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Abstract
Background: Neonatal rats exposed to repetitive inflammatory pain have altered behaviors in young adulthood,
partly ameliorated by Ketamine analgesia. We examined the relationships between protein expression, neuronal
survival and plasticity in the neonatal rat brain, and correlated these changes with adult cognitive behavior.

Methods: Using Western immunoblot techniques, homogenates of cortical tissue were analyzed from neonatal
rats 18–20 hours following repeated exposure to 4% formalin injections (F, N = 9), Ketamine (K, 2.5 mg/kg × 2,
N = 9), Ketamine prior to formalin (KF, N = 9), or undisturbed controls (C, N = 9). Brain tissues from another
cohort of rat pups (F = 11, K = 12, KF = 10, C = 15) were used for cellular staining with Fos
immunohistochemistry or FluoroJade-B (FJB), followed by cell counting in eleven cortical and three hippocampal
areas. Long-term cognitive testing using a delayed non-match to sample (DNMS) paradigm in the 8-arm radial
maze was performed in adult rats receiving the same treatments (F = 20, K = 24, KF = 21, C = 27) in the neonatal
period.

Results: Greater cell death occurred in F vs. C, K, KF in parietal and retrosplenial areas, vs. K, KF in piriform,
temporal, and occipital areas, vs. C, K in frontal and hindlimb areas. In retrosplenial cortex, less Fos expression
occurred in F vs. C, KF. Cell death correlated inversely with Fos expression in piriform, retrosplenial, and occipital
areas, but only in F. Cortical expression of glial fibrillary acidic protein (GFAP) was elevated in F, K and KF vs. C.
No significant differences occurred in Caspase-3, Bax, and Bcl-2 expression between groups, but cellular changes
in cortical areas were significantly correlated with protein expression patterns. Cluster analysis of the frequencies
and durations of behaviors grouped them as exploratory, learning, preparatory, consumptive, and foraging
behaviors. Neonatal inflammatory pain exposure reduced exploratory behaviors in adult males, learning and
preparatory behaviors in females, whereas Ketamine ameliorated these long-term effects.

Conclusion: Neuroprotective effects of Ketamine attenuate the impaired cognitive behaviors resulting from
pain-induced cell death in the cortical and hippocampal fields of neonatal rats. This cell death was not dependent
on the apoptosis associated proteins, but was correlated with glial activation.
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Background
Exposure to adverse experiences in early life alters brain
function and behavior in childhood because of plasticity
in the immature nervous system [1]. Experiences during
early development will alter neuronal activity patterns
and the functional wiring of immature neurons. Epidemi-
ological studies suggest that adverse experiences in the
perinatal or neonatal periods may be associated with atyp-
ical behavior or emotional problems during childhood
[2], such as anxiety, depression [2,3], or even suicidal ten-
dencies [4,5].

Prolonged or repetitive pain occur during critical periods
of brain development in preterm neonates [6]. Rapid
brain growth, synaptogenesis, expression of excitatory
receptors [7] and developmentally regulated neuronal cell
death [8] also occur at this time, which may explain why
repetitive neonatal pain persistently alters pain process-
ing, in rats [9], mice [10], and humans [11-13]. Prolonged
treatment of infant rats with high doses of analgesic or
anesthetic agents also triggers widespread neurodegenera-
tion in their brain [14]. It is important, therefore, to study
the mechanisms by which repetitive pain or prolonged
anesthetic exposure alter development in the neonatal
brain, through factors altering cell survival, neuronal
activity, or plasticity. We are the first to report 26 rat
behaviors assessing cognitive deficits in a delayed non-
match to sample (DNMS) paradigm, correlated with the
expression of various cellular proteins that regulate the
mechanisms of cell death and plasticity.

Methods
All experiments were consistent with National Institutes
of Health animal use guidelines and approved by the local
Animal Care and Use Committee.

Animals
Timed pregnant Long-Evans hooded rats were moved to
cages with increased bedding (3" layer) in a noise-free par-
turition room on embryonic (E) day 18 (E18). Pregnant
females were handled daily by the same personnel who
provided the perinatal animal husbandry. Birthing cages
were not changed after nesting occurred and the litters
were left undisturbed. Environmental noise, changes in
temperature or humidity, or changes in husbandry staff
were strictly controlled, while maintaining a 12:12-h
light-dark cycle, with food and water ad lib. On the day of
birth (P0), rat pups were randomly cross-fostered and
culled to eight pups per dam.

Rat pups were randomly assigned to undisturbed controls
(C), or receiving subcutaneous injections of 4% formalin
(F), Ketamine and formalin (KF), or Ketamine alone (K).
Formalin (5 μl) was injected at hourly intervals into each
paw once daily from P1 to P4; Ketamine (2.5 mg/kg × 2)

was injected under the interscapular skin, 5 minutes
before the first and third formalin injections for acquiring
cellular data. All rats for the neonatal studies were sacri-
ficed on P5 to harvest brain tissues at the peak period of
neuronal cell death, 18–20 hrs after the last injection [15].
Brain tissues from an initial cohort of rat pups (C = 15, F
= 11, KF = 10, K = 12) were used for Fos immunohisto-
chemistry and FluoroJade-B (FJB) staining, whereas brain
tissues from 9 additional pups in each group (C, F, KF, K)
were used for Western immunoblot analyses. The final
cohort (C = 27, F = 20, KF = 21, K = 24) was raised for
long-term cognitive testing using a delayed non-match to
sample paradigm in the radial arm maze.

Cellular staining
Infant rats from all groups were anaesthetized with ether
and perfused with fresh, ice-cold 4% paraformaldehyde.
Brains were harvested, immersed in paraformaldehyde,
then 20% sucrose, and frozen in cryoprotectant. Cryostat
sections (20 μm) were mounted on positively charged
slides and stained with Fos antibody (Oncogene, Inc.) or
FluoroJade-B (FJB) (Histo-Chem). FJB staining, a marker
for neurodegeneration, and Fos immunohistochemistry
were conducted as reported previously [9,16]. Two
observers, blinded to study group assignment, counted
the stain-positive cells in the cortex, hippocampus, amy-
gdala, thalamus, hypothalamus, and habenula. All cell
counts were repeated for differences > 8% and statistical
analyses included analysis of variance (ANOVA), fol-
lowed by Dunn's or Tukey-Kramer post hoc tests, with sig-
nificance set at p < 0.01.

Western immunoblot analysis
Fresh tissue for protein extraction was dissected in cortical
and subcortical regions, frozen in liquid nitrogen, and
stored at -80°C. Protein was extracted by adding 4 vol-
umes of Tri Reagent (Molecular Research Center, Inc.),
homogenized using PowerGen 125 (Fisher Scientific),
and analyzed using the Micro-BCA protein assay kit, with
optical densities read at 562l. The Mini-Trans Blot electro-
phoresis and transfer set-up was used, with 7–9 samples
in each gel and pre-stained SDS-Page standards (Bio-Rad,
Inc.). Pre-cast 10% separation and 4% stacking SDS-Page
gels were used for electrophoresis at 150V in standard
buffer. For separation times exceeding one hour, electro-
phoresis units were kept refrigerated at 4°C.

The Silver Stain Plus kit (Bio-Rad, Inc.) was used to con-
firm protein integrity and the evenness of protein concen-
tration loading. Immune-Blot PVDF membrane (0.2 μm
pore size) was used for transfers, after blocking non-spe-
cific antibody binding. Specific dilution and incubation
times were determined for each lot of the primary anti-
bodies, which included: GFAP (glial fibrillary acidic pro-
tein, 1:5000 dilution, DAKO, Inc.), Caspase-3 (1:2000
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dilution, Calbiochem), PARP (poly ADP-ribose polymer-
ase, 1:2000 dilution, Cell Signaling, Inc.), Bax and Bcl-2
(1:2000 dilution for each, R&D Systems, Inc.). Immun-
Star Chemiluminescent Protein Detection Systems were
used as the secondary antibody (1:3000 dilution, Bio-Rad,
Inc.). Membranes were exposed to Fuji film for 5–10 min-
utes. Specific protein levels were measured by densitome-
try, with integrated density values adjusted for area
obtained from ChemiImager 5500 imaging system with
AlphaEaseFC software (Alpha Innotech Corp.). Data anal-
ysis used ANOVA, with significance levels at p < 0.05.

Radial arm maze test
Spatial learning and memory were measured using stand-
ard procedures for the radial 8-arm maze (RAM) in adult
rats [17]. Prior to testing, rats (N = 27, 24, 21, 20 from C,
K, KF, F groups, respectively) were diet-restricted to 85%
of baseline body weight and received training for 5 days
[18]. A delayed non-match to sample (DNMS) paradigm
was used with initial exposure to the radial maze (4 lanes
open) followed by a second exposure (all 8 lanes open)
after intervals of 1 hour (on P63) or 3 hours (on P64).
Within the time required to consume all bait, the fre-
quency and duration of behaviors, including rearing, re-
entry into bait eaten arm, time required to eat bait, and
incomplete consumption of bait were measured. Data
analysis used factorial ANOVA, with significance levels at
p < 0.05.

Data analyses
In addition to the ANOVAs cited above, Pearson's correla-
tions were used to compare site specific cortical cellular
activation and death to the levels of apoptosis gene prod-
ucts present in the cortex. Individual data points were ana-
lyzed only once using the statistical methods noted above,
thus corrections for repeated statistical testing were not
required. All data are presented as Mean ± SEM (standard
error of the mean). The behavioral data were analyzed
using Statistical Analysis Software (SAS). Initial data anal-
yses were performed using ANOVA and factorial ANOVA,
with significance levels set at p < 0.05. Oblique centroid
component cluster analysis was performed to show differ-
ences between the treatment groups and genders based on
cognitive behaviors. These behaviors were separated into
5 clusters; exploratory, learning, preparatory, consump-
tive and foraging behaviors, calculated based on the
unweighted averages of the standardized variables. The
bar graphs were plotted as variation of means by time
between the treatment groups.

Results
Cortical expression of neuronal activation or cell death
The cellular markers for activation (Fos) and cell death
(FJB) were compared between C, K, KF, and F groups.
Greater cell death occurred in many cortical areas of the F

animals, compared to C, K in the frontal cortex and hind-
limb area, compared to K, KF in the temporal (areas 1 and
3) and occipital cortex, and compared to C, K, and KF in
the parietal (areas 1 and 2), granular and agranular retro-
splenial cortex (fig. 1). Retrosplenial areas of the cortex
showed significantly reduced Fos expression in F, com-
pared with KF in the agranular area (p < 0.001), with C
and KF in the granular area (p < 0.001). Differences in the
limbic system, which included the dorsal endopiriform
cortex showed no differences in cell death, but signifi-
cantly lower Fos expression in F (vs. C, K, KF). In the piri-
form cortex, the F group showed greater cell death (vs. K,
KF) and lower Fos expression (vs. C, K, KF) (fig. 2). Inverse
correlations between Fos expression and cell death
occurred only the F group, particularly significant in the
piriform cortex (r = -0.7, p = 0.02), granular retrosplenial
cortex (r = -0.7, p = 0.03), and occipital cortex (r = -0.6, p
= 0.05).

Protein expression in cortical areas
Cell death mechanisms were further investigated using
antibodies for apoptotic proteins or glial activation. Sig-
nificantly greater glial activation indicated by GFAP
expression occurred in formalin-treated groups (F, KF),
with smaller increases in K (fig. 3A). Examples of glial acti-
vation in the frontal cortex of C (fig. 3B) and F (fig. 3C)
are compared, in contrast with glial morphology in sub-
cortical areas such as the basomedial amygdala (fig 3D)
and hippocampus in the F group (fig. 3E). Relatively
greater GFAP expression occurred in the formalin-injected
females than male rats (vs. C, p < 0.001, fig. 3A). Cortical
expression of caspase-3 was diminished in females from F
(vs. C/KF, p < 0.05, fig. 4A), but no differences occurred
for Bax or Bcl-2 expression (fig. 4B, 4C) between the ran-
domized groups.

Cellular changes, protein expression and cortical areas
Protein expression associated with inflammatory pain
and/or Ketamine analgesia may differentially alter proc-
esses such as cellular activation or cell death in the differ-
ent cortical areas. Cellular changes in specific cortical
areas were correlated significantly with each other and
with protein expression patterns, but only the strong cor-
relations (r ≥ 0.7, or r ≤ -0.7) were considered to be devel-
opmentally significant. Robust correlations for Fos
expression between various cortical areas occurred within
C, KF, and F, but occurred sparsely in K (fig. 5). Most of
the proteins mediating cell death were positively corre-
lated with cortical Fos expression in F, but inversely corre-
lated in C, K, and KF (fig. 5). These proteins were inversely
correlated with cell death in cortical areas from KF and F,
with only sparse correlations in C and K. The extent of cell
death occurring cortical areas was frequently correlated
with other cortical areas in F, but fewer correlations
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Number of cells in cortical areas showing Fos expression and cell death (FJB staining)Figure 1
Number of cells in cortical areas showing Fos expression and cell death (FJB staining). Control (C), Ketamine (K), 
Ketamine and Formalin (KF), Formalin (F). Bars indicate Mean ± SEM; *** P < 0.001; ** P < 0.01; * P < 0.05.
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occurred in C, K, and KF (fig. 5) because of the diminished
cell death within these groups.

Behavioral cluster analyses
Using a delayed non-match to sample (DNMS) paradigm
in the radial arm maze, the frequency and duration of var-
ious behaviors employed during the time required for
consuming the bait were recorded. For the results of facto-
rial ANOVA on individual behaviors at the 1 hour and 3
hour intervals, please see Additional files 1 and 2, respec-
tively. Cluster analysis of the frequencies and durations of
various behaviors were clustered into five groups arbitrar-
ily described as exploratory, learning, preparatory, con-
sumptive, and foraging (see table 1). Altered behavior
patterns occurred in young adulthood following repetitive
neonatal inflammatory pain in F, with reduced explora-
tory behaviors in the adult males (vs. C, K), as well as
decreased learning (vs. K, KF) and preparatory behaviors
(vs. KF) in the adult females (fig. 6). For group differences
between all the patterns of behaviors identified by Cluster
Analysis, please see Additional file 3.

Discussion
Neonatal exposure to repetitive inflammatory pain con-
tributes to greater cell death, reduced Fos expression, and

glial activation. These changes are subsequently associ-
ated with altered patterns of behavior in adult male and
female rats. Neuroanatomical differences are commonly
associated with cognitive outcomes following premature
birth [19-21], although it remains unclear how these early
developmental events alter the immature brain, leading to
the cognitive differences between children born preterm
or at term [22,23]. One aspect, amongst many others, may
be the exposure to repetitive pain and inflammation dur-
ing neonatal intensive care [23].

Rat pups experienced repeated inflammatory pain result-
ing from formalin injections and showed substantial ele-
vations in cell death from many cortical regions, with
several-fold differences from controls in the somatosen-
sory cortex (Par1: 5.4-fold; Par2:12.2-fold), in the hind-
limb area (8.7-fold), the frontal (5.7-fold), retrosplenial
(3.3-fold), piriform (3.1-fold), occipital (1.7-fold), and
temporal (1.6-fold) cortical areas. Neonatal cellular stain-
ing at 18–20 hours after the last stimulus further showed
a loss of Fos expression, suggesting reduced neuronal acti-
vation from environmental inputs or reduced inputs from
the cortical and subcortical areas showing increased cell
death [24]. Typically, for both cellular and behavioral

Number of cells in the pirifom and dorsal endopiriform showing Fos expression and cell deathFigure 2
Number of cells in the pirifom and dorsal endopiriform showing Fos expression and cell death. Control (C), Ket-
amine (K), Ketamine and Formalin (KF), Formalin (F). Bars indicate Mean ± SEM; *** P < 0.001; * P < 0.05.
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Western immunoblot assay (A) and immunohistochemistry (B-E) showing GFAP (glial fibrillary acidic protein)Figure 3
Western immunoblot assay (A) and immunohistochemistry (B-E) showing GFAP (glial fibrillary acidic pro-
tein). Control (C), Ketamine (K), Ketamine and Formalin (KF), Formalin (F). Photomicrographs show GFAP staining in the C 
group: Frontal cortex (B) and the F group: Frontal cortex (C), basomedial amygdaloid nucleus (D), hippocampus (E). Bars indi-
cate Mean ± SEM; *** P < 0.001; * P < 0.05; kD = kilodaltons; line bar = 50 μm.
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data sets, the F group showed greater statistical differences
from controls than the K and KF groups.

Some of these changes are likely related to the glial activa-
tion following inflammatory pain (fig. 3). Both K and F
treatments appeared to increase GFAP expression,
although their effects were not additive. Glial localization
of GFAP expression was confirmed by immunohisto-
chemical staining, but in limited areas only. Similar to its
effects in prenatal stress or systemic inflammation
[25,26], glial activation may trigger a cytokine response,
which contributes to the cell death occurring in wide-
spread areas of the brain. Ketamine not only blocks

NMDA receptors, but also has anti-inflammatory effects
on glial, neuronal, and endothelial cells.

The minimal differences occurring between the rand-
omized groups in the expression of caspase-3 or other
apoptotic proteins suggested that cell death may be medi-
ated via non-apoptotic pathways. This hypothesis, though
unproven by the current data, is further suggested by the
reduced cell death following NMDA receptor blockade
(KF vs. F, fig. 1, 2), and inverse correlations between apop-
totic protein expression and cell death in the F group (fig.
5). Relative expressions of Bax (considered neurodegener-
ative) to Bcl-2 (considered neuroprotective) correlated

Western immunoblot assays showing Caspase-3 (A), Bax (B), and Bcl-2 (C) protein expressionFigure 4
Western immunoblot assays showing Caspase-3 (A), Bax (B), and Bcl-2 (C) protein expression. Control (C), Ket-
amine (K), Ketamine and Formalin (KF), Formalin (F). Bars indicate Mean ± SEM; * P < 0.05; kD = kilodaltons.
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with neuroactivation in F; positive correlations occurred
between Bax and Fos occurred in the somatosensory (Par
1), hindlimb and occipital cortical areas, whereas cleavage
products of Caspase-3 correlated with Fos in the Piriform
cortex. These data suggest that 3-fold increases in cortical

cell death following inflammatory pain may be due to
NMDA-receptor mediated excitotoxicity, occurring at a
stage of brain development preceding the switch of
NMDA-subunit cortical expression from NR2B to NR2A
[27].

Correlations between apoptotic protein expression and cell counts of neurons stained with Fos or FJBFigure 5
Correlations between apoptotic protein expression and cell counts of neurons stained with Fos or FJB. Positive 
correlations (red lines) Pearson r ≥ 0.7 and inverse correlations (blue lines) Pearson r ≤ -0.7 are depicted. Fr = frontal, HL = 
hindlimb, Oc = occipital, Te1 = temporal area 1, Te3 = temporal area 3, RSA = retrosplenial agranular, RSG = retrosplenial 
granular, Par1 = parietal area 1, Par2 = parietal area 2, Pir = pirifom cortex, DEn = dorsal endopiriform, kD = kilodaltons.
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Characteristic cortical patterns of cellular activation and
death for each of the four treatment groups (C, K, KF, F)
are likely to change cortical development and subsequent
behavior. Based on the variability of all measured behav-
iors (frequency and duration for each), cluster analyses
grouped these into five functionally relevant domains,
i.e., exploratory, foraging, consumptive, preparatory and
learning behaviors. Whereas the cortex is not required for
associative learning in neonatal rat pups [28], adult rats
require higher cortical functions for cognition, learning
and memory. The undisturbed controls utilized both vis-
ual-spatial and locomotor behaviors associated with rou-
tine exploration and position recall. Cortical cell death in
the frontal and parietal association areas in F males man-
ifested as diminished exploratory behaviors as noted pre-
viously [9] and required increased time for bait
consumption [24]. Adult males in the F group spent less
time in rearing behavior for visual-spatial cues and made
fewer entries into the arms of the radial maze. Following
preterm birth, preschool boys also show diminished

exploratory behaviors in novel environments [29].
Females also had reduced total locomotor activity,
reduced central rearing and grooming behaviors perhaps
secondary to the neonatal cell death noted in the RSG.
Cortical projections of the frontal eye fields connect the
frontal, retrosplenial (RSG), and limited parietal areas to
form circuits that are involved in orienting, exploring
behaviors, and eye movement [30]. The RSG and RSA play
a role in spatial navigation [31]. Temporary inactivation
of the retrosplenial cortex impairs radial arm maze per-
formance in the dark, impairs spatial learning during ini-
tial light training, and this inactivation alters
hippocampal "place fields" as detected by recordings of
complex spike cells from the hippocampus [32]. Gender
differences in these long-term behavioral outcomes may
result from different mechanisms of cell death in early life
[33], or differences in pain-induced responses [34], or the
timing of hippocampal and hypothalamic maturation
due to early neurohormonal differences [35].

Table 1: Description of Behaviors

Frequency 
(number of observed events)

Duration 
(seconds spent in observed behaviors)

Exploratory Behaviors

Total rearing events Total time in rearing posture
Rearing events occurring in baited arms Total time in rearing posture in baited arms
Bait encountering events without consumption Time in proximity of the bait without consumption
Entries into the baited arms
Entries into all arms

Preparatory Behaviors

Rearing events occurring in the center of the maze Time in rearing posture at the center of the maze
Total grooming events Time to consume 75% of the bait

Time to consume 50% of the bait
Time to consume 25% of the bait

Learning Behaviors

Re-entries into bait eaten arm after consumption Time in bait eaten arms after full consumption
Time in baited arms

Consumptive Behaviors

Total eating events Time spent in eating events

Foraging Behaviors

Total entries in non-baited arms Time in non-baited arms
Rearing events in non-baited arms Total time in all arms

Time in rearing posture while in non-baited arms
Time to consume 100% of the bait
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Conclusion
Ketamine appears to attenuate the impaired cognitive
behaviors resulting from accentuated cell death in the cor-
tical and hippocampal fields of the neonatal rats exposed
to repetitive inflammatory pain. The cellular death noted
in eleven different cortical regions does not appear to be
principally dependent on the apoptosis associated pro-
teins Caspase-3, Bax, Bcl-2, or PARP, but was correlated
with glial activation, as indicated by GFAP expression. The
analgesic and anti-inflammatory effects of Ketamine may
be neuroprotective in the setting of neonatal inflamma-
tory pain, associated with long-term effects on adult cog-
nitive behaviors.
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