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Original Article 
Pyruvate blocks blood-brain barrier  
disruption, lymphocyte infiltration and  
immune response in excitotoxic brain injury

Jae K Ryu, James G McLarnon

Department of Anesthesiology, Pharmacology and Therapeutics, Faculty of Medicine, The University of British 
Columbia, Vancouver, BC, V6T 1Z3, Canada

Received January 20, 2016; Accepted January 20, 2016; Epub March 1, 2016; Published March 15, 2016

Abstract: The effects of pyruvate, the end metabolite of glycolysis, on blood-brain barrier (BBB) impairment and 
immune reactivity were examined in the quinolinic acid (QA)-injected rat striatum. Extensive disruption of BBB was 
observed at 7 d post QA-injection as demonstrated by increased immunohistochemical staining using antibody 
against immunoglobulin G (IgG). Animals receiving pyruvate administration (500 mg/kg) with QA-injection exhibited 
reduced lgG immunoreactivity (by 45%) relative to QA alone. QA intrastriatal injection also resulted in marked in-
creases in the number of infiltrating T-lymphocytes (by 70-fold) and expression of major histocompatibility complex 
(MHC-class II) (by 45-fold) relative to unlesioned control. Treatment with pyruvate significantly reduced infiltration of 
T-cells (by 68%) and MHC class II expression (by 48%) induced by QA. These results indicate that QA injection into 
rat striatum leads to impairment in BBB function with pyruvate administration reducing immune response and BBB 
leakiness in excitotoxic injury.
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Introduction

Excitotoxicity has been implicated in the pa- 
thogenesis of a number of neurological disor-
ders including Huntington’s disease (HD) [1], 
Alzheimer’s disease (AD) [2], stroke [3] and HIV-
associated dementia [4]. Several lines of evi-
dence suggest that excitotoxic brain insult is 
associated with inflammatory responses medi-
ated by activation of resident brain microglial 
cells [5]. Inflammatory responses from activat-
ed microglia involve cellular production of a 
broad spectrum of proinflammatory mediators 
including cytokines and oxidative free radicals 
[6]. 

The integrity of the blood-brain barrier (BBB) is 
compromised in diseased brain [7] and is func-
tionally abnormal following excitotoxic insult [8, 
9]. Roles of neuroinflammation and immune 
system response in HD have been considered 
[10, 11] with recent work reporting elevated 
expression of inflammatory mediators in HD  
tissue [12] and abnormalities in BBB in HD 

patients and in a mouse model of the disease 
[13]. Previous work has demonstrated quinolin-
ic acid (QA)-induced oxidative damage in rat 
striatum which was attenuated using the en- 
dogenous energy substrate, pyruvate [14, 15]. 
Although QA-injection is not commonly used as 
a model for HD, the excitotoxic-induced lesion 
is similar to that in HD [16] and may have par-
ticular utility in emphasizing inflammatory reac-
tivity in the disease [15]. 

In the present study we have examined BBB 
permeability to IgG and T-lymphocyte influx as 
aspects of neuroinflammation in QA-injected rat 
striatum. The effects of pyruvate treatment on 
BBB leakiness and T-cell invasion has also 
been determined following excitotoxic insult.

Material and methods

Animals and QA injection

All experimental procedures were approved by 
the Committee on Animal Care of the University 

http://www.AJND.us


Pyruvate actions in excitotoxic brain injury

70 Am J Neurodegener Dis 2016;5(1):69-73

of British Columbia. Male Sprague-Dawley rats 
(260-280 g) were anesthetized with intraperito-
neal (ip) injection of sodium pentobarbital (50 
mg/kg) and then mounted in a stereotaxic 
apparatus (Kopf Instruments, Tujunga, CA). 
Animals were subjected to unilateral Iµl QA (60 
nmol; Sigma, St. Louis, MO) injection into the 
striatum (AP: +1.0 mm, ML: -3.0 mm, DV: -5.0 
mm, from bregma) as previously described [14, 
15]. Animals were treated ip with pyruvate (500 
mg/kg dissolved in saline; Sigma) at the time of 
QA injection. This single pyruvate dosage was 
based on our previous studies showing this 
dose and treatment regimen to be efficacious 
against excitotoxic rat brain injury; lower doses 
were also effective if given daily [15]. At 7 days 
postinjection, the animals were deeply anes-
thetized with sodium pentobarbital and then 
perfused through the heart with cold heparin-
ized saline followed by 4% paraformaldehyde 
(PFA). The brains were removed, post-fixed 
overnight in fixative and then left in 30% 

with IgG antibody (1:1000, Vector) and the 
reaction product was visualized as described 
above.

Quantification and statistical analysis

For quantitative analysis [15], the IgG-stained 
section (AP: +1.2, +1.0, and +0. 8, according to 
the atlas of Paxinos and Watson [18]) were cap-
tured and digitized using a DVC camera 
(Diagnostic Instruments, Sterling Heights, Ml) 
connected to the Zeiss Axioplan 2 microsco- 
pe. The lgG-immunoreactive area was sharply 
delineated and measured by calculating the 
ratio of the IgG-stained area to the unlesioned 
striatum using Northern Eclipse software 
(Empix Imaging, Mississauga, ON). For the den-
sity of T-lymphocytes, CD8-positive cells in the 
striatum were counted and presented as a 
mean per striatum. For MHC class II expressing 
cells, OX-6-positive cells in the striatum were 
counted (at x400 magnification) and presented 
as a mean per 0.06 mm2. 

Figure 1. Effect of pyruvate on blood-brain barrier disruption and neuronal 
damage. A. Photomicrographs of IgG-immunoreactivity in the striatum taken 
from unlesioned control rats and QA-injected rats, in the absence or pres-
ence of pyruvate administration, at 7 days post-QA. B. Quantification of lgG-
immunoreactive area. Data are mean ± SEM (n=4/group). #p < 0.05 vs QA. 
Scale bars = 800 µm. CONT, control; LV, lateral ventricle; STR, striatum.

sucrose. Coronal sections (40 
µm) were taken through the 
striatum on a cryostat micro- 
tome.

lmmunohistochemistry

For immunohistochemical an- 
alysis, free-floating sections 
were incubated overnight at 
4°C with the antibodies ag- 
ainst CD8 (indicative of T-lym- 
phocyte; 1:500, Serotec, Ox- 
ford) or OX-6 (indicative of 
MHC class II; 1:500, Serotec). 
Biotinylated secondary anti-
body (1:500; Vector, Burling- 
ame, CA) followed by avid- 
in-biotin-peroxidase complex 
(ABC, 1:200, Vector) and 3,3’- 
diaminobenzidine (DAB, Sig- 
ma) were used to visualize 
reaction products. The integ-
rity of BBB was determined by 
measuring permeability of IgG 
(immunoglobulin G). The pro-
cedures for use of IgG im- 
munohistochemistry to char-
acterize BBB disruption ha- 
ve been previously described 
[17]. Briefly, free-floating sec-
tions were incubated for 1 hr 
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All data are shown as means ± SEM. Statistical 
significance was assessed using one-tailed 
nonparametric student’s t-test with significance 
for p < 0.05.

Results

Initial studies examined the effects of intrastri-
atal injection of QA on the integrity of the BBB. 
The levels of IgG immunostaining (measured 7 
days after QA injection) were used to assess 
leakiness and disruption of BBB. The results 
are presented in Figure 1A, where QA-injected 
striatum (middle panel, Figure 1A) showed 
extensive lgG staining relative to unlesioned 
control (left panel, Figure 1A). Overall, the IgG 
immunoreactivity (ir) in excitotoxin-injected br- 
ain appeared uniformly spread throughout stri-
atum. In the presence of pyruvate (injected ip 
at a single dose of 500 mg/kg) a different pat-
tern of IgG ir was evident for the QA-injected 
striatum. As shown (right panel, Figure 1A), 
pyruvate was highly effective in reducing ex- 

MHC class II serves as a cellular marker for 
inflammatory responses to T-cell activation. An 
increased MHC class II ir (by 45-fold) was 
observed in the striatum following QA injection 
(Figure 3A, middle panel) relative to unlesioned 
control (Figure 3A, left panel). Indeed, unle-
sioned striatum exhibited minimal staining for 
this marker (Figure 3A). Pyruvate treatment 
was highly effective in diminishing MHC class II 
expression in QA-lesioned striatum (Figure 3A, 
right panel). Quantification of MHC class 
II-positive cells revealed that the number of 
MHC class II-positive cells was significantly 
reduced (by 48% relative to QA-injected stria-
tum) with pyruvate treatment (Figure 3B). 

Discussion

This work reports impairment of BBB in QA- 
lesioned striatum as demonstrated by increa- 
sed membrane permeability to IgG. Further- 
more, increased leakiness of BBB subsequent 
to QA insult was associated with infiltration of 

Figure 2. Effect of pyruvate on CD8-positive T lymphocytes infiltration. A. Pho-
tomicrographs of CD8-positive cells in the striatum taken from unlesioned 
control rats and QA injected rats in the absence or presence of pyruvate 
administration, at 7 days post-QA. B. Quantification of CD8-positive cells in 
the QA-injected striatum. Data are mean ± SEM (n=4/group). *p < 0.05 vs 
control; #p < 0.05 vs QA. Scale bar = 30 µm. CONT, control.

pressions of IgG relative to 
that observed with the excito-
toxin applied alone. Overall, 
the IgG ir was reduced by 45% 
with pyruvate treatment com-
pared with QA injection in the 
absence of pyruvate (Figure 
1B).

We next examined for effects 
of pyruvate on immune res- 
ponse by staining for CD8, a 
specific marker for infiltrating 
T-lymphocytes. As shown in 
Figure 2A, QA-injected stria-
tum (middle panel, Figure 2A) 
showed a considerable incre- 
ase (by 70-fold) in the infil- 
tration of CD8-positive cells 
compared with unlesioned 
control (left panel, Figure 2A). 
Administration of pyruvate (at 
500 mg/kg) with QA injection 
markedly diminished CD8-
positive T-cells in the lesioned 
area (right panel, Figure 2A). 
Overall, pyruvate was found  
to reduce infiltration of CD8-
positive T-cells by 68% com-
pared with levels in excitotoxin  
injected striatum (Figure 2B).
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T-cells and upregulation in expression of the 
immune cell marker, MHC class II. 

Pyruvate was found to significantly reduce BBB 
disruption, T-cell invasion and immune cell 
expression in excitotoxic brain. Previous work 
has reported pyruvate efficacy in reducing glial-
mediated oxidative damage in QA-injected ani-
mals [14, 15]. One possibility is that BBB 
impairment, demonstrated by increased IgG 
influx, is secondary to oxidative stress induced 
by QA striatal injection. In a similar manner the 
increased T-cell invasion following excitotoxic 
insult could be associated with oxidative-
induced abnormalities in BBB. In the latter 
case, activation of MHC-II positive microglia 
could act as a source of reactive oxygen spe-
cies following excitotoxic insult. Another possi-
bility is that the enhanced T-cell presence in 
QA-injected rat striatum promotes BBB dys-
function as reported in an immune murine 
model of multiple sclerosis [19, 20]. To our 
knowledge a measure of T-lymphocytes in HD 

inflammatory reactivity and stabilizing the BBB 
following excitotoxic insult. It is noteworthy that 
pyruvate was administered as a single dose at 
the time of QA-striatal injection; previous work 
has reported a daily dosage regimen shows 
enhanced efficacy compared with a single 
treatment [14]. Since pyruvate is endogenous 
in brain, we suggest elevated levels of the com-
pound could serve as a non-toxic effector and 
plausible adjunctive pharmacological strategy 
to inhibit neuroinflammation in pathological 
conditions of oxidative stress including HD. 

In summary, we provide evidence that excito-
toxic insult in rat striatum leads to disruption 
and leakiness of BBB. Furthermore, excitotoxic-
ity in rat striatum was associated with infiltra-
tion of T-cells and enhanced expression of MHC 
class II immune marker. Our findings suggest 
that the endogenous compound, pyruvate, may 
have utility in attenuating neuroinflammation 
under conditions which compromise the intact-
ness of BBB. 

Figure 3. Effect of pyruvate on MHC class II expression. A. Photomicrographs 
of MHC class II-positive cells in the striatum taken from unlesioned control 
rats and QA injected rats in the absence or presence of pyruvate adminis-
tration, at 7 days post-QA. B. Quantification of MHC class II-positive cells in 
the QA-injected striatum. Data are mean ± SEM (n=4/group). *p < 0.05 vs 
control; #p < 0.05 vs QA. Scale bar = 60 µm. CONT, control.

has not been published but 
one study has noted no differ-
ence in CD247, a T-cell mark-
er, expression between con-
trol and HD tissue [21].

Clearly an acute excitotoxic 
insult has limited applicability 
as an animal model of HD, 
however, the procedure may 
be useful to help characterize 
roles of inflammatory reactivi-
ty in the disease [15]. HD tis-
sue shows evidence of neuro-
inflammation [12, 21] which 
has been considered in some 
detail in relation to pathology 
in the disease [11]. In this 
regard recent work has report-
ed cerebrovasculature abnor-
malities and BBB impairment 
in HD patients and also in a 
mouse model of HD [13]. Th- 
ese findings suggest the utili-
ty in studies designed to ex- 
amine inflammatory process-
es and mechanisms underly-
ing BBB dysfunction in HD ani-
mal models.

 Our results demonstrate effi-
cacy for pyruvate in reducing 
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