lower caffeine dosage was administered to
offspring

Lower dose
treatment

Group
BC−

  No treatment    

Group C
C+

8 50 mg/kg
body weight

Medium caffeine dosage was administered
to offspring

Medium
dose
treatment

Group C
C−

  No treatment    

Group D
C+

8 120 mg/kg
body weight

High caffeine dosage was administered to
offspring

High dose
treatment

Group D
C−

  No treatment    

Treatment of Experimental Animals

Low dose: 10 mg/kg body weight

The low dose was equivalent to taking about 2–3 cups of coffee/tea per day or 2–3 coffee tablets or
chewing 2–3 bar of caffeine-containing chocolate or equivalent in humans based on a metabolic body
weight conversion (Soellner et al. 2009). This would represent habitual mild, yet regular consumption of
caffeine in coffee, tea or other sources such as in caffeinated drinks or in form of pills. This is a pre-
caffeinism level of consumption which may not induce caffeinism or caffeine dependency.



Page 6/33

Medium dose: 50 mg/kg body weight

This was equivalent to taking about 10–15 cups of coffee/tea per day or 5 coffee tablets or chewing 5
bars of caffeine-containing chocolate or equivalent (Soellner et al. 2009).

This represented habitual caffeine consumption and dependency; it is often marking a mild level of
caffeinism in individuals who routinely consume coffee or caffeinated drinks on daily basis as well as
people who deliberately consume caffeine pills to increase alertness, increase activity rate or enhance
productivity and usually making it a way of life.

High dose: 120mg/kg body weight

This was equivalent to taking above 20 cups of coffee per day or 20 coffee tablets or chewing 20 bars of
caffeine-containing chocolate or equivalent (Soellner et al. 2009). This represented abnormal coffee
consumption and a high level of addiction with associated serious health risks.

Neurobehavioural Studies

Neurobehavioural assay tools and protocols were used to study learning and memory. These included the
Barnes maze as well as the elevated plus maze. The use of neurobehavioural tools helped to evaluate
speci�c mental attributes that might be correlated with memory, learning, cognition and personality in
humans. Selected mental attributes that were evaluated in the animals included anxiety, learning and
memory.

The Elevated Plus Maze for the Test of Anxiety-Related Behaviour (Walf and Frye, 2007; Komada, Takao
and Miyakawa, 2008)

The elevated plus maze is a popular neurobehavioural tool for rodents to study anxiety-related behaviour
(Walf and Frye 2007). Procedure began by preparing the maze by cleaning, drying and setting the video-
tracking device. Data sheets were prepared appropriately based on grouping and other experimental
design parameters. Mice were introduced into the behavioural testing room. Experiment started by
placing mice at the junction of the open and closed arms, facing the open arm opposite to where the
experimenter is. Mice monitoring and data collection was done using the video-tracking device and timer,
set for 5-minute time blocks for the mice on the maze. Data analyses and interpretation were done using
suitable statistical tools and software to analyse collected data with respect to the following major
parameters: (a). open arm time (b) closed arm time (c) open arm entries made (d) closed arm entries
made (e) total entries made (f) The ratio of open or closed arm entries/time to the total arm entries/time
(to observe differences between groups in the general motor activity in the maze). Appropriate inferences
were obtained from analysed data.

The Barnes Maze for Testing Spatial Reference Memory in the Mice (Barnes, 1979; Sunyer et al., 2007).
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Barnes maze consists of a circular platform (92 cm diameter) elevated 105 cm above the �oor with 20
equally spaced holes (5 cm diameter; 7.5 cm between holes). To achieve adaptation, each mouse was
placed in a cylindrical black start chamber in the middle of the maze. The chamber was removed after
10s stimulus was initiated. Mouse was guided gently to the escape box. Stimulus was stopped once the
mouse was inside the escape box and the mouse was allowed to stay in the escape box for 2 min. To
achieve spatial acquisition: maze was cleaned with 1% incidin solution to avoid olfactory cues. Mouse
was placed in the black start chamber in the middle of the maze and released after 10s with stimulus
initiated. Within 3 minutes, the number of primary errors, total errors and primary latency were recorded.
Trial ended once the mouse entered the goal tunnel or after 3 minutes. If the mouse did not reach the goal
within 3 minutes, it was guided gently to the escape box and left inside for 1 minute. Mouse was removed
from the escape box and returned to the holding cage until the next trial. Training was repeated until each
mouse had had the desired number of trials for the day. (Animals could receive 4 trials per day with an
inter-trial interval- ITI of 15 minutes during 4 days).

To test for the reference memory (short- and long-term retention probe trial): Probe trial was conducted on
day 5, 24 hours after the last training day. The target hole was closed and the maze was rotated and re-
adjusted, so that the holes are in the same position as during the training days. In each case, a mouse
was positioned, and stimulus was initiated. The mouse was allowed to explore the maze. Mouse was
removed after a �xed interval; the probe trial was done in order to determine if the animal remembered
where the target goal was located. Number of pokes (errors) in each hole and latency and path length to
reach the virtually target hole were recorded. To assess long-term retention a second probe trial was
applied on day 12, without any training session between day 5 and day 12; repeating the basic steps.
Data collection and analysis was done statistically using the Graphpad prism.

Collection and Preparation of Tissues for Biochemical Assay Procedures

Adult animals were sacri�ced by cervical dislocation. The brain cortex after careful excision was
homogenised in 10% sucrose. The homogenates’ supernatant was used as samples for speci�c
neurtranmsitters biochemical assays.

Neurotransmitters’ Analyses

Neurotransmitters’ assays provided information on neuronal functions. Freshly dissected and properly
excised brain cortex samples were weighed using the digital Ohaus® DV314C and homogenised in equal
volumes of 10% sucrose. The homogenates were used as samples for speci�c assays of
neurotransmitters. Table 2 shows the rationale for neurotransmitters assays.
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Table 2
Neurotransmitters’ Studies and Rationale

  Neurotransmitter Purpose of
Assay

Rationale

1 Acetylcholine Neuronal
Activities

Fuctional information on projection neurons especially of
basal nucleus of Meynert; which degenerates in Alzheimer's
disease use acetylcholine

2 Serotonin Neuronal
activities
relative to
anxiety,
mood and
its disorders

Serotonin (5-HT)) is an indolamine. The permissive
serotonin hypothesis states that when 5-HT activity is
reduced, decreased levels of catecholamines cause
depression and insomnia; and when 5-HT activity is
increased, elevated levels of catecholamines cause mania.
Dysfunction of 5-HT may underlie certain disrders including
obsessive-compulsive disorder.

3 GABA

(γ-Aminobutyric
acid)

Evaluation
of
neurocortical
structural
and
functional
integrity

GABA is the major inhibitory neurotransmitter of the brain;
hence it in�uences the functions of various important
cortical cells- stellate, basket, and Purkinje.

Acetylcholine Assay as a Measure of Neuronal Activities (Abcam, 2015)

Samples were prepared from homogenate supernatants. Reaction mix was added and incubated at room
temperature for 30 minutes. Optical density (OD = 570 nm) was measured or �uorescence (Ex/Em = 
535/587 nm). Standard choline probe was prepared: Acetylcholinesterase and enzyme mix (aliquot if
necessary). Appropriate standard curve for the detection method of choice (colorimetric or �uorometric)
was prepared. Samples were prepared in duplicate. Appropriate reaction mix were also prepared (based
on Number samples + standards + 1) as follows: - Choline + AchE reaction mix; plate for standard was set
up (50 µL); samples (50 µL) and background wells (50 µL); and 50 µL of appropriate reaction mix was
added to wells. Plates were incubated at room temperature for 30 minutes and protected from light.
Plates were measured at OD 570nm for colorimetric assay or Ex/Em = 535/587 nm for �uorometric
assay.

Serotonin ELISA

Acylated standards, 100 µL was pipettied, plus controls and samples into the appropriate wells of the
serotonin/5-HIAA microtiter strips followed by pipetting 25 µL of the serotonin antiserum into all wells.
Plates were covered with adhesive foil and incubated for 15–20 hours at 2–8°C. The foil was removed,
and the contents of the wells were discarded or aspirated. Each well was washed 3 times thoroughly by
adding 300 µL wash buffer. This was followed by discarding content and blotting dry each time by
tapping the inverted plate on absorbent material. Next, 100 µL of the enzyme conjugate was pipetted into
all wells followed by incubating for 30 min at RT (20–25°C) on a shaker (approx. 600 rpm). Discarding or
aspirating the contents of the wells followed after which each well was washed 3 times thoroughly by
adding 300 µL wash wuffer. Content was discarded and blotted dry each time by tapping the inverted
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plate on absorbent material. 100 µL of the substrate was pipetted into all wells and incubated for 20–30
min at RT (20–25°C) on a shaker (approx. 600 rpm). Further, 100 µL of the stop solution was added to
each well and the microtiter plate was shaken to ensure a homogeneous distribution of the solution. The
absorbance of the solution in the wells was read within 10 minutes, using a microplate reader set to 450
nm and a reference wavelength between 620 nm and 650 nm.

GABA Assay: Evaluation of Neurocortical Structural and Functional Integrity (Elisa, 2015)

All reagents, samples and standards were prepared. First, 50µL standard or sample was added to each
well; then adding 50µLprepared Detection Reagent A immediately, shaking and mixing; then incubating 1
hour at 37oC. This was followed by aspirating and washing 3 times. 100µLprepared detection reagent B
was added and incubated 30 minutes at 370C; followed by aspirating and washing 5 times. 90µL
substrate solution wass added and followed by incubating 15–25 minutes at 37oC. Finally, 50µL stop
solution was added and followed by reading at 450 nm immediately.

Quantitative Data Analysis: Statistical Methods

Results from each study methods and tools were properly collated using data collection principles.
Values were recorded for each measured parameter for each experimental animal and tabulated as such
for each group. Mean values for parameters were obtained as well as the standard error of means. Bar
charts were appropriately used to present values. Inferential statistics was carried out using the One-Way
ANOVA Dunnett Method to evaluate statistical signi�cance of values (means) especially relative to the
Controls (P value ≤ 0.05). The GraphPad Prism 5 version statistical software was used for statistical
analysis.

Results
The Group D offspring that were exposed to high caffeine dosage during pregnancy all died a few days
after birth; hence the results available for this Group D included only those that were taken at birth. The
offspring that received caffeine during pregnancy alone died about the same time that others that were
continuously exposed to caffeine, postnatally, died. Neurotransmitters’ activities levels in tissues
homogenates across the groups of animals are presented as bar charts- labelled as �gures- with
variations of statistical signi�cance emphasised (*) for attention. Aberrations are associated with
regimen variations in legends and notes. Memory- short and long term- and anxiety were the
neurobehavioural attributes being considered. Variations as observed were associated with both duration
of exposure as well as the period and longevity of exposure. The results of these observations are
presented using bar charts with statistical signi�cance indicated (*). Charts are labelled as �gures with
suitable legends.

Results were presented on the basis of the groups and treatment as follows:

A: Control group animals
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B: Group B animals that were exposed to caffeine during pregancy and sac�ced at birth

C: Group C animals that were exposed to caffeine during pregancy and sac�ced at birth

D: Group D animals that were exposed to caffeine during pregancy and sac�ced at birth

BC+: Group B animals that were administered low-dose pre- and postnatal caffeine

BC−: Group B animals that were administered only low-dose prenatal caffeine

CC+: Group C animals that were administered medium-dose pre- and postnatal caffeine

CC−: Group C animals that were administered only medium -dose prenatal caffeine

DC+: Group D animals that were administered high-dose pre- and postnatal caffeine

DC−: Group D animals that were administered only high-dose prenatal caffeine.

Animals Groups that were administered caffeine made much less Primary Error Pokes (PEP) relative to
the Control Group A (Fig. 1). In each group, there are variations in the number of PEP between the animal
groups administered caffeine (C+) continuously to caffeine and the groups that did not receive postnatal
caffeine administrations (C-). Caffeine ingestion affected the mice short term memory and only the
lowest dose of caffeine at the prenatal and postnatal stages showed evidence of positive effects on
memory. All the animal groups that were administered caffeine- prenatal and postnatal, had less Total
Error Pokes (TEP) than the controls (Group A). There were no signi�cant variations in the TEP on the
basis of pre-natal and post-natal regimens of treatment as well as the dosage of caffeine administered
across the groups. Based on the number of error pokes as a parameter for short term momory quality, the
Group B animals showed improvement, albeit not statistically signi�cant, relative to the other groups.

Primary Latency (PL) as a memory attribute was lowest in the Group B animals with the Group B− mean
value being lower than the Group B+. Other Groups’ PL values were not signi�cantly different especially
relative to the control. Low dose caffeine ingestion in the Group B had positive effects on memory. The
average Total Latency (TL) values vary across the experimental animal groups. The Group B had the
least values of TL. This is a positive result that showed that caffeine ingestion improved short term
memory in the Group irrespective of the stage of exposure.

Experimental animal groups also exhibited variations in the mean numbers of the Primary Error Pokes
(PEP) (Fig. 2). Animals that were administered caffeine until puberty (pre- and postnatal exposure), had
reduced number of PEP relative to the controls (Group A) and the groups that had only prenatal expsoure.
Total Error Pokes (TEP) varied across the groups, especially relative to the control. The Groups BC+ and
CC+ had the least number of PEP values. Primary Latency varied across the groups of experimental
animals. The animal groups that were administered caffeine in the pre- and postnatal (+ Caffeine) stages
had lower PL relative to the groups that were only administered caffeine at the prenatal stage (- Caffeine).
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Also, these groups had higher PL relative to the control. Generally, animals (except BC+) that were
administered caffeine- either during the pre or postnatal stages, had higher TL relative to the control. TL
was lower in the groups that were administered caffeine during the both the pre- and the postnatal stages
(+ Caffeine) relative to the ones that were administered caffeine only in the prenatal stages (- caffeine).

Relative to the control (Group A) animals, pre- and postnatal-treated animals (Groups BC+ and CC+) had
lower meam values of Time Spent in Open Arm (TSOA); their TSOA values are also lower than the TSOA
values for the counterpart groups that only recived prenatal caffeine treatments (Groups BC− and CC−)
(Fig. 3). Animals exhibited varying anxiety levels, but caffeine ingestion did not signi�cnalty affect
anxiety levels in the animal groups. Pre- and postnatal caffeine-treated animal in Groups B+ and C+ had
higher Time Spent in Close Arm (TSCA) when compared to their counterparts that were only administred
caffeine in the prenatal stages (Groups B− and C−). The same Groups B+ and C+ had higher TSCA than
the Control Group A TSCA value. These results showed that Animals exhibited varations in anxiety levels
but caffeine ingestion did not signi�cnalty affect anxiety levels in the animal groups.

Acetylcholine neurotransmitter activities in the brain tissues varied across the animal groups. Group B
animals had higher levels; the Group BC+ value was higher than he Group BC− values (Fig. 4). Continuos
postnatal caffeine administration at the lower dose increased the level of the acetylcholine
neurotransmitter signi�canlty. Serotonin activities also varied signi�cantly between the control (Group A)
and all the treated groups. There were no signi�cant variations in serotonin levels between prenanal and
perinatal caffeine-treated animals of the same main groups. Caffeine ingestion generally increased the
levels of the serotonin neurotransmitter in the brains of the treated animals relative to the control. Group
B animas had the highest level of GABA activities in their brains. The levels were reduced in Group C
relative to both Control Group A animals as well as the Group B animals. Caffeine ingestion altered the
levels of GABA neurotranmitters in the animals’ brains across the experimental groups. However, there
were no signi�cant differences between the GABA levels in the brains of subgroups i.e. whether caffeine
was only administered during the prenatal stage or during both the pre- and the postnatal stages.

Discussion
It is important to emphasise that the current investigation presents a functional and behavioural
perspective into the effects of caffeine consumption on brain development, using the mice (Mus
musculus) as a suitable model. There have been arguments in favour and against caffeine consumption
in pregnancy as some reports have reported bene�ts (Juárez-Méndez et al. 2006; Connolly and Kingsbury
2010) and others, deleterious in�uences (Fuller et al. 1982; Desfrere et al. 2007). The regimen, timing and
perspective limitations have however played major roles in interpreting observations in most existing
reports. It is also crucial to state that the Group D animals did not survive till the end of the Phase II of the
experiment period of 35 postnatal days. The animals died about the Day 12 of postnatal life. This
incidence strongly suggests that this dosage was grossly deleterious to the animals and even the
consequences of prenatal exposure resulted in death about the same time that the animals of the same
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group that continued with the postnatal treatment died. In other words, the effects of the very high
dosage of caffeine exposure in pregnancy resulted in death during the early days of postnatal life.

Caffeine had measurable effects on certain behavioural paramaeters (Fig. 1). Caffeine improved Barnes
maze-tested short-term memory by reducing primary error pokes. Caffeine in�uenced the number of
primary error pokes (PEP) in the treated groups generally relative to the control (Group A) signi�cantly.
Hence, prenatal and postnatal (chronic or habitual) caffeine administration affected cognition and short-
term memory. Treated animals general had lower values of primary error pokes (PEP) during the short-
term memory trials. The treated animals in Group C had the least number of PEP. Many investigations
had considered short-term caffeine effects on learning, cognition and memory. Not many had modelled
the regimen to align with various patterns in caffeine consumption as considered in this investigation.
The effect of caffeine exposure on the postnatal life is also rarely studied in models. This investigation
provides insights into these scenarios.

Obviously, all treated animal groups- both the ones that only had prenatal caffeine exposure and those
that had both pre- and postnatal exposure had low PEP values relative to the control. These observations
would suggest that caffeine affected memory in all the groups relative to the control. Low PEP values
indicated that the animals in this investigation had greater accuracy in recognising the target escape
from the Barnes maze. This indicated that they had improved short-term memory by making much less
mistakes in recognising the escape hole (Barnes 1979; Sunyer et al. 2007). Those that had caffeine
administered to the mothers only during pregnancy in had slightly lower PEP values when compared with
their counterparts in the same group that had caffeine administered to their mothers and then had
caffeine administered to them as well until puberty. Whereas in group in which animals had boh pre- and
postnatal caffeine treatment had much less PEP value that their counterparts. What is consistent with
these observations is that caffeine administration could in�uence PEP which is a measure of memory
retrieval accuracy either when administered to the mothers of offspring in pregnancy only or when this
treatment to the offspring themselves after parturition.

The above further suggests that caffeine is effective at certain doses by virtue of its mechanism on the
brain to in�uence memory by improving accuracy of decisions and activities based on experience and
training. In the context of accuracy, caffeine had affected memory positively at lower doses. Costa et al.
(2008) reported that short-term caffeine administration improved short term memory in rats. Cupo (2012)
reported similarly for the short term memory but stated that chronic caffeine consumption impairs long
term memory, contrary to the current �ndings. Borota et al. (2014) stated that caffeine administration in
humans would enhance memory consolidation. Notably, the regimen in the last two investigation did not
model the human habitual method of caffeine consumption- administration was done for four weeks
through injection and tailored towards task performances rather than routine habitual uses. This would
illustrate the diversities that are associated with results due to methods of investigation. It is alo worthy
of mention that caffeine effects could also be modulated by other factors including sleep deprivation
(Pauldurai 2014).
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Caffeine pre- and postnatal exposure produced positive effects on short term memory and cognition by
reducing the total error pokes (TEP). Caffeine produced lowered TEP in all treated groups and sub-groups,
with the exception of the extremly high dose that caused postnatal death. This indicated that caffeine
use, whether during pregnancy alone or cntuinually afterwards, have the potential to in�uence mental
attributes of mental accuracy and cognition and memory, resulting in reduced recog-nition rooers as
tested in thjis study. Thus caffeine had sustained effects on memory and cognition in the experimental
animals. This is still in line with the aforementioned report of Borota et al. (2014).

Moderate caffeine exposure produced positive effects on short term memory and cognition by reducing
the primary latency (PL) (Fig. 1). Primary latency is a good parameter for evaluating cognitive
performance; since it is a major parameter for assessing spatial learning and memory (Barnes 1979;
Harrison et al. 2009). Caffeine has been reported to have in�uence on cognitive performance either in
humans (Johnson-Kozlow, et al. 2002; Kelly et al. 2008; Beaven and Ekström 2013) or models (Dombovy-
Johnson, 2012). However, while most reports have only investigated acute or prolonged non-habitual
caffeine consumption and its effects; the current investigation considered the effects during pregnancy
and its postnatal implications in conditions of continuity or otherwise. Primary latency (PL) variations
showed the time taken to locate the escape hole (Barnes 1979; Sunyer et al. 2007) and it is a marker of
cognition and memory quality in the animal groups. The Group B animals exhibited signi�cant reduction
in PL relative to the control (Group A); this showed improved agility and memory. There are however only
slight differences between the PL values for the Group C and the control, Group A. This observation
suggested the possibility of a curve relationship between this particular type of effects and the PL
component of the short-term memory as observed in this investigation. This observation would also point
to a possibility of a moderate optimal dose for effective PL after which there was decline in effectiveness
by virtue of the increase in PL values. This type of phenomenon has been demonstrated by the
interactions of several agents with body systems and functional mechanisms. Interestingly, the Groups
C− animals whose mothers were administered caffeine during pregnancy (but without postnatal
exposure) had the relatively highest PL value in and similar fashion to the PEP and TEP values. It is quite
possible that caffeine at quite high dose could be losing the positive effects attributed to its actions. A
number of reports had stated that caffeine at relatively high doses could have negative effects on
attributes of mental functions such as cognition, learning and memory (Mednick et al. 2008; Jones and
Fernyhough 2009).

Moderate pre- and postnatal caffeine use produced positive effects on short term memory by reducing
total latency (TL) (Fig. 1). The Total Latency (TL) pattern followed a trend similar to PL across the animal
groups. The Group B animals had the least value and within this Group, the subgroup, Group BC− has the
lower value of TL. This is consistent with the PL and a number of other memory attributes previously
considered. Positive effects of caffeine relative to latency is being observed in this Group B. The animals
in this group needed shorter time to deploy the memory from previous experience or learning in �nding
the escape hole. This characteristic is quite positive for memory. Again, it would appear that the dosage
employed at this level was most appropriate to elicit a positive effect on TL as an attribute of memory.
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Contrary to Group B, the Group C animals had TL values close to the TL values in the control (Group A).
This would indicate that caffeine administration in this group did not produce signi�cant lowering nor
increase in the TL values; hence, the TL attribute of memory was neither signi�cantly improved nor
worsened. This reinforces the possibility of a curve-phenomenon for the dosage-effect relationship
between TL or memory attributes and the dosage of caffeine consumed. Therefore, caffeine only
affected latency positively at the lower or moderate dosage and this is in line with several previous
reports (Mednick et al. 2008; Jones and Fernyhough 2009).

While caffeine administration before birth alone (Group B) as opposed to caffeine administration before
birth (to mother) and after (continuously to the offspring) (Group Bc+) produced a relatively lower TL
value, effect is reverse in the case of Group C. In other words, caffeine consumption withdrawal after birth
at the lower dosage in Group B produced slightly lower TL signifying better TL value as a memory
attribute; however, the withdrawal in Group C resulted in slight increase of the TL value signifying a
slightly poorer TL attribute of memory relative to Group CC+ and the control (Group A). Thus, the effects
of caffeine on TL as a vital attribute of the short-term memory as observed here is dose dependent as
much as it is in�uenced by the periods of administration- whether prenatal or postnatal stages alone or at
both periods of life. This observation points to the need to carefully evaluate the relationship between
potency and dosage even within the safe-dose range values even for the acclaimed bene�ts of caffeine
since it appears that high dosage, though not necessarily lethal or deleterious might still affect vital
mental attributes negatively.

Furthermore, there is evidence that the mothers’ caffeine ingestion in pregnancy affected latency till
postnatal adolescence or puberty. This agrees with a number of reports on the possibilities of sustaining
the effects that caffeine ingestion during pregnancy might have on the offspring till adult postnatal life
stage (Juárez-Méndez et al. 2006; Connolly and Kingsbury; Fuller et al. 1986; Desfrere et al. 2007).
Negative effects of high caffeine dosage are also reported to be associated with adult neurogenesis
(Wentz and Magavi (2009). Though Atik et al. (2014) reported that high caffeine consumption during
pregnancy is safe based on structural examination of the ovine brain, it should be noted that in their
instance, administration was only during the latter stage of prenatal life (0.7–0.8 of term; approximately
27–34 wk of gestation in humans). This is contrary to most real life situation where caffeine users might
consume caffeine regularly irrespective of the stage of pregnancy. The real life situation is therefore more
closely related to the current research design.

Continuous pre- and postnatal caffeine exposure produced positive effects on long term memory by
relatively reducing the primary error pokes (PEP). The PEP values were lowered in the Groups BC+ and CC+

(which were administered caffeine at both pre- and postnatal stages) relative to the control (Group A) and
their counterpart Groups BC− and CC− (that were administered caffeine only at the prenatal stage). The
positive in�uence of caffeine is observably more effective in Group BC− that was administered a lower
dosage of caffeine than the Group CC+ that was administered the higher dosage of caffeine. This would
still support the observation that potency relative to PEP attribute of memory is achieved at the moderate
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or lower dosage employed. While caffeine withdrawal at the post natal stage in Group B (Group BC−)
produced higher PEP average value, both relative to the control (Group A) and the counterpart Group BC+;
PEP in Group CC− was only slightly higher than it was in its counterpart Group CC+ but lower than it was in
the control (Group A).

Effects of moderate caffeine ingestion during pregnancy improved spatial learning and memory accuracy
when postnatal consumption was continued; these two parameters are typically measured by the Barnes
maze test (Harrison et al. 2009; Mouzon and Chaytow 2012). Meanwhile Silva et al. (2013) had reported
on caffeine effects on hippocampus that persisted in the mice till later postnatal life. The mice were
reportedly less exploratory and unwilling to be adventurous with learning. GABA neurons were reported to
have failed to migrate properly. Also, caffeine adenosine antagonist action was reported as the primary
mechanism involved (Silva et al. 2013). Though the dosage of caffeine used was above what is
considered moderate in the context of the current investigation; it remains a pointer to the possibility of
the persistence of established caffeine effects in pregnancy. Understandably, some of such effects could
be positive and bene�cial to vital mental functions.

When caffeine consumption was stopped after birth, after having exposed the offspring to it in pregnancy
through their mothers; LTM-PEP values increased both relative to the values in non-caffeine consuming
mothers and caffeine consuming mothers’ offspring. Thus, only continuous caffeine consumption could
achieve improved memory via the lowering of the PEP values. While this again would appear to be a
positive attribute of caffeine moderate use both during pregnancy and after birth on the offspring, it is
also important to note that this could mean permanent functional adjustments in mental attributes.
These changes might have occurred through chemical and structural adjustments that have in�uenced
relevant mental attributes. Hence caffeine effect is in�uenced both stage of development at which the
brain is exposed as much as the dosage employed (Lopez et al. 1989; Nehlig et al. 1992; Guillet and
Dunham 1995).

The total error pokes (TEP) values pattern across the animal groups was similar to that of the PEP
(Fig. 1). The continuous administration of caffeine from the prenatal stage (to the mothers) to the
postnatal stage (to the offspring) reduced the values of TEP for the animals. This would suggest that the
TEP attribute of memory was effectively reduced when the substance was continually administered, and
the advantage might be lost upon stoppage of administration to the offspring after birth. Also, it would
appear that the error pokes were most effectively reduced when the dosage was low or moderate during
the pregnancy and postnatal life. A consistent fact is that caffeine’s effect during pregnancy could still be
observed till puberty in spatial learning and memory accuracy (Holloway 1982; Hughes and Beveridge,
1990). While it is positive for the continually treated groups; it is rather negative for the groups that were
only exposed during pregnancy alone in terms of the TEP as a parameter for evaluating spatial learning
and memory (Sunyer et al. 2007). Only the lower or moderate dosage produced observable positive effect
on TEP.
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Moderate continuous pre- and postnatal caffeine exposure produced positive effects on long term
memory by relatively reducing the primary latency (PL), but postnatal withdrwal was relatively
counterproductive. Caffeine evidently affected PL; its chronic pre- and postnatal administration was
positive on spatial learning and memory performance (Brice and Smith 2002). The primary latency (PL)
attribute of the memory was in�uenced by caffeine administration relative to the control (Group A). There
were also variations within groups- between the animal groups administered only during pregnancy and
those administered caffeine at both the prenatal and postnatal stages. The administration of caffeine at
both pre- and postnatal stages of development produced lower PL values than when it was only
administered for the animals’ mothers in pregnancy and discontinued after birth. Again, the effective
dosage in terms of lowering the PL values is when the dosage was low or moderate and the
administration was �rst to the animals’ mothers in pregnancy and afterwards to the offspring themselves
until puberty (Group BC+). At the higher dosage (Group CC+), the PL value was lower relative to what it was
when administration was stopped right from birth (Group CC−). The lowering of the PL values between
these groups however was still not effective relative to the control (Group A). The persistence of caffeine
effects on animal behaviour had been reported, previoulsy (Holloway 1982; Gullberg et al. 1986;
Nakamoto et al 1991).

In a similar fashion to its effects on PL, low or moderate continuous pre- and postnatal caffeine exposure
produced positive effects on long term memory by relatively reducing the total latency (TL). In this
instance, postnatal withdrawal was relatively counterproductive. The total latency (TL) attribute of the
long-term memory showed observable relationships between caffeine dosage and the period of
administration between the groups and the control animals. Caffeine administration in�uenced TL
positively and most effectively when administered at moderated dosage to the mothers before birth and
then to the offspring until puberty (Group BC+). This advantage however was lost (in the counterpart
Group BC−) when caffeine administration was only done through the mothers during pregnancy. TL
values were higher (relative to the Group A) when the higher caffeine dosage was employed (Group CC+

and Group CC−). There was no signi�cant difference in the resultant effects on TL when caffeine
administration was stopped at birth. This observation is largely consistent with the possibility of a curve
phenomenon relative to the in�uence of caffeine administration vital attributes of memory. In line with
this, the speci�cally positive effects dosage was the lower dosage employed in this investigation and
when caffeine was both administered through the mothers in pregnancy and when this was continued
until puberty. Obviously, the stoppage of caffeine administration after birth greatly and signi�cantly
increased the value of TL and this is interpreted as a negative effect since it would imply that latency in
achieving escape through a learned procedure was increased.

Caffeine reportedly improved performance on cognitive tasks (Smith et al. 1994; Hogervorst et al. 1999;
Lieberman et al. 2002; Brice and Smith 2002; Howard and Marczinski 2010); and bene�ted the elderly the
more (Jarvis 1993), with women appearing relatively favoured the more (Johnson-Kozlow et al. 2002).
Evidently, caffeine consumption would require moderation because excessive doses have been reported
to be detrimental to working memory (Foreman et al. 1989). This is attributable to a number of
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mechanisms- direct antagonistic effects on adenosine receptors (AR1 and AR2A), in�uence on
neurotransmitters and glucose metabolism among others.

When exploratory and anxiety-related parameters were assayed using the elevated plus maze, caffeine
increased animals’ activeness and exploratory behaviour by relatively increasing the frequencies of open-
close arms movements (Fig. 3). The frequency and pattern of entries and exits between the close arm
and the open arm of the elevated plus maze neurobehavioral tool for anxiety provided useful insight into
anxiety related behavioural attributes of the experimental animals. The close arm entry (CAE) is used as a
direct indication of anxiety (Walf and Frye 2007; Komada et al. 2008) as well as an indirect indication of
animal activeness. The control (Group A) animals had the lowest mean CAE value. This could simply
suggest lower levels of activities rate or reduced activeness relative to the other animal groups
administered caffeine of various dosages at various stages. While it could give a direct picture of the
pattern of activeness, it would also suggest anxiety, although until it is measured against the rate at
which the animals exit the close arm as well as the time spent in the open and the close arms of the
maze. Therefore, it is logical to deduce that the general administration of caffeine improved animals’
activeness generally, including those who had received caffeine only during intrauterine development
through their mothers. There is the possibility of increased anxiety level as well; anxiety has strongly been
associated with caffeine consumption (Goldstein et al. 1969; Alsene et al. 2003).

Furthermore, the receptors (AR1 and AR2A) that caffeine primarily interact with are strongly linked with
anxiety (Ledent et al.1997; Johansson et al. 2001). Animals that received caffeine continuously after birth
(Groups BC+ and CC+) had higher CAE values than their counterparts that only received similar treatments
during intrauterine life (Groups BC− and CC−). Hence, caffeine treatment right from pregnancy in�uenced
activeness until puberty; so also the continual administration of caffeine through pregnancy and
afterwards. The latter however had greater effects on the CAE attribute of anxiety. This in line with many
previous investigations on caffeine anxiogenic roles (Childs et al. 2008; Rogers et al. 2010).

The close arm entry (CAE) measurements provided information on both activeness and explorative
abilities of the animals especially in a manner that complements the OAE values. The animal groups that
were administered caffeine (whether prenatal only or pre- and postnatal) all had average Open Arm Entry
(OAE) values higher than the control (Group A) indicating increased inter-arms motor activities and
movements relative to the control (Group A). Interestingly, this is quite consistent with the results of the
CAE particularly relative to activeness and explorative tendencies and abilities. Previous reports stated
that caffeine increased alertness, induced locomotor activation and could cause hyperactivity (Zahniser
et al. 2000). This has been attributed largely to its interactions with adenosine receptors, dopamine
receptors and GABA which are typically implicated in behavioural hyperactivity. While it could have
suggested increased anxiety; it is also logical to state that increased movements in- and out of the close
arms might not exclusively represent increased anxiety, as this would only be so if they stayed in the
close arm relatively longer than they stayed in the open arm (this is measured by the time spent in closed
arm versus the time spent in the open arm that would be considered after this part). Rather, it is quite
more rational and logical to deduce that the animals were quite exploratory and active. This could be a
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positive behavioural attribute; and as such, attributes had been associated with improved learning or
interest in learning even in humans.

There is no signi�cant difference in the OAE values for the Group B (Group BC+ and Group BC−) animals
suggesting that such effects could have been established during the intrauterine development of the
brain. In line with this, it is possible that this becomes a lasting mental attribute for the animals, having
persisted it until puberty. It could also mean that factors that are responsible for this attribute were most
susceptible for caffeine actions in�uence during the intrauterine periods of development with no
signi�cant in�uence taking place during postnatal life treatment. At the higher dosage employed; there is
a slight lowering in the OAE between the continually treated Group CC+ and the counterpart Group CC−

implying a slight lowering of the level of movement activities and exploratory tendencies in this group
relative to this counterpart. Generally, moderate dose caffeine administration improved activeness and
exploratory tendencies. Caffeine neonatal administration has been reported to cause sustained increase
in the adenosine receptor- A1 density in adult rats (Montandon et al. 2006) and this could be a major
contributory factor to the observed changes.

Pre- and postnatal (continuous) caffeine exposure produced anxiety tendencies by realtively increasing
the TSCA and reducing the TSOA. Relative increase in time spent in open arm (TSOA) is considered a
positive neurobehavioral attribute as it indicates less anxiety (Walf and Frye 2007; Komada et al. 2008).
The prenatal treated animal groups (BC− and CC−) had quite relatively high TSOA. Not only was their
TSOA higher than the control (Group A), they were also greater than their counterparts’ TSOA values. This
could be logically explained to re�ect an in�uence of caffeine on this attribute of behaviour. Caffeine
consumption during pregnancy (by the mothers) has produced effects on the brains of the offspring.
Furthermore, these effects would have taken place during the intrauterine development but with lasting
effects on behaviour. The values of TSOA in the counterpart groups that were administered caffeine pre-
and postnatal did not show signi�cant increase or depreciation in the TSOA values. This is an evidence in
support of the fact that signi�cant effects were majorly produced by virtue of caffeine effects on brain
intrauterine development. Continual consumption of caffeine during postnatal stage rather than enhance
TSOA values appear to have nulli�ed the in�uence it produced during the intrauterine stage of
development.

Pre- and postnatal caffeine-treated animal Groups BC+ and CC+ had higher Time Spent in Close Arm
(TSCA) than their counterparts in the prenatal-treated Groups BC− and CC−. This implied that animals that
were administered caffeine throughout pregnancy till birth and then up to puberty had raised or increased
anxiety tendencies relative to their counterparts that only received caffeine treatment through their mother
in pregnancy. Another fact that could be deduced from this is that these effects might have been
continuous based on the caffeine treatment regimen and not necessarily permanently established in
pregnancy. Interestingly, the prenatal treated groups (Groups BC− and CC−) had lower TSCA values relative
to the control (Group A) as well. This could only be logically explained as to mean that caffeine
consumption by mothers in pregnancy alone could normalise anxiety tendencies in the offspring that
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would not consume caffeine on their own during postnatal life. Notably again, a moderate dosage of
consumption by the mothers in pregnancy caused a signi�cant reduction in the TSCA value (Group BC−),
suggesting the roles and in�uence of dosage moderation on the underlying mechanism. While the current
analysis would be based on a brain in its state of relalive normal health; it will be important to investigate
these effects in various major neuerorlgocal aberration conexts. For example, Zappettini et al., [2019] had
stated in their report that intrauterine exposure to caffeine could be a risk-factor for early onset of
Alzheimer’s disease-like pathology. On the other hand, Alsayed et al., [2017] had reported that perinatal
caffeine exposure (60 mg/kg) affected learning and memory signi�cantly. However, they reported no
alternations in anxiety and social behavior.

While Nehlig et al. (1992) stated that caffeine consumption affected learning memory and performance,
the current investigation explains further how lasting such in�uence could be. Since these mental
attributes are associated with adenosine receptors; it is also in line with the report of Shi et al. (1993) and
Zielke and Zielke (1987) that caffeine chronic consumption caused up-regulation of adenosine receptors-
AR1; which reportedly could be persistent. However, the report of Lorenzo et al. (2010) suggested that the
time of caffeine exposure in�uences adenosine receptors response to caffeine differently- neonates’
exposure reportedly decreased adenosine receptor- AR1 response while AR2A was unaffected. Up-
regulation of AR1 might have positive or therapeutic implications- it has been associated with repair of
ischemic damage in gerbil hippocampus (Rudolphi et al. 1989). Other methods of evaluation had
con�rmed caffeine-induced behavioural changes (Hughes and Beveridge 1990).

It is also important to disucss the effects of caffeine exposure on selected neurotransmitters. Caffeine
exposure altered acetylcholine (ach) activities levels in the brain with the moderate dosage producing
suatained optimal elevations. Acetylcholine neurotransmitter activities levels in the brain tissues varied
across the animal groups. This is attributable to caffeine, in line with some previous investigations that
reported caffeine roles in modulation of neurotransmitters activities including acetylcholine (Acquas et al.
2002; Cauli and Morelli 2005; Ferré 2010; Acquas et al. 2010; Lopez-Cruz et al. 2013). Group B animals
generally had the highest levels; the Group BC+ value was higher than Group BC− value. This
neurotransmitter was no doubt in�uenced by the dosage of administration as well as the timing of the
caffeine administration. The level was highest when caffeine was administered at the lower dosage in
Group BC+ right from pregnancy (to the mothers) and continuously till puberty. Interestingly, the
counterpart group (Group BC−) that were administered caffeine only during pregnancy has the next
highest level of ACh neurotransmitter in their brains. This implied that the effects were more in�uenced by
the time of administration and dosage because the high level of ACh in the Group BC− was relatively
sustained till adult despite the fact that they only received caffeine through their mothers during
pregnancy. Another fact deducible from this observation is that the lower dose was more effective at
producing an elevated level of this neurotransmitter even more than the higher dose employed in Group C.
To this end, the molecular mechanism responsible for this elevation would have been established during
intrauterine development for there to be sustenance of such effects beyond prenatal period.
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The higher dosage of caffeine as employed in the Group C produced lower Ach levels relative to the
control, Group A and the Group B animals. Acetylcholine modi�cation has been reported to in�uence
memory- it was reported to selectively suppress intrinsic but not afferent �ber synaptic transmission in
the visual cortex and this effect was associated with preventing recall of previously learned memories
from interfering with the learning of new memories (Hasselmo and Bower 1993). Furthermore,
acetylcholine effects in the piriform cortex were speci�cally reported to include suppression of neuronal
adaptation, suppression of synaptic transmission in the intrinsic �bers layer, and activity-dependent
increase in synaptic strength. These were summed up to enhance learning and recall performance of the
cortical network; thus emphasising its roles in learning and memory (Barkai and Hasselmo 1997).

When considered relative to Group A, caffeine at the higher dosage produced effects that reduced ACh
levels in both subgroups. Again, the relative closeness of the neurotransmitter levels in both groups
points to the insigni�cant effects that caffeine administration might have on the established levels of this
neurotransmitter when administered during postnatal life. The high dosage on the other hand could have
been beyond the optimal dosage to effect ACh elevation; thus a reduction resulted. Altogether, caffeine
in�uenced the brain chemistry relative to this neurotransmitter in manners that are persistent till puberty.
To this end, there is the possibility that speci�c functions that are associated with this neurotransmitter
could be in�uenced right from pregnancy and sustained for a long period beyond parturition.

A major role of acetylcholine that is related to tested parameter in the current investigation is learning and
memory- of which long term potentiation (LTP) is a major determinant (Persad 2011). LTP is in�uenced
by acetylcholine (Myhrer 2003) in conjunction with dopamine, serotonin and epinephrine. Acetylcholine is
basically involved in cognitive functions by interacting with dopamine while it in�uences cognitive
behaviour with serotonin (Persad 2011). Also, caffeine can consistently and chronically in�uence the
effects of acetylcholine (Acquas et al. 2002)

The GABA (γ-Aminobutyric Acid) neurotransmitter levels varied between the animal groups with the Group
B animals having the highest levels of this nuerotransmitter in their brains. Both subgroups of animals
had similar levels of the enzyme. This would imply that the continuous postnatal administration of
caffeine in the Group BC+ did not produce any substantial difference between this group and the
counterpart Group BC− that received the same dosage but only through the treatment given their mothers
in pregnancy. Again, it is logical to deduce that the effect of caffeine that were observed on the GABA
neurotransmitter in this study had a prenatally established cause, possibly through an in�uence on the
underlying molecular mechanisms. This dosage as well was the most effective for increasing the level of
this neurotransmitter in the current study.

The animal groups that were administered the higher dosage of caffeine had much lower GABA activities
levels in their brains than their counterparts administered with the lower dosage. They also had lower
levels of GABA activities when compared with the control. Caffeine had previously been reported to
reduce GABA receptor interaction sites (Roca et al. 1988) or alter the density (Shi et al. 1993). Since these
levels were quite close in both subgroups, prenatal administration did not cause any substantial increase
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relative to the levels produced by the intrauterine treatment at this particular dosage. Rather, there was a
slight reduction in the neurotransmitter’s activities level when caffeine was continuously administered
during postnatal stage of life. There was therefore no increase to this neurotransmitter as a result of
caffeine administration during postnatal life relative to their counterparts that were only treated in
pregnancy. High caffeine dosage would therefore rather reduce the level of GABA. Again, there is the
possibility of an optimally e�cient dosage of caffeine with respect to the elevation of GABA around the
lower dosage employed and which the dosage employed in Group C was beyond.

Pre and postnatal caffeine exposure produced sustained alterations in serotonin neurotransmitter levels
with the optimal levels being assoaciated with the moderate dosage. The Serotonin (SER)
neurotransmitter’s activity in the animals’ brain was highest in the Group B. Both subgroups of animals
(Group BC+ and Group ( BC−) had quite relatively high levels of serotonin in their brain tissues. There was
no substantial difference between the levels of this neurotransmitter in these two animal subgroups.
Notably, only one of these subgroups (Group BC+) received caffeine till puberty, the other only received
through their mothers during the prenatal stage; yet both subgroups had serotonin levels that were almost
equal in the brain tissue. This strongly suggested that the determinants of such neurochemical changes
were established during intrauterine development. This would further imply that caffeine could in�uence
brain chemistry and serotonin levels and functions during pregnancy, and this could be sustained as long
as puberty.

Serotonin level, rather than increase with increase in dosage (in Group C) had a reduction in activities
levels. This group of animals did not just have lowered serotonin levels relative to the Group B animals
that were administered the lower dosage of caffeine, they also had it lower than that of the control (Group
A). There was substantial difference between the levels of serotonin in both subgroups (whether caffeine
was administered during prenatal stage alone or continuously till puberty. his reinforces the argument
that caffeine would have in�uenced the factors and molecular mechanisms that were responsible for the
changes in serotonin levels before birth and such effects might persist until postnatal life. Again, caffeine
reduced serotonin activities levels at the relatively high dosage showing that increase in its dosage did
not always continuously produce increase in serotonin level, this curve-phenomenon of dose-effect
response has been consistently suspected from caffeine effects for a number of vital neurotransmitters
in this investigation.

Summary And Conclusion
These �ndings are in alignment with certain previous works including that of Park (2016) which had
reported that ealry life caffeine exposure could have persisitent effects on normative neuronal function.
Also, ca�ne intrauterine exposure reportedly affected GABA neurons, brain rhythms and memory (Fazeli
et al. 2017). The report of park (2016) had also shown that perinatal caffeine exposure affected synaptic
e�cacy in the hippocampus of freely moving adult rats and this might also have signi�cnat functional
consequences on memory and/or cognition. These �ndings are also pointers to the importance of the
recommendations of the American College of Obstetricians and Gynecologists (2010) on moderate
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caffeine consumption during pregnancy and why this might be continually critically reviewed in line with
further emerging evidences.

From the current investigation, caffeine exposure in pregancy had persistent effects on brain functional
attributes including neurotransmitters activities, memory and anxiety. Caffeine morderate dosage
affected memory positively, especially when prenatal exposure was sustained during the postnatal stage
but produced negative effects at the higher dosage including increased anxiety tendencies and death at
the highest dose employed.
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Figures

Figure 1

Barnes Maze Memory Test showing the Short-Term Memory parameters including the Primary Error
Pokes [PEP]; Total Error Pokes [TEP]; Primary Latency [PL]; and Total Latency [TL]. * Indicates Statistical
Signi�cance (P ≤ 0.05)
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Figure 2

Barnes Maze Memory Test showing the Long-Term Memory parameters including the Primary Error Pokes
[PEP]; Total Error Pokes [TEP]; Primary Latency [PL]; and Total Latency [TL]. Key: * Indicates Statistical
Signi�cance (P ≤ 0.05)
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Figure 3

Elevated plus maze anxiety test parameters including Close Arm Entry [CAE]; Open Arm Entry [OAE]; Time
Spent in Open Arm [TSOA] and Time Spent in Close Arm [TSCA]. Animals that were administered caffeine
had higher Close Arm Entry (CAE) values when cpared wih the control (Group A) on the average. In each
of the treated groups, the pre and postnatal-treated animals had higher CAE values than the prenatal-
treated groups (-C). Caffeine mildly increased anxiety tendnency in the treated animal groups; but values
of the CAE parameters were not statitistically signi�cant. The animal groups that were administered
caffeine all had their mean OAE values higher than the control, indicating increased inter-arms motor
activities and movements relative to the control. This, though values were not statitiscally signiciant,
showed slight herperactivity or anxiety tendencies.
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Figure 4

Level of nierotamitters levels in the prefrtal cortex brain tiisues including acetylcholine, serotonin and
GABA (γ-Aminobutyric acid). Key: * Indicates Statistical Signi�cance (P ≤ 0.05)


