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Abstract

Colchicine induces neurodegeneration, but the extent of neurodegeneration in different areas
of the brain in relation to neuroinflammation remains unclear. Such information may be useful
to allow for the development of a model to compare colchicine-induced neurodegeneration
with other neurodegenerative diseases such as Alzheimer’s Disease (AD). The present study was
designed to investigate the extent of neurodegeneration along with neuroinflammation in
different areas of the brain, e.g. frontal cortex, parietal cortex, occipital cortex, corpus striatum,
amygdala and hippocampus, in rats along with memory impairment 21 days after a single
intracerebroventricular (icv) injection of colchicine. Memory parameters were measured before
and after icv colchicine injection in all test groups of rats (control, sham-operated, colchicine-
injected [ICIR] rats). On Day 21 post-injection, rats from all groups were anesthesized and
tissues from the various brain areas were collected for assessment of biomarkers of
neuroinflammation (i.e. levels of ROS, nitrite and proinflammatory cytokines TNF� and IL-1�)
and neurodegeneration (assessed histologically). The single injection of colchicine resulted in
impaired memory and neurodegeneration (significant presence of plaques, Nissl granule
chromatolysis) in various brain areas (frontal cortex, amygdala, parietal cortex, corpus striatum),
with maximum severity in the hippocampus. While IL-1�, TNF�, ROS and nitrite levels were
altered in different brain areas in the ICIR rats, these parameters had their greatest change in
the hippocampus. This study showed that icv injection of colchicine caused strong
neurodegeneration and neuroinflammation in the hippocampus of rats and the increases in
neurodegeneration were corroborated with those of neuroinflammation at the site. The present
study also showed that the extent of neurodegeneration and neuroinflammation in different
brain areas of the colchicine-injected rats were AD-like and supported the fact that such rats
might have the ability to serve as a sporadic model of AD.
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Introduction

Colchicine is an alkaloid (Alali et al., 2004), derived from the
seeds of Colchicum autumnale plants (Shibli et al., 2010), which
have been known for more than 2000 years for their marked
beneficial and poisonous effects (Brickell, 1984). Besides its
medicinal use in gout (Terkeltaub, 2003) and Mediterranean fever
(Drenth & van der Meer, 2001), colchicine is also used in
biological studies and breeding (Trease & Evans, 1989). It is also
known as a ‘‘mitotic poison’’, since it inhibits microtubule
polymerization, resulting in inhibition of spindle formation during
mitosis (Shibli et al., 2010).

Colchicine is also reported to be neurotoxic as it binds
with tau proteins, resulting in disruption of microtubules
(Emerich & Walsh, 1990; Wilson, 1986). As a result, axoplasmic

flow is affected and normal activity of the neuron gets seriously
jeopardized in a manner that may result in neuronal death
(Emerich & Walsh, 1990; Wilson, 1986). It was reported that,
within 3 h after colchicine administration, amyloid precursor
protein (APP) was found to accumulate in proximal axons that
eventually come out from the cell (Koo et al., 1990). In the axon,
APP has been shown to move by fast anterograde axonal
transport. Aberrant accumulation of APP in neurons of the
CNS, particularly in proximal axons, may be caused by disturb-
ances of fast axonal flow. This APP may accumulate outside the
cell after the neuronal death and may give rise to plaques.

Degenerating neurons and plaques generate inflammatory
mediators that may activate microglia and astrocytes which
generate several neurotoxic cytokines (interleukin [IL]-1�, IL-6
and tumor necrosis factor [TNF]-�), Reactive oxygen species
(ROS) and reactive nitrogen species (RNS) and these cytokines, in
turn, further cause increased microglial activation present in the
surroundings leading to further neurodegeneration (Aloisi, 2001;
Gehrmann et al., 1995; Nyoman & Darmadipura, 2007). In
addition, activated microglia attracts neutrophils and monocytes
to the CNS (Mallat & Chamak, 1994; Minton, 2001; Streit, 1993)
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that adds onto the neurodegeneration by causing increased release
of neurotoxic cytokines, as well as of more ROS and RNS (Aloisi,
2001; Gehrmann et al., 1995; Nyoman & Darmadipura, 2007).
Thus, ROS, nitrite, TNF� and IL 1� are important biomarkers of
neuroinflammation that may be induced by colchicine at the site
of neurodegeneration.

Although colchicine-induced neurodegeneration is well
known, the extent of neurodegeneration in different areas of the
brain after its intracerebroventricular (icv) administration remains
to be investigated. The type of information gleaned from those
types of studies may be useful to compare colchicine-induced
neurodegeneration with that associated with other neurodegen-
erative diseases, such as Alzheimer’s Disease (AD). A colchicine
(icv)-induced neurodegeneration model has been considered by
many as a sporadic model of AD on the basis of impairment of
cognitive functions and loss of cholinergic neurons (Ganguly &
Guha, 2008; Kumar et al., 2007a; Pitchaimani et al., 2012;
Shigematsu & McGeer, 1992).

However, the histopathological characteristics of changes
induced by icv colchicine injection remain ill-defined. One
immunohistochemistry study reported that amyloid precursor
protein (APP) immunoreactivity in different areas of the brain,
e.g. hippocampus, lateral septal nucleus, amygdala, entorhinal,
parietal and temporal cortices, was increased after icv colchicine
injection (Shigematsu & McGeer, 1992). However, that study did
not report the extent of the effect of the colchicine in these
different brain areas. Therefore, the present study was designed to
investigate the extent of neurodegeneration in different areas of
the brain (frontal cortex, parietal cortex, occipital cortex, corpus
striatum, amygdala and hippocampus) in icv colchicine-injected
rats along with memory impairment in these animals. Biomarkers
of neuroinflammation related to neurodegeneration, such as levels
of ROS, nitrite and proinflammatory cytokines (like TNF� and
IL-1�) were assessed in the different brain areas as well in order
to potentially corroborate the neurodegeneration results with
those for neuroinflammation.

Materials and methods

Animals

Charles-Foster rats (male, 200–250 g, 6–8-weeks-of-age) were
obtained from a local animal supplier (M/s Chakraborty
Enterprise, Kolkata, India) for this study. Rats were housed
individually in polypropylene cages in a facility maintained at
25 ± 1 �C with a 12-h light–dark cycle. All rats had ad libitum
access to standard rodent chow food pellets and filtered water. All
rats were acclimated for 1 week prior to use in any study. The
institutional Animal Ethics Committee approved all protocols
used herein.

Experimental design

Rats were randomly divided into three groups (n¼ 6/group):
control (C), sham-operated (receiving only vehicle; S) or
intracerebroventricular (icv) colchicine-injected rats (ICIR).

For assessment of memory (see details below), after the initial
1 week acclimation period, all rats were habituated in a radial
arm maze (RAM) for 5 days, trained for a further 15 days and
then had their memory parameters (number of re-entries in
baited arms and number of entries in unbaited arms) measured
over 5 days to establish baseline values prior to any treatment
with test material. These memory parameters were again tested
on Days 9, 12, 15, 18 and 21 after the host treatment. Apart
from being of use in assessing trends of effects of treatment on
overall memory patterns, the Day 21 data was also used for
corroboration with results of the analyses of neurodegeneration

and neuroinflammation in biosamples that were to also be
collected on Day 21.

To obtain the biosamples on Day 21, all rats were anesthesized
with ether (Nandkrishna Chemicals Pvt. Ltd, Mumbai, India).
This specific timepoint was selected based on results from a
previous study wherein icv colchicine-injected rats were com-
pared for extent on neurodegeneration and neuroinflammation in
the brain at Days 15 and 21 post-icv injection (note: effects were
seen to be maximum at Day 21 (Sil et al., 2014)). At necropsy,
samples from the frontal cortex, parietal cortex, occipital cortex,
corpus striatum, amygdala and hippocampus were collected.
These were then either processed for histologic analyses of
plaques and Nissl granules (i.e. fixation, dehydration, paraffin
block preparation, section cutting and staining) or for assessment
of ROS, nitrite, TNF� and IL-1� levels.

Intracerebroventricular (icv) injection

Colchicine (7.5 mg in 2.5 ml of artificial CSF) was injected into the
lateral ventricle of each side of the rat brain using stereotaxic
coordinates: AP at �0.6 mm from bregma; L at ±1.5 mm from
midline; and V at 2.8 mm from the skull surface (Paxinos &
Watson, 1986). The rat was anesthetized with Na-thiopentone
(50 mg/kg BW, i.p.) and its head fixed on the stereotaxic
apparatus (ST141, INCO Ambala, India) with the help of ear
bars, an incisor bar and a noseclip. The skull was then opened by
midline incision and the periostium (over skull surface) retracted.
Burr holes were then made using a dental drill on two points over
the skull surface (right and left side) – according to the AP and L
coordinates. A steel micro-cannula (0.45-mm diameter) con-
nected to a 10 ml syringe (Hamilton, Reno, NV) with polyethylene
tubing, was then inserted into the lateral ventricle using the V
coordinate. The cannula was left in place 2–3 min after the
injection and then the burr hole was then covered with sterile bone
wax. The muscles and skin were then sutured separately and
Neosporin powder was sprayed over the cut area as an antiseptic
measure. Rats in the sham group received 2.5 ml of artificial CSF
(Kumar et al., 2007a) on each side of the brain in the same
manner.

Memory testing via radial arm maze (RAM) task

Habituation session

A rat was placed in the central octagonal platform of the RAM
kept on a wooden platform in a brightly lit room and allowed to
move freely in the connected arms (Wooden, 18.5� 3.5� 10.5 in)
in which chocolate chips were spread about. The rats were
removed from the maze after visiting all eight arms (one trial).
After each trial the RAM was cleaned with alcohol to remove
trace odors of the rewards. Habituation was carried out in a
schedule of three trials/day for 5 days, with each trial separated by
2 h. During habituation, the rats were food-deprived to & 30% of
their normal daily dietary intake.

Training session

After habituation, the rats were trained in a schedule of three
trials/day for 15 days. In these sessions, only four selected arms
were baited with chocolate and the task was to make the correct
arm choice to get the food reinforcement (reward). The rat was
made to learn and memorize the particular arms in order to obtain
the reward. In the first few trials, the food was kept just at the
proximal part of each selected arm. Then the food was moved to
the middle of the arm for the next few trials. At the later trials
(after 7 days of training), the food was placed at the distal end of
the arm so the rat memorized the arm well.
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Test trials

Following training, the rats were tested in each of the next 5 days
(three trials/day, with 2 h between trials). This established
baseline values of memory for each rat prior to any treatment.
Each trial consisted of maximum 5 min duration or ended earlier
if/when a rat had visited (and consumed reward in) all four baited
arms. The same four arms were baited for each trial. All the trials
were videotaped and coded. Two observers then independently
evaluated the following parameters:
� Number of re-entries in baited arms: if a rat re-entered a baited

arm, it was considered as an error. The total number of re-
entries in the baited arms (considered an indicator of working
memory error (Mizuno et al., 2000)) for a rat in a trial (5 min
duration or earlier as mentioned above) was recorded; and

� Number of entries in non-baited arms: if a rat entered a non-
baited arm, it was considered an error (i.e. indicator of
reference memory error). The total number of entries in all
non-baited arms for one rat in a trial (5 min duration or earlier
as mentioned above) was recorded. These memory parameters
were again tested on all rats at post-treatment days 9, 12, 15,
18 and 21.

Cytokine assessments in tissues

TNFa

TNF� levels in different areas of the brain were assayed using a
Rat TNF-Flex Set and a BD Cytometric Bead Array (CBA) Rat
Soluble Protein Master Buffer kit (BD Biosciences, San Jose, CA)
in a BD Verse FACS instrument. In all cases, FCAP Array
software was used for data analysis. Sample preparation was done
according to the method of Csolle & Sperlagh (2010, 2011). In
brief, isolated brain areas were homogenized separately in 500ml
of 10 mM Tris-HCl buffer containing 1 mM EGTA, 1 mM EDTA,
0.2 mM PMSF and 4 M urea per 0.1 g tissue. The samples were
then centrifuged (15 000 x g, 4 �C, 20 min) and the resultant
supernatant collected. A sample (25ml) of this material was then
assessed for protein content using the method of Lowry et al.
(1951), with bovine serum albumin (BSA) as the standard. An
additional sample (400ml) was then mixed with 500ml of a
solution containing 10 mM Tris-HCl buffer, 1% BSA and 0.2%
Tween-20. An aliquot (50 ml) of this solution was then used to
assay TNF� levels, according to manufacturer protocols.
Cytokine levels were expressed as pg TNF�/100 mg protein in
the sample.

IL-1b

IL-1� levels in different areas of the brain were assayed using a
commercial rat IL-1� ELISA Kit (Ray Bio, Norcross, GA). For
these analyses, 100 ml of the solutions prepared above were used
to assay IL-1� levels, according to manufacturer protocols. In this
case, the sample content was based on measures of absorbance at
450 nm/well in a 96 well plate reader (Ray Bio). Cytokine levels
were expressed as pg IL-1�/mg protein in the sample. The
sensitivity of the kit was 80 pg IL-1�/ml.

ROS estimation

Reactive oxygen species (ROS) in isolated brain areas were
estimated using the method of Socci et al. (1999). In brief, a
sample of the brain areas were homogenized in 500 ml of ice-cold
40 mM Tris–HCl buffer (pH 7.4) and centrifuged. An aliquot of
the resultant supernatant (10 ml) was then combined with 50 ml of
a 5 mM DCF-DA solution (Loba Cheme, Mumbai) and incubated
for 30 min at 37 �C. Formation of fluorescent DCF was then
measured in an FP6200 spectroflurometer (Jasco Inc., Easton,

MD) at an excitation wavelength of 495 nm and emission
wavelength of 529 nm. ROS present in the sample was expressed
as a percentage of control (i.e. mean levels found in control rat
tissue samples).

Nitrite estimation

Nitrite levels in the tissue samples were estimated by the method
of Green et al. (1982). In brief, 10 ml sample supernatant (from
same material generated for ROS assay) was mixed with an equal
volume of Griess reagent [0.1% N-(1-naphthyl)-ethylenediamine
dihydrochloride, 1% sulfanilamide, 2.5% phosphoric acid] and
incubated at 37 �C for 10 min. Sample absorbance at 550 nm was
then measured in a spectrophotometer (BioRad, Hercules, CA).
Nitrite values were expressed as a percentage of control (i.e. mean
levels found in control rat tissue samples).

Histological study

Cresyl violet staining for Nissl granules

Nissl granules in the neurons of paraffin brain sections were
stained with cresyl violet acetate (Sigma, St. Louis, MO) (Cox,
1977). In brief, the sections were de-paraffinized, dehydrated and
then treated with water. The slides were then incubated in cresyl
violet (1%) for 20–30 min. After rinsing with distilled water, the
slide was treated with 96% alcohol and then absolute alcohol. The
dehydrated section was then mounted with DPX and the intensity
of Nissl granules was measured using Image J Launcher software
(v1.4.3.67; NIH, Bethesda, MD). A total of six microscopic fields/
brain area was examined per rat. The mean value of intensity of
Nissl granules present/field of the brain area/animal was
calculated from the six rats/regimen.

Congo red staining

Plaques in the neurons of paraffin brain sections were stained with
Congo red (Central Drug House, India) (Stevens & Bancroft,
1977). In brief, the sections were de-paraffinized, dehydrated and
then treated with water. The sections were then stained with Gill’s
hematoxylin and rinsed in tap water for 2 min before being
immersed in alkaline sodium chloride solution for 20 min.
The slides were then incubated in Congo red working solution
(1% Congo red stock solution) for 20 min. After rinsing the
section with distilled water, the material was differentiated with
alkaline alcohol and again rinsed in distilled water. The sections
were then dehydrated, mounted with DPX and examined under a
light microscope. The number of plaques in each brain area of an
animal was counted, with 10 microscopic fields/brain area
examined. Mean value of plaques/per animal was calculated
from the six rats/group and presented graphically.

The intensity of Nissl granules and number of plaques of an
animal were measured at the level of AP 3.2 mm for the frontal
cortex, AP¼ 3.3 mm for the parietal cortex, AP¼ 7.3 mm for the
occipital cortex, AP¼ 1.2 mm for the corpus striatum,
AP¼ 4.8 mm for the hippocampus, and AP¼ 3.3 mm for the
amygdala. The squared dimensions of the sampled fields were
5 mm2 for each brain area.

Statistics

All data were expressed as mean ± SEM. Memory parameters of
rats in each group were analyzed using a one-way analysis of
variance (ANOVA) followed by a post-hoc Tukey’s Multiple
Comparison test. For other data, a two-way ANOVA was
employed to compare among the different groups (control,
sham-operated, ICIR) and across different brain regions. This
was followed by a one-way ANOVA and a Tukey’s Multiple
Comparison test to compare the data of the control,
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sham-operated and ICIR of each brain region with another. All
analyses were performed using SPSS software (v.20, Cary, NC).

Results

Memory parameters

Memory impairment in the ICIR rats was indicated by changes in
the number of re-entries in baited arms and in the number of
entries in unbaited arms of the RAM system. The mean number of
re-entries in baited arms and number of entries in unbaited arms
by the ICIR rats were significantly increased (p50.001) from Day
9 to Day 21 compared to that of time-matched control (C) and
sham-operated (S) rats. Overall, in the ICIR hosts, there was a
gradual increase of both of these parameters in a time-related
manner after the single icv colchicine injection. Among the C and
S rats, the number of re-entries in baited arms and entries in
unbaited arms was not significantly changed at any point up to
Day 21 or on Day 21 (Table 1).

Intensity of Nissl granules

The intensity of Nissl granules in all of the observed brain areas
(hippocampus, frontal cortex, amygdala, parietal cortex and
corpus striatum) was significantly lower (p50.001) in ICIR
except occipital cortex than that of the respective areas in the
control (C) and sham-operated (S) rats. When different brain
regions of the ICIR rats were analyzed, it was found that the Nissl
granule intensity in the hippocampus and frontal cortex was
significantly lower (p50.001) than that seen in the amygdala,
corpus striatum, occipital cortex; further, the granule intensity in
the parietal cortex was significantly lower (p50.001) in com-
parison to that in the corpus striatum. On the other hand, in C and
S rats, granule intensity in the hippocampus was significantly
higher (p50.01) than that in the frontal, parietal and occipital
cortex. However, in these rats, Nissl granule intensity did not
significantly differ among the hippocampus, frontal cortex and
corpus striatum regions. The intensity of Nissl granules in any one
of the observed brain areas of C rats did not significantly differ
from that of the respective brain areas in the S rats (Figures 1–3).

Numbers of plaques

The number of plaques in the hippocampus was significantly
increased (p50.001) in ICIR compared to that of the amygdala,
frontal cortex, parietal cortex and corpus striatum. The number of
plaques in the amygdala was also significantly increased in ICIR
compared to levels seen in the parietal cortex (p50.01) or corpus
striatum (p50.001). No plaques were observed in the different
brain areas of the C or S rats (Figures 4–6).

TNFa levels

TNF� levels in the hippocampus (p50.001), amygdala
(p50.001) and frontal cortex (p50.05) of ICIR rats was

significantly higher than of the respective area in C and S rats.
TNF� levels in the parietal cortex, occipital cortex and corpus
striatum in ICIR rats was not significantly changed from that of
the respective area in C and S counterparts. When different brain
regions within the ICIR rats were compared, it was found that the
TNF� levels in the hippocampus and amygdala were significantly
higher (p50.001) than in the frontal, parietal and occipital cortex
and in the corpus striatum. In C and S rats, TNF� levels did not
significantly differ among any of the brain areas. The TNF� level
in any one of the studied brain areas of the C rats did not
significantly differ from that of the respective brain area in the S
rats (Figure 7).

IL-1b levels

IL-1� levels in the hippocampus of ICIR rats were significantly
higher (p50.001) than of the C and S rats. IL-1� levels in the
frontal, parietal and occipital cortex, as well as the amygdala and
corpus striatum in the ICIR rats did not significantly differ from
values in those areas in C and S rats. It was found that, in
the different brain regions of the ICIR rats, the IL 1� levels in the
hippocampus were significantly higher (p50.001) than that in the
amygdala, corpus striatum, frontal, parietal or occipital cortex and
that IL 1� levels in the parietal cortex were significantly higher
(p50.05) in comparison to in the corpus striatum and occipital
cortex. In the C and S rats, the IL 1� level in the hippocampus
was significantly lower than that of frontal (p50.05) and parietal
cortex (p50.01). However, in C and S rats, the IL 1� levels did
not significantly differ among the hippocampus, amygdala, corpus
striatum and occipital cortex. IL-1� levels in any one of the
studied brain areas of C rats did not significantly differ from that
of the respective brain area in S rats (Figure 8).

ROS levels

ROS levels in the hippocampus of ICIR rats were significantly
higher (p50.001) than in the C and S rats. ROS levels in the
frontal cortex, parietal cortex, occipital cortex, amygdala and
corpus striatum in ICIR rats did not significantly differ from that
in the respective areas in the C and S counterparts. In the ICIR
rats, ROS levels in the hippocampus were significantly higher
(p50.001) than in the amygdala, corpus striatum, frontal, parietal
and occipital cortex. The ROS levels in any one of the observed
brain areas of C rats did not significantly differ from that of the
respective brain area in the S rats (Figure 9).

Nitrite levels

The nitrite levels in the hippocampus of ICIR rats were
significantly higher (p50.001) than in the C and S rats. The
nitrite levels in the amygdala, frontal, parietal and occipital
cortex, as well as the corpus striatum in ICIR rats, was not
significantly changed compared to values in the same areas in the

Table 1. Memory parameter measures for the ICIR rats.

ICIR rats

Pre-injection
Post-injection

Memory parameters Days 1–5 Day 9 Day 12 Day 15 Day 18 Day 21

Re-Entries: bited arms (Errors) 0 8.00 ± 0.01a 8.58 ± 0.01a 9.72 ± 0.02a,c 11.76 ± 0.09a,b 15.36 ± 0.53a,b

Entries: unbited arms (Errors) 0 4.80 ± 0.20d 10.23 ± 0.21d,c 17.00 ± 0.37d,c 19.70 ± 0.43d,c 25.24 ± 1.53d,c

Values at all timepoints for S and C rats were 0. Values shown are mean ± SEM (n¼ 6/group).
Number of re-entries in baited arms: aSignificant difference (p50.001) from pre-injection values for ICIR or for time-matched C or S rats; b,csignificant

difference (bp50.001, cp50.05) from previous timepoint value.
Number of entries in unbaited arms: dSignificant difference (p50.001) from pre-injection values for ICIR or for time-matched C or S rats; esignificant

difference (p50.001) from previous timepoint value.
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Figure 1. Nissl (cresyl violet) staining of neurons in different brain areas in rats. Representative micrographs are shown. Control rats: (A) (top row);
sham-operated rats: (B) (middle row); ICIR [icv colchicine injected]: (C) (last row). Frontal cortex: 1 (left column), parietal cortex: 2 (middle column),
occipital cortex: 3 (right column). Letter and number indicate group and specific brain region (e.g. A1: Frontal cortex, control rat). Magnification:
400� , length of bar¼ 16.18 mm. Arrows indicate Nissl granules.

Figure 2. Nissl (cresyl violet) staining of neurons in different brain areas in rats. Representative micrographs are shown. Control rats: (A) (top row);
sham-operated rats: (B) (middle row); ICIR [icv colchicine injected] rats: (C) (last row). Hippocampus: 4 (left column), corpus striatum: 5 (middle
column), amygdala: 6 (right column). Letter and number indicate group and specific brain region (e.g. A4: Hippocampus, control rat). Magnification:
400� , length of bar¼ 16.18 mm. Arrows indicate Nissl granules.
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C and S rats. The results indicated that, in the ICIR rats, nitrite
levels in the hippocampus were significantly higher (p50.001)
than those in the amygdala, corpus striatum, frontal, parietal and
occipital cortex. The nitrite level in any one of the studies brain

areas of the C rats did not significantly differ from that of the
respective area in the S rats (Figure 10).

Discussion

In the present study, histopathological changes were analyzed in
different brain areas of rats 21 days after a single intracerebro-
ventricular (icv) injection with colchicine. The intensity of Nissl
staining in these treated (i.e. ICIR) rats was decreased signifi-
cantly in the fontal cortex, parietal cortex, amygdala, corpus
striatum and hippocampus, from that in the same areas in control
and or sham-operated (rats that received icv injection of artificial
CSF) rats, indicating chromatolysis in these areas. Within the
brains of the ICIR rats, chromatolysis was not similar in all the
brain areas, but greater in the hippocampus and frontal cortex
compared to in other brain areas. It is probable that chromatolysis
was followed by neural death and plaque formation. The presence
of increased number of plaques in the hippocampus and frontal
cortex can be corroborated with greater chromatolysis in those
areas.

Plaques were also observed in other brain regions of ICIR rats:
corpus striatum, parietal cortex, frontal cortex and amygdala;
however, the number of plaques in the hippocampus was
significantly higher (along with maximum chromatolysis) in
comparison to in any of the other areas. Neurodegeneration in the
hippocampus of ICIR rats has also been observed previously
(Roy, 2014; Sil et al., 2014). It should be noted that an increased
presence of plaques in the hippocampus and prefrontal cortex
(Brun & Englund, 1981; Mouton et al., 1998; Sabuncu et al.,
2011) are histological features of mild Alzheimer’s disease (AD)
and that neurodegeneration spreads out to other areas of the brain
with increasing AD severity. In those cases, the greatest
neurodegeneration occurs in the hippocampal region and

Figure 3. Intensity of Nissl granules in different brain areas of rats.
Significant difference (p50.001) between control (C)/sham-operated (S)
rats vs ICIR hosts in (a) frontal cortex, (b) parietal cortex, (c) corpus
striatum, (d) amygdala and (e) hippocampus. In ICIR hosts, significant
difference (p50.001) between (f) hippocampus/(g) frontal cortex vs
amygdala, corpus stratum, occipital cortex. In ICIR hosts, significant
difference (p50.01) between (h) parietal cortex vs corpus striatum. In
control/sham operated hosts, significant difference (p50.01) between
(i) hippocampus vs frontal, parietal and occipital cortex. A,Amygdala;
CS, Corpus striatum; FC, Frontal cortex; H, Hippocampus; OC, Occipital
cortex; PC, Parietal cortex. Values shown are means ± SEM
(n¼ 6/group).

Figure 4. Staining (Congo red) of plaques in different brain areas in rats. Representative micrographs are shown. Control rats: (A) (top row); sham-
operated rats: (B) (middle row); icv colchicine injected rats: (C) (last row). Frontal cortex: 1 (left column), parietal cortex: 2 (middle column), occipital
cortex: 3 (right column). Letter and number indicate group and specific brain region (e.g, A1: Frontal cortex, control rat). Magnification: 400�, length
of bar¼ 16.18 mm. Arrows indicate plaques.
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prefrontal cortex. The present study also showed there was a
similar trend of neurodegeneration in the ICIR rats, with maximal
damage in the hippocampus among the observed brain areas. In
AD patients, neurodegeneration was also observed in other areas
of the brain, i.e. amyloid plaques were observed in the corpus
striatum (Brilliant et al., 2003), parietal cortex (Jacobs et al.,
2012) and atrophy of the amygdala was noted in MRI studies
(Cuenod et al., 1993).

One reason for the apparent greater effect in the hippocampus
of the ICIR rats could be due to the fact that an icv injection of
colchicine may easily have affected adjoining areas of lateral
ventricles, such as in the hippocampus. The outcomes seen could
also be due to a generalized greater sensitivity of hippocampal
neurons to colchicine. In fact, the initial exposure of the
hippocampus to the higher concentration of colchicine during

Figure 5. Staining (Congo red) of plaques in different brain areas in rats. Representative micrographs are shown. Control rats: (A) (top row); sham-
operated rats: (B) (middle row); icv colchicine injected rats: (C) (last row). Hippocampus: 4 (left column), corpus striatum: 5 (middle column),
amygdala: 6 (right column). Letter and number indicate group and specific brain region (e.g. A4: Hippocampus, control rat). Magnification: 400�,
length of bar¼ 16.18 mm. Arrows indicate plaques.

Figure 6. Number of plaques in different brain areas of intracerebroven-
tricular colchicine injected rats (ICIR). Significant difference (p50.001)
between hippocampus vs (a) frontal cortex; (b) parietal cortex; (c) corpus
striatum; and (d) amygdala. Significant at p50.001 between amygdala vs
(e) parietal cortex or (f) corpus striatum in ICIR hosts. Values shown are
means ± SEM (n¼ 6/group). Abbreviations are as outlined in legend to
Figure 3.

Figure 7. TNF� levels in different brain areas of rats. Significant
difference between control (C)/sham-operated (S) rats vs ICIR hosts in (a)
frontal cortex (p50.05), (b) amygdala (p50.001) and (c) hippocampus
(p50.001). Significant difference (p50.001) between (d) hippo-campus/
(e) amygdala vs frontal cortex, parietal cortex, occipital cortex and corpus
striatum in ICIR hosts. Values shown are means ± SEM (n¼ 6/group).
Abbreviations are as outlined in legend to Figure 3.
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the icv injection may be one reason for higher hippocampal
neurodegeneration. Other studies have noted amyloid precursor
protein immunoreactivity (indicator of plaques) in the hippocam-
pus, parietal cortex and amygdala in ICIR hosts (Shigematsu &
McGeer, 1992), indicating neuronal death in those areas. Thus,
the ICIR rats here present with characteristics of neurodegenera-
tion comparable to those noted in AD patients.

The present study also showed that IL-1� and TNF� levels
were increased in the hippocampus of the ICIR rats; in the frontal
cortex and amygdala, only the level of TNF� was increased in
these rats in comparison to the respective brain areas of control
and sham-operated counterparts. These outcomes were suggestive
of severe inflammation in the hippocampus. It is important to note

that, while TNF� and IL-1� levels in other brain areas of the ICIR
rats were not significantly increased, all were still higher
compared to the same respective brain areas of the control/
sham-operated rats. Further analysis of the data showed that the
number of plaques and the percentage decrease in intensity of
Nissl granules (taking control/sham as 100%) in the amygdala,
frontal cortex, parietal cortex and corpus striatum of ICIR hosts
(in addition to in the hippocampus) could be corroborated with
the percentage increase (taking value of control/sham as 100%) in
inflammatory biomarker (TNF�, IL 1�, ROS, nitrite) levels in
these respective brain regions. It is possible that the magnitude of
neurodegeneration in different brain areas of these rats were, in
fact, dependent on the inflammatory responses induced by
colchicine.

Substantial clinical evidence suggests that excess TNF� and
IL-1� is somehow involved in the pathogenesis of AD (Bell &
Claudio Cuello, 2006). With respect to ROS and nitrite (NO),
although levels of these in all the studied brain areas were higher
in ICIR rats than in comparable sites in brains of control and
sham-operated rats, the only significant increases were again
observed only in the hippocampus. In AD patients and in
transgenic animal models, it has been reported that oxidative and
nitrosative stress is greatest in the hippocampus (Barone et al.,
2011; Fanelli et al., 2013; Giuliani et al., 2014). Such findings
would be in keeping with the observation of Nolan et al. (2003)
who reported that hippocampal cells are more susceptible than
cells in other brain regions to degeneration in response to
oxidative stress (Nolan et al., 2003). Thus, it is clear that the ICIR
rats present characteristics of some of the pathological features
associated with AD. Taken together with the histologic findings,
this provides further support for our conclusion that the ICIR rat is
a good model for studies of AD.

Neurodegeneration in the brains of AD patients are associated
with cognitive impairments (Angelucci et al., 2010). Memory
parameters in ICIR rats in the present study were evaluated to
assess cognitive impairment; using a RAM, the number of re-
entries in baited arms by rats was used to assess working memory
errors (WME) while reference memory errors (RME) were
assessed from the number of entries in unbaited arms (Mizuno
et al., 2000). Both of these parameters were impaired in the ICIR
hosts here at each post-icv colchicine injection point assessed (i.e.
Days 9–21), indicating both WM and RM were affected.

Figure 8. IL 1� levels in different brain areas of rats. (a) Significant
difference (p50.001) between hippocampus levels in C and S rats vs in
ICIR hosts. (b) Significant difference (p50.001) between hippocampus
vs amygdala, frontal cortex, parietal cortex, occipital cortex and corpus
striatum in ICIR hosts. (c) Significant difference (p50.05) between
parietal cortex vs corpus striatum and occipital cortex in ICIR hosts. (d)
Significant difference (p50.05) between hippocampus vs frontal cortex
in control/sham operated rats. (e) Significant difference (p50.01)
between hippocampus vs parietal cortex in C and S rats. Values shown
are means ± SEM (n¼ 6/group). Abbreviations are as outlined in legend
to Figure 3.

Figure 9. ROS levels in different brain areas of rats. (a) Significant
difference (p50.001) between hippocampus levels in C and S rats vs in
ICIR hosts. (b) Significant difference (p50.001) between hippocampus
vs amygdala, frontal cortex, parietal cortex, occipital cortex and corpus
striatum in ICIR hosts. Values shown are means ± SEM (n¼ 6/group).
Abbreviations are as outlined in legend to Figure 3.

Figure 10. Nitrite levels in different brain areas of rats. (a) Significant
difference (p50.001) between hippocampus levels in C and S rats vs in
ICIR hosts. (b) Significant difference (p50.001) between hippocampus
vs amygdala, frontal cortex, parietal cortex, occipital cortex and corpus
striatum in ICIR hosts. Values shown are means ± SEM (n¼ 6/group).
Abbreviations are as outlined in legend to Figure 3.
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Moreover, the gradual increase in impairment of the two
parameters suggested a progressive nature for this impairment, a
characteristic feature in AD. The findings here were in line with
those of other investigators who showed that icv colchine
injection of rats led to impaired memory in a Morris water
maze (Kumar & Gupta, 2002; Kumar et al., 2007a, b, 2008,
2010), a step-through passive avoidance apparatus (Pitchaimani
et al., 2012) and a radial arm maze (Ganguly & Guha, 2008).

Based on the findings here, we can now postulate a mechanism
by which the colchicine acts to bring about the AD-like
characteristics in ICIR rats. It was reported earlier that colchicine
blocks the axoplasmic flow, resulting in the death of the neurons
and plaque formation (Emerich & Walsh, 1990; Sil et al., 2014;
Wilson, 1986). In turn, the degenerating neurons release neuro-
toxic cytokines that activate microglia (Austin & Combs, 2008)
and astrocytes that then generate more neurotoxic cytokines
(including IL-1� and TNF�), as well as ROS and RNS. These
events cause further microglial activation; it is this sustained
activation of microglia that results in progressive neurodegenera-
tion (Aloisi, 2001; Gehrmann et al., 1995; Nyoman &
Darmadipura, 2007; Rai et al., 2013). The IL-1�, TNF� and
ROS/RNS also promote neurodegeneration by up-regulating
proinflammatory transcription factor (NF-�B), COX-2 and
activating apoptotic pathways (Albrecht et al., 2007; Fan et al.,
2008; Figarella et al., 2005; Ke et al., 2007; Parikh et al., 2000).

Conclusion

The present study showed that a single intracerebroventricular
injection of colchicine caused maximum neurodegeneration in the
hippocampus of rats after 21 days. The same pattern was also
observed with respect to the increased presence of proinflamma-
tory cytokines, ROS and nitrite. As such, an increase in
neurodegeneration in these ICIR rats can be corroborated with
an increase in neuroinflammation in the hippocampus. In the
context of disease modeling, the present study showed that the
extent of neurodegeneration and neuroinflammation in different
brain areas of ICIR rats were AD-like and supports the notion that
icv injections of colchicine can yield a suitable rat model of AD.
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