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 Proinfl ammatory cytokines – interleukin-1β, interleu-
kin-6 (IL-1β, IL-6) and tumor necrosis factor α (TNF-α) – 
play a key role in the processes of neuroimmune integration 
and the regulation of motivational states and homeostatic 
reactions [4, 5]. Studies in recent years have demonstrated 
that these substances also have effects on cerebral neuro-
plasticity processes [39]. IL-1 receptors are present in the 
hypophysis and cerebral cortex, with maximal densities in 
the dentate fascia of the hippocampus [8]. IL-1β alters long-
term potentiation in hippocampal fi eld CA1 neurons [10] 
and fi eld CA3 neurons [36] and has dose-dependent effects 
on learning and memory in adult animals [27]. Less is 
known about the effects of proinfl ammatory cytokines on 

the formation of cognitive functions and the cerebral mech-
anisms of neuroplasticity in early postnatal ontogeny. The 
relevance of this question arises from the fact that impair-
ments to cognitive functions in children, adolescents, and 
even adults are often due to various pathological states ex-
perienced in early childhood and accompanied by increases 
in blood and urine IL-1β, IL-6, and TNF-α levels (perinatal 
hypoxia, infections, birth traumas) [7, 20]. Results of stud-
ies using administration of IL-1β, IL-6, and TNF-α synthe-
sis inducers in early ontogeny (bacterial lipopolysaccharide 
(LPS), polyinosinic:polycytidylic acid (poly I:C)) have led 
various authors to propose a hypothesis for the role of 
proinfl ammatory cytokines acting in the brain at the early 
stages of development in the formation of cognitive defi cit 
in schizophrenia [41]. However, this hypothesis as yet lacks 
experimental confi rmation.
 We have previously described impairments to condi-
tioned refl ex activity and spatial memory in rats with in-
creased IL-1β levels during the third week of life [3, 6]. 
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It was suggested that one of the mechanisms of these im-
pairments may consist of changes in the expression of genes 
involved in regulating neuroplasticity processes in cells in 
brain structures with key roles in performing cognitive 
functions. With the aim of verifying this hypothesis, we re-
port here our studies of the expression the gene for fi bro-
blast growth factor 2 (FGF 2) – a growth factor playing a 
key role in the differentiation and proliferation of central 
nervous system cells – and the gene for the extracellular 
matrix protein tissue metalloprotease type 1 (TIMP-1). Both 
of these proteins are involved in the regulation of learning 
and memory processes [13, 28, 34, 52]. The synthesis of 
these proteins, like IL-1β production, increases in brain 
cells in response to infectious diseases [12, 37, 46] and hy-

poxia [9, 25], though in contrast to the proinfl ammatory cy-
tokines involved in neurodegenerative processes, FGF-2 
and TIMP-1 operate as neuroprotectors in these states [25, 
49]. IL-1β has been shown to have a direct stimulatory ac-
tion on FGF-2 production in hippocampal cells [45] and on 
TIMP-1 production in astrocytes [50]. Finally, both of these 
proteins have been discussed in relation to possible roles in 
the pathogenesis of schizophrenia [14].
 Methods
 Experiments were performed on 26 male Wistar rats in 
compliance with humanitarian principles (European Com-
munity Directives No. 86/609 EC) and were approved by 
the local ethics committee of the Research Institute of 
Experimental Medicine, North-Western Branch, Russian 

Fig. 1. Diagram showing the brain structures studied (gray areas) [43].
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Academy of Medical Sciences. Animals were kept in stan-
dard conditions with free access to food and water. The light 
regime was operated automatically: day was from 10:00 to 
22:00 and night was from 22:00 to 10:00. Litters contained 
equal numbers of rats. Animals of each litter were divided 
into groups which received recombinant human IL-1β (In-
stitute of Specially Pure Biopreparations) at the moderately 
pyrogenic dose of 1 μg/kg (experimental group, n = 13) or 
apyrogenic physiological saline (control group, n = 13). 
Doses were given as daily courses from day 15 to day 21 of 
life. The treatment periods was selected as the period criti-
cal for the action of IL-1β on the forming cognitive func-
tions of the brain [2, 3].
 The animals’ learning ability and biochemical parame-
ters were studied at age 70–80 days. Two series of experi-
ments were performed. The fi rst series compared the levels 
of FGF-2 and TIMP-1 mRNA production in cells of brain 
structures in control and experimental animals not subjected 
to cognitive loading. In the second series, the same parame-
ters were measured in rats trained to a conditioned active 
avoidance refl ex (CAAR).
 The CAAR was developed in a shuttle box of size 40 × 
30 × 55 cm consisting of two identical sectors with elec-
trode fl oors at different levels. Animals received electrocu-
taneous shocks (the unconditioned stimulus) 5 sec after ex-
posure to the conditioned signal (a light), causing the ani-
mal to move into the other sector. Currents of 0.4–0.6 mA 
were used (selected individually on the basis of the animal’s 
reaction). Intertrial intervals were 20–40 sec. Reactions 
were regarded as correct when animals moved in response 
to the conditioned stimulus before onset of the painful stim-
ulus. On experimental day 1, rats were given the opportuni-
ty to explore the chamber for 5 min and were then presented 
with 10 combinations of the conditioned and unconditioned 
stimuli. Animals were presented with 20 combinations on 
each of the next four days. The number of correct reactions 
was assessed on each experimental day. At the processing 
stage of the model, most intact animals trained using this 
scheme were found to achieve the learning criterion (70% 
correct responses) by training days 6–7. As the study task 
was to identifi ed differences in the expression of the Fgf2 
and Timp1 genes during learning in control and experimen-
tal rats, analyses were performed on training day 5, when 
formation of the conditioned refl ex was still continuing.

 Brains were harvested from a number of randomly se-
lected animals 2 h after the last training session; brains were 
quickly frozen and stored at a temperature of –70°C. The 
medial prefrontal cortex (mPFC) and the dorsal and ventral 
parts of the hippocampus (DH, VH) were identifi ed on slic-
es prepared using a Thermo Scientifi c MICROM HM 525 
cryostat microtome using a scheme based on the Atlas of the 
Rat Brain in Stereotaxic Coordinates [43] and shown in 
Fig. 1. The need for differential analysis of these two areas 
of the hippocampus arose from their different roles in the 
learning process [18] and the greater LPS sensitivity of cells 
in the dorsal hippocampus than the ventral [32].
 Total RNA was extracted from brain structures using 
TRI reagent (Molecular Research Center, Inc., USA) on ice 
in sterile conditions.
 Levels of gene expression were assessed using the 
real-time polymerase chain reaction on a CFX96 Touch™ 
Real-Time PCR Detection System (Bio-Rad, USA) am-
plifi er. SYBR Green technology was used to identify ex-
pression of the Timp1 gene (GenBank NM_053819) and 
Fgf2 (GenBank NM_019305) and TaqMan technology to 
identify the level of mRNA for the reference gene Gapdh 
(GenBank NM_017008). Primer and probe sequences are 
shown in Table 1 and were synthesized by Alkor-Bio com-
pany (St. Petersburg, Russia). Each sample was analyzed in 
duplicate. When using the SYBR Green method, the poly-
merase chain reaction was followed by analysis of melting 
curves. Relative Fgf2 and Timp1 expression was calculated 
using the 2–ΔΔCt method [38].
 Data were analyzed statistically in SPSS 20. Normality 
of distributions was confi rmed using the Shapiro–Wilks 
test. Measures of learning in the CAAR test were found to 
have normal distributions, while measures of gene expres-
sion did not. Thus, statistical processing of behavioral data 
was performed using Student’s t test (the Figure shows 
means and standard errors, while molecular data were pro-
cessed using the nonparametric Mann and Whitney U test 
(data are presented as point spread diagrams showing medi-
ans and interquartile intervals). Differences were regarded 
as signifi cant at p < 0.05.
 Results
 Analysis of the expression of the Fgf2 and Timp1 genes 
without cognitive loading did not identify any signifi cant dif-
ferences in the levels of FGF-2 and TIMP-1 mRNA in brain 

TABLE 1. Nucleotide Sequences of Primers and Probes for Polymer Chain Reactions
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structures in experimental and control rats (for TIMP-1: in 
the mPFC: U = 7.0; p = 0.556; in the DH: U = 11.0, p = 0.841; 
in the VH: U = 10.5, p = 0.753; for FGF-2: in the mPFC: 
U = 7.0; p = 1.000; in the DH: U = 9.0, p = 0.905; in the VH: 
U = 10.0, p = 1.000).
 In the CAAR test (Fig. 3), learning dynamics in exper-
imental rats did not show any signifi cant difference from 
control rats in the fi rst three days of the experiment (means: 
day 1: 0.23 ± 0.17 correct excursions in experimental an-
imals and 0.46 ± 0.24 in controls, t = 0.783, p = 0.441); 
day 2: 1.62 ± 0.49 correct excursions in experimental ani-
mals and 3.69 ± 0.90 in controls, t = 2.027, p = 0.054); day 3: 
4.15 ± 1.01 correct excursions in experimental animals and 
5.62 ± 0.82 in controls, t = 1.126, p = 0.271).

 However, on training days 4 and 5, when the learning 
effect had started to appear, rats given IL-1β during the third 
week of life made fewer correct excursions than controls, 
pointing to impairment in conditioned refl ex activity 
(means: day 4: 4.92 ± 1.03 correct excursions in experimen-
tal animals and 8.31 ± 1.27 correct excursions in control 
animals, t = 2.068, p = 0.049; day 5: 5.00 ± 1.01 correct 
excursions in experimental animals and 8.38 ± 1.15 correct 
excursions in control animals, t = 2.212, p = 0.037). By trai-
ning day 5 (at the moment of harvesting the brain), the 
learning criterion (70% correct responses) in the 26 animals 
tested was achieved by only one animal – from the control 
group – indicating that animals were already in the process 
of acquiring the CAAR.

Fig. 2. Levels of expression of the Timp1 and Fgf2 genes in brain structures in adult rats not subjected to cognitive loading. Plots 
show quantities of mRNA calculated using the 2–ΔΔCt method relative to the level of reference gene Gapdh mRNA. Data are shown 
as point plots illustrating spreads, showing medians and interquartile intervals; n is the number of animals in the group.
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 In conditions of training (Fig. 4), the relative levels of 
FGF-2 mRNA in mPFC and ventral but not dorsal hippo-
campus cells from rats given IL-1β when young were sig-
nifi cantly lower than in animals given physiological saline 
(in the mPFC: U = 0, p = 0.009; in the DH: U = 4.0, p = 
= 0.762; in the VH: U = 2.0, p = 0.038). In the case of 
TIMP-1 mRNA, the difference between groups was statisti-
cally insignifi cant (in the mPFC: U = 3.0, p = 0.067; in the 
DH: U = 8.0, p = 0.476; in the VH: U = 10.0, p = 0.410).
 Discussion
 The problem of the effects of immune factors on the 
establishment of cognitive brain functions at early age has 
attracted extensive attention from researchers. It is actively 
addressed in the framework of the “fetal programming” and 
“development-related” (“neurodevelopmental”) hypotheses 
of the formation of several neuromental illnesses, including 
Alzheimer’s disease, schizophrenia, and autism [30, 41]. It 
has been suggested that increases in the levels of proinfl am-
matory cytokines, particularly IL-1β, at early ages (intra-
uterine and neonatal infections, perinatal hypoxia, etc.), lead 
to impairment to the normal development of the integrative 
systems of the brain (the hippocampus, frontal cortex, tec.), 
leading to increased predisposition to cognitive psychopa-
thology. This suggestion is supported by data indicating that 
IL-1β suppresses axon growth and branching [42], has an-
tiproliferative properties [29], and impairs differentiation of 
neural precursor cells [15].

 The effects of exposure to IL-1β on developing glial 
cells and neurons may include impairment to memory and 
cerebral neuroplasticity mechanisms. We have previously 
demonstrated degradation of conditioned refl ex activity and 
spatial memory induced by IL-1β at early ages [3, 6]. Me-
mory impairments in a new object recognition test were 
seen in adult rats given the IL-1β synthesis inducer bacterial 
LPS on days 7 and 9 of life. [33]. Testing of the offspring of 
rats given lipopolysaccharide during pregnancy revealed 
changes in the processes of long-term depression in hippo-
campal fi eld CA1 and impairments to various stages of neu-
rogenesis (proliferation, survival, differentiation) in the 
dentate fascia [17, 21]. Decreased survival of neurons in the 
dorsal part of the hippocampus was demonstrated in rats 
given lipopolysaccharide during the neonatal period [32].
 However, there is little information on the characteris-
tics of the production of proteins controlling cerebral neuro-
plasticity processes in animals with increased IL-1β levels 
at early age. This is suggested by some studies, particularly 
those of Cui et al. [16], showing that administration of bac-
terial lipopolysaccharide to pregnant females decreased the 
concentration of BDNF (brain-derived neurotrophic factor) 
protein, a powerful regulator of neurogenesis, in the hippo-
campus of their offspring.
 The present study addressed the production of the 
mRNA for two proteins involved in controlling cerebral 
neuroplasticity mechanisms in animals which had had in-
creased IL-1β levels in early postnatal ontogeny.
 Our interest in TIMP-1 arose because of ongoing dis-
cussion of the role of extracellular matrix proteins – tissue 
metalloproteases and their inhibitors – in controlling cere-
bral neuroplasticity mechanisms [51], learning [13], and 
impaired cognitive functions, including those linked with 
infl ammatory processes in the body [19]. Contrary to expec-
tation, we were unable to identify long-term impairments to 
TIMP-1 mRNA production in cells in brain structures in rats 
given IL-1β in early postnatal ontogeny, which contrasted 
to the situation with FGF-2, where signifi cant changes were 
demonstrated. Rats given IL-1β in early postnatal ontogeny 
were shown to have decreased expression of the Fgf2 gene 
in mPFC and VH cells on learning in the CAAR test.
 Pathological states accompanied by high levels of IL-1β 
production affect the development of cells producing FGF-2. 
Flores et al. [23] observed a decrease in the number of FGF-
2-immunoreactive cells in the ventral tegmental area and 
substantia nigra in adult rats subjected to prenatal hypoxia. 
In the nucleus accumbens, the number of these cells, con-
versely, increased, while no analysis was performed in the 
hippocampus. Theoretically, impairment to FGF-2 mRNA 
production could occur in both neurons and glial cells, 
though it probably mostly affects astrocytes – its major pro-
ducers [44].
 Decreases in FGF-2 mRNA production in rats with 
high IL-1β levels in early postnatal ontogeny may be medi-
ated by changes in the activity of the dopaminergic system. 

Fig. 3. Numbers of correct trials in the CAAR test. Data are shown as means 
and standard errors. *Signifi cant differences, Student’s t test, p < 0.05; n is 
the number of animals in the group.
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A tight functional connection between FGF-2 and dopamine 
neurons has been demonstrated in many studies; changes in 
these interactions occur in schizophrenia [48]. Increases in 
FGF-2 mRNA production in cells in the hippocampus and 
prefrontal cortex are seen after administration of the selec-
tive dopamine D2 receptor agonist quinpirole [24]. On the 
other hand, impairments to the activity of the brain dopami-
nergic system after neonatal elevation of IL-1β levels were 
demonstrated by Kabiersch et al. [35].
 The changes in FGF-2 mRNA production seen here in 
rats given IL-1β in early postnatal ontogeny occurred only 
in conditions of cognitive loading. It is interesting that sim-
ilar data were obtained by Bilbo et al., [11] in relation to the 
brain neurotrophic factor BDNF. Using administration of 

live cultures of E. coli (an inducer of IL-1β synthesis) to 
for-day-old rats as a model, these authors found that exper-
imental animals at age 21 days showed increased BDNF 
mRNA production in hippocampal fi elds CA1 and CA3 in 
learning associated with fear but not in learning not involv-
ing fear. These data, along with our results, suggest that 
neonatal increases in IL-1β levels do not simply alter the 
production of particular proteins, but lead to impairments to 
various systems mechanisms of neuroplasticity.
 The decreases in Fgf-2 gene expression found here in 
mPFC and VH cells in experimental rats were accompanied 
by impairment to learning in the CAAR test. The involve-
ment of FGF-2 in the regulation of cerebral learning and 
memory mechanisms has been demonstrated repeatedly. 

Fig. 4. Levels of expression of the Timp1 and Fgf2 genes in brain structures in adult rats on formation of the CAAR. 
Plots show quantities of mRNA calculated using the 2–ΔΔCt method relative to the level of reference gene Gapdh 
mRNA. Data are shown as point plots illustrating spreads, showing medians and interquartile intervals. Signifi cant 
differences, Mann–Whitney U test: *p < 0.05; **p < 0.01; n is the number of animals.
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FGF-2 stimulates long-term potentiation in dentate fascia 
neurons in the hippocampus [31], and serious impairments 
to this are seen in mice with knockout of the type 1 FGF-2 
receptor gene [52]. Mice with knockout of the type 2 FGF-2 
receptor gene have reduced hippocampal volume and im-
pairments to spatial memory [47]. Increased production of 
FGF-2 mRNA was found in the hippocampus in learning in 
a Morris water maze [26]. These data are consistent with 
our results from animals trained in an active avoidance test.
 The decreases in FGF-2 mRNA production seen on 
training of the experimental animals occurred in the mPFC 
and ventral part of the hippocampus, but not in the dorsal 
hippocampus. The key role of the mPFC in the mechanisms 
of memory and learning, including those associated with 
fear, have been described in tens of reviews [40]. It is also 
known that the ventral part of the hippocampus is involved 
in the formation of anxiety states and stress reactions [1], so 
it is expected that the decrease in Fgf2 gene expression seen 
here in cells of the mPFC and ventral part of the hippocam-
pus in experimental rats will be accompanied by impair-
ment to learning in stressful conditions.
 The link between FGF-2 and memory mechanisms 
points to the potential for using this protein to treat cogni-
tive impairments. Studies in this direction have already giv-
en initial results: intranasal administration of FGF-2 has 
been shown to improve memory in an experimental model 
of Alzheimer’s disease [22]. Taking cognizance of the re-
sults obtained here, this approach also appears to have po-
tential for correcting cognitive defi cit induced by increased 
IL-1β levels at early age.
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