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Mycobacterium tuberculosis infection of the central nervous system is thought to be initiated once the bacilli have breached the
blood brain barrier and are phagocytosed, primarily by microglial cells. In this study, the interactions of M. tuberculosis with
neurons in vitro and in vivo were investigated. The data obtained demonstrate that neurons can act as host cells for M. tubercu-
losis. M. tuberculosis bacilli were internalized by murine neuronal cultured cells in a time-dependent manner after exposure,
with superior uptake by HT22 cells compared to Neuro-2a cells (17.7% versus 9.8%). Internalization of M. tuberculosis bacilli by
human SK-N-SH cultured neurons suggested the clinical relevance of the findings. Moreover, primary murine hippocampus-
derived neuronal cultures could similarly internalize M. tuberculosis. Internalized M. tuberculosis bacilli represented a produc-
tive infection with retention of bacterial viability and replicative potential, increasing 2- to 4-fold within 48 h. M. tuberculosis
bacillus infection of neurons was confirmed in vivo in the brains of C57BL/6 mice after intracerebral challenge. This study,
therefore, demonstrates neurons as potential new target cells for M. tuberculosis within the central nervous system.

Tuberculosis is primarily a respiratory disease that is initiated
after the inhalation of only a few bacilli and subsequent phago-

cytosis by alveolar macrophages to establish a local infection fo-
cus. Globally, approximately 8.8 million new cases of tuberculosis
were reported in 2011, and the disease was associated with 1.45
million deaths (1). Although pulmonary tuberculosis is the pre-
dominant form of infection, extrapulmonary tuberculosis consti-
tutes up to 20% of reported cases, approximately 1 to 5% of which
are attributed to tuberculosis of the central nervous system (CNS-
TB) (2). CNS-TB occurs primarily in childhood but significantly
increases in adults under conditions of immune suppression,
which are associated with considerable morbidity and mortality
(3, 4). Pathogenesis of CNS-TB is initiated as a secondary infec-
tion during hematogenous dissemination of pulmonary infection
to the brain parenchyma (5). Despite its neuroprotective proper-
ties, it has been proposed that Mycobacterium tuberculosis can
cross the blood brain barrier and invade the CNS as free bacilli,
which is supported by studies that illustrated pathogen-specific
gene upregulation associated with traversal of the blood brain
barrier (6). However, the mechanisms associated with evading the
protective properties of the blood brain barrier for several bacte-
ria, including M. tuberculosis, remain primarily undefined. Initial
events during CNS-TB are characterized by infection of the me-
ninges, the establishment of localized foci, and the subsequent
release of bacilli into the subarachnoid space (7).

Several studies have investigated and reported on different cell
types that are targeted by M. tuberculosis bacilli for invasion (8, 9,
10, 11). Among these, macrophages are well described as preferred
host cells despite their primary protective function in innate im-
mune responses; the evolutionary development of specific im-
mune evasion mechanisms allows M. tuberculosis to exist within
what is essentially a hostile environment. Studies have also indi-
cated that cells other than macrophages, such as dendritic cells, are
infected by M. tuberculosis bacilli at a higher rate than was previ-
ously thought (11). Differential cytokine profiles produced by in-
fected macrophages and dendritic cells in comparative studies

have suggested that the functional consequences of M. tuberculosis
infection of these two distinct cell types may be different (12, 13).
Similarly, M. tuberculosis infection of different nonphagocytic cell
types may induce responses that are variable. The diversity of cell
types that can be infected by M. tuberculosis bacilli, particularly at
extrapulmonary sites, suggests that latent infection may be estab-
lished at such locations. Recent studies demonstrated viable bacilli
present in resident macrophages and sinusoidal endothelium cells
of the spleen and liver expressing a genetic profile corresponding
to latent infection (14).

M. tuberculosis bacilli encode specific proteins that actively fa-
cilitate entry into cells (15, 16), thereby circumventing the re-
quirement for cells to be phagocytic in order to establish infection.
Among several intracellular bacterial species that are capable of
infecting the central nervous system (17), studies have indicated
that microglia are targeted by invading M. tuberculosis bacilli (18,
19), leading to a robust proinflammatory response dependent on
NADPH oxidase-dependent reactive oxygen species (ROS) gen-
eration (20) and the induction of reactive nitrogen intermediates
(21). Neurons have never been shown to be infected by M. tuber-
culosis bacilli and are not thought to be involved in the etiology of
the disease. However, neural targeting by Mycobacterium leprae
through binding to laminin �2 on Schwann cells has been re-
ported (22), and the presence of M. leprae in the medulla oblon-
gata and spinal cord of patients with lepromatous leprosy was
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inferred from DNA amplification studies, although the pres-
ence of bacilli within neurons was not detected (23). Nonethe-
less, several pathogenic species do infect neurons, including the
intracellular bacterium Listeria monocytogenes, which can be
controlled in a gamma interferon (IFN-�)-dependent bactericidal
manner (24, 25).

In this study, the potential of M. tuberculosis bacilli to infect
neurons was investigated. Although neurons are generally re-
garded as nonphagocytic cells, Bowen et al. demonstrated that
phagocytosis by different neuronal cell types occurs both in vitro
and in vivo (26). The phagocytic capability of neurons may there-
fore be largely unappreciated and underinvestigated. Thus, it was
hypothesized that neurons are capable of mycobacterial internal-
ization, thereby affecting neuronal cellular responses. The results
obtained in this study conclusively established that M. tuberculosis
bacilli were able to infect neurons directly, as demonstrated by the
intracellular location of bacilli through confocal microscopy.

MATERIALS AND METHODS
Mice. C57BL/6 mice were bred and maintained under specific-pathogen-
free conditions at the animal facility of the University of Cape Town
(South Africa). One-day-old neonates and adult mice between 8 and 12
weeks of age were used. All animal experimental protocols complied with
South African regulations. Approval was obtained from the Animal Re-
search Ethics Committee, University of Cape Town, Cape Town, South
Africa (reference numbers AEC 010/017 and AEC 010/018) in accordance
with the South African National Standard 10386, The Care and Use of
Animals for Scientific Purposes.

Mycobacteria. M. tuberculosis strain H37Rv (Trudeau Mycobacterial
Culture Collection, New York, NY), was grown at 37°C in Middlebrook
7H9 broth (Difco Laboratories) containing 10% oleic acid-albumin-dex-
trose-catalase (OADC) and 0.5% Tween 80 until log phase and then ali-
quoted and stored at �80°C. A frozen aliquot was thawed, passed 30 times
through a 29-gauge needle, and plated in 10-fold serial dilutions on
Middlebrook 7H10 agar (Difco Laboratories) containing 10% OADC and
0.5% glycerol. The concentration of M. tuberculosis was then determined
by counting the CFU. M. tuberculosis with green fluorescent protein
(H37Rv-GFP; provided by Joel Ernst, New York University School of
Medicine, USA) was prepared similarly, with 25 �g/ml kanamycin added
to broth or agar (11).

Cell cultures and infection. Primary microglia were isolated from
mixed glial cultures prepared from cerebral cortices of C57BL/6 neonates
of either sex, as described previously (27, 28). Cultures of mouse primary
neurons were prepared from C57BL/6 day 17 embryos or neonates as
described previously with modifications (29, 30, 31). Briefly, the dissected
hippocampi were digested, dissociated by trituration, and then seeded at a
density of 1 � 105 cells per well on poly-L-lysine-coated coverslips in
24-well plates or glass chamber slides. The primary neuronal cultures were
maintained in serum-free neurobasal medium (Gibco) containing 2%
B27 supplement (Gibco) at 37°C in a 5% CO2 incubator.

HT22 (a murine neuronal cell line) was obtained from the Salk Insti-
tute, San Diego, CA, USA; Neuro-2a (murine neuroblastoma) and BV2
(murine microglia) cells were obtained from the National Institute for
Cancer Research, Genoa, Italy. HT22 and Neuro-2a cells were propagated
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS), and BV2 cells were propagated in RPMI 1640 medium with
10% FBS. Human neuroblastoma SK-N-SH cells (a gift from A. Vahidnia,
Leiden University Medical Centre, Leiden, Netherlands) were grown in
DMEM supplemented with 10% FBS and differentiated for 2 weeks in
culture with 10 �M retinoic acid (Sigma) (32).

To assess optimal cellular infection, neurons were seeded at 1 � 105/
well, while microglia were seeded at 1 � 104/well, and cultured with M.
tuberculosis at a multiplicity of infection (MOI) of 2:1, 5:1, 10:1, 30:1, 50:1,
or 100:1 (ratios of M. tuberculosis bacilli to cells). Although association of

M. tuberculosis with cultured neuronal cells occurred at all ratios (data not
shown), an MOI of 30:1 was deemed optimal, supported by other studies
using an ex vivo model of hippocampal neuronal infection with L. mono-
cytogenes (25), while an MOI of 2:1 was found optimal for microglial
infection. Thus, briefly, HT22 and Neuro-2a cells and primary hippocam-
pal neurons were infected with H37Rv-GFP at an MOI of 30:1 and micro-
glia at an MOI of 2:1 for 4 h in 24-well culture plates, after which the
culture medium was replaced with fresh medium containing 50 �g/ml
gentamicin (Sigma). For image studies, cells were fixed for staining at 6 h,
24 h, and 48 h postinfection for further analysis. For colony enumeration,
neurons were extensively washed with phosphate-buffered saline (PBS)
and lysed with 1% Triton X-100 in PBS, and the lysates were cultured on
Middlebrook 7H10 agar (Difco) supplemented with 10% OADC, 0.5%
glycerol, and 25 �g/ml kanamycin. Mycobacterial cultures were incu-
bated inside semisealed plastic bags at 37°C for 18 to 21 days, and colony
counts were registered.

Histology and immunocytochemistry of infected cultures. For his-
tology, H37Rv-infected cells were fixed with 4% paraformaldehyde (PFA)
in PBS, washed, and subjected to Ziehl-Neelsen (ZN) staining for acid-fast
bacilli. For immunohistochemical analysis, H37Rv-GFP-infected cells
were fixed with 4% PFA, washed, and blocked with 1% bovine serum
albumin (BSA) and then incubated with either Alexa 555-conjugated
phalloidin (1:600; Invitrogen) or anti-microtubule-associated protein 2
(MAP2) (1:1,000; Abcam) and visualized with Cy3-conjugated secondary
antibody (1:1,000; Jackson ImmunoResearch Laboratories). SK-N-SH
cell nuclei were stained with 6-diamidino-phenylidone (DAPI) (Sigma).
The immunofluorescence-labeled cultures were mounted in fluorescent
mounting medium (Dako), and images were captured with a Zeiss
(Oberkochen, Germany) LSM 510 confocal microscope. High-resolution
confocal imaging was carried out using a 63� (1.4-numerical-aperture
[NA]) oil immersion objective, and z-stacks were acquired using Nyquist
sampling parameters.

The quantification of M. tuberculosis-associated cultured cells was per-
formed using light microscopy, where 100 to 400 microglial or neuronal
cells were examined under bright-field microscopy for each experiment.
Cultured neurons or microglia, which associated with M. tuberculosis ba-
cilli, were calculated as the number of cells associated with acid-fast bacilli
out of the total number of cells examined.

The quantification of cells that contained internalized M. tuberculosis
bacilli was performed using confocal microscopy, where 100 to 150 cells
per cell type were examined for each experiment. The cells containing
internalized bacilli were counted in the 3-dimensional z-stack images of 5
different fields per cell type. The percentage of internalization was calcu-
lated as the number of cells containing intracellular H37Rv-GFP bacilli
out of the total number of cells counted in the z-stack images.

Intracerebral infection and immunohistochemistry of infected
mice. Six C57BL/6 female mice (8 to 12 weeks old) from 2 independent
experiments were inoculated intracerebrally in the left cerebral hemi-
sphere with 1 � 105 CFU of H37Rv-GFP using a Hamilton syringe
(Gastight no. 1701; Hamilton, Bonaduz, Switzerland). At 7 and 14 days
postinfection, the infected mice were deeply anesthetized and transcardi-
ally perfused with 4% PFA. The 40-�m brain sections were cut using a
vibratome and then processed for immunohistochemistry. The microglia
and astrocytes were labeled with CD11b (clone M1/70; 1:500; Abcam) and
glial-fibrillary acidic protein (GFAP) antibody (1:1,000; Sigma), respec-
tively. The neurons were labeled with either NeuN (clone A60; 1:100;
Merck-Millipore), MAP2 (1:1,000; Abcam), or �-III-tubulin antibody (1:
1,000; Abcam) and corresponding Cy3-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories). The nuclei were stained with
DAPI (Sigma). The immunofluorescence-labeled sections were mounted
in fluorescent mounting medium and viewed with a Zeiss 510LSM unit.

Lysotracker staining. To effectively label and track phagolysosomes in
live cells, infected cultures were incubated with Lysotracker (Molecular
Probes, USA) before fixation and permeabilization. Two hours prior to
the experimental time points, Lysotracker (1:900) was added to the cul-
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ture supernatant at 37°C. At 24 h or 48 h postinfection, the cells were fixed
with 4% PFA in PBS, washed, and blocked with 1% BSA in PBS. To ensure
sufficient staining, the cells were incubated again with Lysotracker (1:
1,000) overnight at 4°C. Subsequently, nuclei were stained with DAPI, and
the coverslips were mounted in fluorescent mounting medium (Dako,
CA, USA).

Cytokine quantification. Supernatants from neuronal cultures were
frozen at �80°C until further analysis. Cytokine concentrations were de-
termined by enzyme-linked immunosorbent assay (ELISA) using re-
agents from R&D Systems (Minneapolis, MN) according to the instruc-
tions of the manufacturers.

Statistical analysis. The data are presented as means and standard
deviations (SD). Statistical analysis was performed by one-way analysis of
variance (ANOVA) and one-tailed t test for comparisons among the time
points. For all tests, a P value of �0.05 was considered significant.

RESULTS
M. tuberculosis bacilli associate with neuronal cultures. In ini-
tial studies, the microglial cell line BV2 and cortex-derived pri-
mary microglia were cultured in the presence of M. tuberculosis
bacilli at an MOI of 2:1 for 6 h, 24 h, and 48 h as established
phagocytic cells against which to measure neuron-bacillus inter-
action. A time-dependent association of M. tuberculosis bacilli was
observed in both BV2 (Fig. 1A and B) and primary microglial (Fig.
1C and D) cultures with 	30% of host cells representing micro-
glia-bacillus interaction. Next, neuronal cultures of immortalized
HT22 cells (Fig. 2A and B) and Neuro-2a cells (Fig. 2C and D)
were exposed to M. tuberculosis bacilli at an MOI of 30:1 for 6 h, 24
h, and 48 h. Analysis of infected neuronal cultures showed that M.
tuberculosis bacilli were associated with the soma and the neurites.
Quantitatively, there was a time-dependent increase in association
of M. tuberculosis bacilli with both neuronal cell lines and an over-
all higher number of HT22 cells than of Neuro-2a cells associated
with bacilli at all time points investigated (Table 1). Although
Neuro-2a cells and HT22 cells are widely used to characterize
neuronal behavior and responses, in general, transformed cell
lines may differ from primary cells with respect to structure, de-
velopment, binding, and functional characteristics (33). There-
fore, to confirm the neuronal infectivity of M. tuberculosis bacilli

and to exclude the possibility that previously observed mycobac-
terial association was due to anomalous characteristics of neuro-
nal cell lines, the observation was validated in primary neuronal
cell cultures. Primary neuronal cell cultures were established from
murine hippocampi and infected with M. tuberculosis bacilli at an
MOI of 30:1 for 6 h, 24 h, and 48 h. Uptake in primary neuronal
cultures was comparable to that in HT22 cells and Neuro-2a cells;
M. tuberculosis bacilli displayed a time-dependent increase in as-
sociation from 7.9% to 21.3% over a 48-h period (Table 1) with
bacilli associated with the neurites and cell bodies (Fig. 2E and F).
Therefore, for the first time, the data clearly demonstrate that M.
tuberculosis is capable of direct interaction with neurons.

Murine neurons internalize M. tuberculosis bacilli in vitro.
Observations of an association of bacilli with cultured neurons
after Ziehl-Neelsen staining may have represented bound extra-
cellular bacilli rather than bacteria that were intracellular. To in-
vestigate whether M. tuberculosis bacilli were indeed internalized
by neurons, the neuronal cell lines HT22 (Fig. 3A to C) and
Neuro-2a (Fig. 3D to F), as well as primary neuronal cultures (Fig.
3G to I), were infected with a recombinant GFP-expressing M.
tuberculosis H37Rv strain at an MOI of 30:1. Similarly, BV2 mi-
croglial cells (Fig. 3J to L) were infected at an MOI of 2:1 to act as
a positive-control cell strain for bacterial internalization. To con-
firm cytoplasmic localization of bacilli in microglia, the cultures
were stained with cytofluorochrome-conjugated phalloidin, a cy-
toskeletal marker, and analyzed by confocal microscopy. Analysis
of z-stack images showed that in most cases multiple bacilli were
phagocytosed by BV2 (Fig. 3K), and orthogonal views con-
firmed that all bacilli were internalized (Fig. 3L). To determine

FIG 1 M. tuberculosis infects microglia. The microglial cell line BV2 (A and B)
and primary microglia (C and D), isolated from the cortices of 1-day-old
C57BL/6 neonates, were infected with M. tuberculosis at an MOI of 2:1 for 6
and 24 h. The arrows indicate the uptake of acid-fast bacilli by the microglial
cells. Scale bars, 20 �m

.

FIG 2 M. tuberculosis bacilli are associated with cultured neurons. Neuronal
cultures—HT22, Neuro-2a, and primary neurons— established from the hip-
pocampi of 1-day-old C57BL/6 neonates were infected with M. tuberculosis at
an MOI of 30:1 for 6 and 24 h. Ziehl-Neelsen staining shows the presence of
acid-fast bacilli (arrows) in the cytoplasm and neurites of neurons. Scale bars,
20 �m.

Randall et al.

1882 iai.asm.org Infection and Immunity

http://iai.asm.org


whether M. tuberculosis bacilli were internalized by neurons, in-
fected HT22 and Neuro-2a cultures were stained with cytofluoro-
chrome-conjugated phalloidin while infected primary neurons
were identified with the neuron-specific marker MAP2. The or-
thogonal display of the three-dimensional data demonstrated in-
ternalized M. tuberculosis bacilli in HT22 (Fig. 3C), Neuro-2a (Fig.
3F), and primary neuronal (Fig. 3I) cultures, embedded within
cytoplasmic structures, as identified by the different markers.

Quantification of the cells with bacilli showed �98% of micro-
glial-cell-associated bacilli were internalized after 24 h and 48 h
(Table 1). Importantly, for HT22, 11.8% and 17.7% of cultured
cells internalized M. tuberculosis bacilli after 24 h and 48 h, respec-
tively (Table 1). Although Neuro-2a internalization was approxi-
mately 2 times lower than that of HT22, significant internalization
levels of 6.2% and 9.8% at 24 h and 48 h were nonetheless mea-
sured (Table 1). For primary neuronal cultures, 11.2% of cells had
internalized bacilli at 24 h, which decreased slightly to 10.1% after
48 h (Table 1). Overall, the relative ratios indicated that, whereas
microglial cells internalized most of the associated bacilli, murine
neuronal cells internalized only 45 to 65% of associated bacilli
after 48 h (Table 1). Moreover, to determine whether internalized
M. tuberculosis bacilli within neurons represent a productive in-
fection, where bacilli remain viable and retain the capacity to rep-
licate, infected HT22 and Neuro-2a cells and primary neurons
were lysed at 6 h, 24 h, and 48 h, and bacterial colonies were
enumerated. The data indicated that initial uptake and internal-
ization of mycobacteria within primary neurons may be superior
to those of HT22 and Neuro-2a, with significantly higher bacillus
levels at 6 h (Fig. 3M). Notably, bacillus growth occurred in all
neuron cultures, with significantly higher numbers recorded at 48
h than at 6 h (Fig. 3M).

Thus, the study provided evidence that neurons are capable of
internalizing M. tuberculosis bacilli that are viable and capable of
replication within the neurons.

Neurons internalize M. tuberculosis bacilli in vivo. In this
study, the localization of GFP-expressing M. tuberculosis (green)
in relation to two different intracellular neuron-specific markers,
�-III-tubulin (red) and MAP2 (red), was analyzed, and the results
were compared to microglial uptake. Orthogonal projections (Fig.
4B, D, and F) representing 3-dimensional data sets provide a view
of the x and y, as well as the z, dimensions of the original z-stack.
Cell nuclei were labeled with DAPI. The respective differential
interference contract (DIC) images (Fig. 4A, C, and E) illustrate
the position of M. tuberculosis-GFP within the tissue. From the
data presented in Fig. 4B, it was clear that M. tuberculosis-GFP

bacilli were contained within �-III-tubulin-positive neuronal
structures (red), indicated by partial colocalization (yellow) of the
red and green fluorescence signals. Similarly, bacilli resided within
MAP2-positive neuronal structures (red), which resulted in a yel-
low colocalization signal (Fig. 4D). Green fluorescent bacilli were
also present, although it was unclear whether they represented free
or internalized bacilli where MAP2 did not condense around the
bacillus, as limitations in optical resolution prevented the delin-
eation of cellular structure. Microscopic observations indicated
that CD11b
 microglial cells contained higher numbers of bacilli
than neurons. CD11b, as a cell surface antigen, allows sufficient
spatial separation of the red signal on the surface and the green
signal from the internalized bacilli not to result in a colocalized
(yellow) signal, as clearly evident in Fig. 4F.

Therefore, the data demonstrate that M. tuberculosis bacilli can
be internalized by neurons under both in vitro and in vivo condi-
tions but that neuronal uptake is subordinate to that of microglia.

M. tuberculosis bacilli encapsulated within neuronal cyto-
skeletal structures. To gain additional insight into the relation-
ship between neuronal structures and internalized bacilli, local-
ized cytoplasmic sites were further investigated in vitro and in vivo.
Bacilli may display distinct condensation of cytoskeletal elements
(MAP2
) around them, which resulted in partial colocalization of
the fluorescent signals (yellow) but still allowed separation of the
structures in vitro (Fig. 5A). Figure 5B confirmed neuronal inter-
nalization of the bacillus, whereas closer inspection and analysis of
detailed images (Fig. 5B1 to B3) revealed that the bacillus resided
within a MAP2-positive capsule-like cytoplasmic neuronal struc-
ture indicative of rearrangement of the cytoskeleton during infec-
tion. Similarly, this colocalization was observed in vivo. As de-
scribed above, in Fig. 4B and D, colocalization indicated M.
tuberculosis infection of neurons within the CNS following intra-
cerebral challenge. The scan resolution of these sections, due to
background and tissue thickness (40 �m), was not sufficient to
separate the red and green immunofluorescent signals from cyto-
plasmic markers and bacilli, respectively. However, the MAP2 im-
age (Fig. 5D) showed MAP2 condensation within the area sur-
rounding the bacillus. Therefore, it is plausible that the in vivo
infection of neurons by M. tuberculosis (Fig. 5C to E) likely reflects
conditions observed in vitro (Fig. 5B1 to B3).

Cultured human neuronal cells internalize M. tuberculosis
bacilli. The data demonstrated M. tuberculosis internalization by
murine-derived neuronal cell lines and primary murine neuronal
cultures, which were confirmed by neuronal uptake in vivo. To
ascertain whether these observations have clinical relevance, we

TABLE 1 Microglial and neuronal association and internalization of M. tuberculosis bacillia

Cell type
Bacillus/
cell ratio

% cell associated % internalized

Ratio (%
internalized/%
cell associated)

6 h 24 h 48 h 24 h 48 h 24 h 48 h

BV2 2:1 2.1 � 0.92 31.1 � 1.84 34.6 � 4.79 31.0 � 4.20 34.7 � 2.50 1.00 1.00
Primary microglia 2:1 6.5 � 2.23 31.5 � 5.83 32.5 � 0.86 30.8 � 6.30 32.1 � 6.56 0.98 0.99
HT22 30:1 6.7 � 1.65 17.2 � 9.74 28.9 � 1.00 11.8 � 1.83 17.7 � 1.34 0.68 0.61
Neuro-2a 30:1 1.9 � 0.45 6.1 � 4.03 20.0 � 0.72 6.2 � 1.41 9.8 � 1.97 1.00 0.49
Primary neurons 30:1 7.9 � 1.64 13.6 � 3.30 21.3 � 0.46 11.2 � 0.89 10.1 � 2.07 0.82 0.48
SK-N-SH 30:1 10.2 � 1.47 17.9 � 2.65 21.0 � 2.41 11.9 � 1.72 18.5 � 1.18 0.67 0.88
a Microglia and neurons were infected with M. tuberculosis, and cells that were associated with or had internalized bacilli at 6 h, 24 h, and 48 h were counted. The results represent
the means � SD of the combined data from at least 3 individual experiments.
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infected retinoic acid-differentiated SK-N-SH human-derived
neuroblastoma cell cultures with M. tuberculosis-GFP bacilli at an
MOI of 30:1. The cytoplasmic localization of fluorescent bacilli
within SK-N-SH cultures was confirmed through staining with
the neuron-specific marker �-III-tubulin or MAP2. Similar to the
observations described for murine-derived neuronal cultures, the
orthogonal display of the three-dimensional data demonstrated
internalized M. tuberculosis bacilli in either �-III-tubulin-positive
(Fig. 6C) or MAP2-positive (Fig. 6F) cytoplasmic structures. In
addition, internalization was confirmed via the colocalization of
the green (bacilli) and red (�-III-tubulin or MAP2) fluorescence
signals, resulting in a partially yellow fluorescence signal (Fig. 6C
and F). Quantification of the percentage of SK-N-SH cells associ-

ated with bacilli showed a statistically significant increase from
10.2% to 21% over 48 h (Table 1), similar to observations in mu-
rine-derived neuronal cultures. The percentage of cells that inter-
nalized bacilli increased from 11.9% to 18.5% from 24 h to 48 h
(Table 1). This study therefore confirms that human neuronal
cells are capable of being infected by M. tuberculosis bacilli.

Limited association of M. tuberculosis bacilli with phagoly-
sosomes during neuronal infection. Previous studies have dem-
onstrated that neurons are capable of phagocytosis (26), thereby
introducing the possibility that M. tuberculosis bacilli may be in-
ternalized in this manner. We investigated the association of M.
tuberculosis bacilli with phagolysosomes in primary neuronal cul-
tures infected at an MOI of 30:1 for 24 h and 48 h. Analysis of
confocal images showed predominant separation of the Lyso-
tracker Red marker and green fluorescent bacilli, which indicated
either arrest of phagosome-lysosome fusion during neuron infec-
tion or, alternatively, residence of bacilli within the cytosol and
not within phagosomes (Fig. 7).

Neurons are activated during M. tuberculosis infection. Neu-
rons are capable of generating an immune response when con-

FIG 3 Confocal microscopy of internalized M. tuberculosis bacilli and bacterial replication in neurons. HT22 cells (A to C), Neuro-2a cells (D to F), and primary
neurons (G to I), established from the hippocampi of 17-day-old C57BL/6 mouse embryos, and BV2 cells (J to L) were infected with M. tuberculosis for 24 h and
then subjected to immunohistochemistry for 6 h, 24 h, and 48 h, and the numbers of CFU were determined from lysed cultures (M). The fluorescence images of
phalloidin-labeled cell lines, including HT22, Neuro-2a, and BV2, and MAP2-labeled primary neurons highlight the cytoskeletal proteins (red) to demonstrate
the cytosolic location of GFP-expressing bacilli (green). The internalized bacilli can be seen in the top and side images in the orthogonal views, which show the
colocalization of cytoskeleton and bacilli in the x-y plane of an optical section of the z-stack. Phase-contrast images of cultured cells are presented in panels A, D,
G, and J. (M) Bacterial replication in HT22 and Neuro-2a cells and primary neurons assessed at 6 h, 24 h, and 48 h. The results are the means and SD of quadruple
experimental data sets and are representative of one of three similar experiments.

FIG 4 Confocal microscopy of internalized M. tuberculosis bacilli in neurons
in brain sections of C57BL/6 mice 7 days after intracerebral infection. (B, D,
and F) Orthogonal projections representing 3-dimensional data sets provide a
view of the x-y, as well as the z, dimensions of the original z-stack. Cell nuclei
are labeled with DAPI (blue). (A, C, and E) DIC images showing the tissue
localization of H37Rv-GFP (green). (B) H37Rv-GFP bacilli are contained
within �-III-tubulin-positive neuronal structures (red), indicated by partial
colocalization (yellow) of the red and green fluorescence signals. (D) Bacilli are
found within MAP2-positive neuronal structures (red, resulting in a yellow
colocalization signal), but also disassociated from MAP2 (green). The latter
may represent internalized or free bacilli, as it is not possible to delineate cell
boundaries in these preparations. (F) Brain macrophages (identified by
CD11b immunoreactivity) (red) contain large numbers of bacilli (green).
CD11b is a cell surface antigen; therefore, no signal colocalization is observed.
Scale bars, 10 �m.

FIG 5 Confocal microscopy of internalized M. tuberculosis bacilli in cultured
murine primary neurons and in brain sections. (B and E) Orthogonal projec-
tions representing 3-dimensional data sets provide a view of the x-y, as well as
the z, dimensions of the original z-stack. Cell nuclei are labeled with DAPI
(blue). (A) Overview of MAP2-positive neurons (red), established from the
hippocampi of 17-day-old C57BL/6 mouse embryos, containing an H37Rv-
GFP bacillus (arrowhead). (B) Bacilli (green) are found associated with MAP2-
positive neuronal structures, such as the cortical cytoplasm and neurites (red),
resulting in a partial colocalization signal (yellow). (B1 to B3) Detailed images
reveal localization of the bacillus within the MAP2-positive neuronal struc-
ture. Panels A and B represent a 24-h time point. (C and D) In brain sections
(14 days postinfection), colocalization of bacilli (green signal in DIC im-
age) (C) and MAP2 signal (D) is evident (yellow signal in panel E), indi-
cating internalization of bacilli by the neurons. However, it is not possible
to resolve the relevant structures in brain sections at the level seen in vitro.
Scale bars, 5 �m.
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fronted by various pathogens. However, neuronal activation in
response to M. tuberculosis bacilli has not yet been reported. In this
study, interleukin 1� (IL-1�), IL-6, and IL-10 cytokine expression
was measured in M. tuberculosis-infected HT22 and Neuro-2a
cells and primary neurons as an indication of functional response
(Fig. 8). Both neuronal cell lines and primary neuronal cultures
had significantly higher (P � 0.05) induction of the proinflamma-
tory cytokines IL-1� and IL-6 and the anti-inflammatory cytokine
IL-10 during exposure to M. tuberculosis bacilli after 48 h than
uninfected cultures. IL-6 expression was higher than IL-1� or

IL-10 levels measured in all cultures, with Neuro-2a cell synthesis
being superior to that of HT22 or primary neuronal cultures. This
study therefore, established that neurons have the capacity to in-
duce an immune response during M. tuberculosis challenge.

DISCUSSION

Numerous bacterial species are able to invade the CNS to establish
infection, and the mechanisms of invasion of several are known
and their target cells identified (17). In contrast, the mechanisms
associated with M. tuberculosis infection of the CNS and the spe-
cific cells targeted for invasion are mostly unknown. Although
studies have described microglia as the preferred cell population
infected by M. tuberculosis bacilli during CNS-TB pathogenesis
(18, 19, 20), the ubiquitous nature of M. tuberculosis enables it to
infect different cell types, which include both phagocytic and
nonphagocytic cells (8, 9). Previous studies that investigated the
relationship between M. tuberculosis bacilli and cells of the CNS
have typically focused on microglia as the principal cellular target
for infection (18, 34), while astroglia were infected to a lesser ex-
tent (19). The interaction of M. tuberculosis bacilli with neuronal
cells has not yet been reported; hence, in a series of experiments,
the neuronal infectivity of bacilli was investigated. This study de-
scribes the novel observation of neurons acting as additional tar-
get cells for M. tuberculosis bacilli in the CNS. It was demonstrated
for the first time that, other than uptake by microglia and astro-
cytes, M. tuberculosis bacilli display neurotropic qualities and are
internalized by neurons during CNS infection. Nonphysiological
factors due to the immortalization of cell lines used in this study
were excluded as contributing factors for bacillus uptake by dem-
onstrating that de novo cultures of isolated primary neurons inter-
nalize M. tuberculosis bacilli. The physiological relevance of these
findings was validated through in vivo infection studies, substan-

FIG 6 Confocal microscopy of internalized M. tuberculosis bacilli in human SK-N-SH cultured neurons. (B, C, E, and F) SK-N-SH cultured neurons labeled with
anti-�-III-tubulin (B and C) and anti-MAP2 (E and F) antibodies (red). (B and E) Maximum-intensity projections of z-stacks of entire cells. (C and F)
Orthogonal projections representing 3-dimensional data sets provide a view of defined optical sections in the x-y, as well as the z, dimensions of the original
z-stack. Cell nuclei are labeled with DAPI (blue). (A and D) DIC images showing the tissue localization of H37Rv-GFP bacilli (green). Scale bar, 20 �M. The
images represent neuronal cultures at 48 h.

FIG 7 Limited association of M. tuberculosis bacilli with neuronal phagolyso-
somes. Murine primary neuron cultures were established from hippocampi of
17-day-old C57BL/6 embryos and infected with H37Rv-GFP bacilli (green) at
a multiplicity of infection of 30:1. The neurons were stained with the phagoly-
sosome marker Lysotracker (red) after 24 h (A) and 48 h (B). Cell nuclei were
labeled with DAPI (blue) and analyzed by confocal microscopy. The images
represent 3-dimensional data sets and provide a view of the x-y and z dimen-
sions of the original z-stack. A colocalized signal (yellow) resulting from the
association of the bacilli (green) with the phagolysosome, labeled with Lyso-
tracker (red), is rarely observed in neurons at 24 h (A) and 48 h (B) postinfec-
tion, and most internalized bacilli appear disassociated from the phagolyso-
some. Scale bars, 5 �m.
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tiating observations and conclusions from in vitro culture investi-
gations.

This study demonstrates internalization of M. tuberculosis ba-
cilli by neurons, although the manner in which pathogen recog-
nition occurs is unknown. Neurons can be activated via innate
immune pathways, commonly expressed in macrophages, where
binding and recognition are mediated through cell surface-ex-
pressed molecules that include Fc receptors, mannose receptors,
complement receptors, and Toll-like receptors (TLRs) (35). Here,
neuronal expression of TLR2 and TLR4 (36, 37) may potentially
present them as receptor candidates for bacillus recognition, as we

and others have shown that both molecules are critical for protec-
tive immune function against M. tuberculosis bacilli (38, 39).
However, their role is controversial, as reports have also shown
redundancy for TL2 and TLR4 in mediating immune protection.
Uptake of M. tuberculosis bacilli by mononuclear cells occurs pri-
marily through phagocytosis. The phagocytic capacity of neurons
is contentious, and while Bowen et al. (26) demonstrated that
neurons are capable of phagocytosis, thereby elucidating a poten-
tial mechanism for neuronal entry of M. tuberculosis bacilli, other
mechanisms of uptake require investigation. Our data showing
that the majority of M. tuberculosis bacilli do not reside within

FIG 8 Neurons induce an immune response during M. tuberculosis infection. HT22, Neuro-2a, and primary neuronal cultures were infected with M. tuberculosis,
and IL-1�, IL-6, and IL-10 were measured in the culture supernatants after 48 h by ELISA. The results represent the means and SD of combined data from 4 to
6 experiments; each experiment was performed in triplicate. ND, not detected.
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phagolysosomes of neurons suggest that mechanisms of entry
other than phagocytosis should be considered, although it cannot
be excluded. Indeed, entry of M. tuberculosis bacilli into other
nonphagocytic cells indicates an active mechanism of invasion
induced by the organism (8). The M. tuberculosis bacillus carries
four mammalian cell entry (mce) operons, with mce1A potentially
mediating invasion of host cells (15, 16).

The data presented in this study do not exclude phagocytosis as
a mechanism through which bacilli are internalized, but the lim-
ited colocalization with acidified vesicles would then argue for
arrest of phagolysosome maturation during neuronal infection.
Alternatively, bacilli may be free within the cytoplasm, either
through nonphagocytic entry or subsequent to phagosome es-
cape, though the latter remains an area of controversy (40).
Whether neurons employ macropinocytosis as a mechanism for
M. tuberculosis bacillus uptake, as was shown in nonphagocytic
cells (8), remains to be elucidated. Nevertheless, two populations
of internalized bacilli could clearly be distinguished: those that
colocalized with cytoskeletal structures and those that did not.
Whether these two bacterial populations reside within different
cytoplasmic environments or whether they represent different
stages of the same internalization process is unclear. However,
bacilli that were tightly associated with cytoplasmic structures
within neurons appeared to be encased in a sheath-like structure,
evidence of cytoskeletal rearrangement upon infection. M. tuber-
culosis bacillus-induced cytoskeletal rearrangement is known and
has previously been reported (41, 42), and the observations in this
study suggest that similar changes in the neuronal cytoskeleton
occur during bacillus invasion. Moreover, it was established that
entry of M. tuberculosis bacilli into epithelial cells was dependent
on microtubules, which could be inhibited by administration of
colchicine and nocodazole, known to cause microtubule depoly-
merization (43). Our findings do not exclude cytoskeletal concen-
tration around bacilli residing within phagosomes, as others have
shown actin nucleation around mycobacterial phagosomes (44,
45). The role of cytoskeletal concentration around bacilli is con-
troversial, and its complexity is highlighted by contrasting reports.
Kolonko and colleagues (45) suggest that actin polymerization
protects M. tuberculosis bacilli from delivery to a bactericidal en-
vironment, whereas Anes and colleagues (44) propose that actin
assembly promotes killing of pathogenic mycobacteria.

In this study, the overall capacity of neurons to internalize M.
tuberculosis bacilli was reduced compared to microglial cells, re-
flected in the greater number of microglia than of neurons that
were infected. In addition, generally fewer bacilli were internalized
by neurons than by microglia in culture, despite being exposed to
higher concentrations of bacilli. This is not surprising, as neurons
are not considered to be professional phagocytic cells like micro-
glia, and under normal conditions, preferential uptake is medi-
ated by microglia. However, it may be argued that under condi-
tions where the growth of bacilli is promoted, such as in HIV
coinfection, where immune suppression prevails, M. tuberculosis
infection of neurons could occur. The difference in uptake may
represent variance in recognition of bacilli when exposed to either
microglia or neurons, or it may reflect differences in the phago-
cytic capabilities of the cell types. Nonetheless, the increased ca-
pacity of microglia to phagocytose bacilli within an environment
usually regarded as immune privileged can be interpreted as a
protective role for microglia over neurons during CNS-TB. In-
deed, evidence from several reports points to a cooperative rela-

tionship between microglia and neurons, where neuronal
function is shielded by microglial activity (46). It is therefore
interesting to speculate that direct targeting of neurons for infec-
tion could potentially represent an evasive mechanism by which
bacilli circumvent the bactericidal effects of microglia. The evi-
dence provided in this study indicates that the microenvironment
present within neurons is permissive for bacterial replication and
could potentially present a cellular niche for persistence. For ex-
ample, a key mechanism of host protection against M. tuberculosis
bacilli is apoptosis of infected cells mediated by cytolytic T cells
(47). Reduced expression of major histocompatibility complex
(MHC) class 1 in adult neurons (48) would favor escape from
CD8
 T cell-mediated apoptosis once the neurons are infected by
M. tuberculosis bacilli and promote the cell type as a reservoir for
persistence, as has been described for other cells in extrapulmo-
nary tissues (14). Nonetheless, the data in this study, which show
neurons to be capable of a functional cytokine response, may in-
dicate integral involvement as part of the host collective immune
reaction rather than acting as passive bystander cells during M.
tuberculosis bacillus challenge.

Importantly, data that demonstrate the ability of M. tuberculo-
sis bacilli to infect human neuronal cells provide a persuasive ar-
gument for neurons to be considered clinically important as po-
tential host cells. Several studies have reported an increase in the
prevalence of CNS-TB under conditions of immune suppression,
e.g., in HIV-coinfected patients, who often present with low
CD4
 T cell counts (49, 50). M. tuberculosis bacilli are more likely
to be detected in the cerebrospinal fluid (CSF) of immunosup-
pressed patients (51, 52), possibly due to higher levels of bacilli
and of dissemination. As a key requirement to control M. tuber-
culosis bacillus replication (53), low CD4
 T cell counts could
predispose such patients to increased levels of CNS bacilli. There-
fore, neuronal infection may be particularly relevant under clini-
cal conditions where patients fail to control CNS-TB infection and
the bacillus burden is substantial, possibly at specific, localized
foci within the brain, and thereby potentially creates conditions
for neurons to be targeted. Therefore, it is interesting to speculate
whether deterioration of cognitive function and mental deterio-
ration observed during advanced tuberculosis of the CNS is asso-
ciated with impairment of neuronal function as a direct conse-
quence of M. tuberculosis bacillus uptake.

In summary, conclusive evidence that M. tuberculosis has the
necessary capacity to infect neurons is provided. The implications
of neuronal infection, the effect on neuronal function, and the
influence exerted on the intercellular interactions during host im-
mune responses against tuberculosis need further investigation
and should be examined.
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