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Abstract
Parkinson’s disease (PD) is characterized by a prominent degeneration of nigrostriatal dopamine
(DA) neurons with an accompanying neuroinflammation. Despite clinical and preclinical studies
of neuroprotective strategies for PD, there is no effective treatment for preventing or slowing the
progression of neurodegeneration. The inverse correlation between caffeine consumption and risk
of PD suggests that caffeine may exert neuroprotection. Whether caffeine is neuroprotective in a
chronic progressive model of PD has not been evaluated nor is it known if delayed caffeine
treatment can stop DA neuronal loss. We show that a chronic unilateral intra-cerebroventricular
infusion of 1-methyl-4-phenylpyridinium in the rat brain for 28 days produces a progressive loss
of DA and tyrosine hydroxylase in the ipsilateral striatum and a loss of DA cell bodies and
microglial activation in the ipsilateral substantia nigra. Chronic caffeine consumption prevented
the degeneration of DA cell bodies in the substantia nigra. Importantly, neuroprotection was still
apparent when caffeine was introduced after the onset of the neurodegenerative process. These
results add to the clinical relevance for adenosine receptors as a disease-modifying drug target for
PD.
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INTRODUCTION
Parkinson’s disease (PD) is a devastating neurodegenerative disorder characterized by
extensive loss of the nigrostriatal dopamine (DA) neurons and neuroinflammation (Appel et
al., 2009; Hirsch and Hunot, 2009). At present, the only therapy for PD is symptomatic and
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such treatments eventually fail. Disease-modifying approaches that can slow or stop the
progression of neurodegeneration are desperately needed.

Neuropathology in PD occurs long before any substantive clinical symptoms appear. It is
estimated that at the time of symptom presentation there may be 60-80% loss of striatal DA
(Hornykiewicz, 1979). Experimental PD animal models have provided a plethora of
information on mechanisms of DA neurodegeneration. However, most of these models are
based on acute neurotoxicant exposure and may not accurately portray the chronic pathology
that is seen in the human PD brain. Moreover, the introduction of disease-modifying drugs
to PD patients will occur long after neurodegeneration has been initiated and under
conditions of an on-going pathological process. To better predict the efficacy of potential
disease-modifying agents in PD, it is important that a progressive PD model be used and that
the drug is introduced during the pathological processes of neurodegeneration and
neuroinflammation. We have developed a chronic progressive rat model of PD in which
MPP+ is infused into the left cerebral ventricle for 28 days. In this model, there is a selective
loss of nigrostriatal DA neurons accompanied by neuroinflammation in the nigrostriatal DA
brain regions ipsilateral to the side of infusion (Yazdani et al., 2006; Zeevalk et al., 2007). In
the present studies, we have used this model to examine whether DA neurons can be rescued
from neurodegeneration by concurrent or delayed caffeine treatment

In the past decade, interest in caffeine has emerged as a possible neuroprotective compound.
Epidemiological studies show an inverse relationship between caffeine consumption and the
risk of developing PD which suggests caffeine may exert neuroprotection in humans
(Morelli et al., 2011). In acute animal models of PD, caffeine has been found to be
neuroprotective. Treatment of mice with caffeine protects DA neurons from the acute
neurotoxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Chen et al., 2001;
Kalda et al., 2006; Xu et al., 2010). In the acute 6-hydroxydopamine rat model of PD,
chronic caffeine treatment protects against the loss of striatal DA neurochemistry and nigral
DA cell bodies produced by a single intrastriatal infusion of 6-hydroxydopamine (Aguiar et
al., 2006; Joghataie et al., 2004). In the one chronic study, caffeine was shown to protect
mouse nigral DA cell bodies in the chronic pesticide (paraquat/maneb) exposure model
(Kachroo et al., 2010). However, in all of these studies, caffeine was introduced prior to or
concurrent with the neurotoxicant.

In the present study, we have further characterized the progressive nature of damage in the
chronic PD rat model and have investigated the ability of caffeine to prevent
neurodegeneration as well as to rescue DA neurons. Our findings demonstrate that caffeine
protects the nigral DA cell bodies even when treatment is initiated later in the
neurodegenerative process.

METHODS
Animals

Male Sprague–Dawley rats (weighing ~300 g at the beginning of the study) (Taconic Farms,
Germantown, NY) were maintained on a 12-h light–dark cycle with food and water
available ad libitum. Experiments were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and were approved by the
animal care committee of UMDNJ.

Surgeries and MPP+ Infusions
Vehicle (sodium-iodide) or MPP+-iodide (Sigma-Aldrich) dissolved in saline was infused
into the left cerebral ventricle via tubing linked to an Alzet osmotic minipump (model
2ML4) implanted subcutaneously as previously described (Yazdani et al., 2006; Zeevalk et
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al., 2007). Stereotaxic cannula placement was at coordinates relative to bregma: anterior -0.5
mm, lateral left +1.4 mm, depth –3.9 mm (Paxinos and Watson, 1986). Stereotaxic surgery
and minipump placement were performed under anesthesia. MPP+-iodide or vehicle was
administered at a dose of 75 μg/day for 28 days with a drug delivery rate of 2.5 μl/h. With
the exception of the time course studies, animals were killed 27-28 days after cannula
placement.

Caffeine Treatment
Caffeine (Sigma-Aldrich), administered in the drinking water (1 g/l), was prepared fresh
every 3-4 days. The dose chosen was to approximate caffeine intake in humans and equates
to 60-80 mg/kg/day. In humans with high caffeine intake, doses approximate 10-20 mg/kg/
day (Stavric et al., 1988). While the dose in our rats is higher than that consumed by
humans, the half-life of caffeine in the rat is ~1 h whereas in humans it is ~5 h (Xu et al.,
2010). Thus, a higher dose in rats is needed to achieve blood or brain concentrations (~22
μM) similar to those achieved in the serum of coffee drinkers (Bienvenu et al., 1990;
Costenla et al., 2010; Gandhi et al., 2010).

Neurochemistry
In rats used for neurochemistry and midbrain DA cell counts, brains were rapidly removed
and sectioned at mid-hypothalamus. Left and right striata were dissected from the forebrain,
weighed and frozen at −80°C until analyzed. The hind brain containing the substantia nigra
(SN) was immersion fixed for immunohistochemistry. Striatal tyrosine hydroxylase (TH)
was determined by ELISA and monoamines and metabolites determined by HPLC with
electrochemical detection, as previously described (Alfinito et al., 2003).

Immunohistochemistry for nigral DA cells and activated microglia
The hind brain was used for performing TH+ cell counts using immunohistochemical
methods similar to those described previously (Yazdani et al., 2006). Briefly, 30-μm-thick
coronal sections were cut through the entire SN. Every fourth section through the rostral–
caudal extent of the SN was stained with an antibody against TH (1:4000; Protos Biotech
Corp.) to identify the DA neurons.

Some rats were transcardially perfused for evaluating microglial response and TH staining
in both the striatum and the SN. Animals were deeply anesthetized and were transcardially
perfused with 100 ml of 0.9% NaCl in 0.1M sodium phosphate buffer, pH 7.3, containing 50
units/ml heparin. This was followed by 500 ml of 4% paraformaldehyde in 0.1M sodium
phosphate buffer, pH 7.3. The brains were dissected out and taken through a series of 10, 20,
and 30% sucrose in 0.1M sodium phosphate buffer, pH 7.3, for cryoprotection. Cryostat
sections were cut in the coronal plane at a thickness of 20 μm. Sections from the striatum
and the SN were immunostained with an antibody against ED1 (1:100; AbD Serotec) to
identify activated microglia. Some sections were double labeled by immunofluorescence for
TH and ED1. Digital photographs were taken using a Zeiss Axioplan microscope (Carl
Zeiss, Inc.) equipped with an epi-fluorescence illuminator and Axiovision software.

Stereology
StereoInvestigator software (version 9.0. MicroBrightfield Inc., Williston, VT) was used to
count TH-immunoreactive (TH-IR) SN cells. Cells were counted with a 40x objective using
a Leica DMRE microscope. The cell counting frame was 50 × 50 × 5 μm with a 2 μm upper
and lower guard zone. A cell was defined as a TH-IR somata with a clearly visible unstained
nucleus. The TH cell counts were taken from 6 sections, spaced 4 apart (120 μm) and 200–

Sonsalla et al. Page 3

Exp Neurol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



250 cells were counted in the SN on the left side of the brain. The SN region was defined
according to previous anatomical demarcation in the rat (German and Manaye, 1993).

Statistical analysis
Differences among means were analyzed using one-way analysis of variance (ANOVA) or
two-way ANOVA. Two-way ANOVA revealed significant differences between treatment
groups and sides (left lesioned and right non-lesioned sides). However, one-way ANOVA
on data from the right sides revealed no significant differences across treatment groups
allowing use of one-way ANOVA for comparisons in the left lesioned side across treatment
groups. When ANOVA showed significant differences, comparisons between means were
tested by the Tukey–Kramer or Bonferoni multiple comparisons post hoc test. In all
analyses, the null hypothesis was rejected at the 0.05 level. All values are expressed as the
mean ± SEM.

RESULTS
Loss of striatal DA and TH is linear over time with continuous icv MPP+ administration

Reductions in the content of DA and TH in the striatum ipsilateral to the infusion progressed
over time in rats infused with MPP+ (75 μg/day) into the left cerebral ventricle (Fig 1).
Because no significant reductions in these measures were seen in the contralateral striata in
any of the groups, the data are plotted as left/right ratios to simplify data presentation. um.
Reductions in DA in the left striatum (plotted as left/right ratios) were significant by 2
weeks with progressively greater reductions seen in subsequent weeks (Fig. 1). TH loss
occurred more slowly, but the loss of both TH and DA exhibited significant correlation
coefficients over time; r2 values of 0.98 and 0.99, respectively (p<.0001). Thus, MPP+

infusion produces a progressive loss of striatal DA and TH making this model ideal for
evaluating neuroprotective agents when administered before or during the period of MPP+

insult.

Neither MPP+ nor caffeine treatment alters rat body weights
As shown in Table 1, there were no significant differences in the end-of-study body weights
in the different groups of rats (naïve, vehicle-treated, MPP+ or caffeine plus MPP+). These
data indicate that neither MPP+ nor caffeine treatment had an adverse effect on weight gain
in the rats.

Caffeine treatment initiated simultaneously or during the course of ongoing
neurodegeneration reduces loss of nigral DA neurons

MPP+ produced a significant reduction in the number of TH-immunostained cells (49 ± 9%)
in the left SN of animals killed 27-28 days after starting infusion (Fig. 2). Oral caffeine (1 g/
l in the drinking water) from the onset of MPP+ infusions prevented the loss of the nigral
TH-immunostained cell bodies. More importantly, supplying caffeine at 1 or 3 weeks after
initiating MPP+ infusions also reduced the loss of nigral TH-immunostained cells. These
time points (1 and 3 wks) were selected for starting caffeine treatment as they represent
early and later stages of loss of striatal DA based upon results shown in Fig. 1. These data
demonstrate that degeneration of nigral DA neurons can be halted or slowed even after the
neurodegenerative process has begun.

Caffeine does not modify MPP+-induced decreases in striatal DA or TH
In contrast to the protection seen in the SN, caffeine did not significantly modify the MPP+-
induced changes in the striatum. MPP+ produced significant reductions in TH (by 35%), DA
(by 50%), DOPAC (by 56%) and HVA (by 61%) in the left striatum as compared to the left
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striatum in naive rats (see Fig.3A). The administration of chronic caffeine did not modify
TH, DA or DOPAC in the right non-lesioned striatum indicating that the caffeine treatment
did not modify synthesis or turnover of DA (Fig. 3B). In rats treated with caffeine and
MPP+, the reductions in DA and TH in the left striatum was generally less than in the MPP+

group but did not, however, differ significantly from the MPP+ group. In vehicle-treated
rats, there were no significant neurochemical differences between left and right striata (L/R
ratios for TH: 1.12 ± 0.19 and for DA: 1.05 ± 0.18. mean ± SD; 5 rats) indicating that
cannula placement did not significantly damage DA nerve terminals. Fig. 3 also illustrates
that the striatal serotonin system was not affected by MPP+ administration (no significant
loss of 5HT or 5HIAA in the MPP+-treated rats), indicating selectivity of this dose of MPP+

towards DA neurons as has been previously reported (Yazdani et al., 2006).

Caffeine attenuates microglia activation in the SN but not in the striatum of MPP+-treated
rats

To evaluate the microglial response, brain sections containing the SN or striatum were
immunostained with an antibody to ED1 which detects activated microglia and were
counterstained with a TH antibody. Immunohistochemical staining revealed increased
numbers of activated microglia in the left SN and left striatum of the MPP+-treated and the
caffeine/MPP+-treated rats. Figure 4 illustrates data from representative animals in the two
groups (n=2 rats/group). In the photomicrograph in the upper panel, ED1 immunostained
cells were prevalent in the left SN whereas only very few were seen in the right SN, as
would be expected in non-lesioned or non-damaged tissue. It can also be seen that there is a
loss of TH-immunostained cells, especially in the medial region of the SN. In rats treated
with MPP+ and caffeine, there were fewer cells that immunostained for ED1. Additionally,
there is preservation of TH-immunostained cells in the rats treated with caffeine and MPP+.

In the striatum, there was intense ED1 immunostaining, particularly in regions near the
ventricle, in the MPP+-treated rats. Very few ED1 immunostained cells are seen in the right
striatum, consistent with the lack of damage in the non-lesioned striatum. Also, in the right
striatum, there is intense TH immunostaining whereas in the left striatum, TH
immunostaining is markedly reduced. In rats that were treated with MPP+ and caffeine, the
ED1 immunostaining in cells in the left striatum appear similar to that seen in rats treated
with only MPP+. Likewise, the reduced striatal TH staining in rats treated with MPP+ and
caffeine is similar to that seen in rats treated with only MPP+. We also found that the
expression of glial markers (GFAP for astrocytes and MAC-1 for activated microglia) were
elevated by approximately 3-fold in the left striata of MPP+ treated rats and that caffeine
treatment did not significantly modify these effects (data not shown). We note that these are
preliminary findings obtained from a small number of animals and that the effect of caffeine
on the microglia response requires further characterization and quantification.

Discussion
Arresting the progression of neurodegeneration in PD remains a critical, unmet goal and is a
genuine challenge to research in PD. We have found that caffeine treatment protects against
the loss of nigral DA neurons in a chronic progressive rat model of PD. Most importantly,
caffeine treatment was protective even when introduced late into the neurodegenerative
process suggesting that it may be capable of arresting or slowing neurodegeneration. To our
knowledge, this is the first evidence that delayed pharmacological therapy can retard
degeneration of DA neurons.

The chronic MPP+ rat model provides an excellent progressive model of neurodegeneration.
We have previously shown a progressive loss over time of TH-immunostained neurons in
the SN ipsilateral to the infusion and that the reduction in the number of neurons is due to
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loss of TH-containing cell bodies and not just to loss of TH immunostaining as confirmed by
counting Nissl-stained non-TH-immunostained neurons (Yazdani et al., 2006). We now
show that the decline of DA content and TH protein in the ipsilateral striatum is linear over
the 4-week time period studied, with the loss of TH being less than DA. There was a
significant loss of striatal DA after 2 weeks of MPP+ treatment, but striatal TH was not
significantly reduced until 4 weeks of treatment. Interestingly, when caffeine was given after
1 and 3 weeks of MPP+ treatment, when striatal TH was still minimally affected compared
to DA, caffeine reduced the degeneration of nigral DA neurons seen after 4 weeks of MPP+
treatment. These data suggest that: (a) loss of striatal DA nerve terminal function occurs
before loss of the nigral DA neurons; (b) nigral neurodegeneration becomes apparent at
about 3 weeks after MPP+ treatment; and (c) caffeine given at or before this time blocks the
nigral neurodegenerative process without restoring the striatal nerve terminal
neurochemistry. Thus, after the neurodegenerative process has begun, as indicated by the
striatal DA neurochemical reductions, initiation of caffeine treatment can still block the loss
of nigral DA neurons.

Neuroprotection by caffeine in the MPP+ rat model is seen primarily at the level of the DA
cell bodies in the SN. The reasons for the regional differences in protection by caffeine are
not known. One possibility is that the icv route exposes the striatum to higher MPP+
concentrations than the SN and thus to a greater toxic insult. However, pharmacological
protection by several diverse compounds is greater in the SN than in the striatum in mice
treated systemically with acute or subacute doses of MPTP. For example, pharmacological
intervention with adenosine A2A receptor antagonists, rosglitazone (an agonist at
peroxisome proliferators-activated receptor-gamma), or an inhibitor of monoacylglycerol
lipase (which reduces brain prostaglandin synthesis) completely protect against loss of nigral
TH immunostained neurons but only minimally protect the striatal DA nerve terminals from
MPTP (Dehmer et al., 2000; Nomura et al., 2011; Pierri et al., 2005; Schintu et al., 2009; Yu
et al., 2008). These findings may indicate a region-selective effect of the drugs or
alternatively that the striatal DA nerve terminals are much more sensitive to MPTP/MPP+.
In mice with targeted mitochondrial damage to DA neurons, loss of striatal DA markers
occurs long before any loss of nigral DA cell bodies, suggesting that the DA nerve terminals
are particularly sensitive to mitochondrial dysfunction (Pickrell et al., 2011). Inhibition of
complex I of the mitochondrial electron transport chain and hence of mitochondrial function
by MPP+ is a principal mechanism underlying neurodegeneration in DA neurons (Vyas et
al., 1986). Recent data indicate that MPP+ also damages mitochondrial transport in DA
axons (Kim-Han et al., 2011), providing another possible explanation for why the DA nerve
terminals are more vulnerable to MPP+-induced damage than are the cell bodies in the SN.

Caffeine treatment provides neuroprotection to DA neurons in the SN. Based on our
preliminary data, we think that this neuroprotection is due to a diminished immune response
in the SN although additional studies are required to further characterize and quantify the
glial responses. We propose this because adenosine, which is prominently released in
injured brain regions, mediates many of its neuroinflammatory actions through activation of
A2A receptors on microglia (Fiebich et al., 1996; Hasko et al., 2008; Orr et al., 2009; Saura
et al., 2005; Trincavelli et al., 2008). Caffeine or selective A2A receptor antagonists prevent
or attenuate microglia responses such as proliferation, retard their recruitment to sites of
injury and reduce the production of pro-inflammatory cytokines (Brothers et al., 2010;
Rebola et al., 2011). Moreover, chronic caffeine partially reverses the microglia activation
seen in the brains of older rats (Brothers et al., 2010). That caffeine’s protection may be
mediated by its blockade of A2A receptors is supported by findings that A2A receptor
antagonists or genetic ablation of A2A receptors protect nigral DA neurons and reduce
neuroinflammation in MPTP-treated mice (Carta et al., 2009; Chen et al., 2001; Pierri et al.,
2005; Yu et al., 2008). While the mechanism(s) by which caffeine treatment modifies the
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microglia response is not fully established, blockade of microglia A2A receptors is a
candidate target site. Alternatively, it may be that the microglial response is not as
pronounced in the caffeine-MPP+ treated rats because damage in the SN is considerably less
than in the rats treated only with MPP+, thus leading to a much lower recruitment of
microglial cells to the SN. Additional studies are needed to sort out this “chicken and egg”
question.

In addition to A2A receptors located on microglia, neuronal A2A receptors may also
participate in the neuroprotection afforded by caffeine. Stimulation of pre- and/or post-
synaptic A2A receptors in the striatum drives activity in the striato-pallidal-subthalamic-
nigral pathway (the indirect pathway) causing nigral glutamate release (Morelli et al., 2011).
Nigral glutamate is elevated in animal PD models due to the loss of the inhibitory actions of
DA on D2 receptors which then leave unopposed the excitatory drive by A2A receptors on
the indirect pathway (ibid). Excessive stimulation of the nigral glutamatergic N-methyl-D-
aspartate (NMDA) receptors located on DA neurons can be excitotoxic, especially to
metabolically compromised DA neurons as would occur in the MPP+-treated rats. Selective
blockade of nigral NMDA receptors protects DA neurons from metabolic stress, indicating
the importance of nigral glutamate and excitotoxicity to DA neurons (Zeevalk et al., 2000).
In the striatum, blockade of striatal post-synaptic A2A receptors reduces nigral glutamate
release (Morelli et al., 2011). Indeed, in mice lacking neuronal A2A receptors in the
forebrain, neurotoxicity by sub-acute MPTP is attenuated (Carta et al., 2009). Selective
blockade of nigral A2A receptors also protects DA neurons against metabolic stress, an
action thought to impact on nigral glutamate release (Alfinito et al., 2003). Thus, blocking
striatal and/or nigral A2A receptors located on neurons may reduce nigral glutamate release
and excitotoxic damage.

Caffeine metabolites may also contribute to neuroprotection. Paraxanthine (1,7-
dimethylxanthine), which is the major metabolite, protects DA neurons in vitro and in vivo
by non-adenosine receptor dependent mechanisms (Geraets et al., 2006; Guerreiro et al.,
2008; Xu et al., 2010). In vitro studies demonstrate paraxanthine is a potent inhibitor of poly
(ADP-ribose) polymerase-1 (PARP-1; at an IC50 of 15μM) and a less potent activator of
ryanodine receptors (Geraets et al., 2006; Guerreiro et al., 2008).

Based on the data presented here, we propose that caffeine’s neuroprotection in the MPP+
rat model of PD is mediated, at least in part, by blockade of A2A receptors and an
attenuation of neuroinflammation in the SN. If the effects of caffeine in our model are
mediated by A2A receptors, then it is possible that the administration of A2A antagonists to
PD patients would modify the neuropathology and slow disease progression. Selective A2A
antagonists may be superior to caffeine as they would not block the neuroprotective effects
of adenosine as mediated through A1 receptors (Alfinito et al., 2003). Clinical studies are
currently underway to evaluate several A2A receptor antagonists for their effects both on
symptom relief and in arresting disease progression (reviewed in Morelli et al., 2011). Based
on our findings with caffeine, we would predict that the A2A antagonists should slow disease
progression.
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Highlights

• Chronic icv MPP+ infusion produces progressive loss of striatal dopamine
markers

• Caffeine treatment protects against MPP+-induced loss of nigral dopamine
neurons

• Delayed caffeine treatment rescues dopamine neurons from MPP+
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Fig. 1. Continuous icv MPP+ administration produces a progressive and linear reduction in
striatal DA and TH
Rats received continuous MPP+ infusions (75 μg/day) into the left cerebral ventricle and
were killed at 7, 14, or 28 days after starting the MPP+ infusion. DA and TH protein were
measured in both the left and right striatum. Results are plotted as the ratio of DA or TH
content in the left striatum to the right striatum (L/R Ratio) as a function of days of MPP+

exposure from the number of rats indicated in parenthesis. Data at time 0 are L/R ratios from
naïve rats. DA and TH content in the right striata of the treatment groups did not differ
significantly from right striata of naïve rats nor did they differ across the treatment groups.
Linear regression analysis showed correlation coefficient r2 values of 0.98 (p<0.01) for DA
and of 0.99 (p<0.01) for TH. *P<0.01 vs L/R ratio in naive rats.
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Fig. 2. Caffeine protects nigral DA neurons when administered prior to or during the course of
neurodegeneration initiated by MPP+

Rats were infused with MPP+ (75 μg/day) for 4 wks. Caffeine in the drinking water (1 g/l)
was provided from the start of the infusion, or beginning 1 or 3 weeks later. (A) Results are
the mean ± SEM of TH+ cell counts in the left SN, with the number of rats indicated in the
columns. Controls are naïve untreated rats. When caffeine was given along with MPP+, or
delayed by 1 or 3 weeks after beginning MPP+ infusions, there was less neurodegeneration
of nigral DA neurons compared to MPP+ given alone. *P<0.01 control vs. group treated
with only MPP+. (B) Data are plotted from individual animals, and also show the median
cell count (horizontal line) for each of the 5 treatment groups.
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Fig. 3. Caffeine does not alter the MPP+-induced reductions in striatal TH, DA or DA
metabolites
Rats were treated as described in Fig.2. (A) Results are from the left striatum and are
presented as the % of control ± SEM (naives, n=3; MPP+, n=7; simultaneous MPP+ and
caffeine, n=6). Control values are (mean ± SEM in ng/mg tissue): TH, 174 ± 6; DA, 16.7 ±
0.3; DOPAC, 1.7 ± 0.1; HVA, 1.6 ± 0.1; 5HT, 0.8 ± 0.1; 5HIAA, 1.6 ± 0.1. * p<0.05 vs.
respective side of controls. (B) Results are presented as % control from right sides of naïve
rats or rats treated with MPP+ or MPP+ and caffeine.
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Fig. 4. Caffeine appears to attenuate the microglia response in the SN but not in the striatum
Rats were treated as described in Fig. 2 except that caffeine treatment was started 1 week
after onset of MPP+ infusion. ED1 immunostaining for microglia is red. TH+

immunostaining for DA neurons is green. (Upper panels) Representative photomicrograph
from one of two rats treated with only MPP+. Left side is ipsilateral to the icv infusion. Top
photmicrographs are at lower magnification. ED1 immunostained cells are prominently
noted in the left side whereas few are seen in the right side. Also, note the reduction of TH+

cells in the medial region of the SN on the left side as compared to the right SN. The
findings in the second rat were similar. Representative photomicrographs from one of two
rats that received both caffeine and MPP+. Note that there are fewer ED1 immunostained
cells in the left SN region in the MPP+ and caffeine treated rat than in the MPP+ rat. Also
note the preservation of TH+ cells in the medial region of the SN as compared to MPP+ rats.
Similar findings were observed in the second rat. (Lower panels) Caffeine does not
attenuate the microglia response in the striatum. Areas shown are from sections at two
different rostral-caudal levels from one rat; the upper photomicrographs are from near the
icv cannula placement region whereas the lower photomicrographs are from sections rostral
to cannula placement. Note intense ED1 staining in the left striatum of the MPP+-treated rat
near the cannula placement site with much less intense staining at the more rostral site. Note
absence of ED1 staining in the right striatum. Also note loss of TH staining in the left
striatum vs. the right striatum. The rat treated with MPP+ and caffeine shows similar ED1
staining as in the rat treated with only MPP+, but the TH staining is somewhat more intense
in this animal vs. MPP+ alone. As in the MPP+ treated rat, there is a paucity of ED1 staining
in the right striatum.
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Table 1

Treatment effects on body weight. Rats were weighed at the end of the study (28 days after surgery). Results
are the mean ± SD of the number of rats shown in parenthesis. Treatment did not significantly alter weight
gain over the 28-day course of treatment.

Treatment Group Weight (gms)

Naives 418 ± 28 (10)

Vehicle-infused 403 ± 18 (8)

MPP+ 408 ± 19 (6)

Caffeine 1 wk/MPP+ 395 ± 48 (7)

Caffeine 3 wk/MPP+ 397 ± 46 (5)
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