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Abstract
Microglia, the tissue macrophages of the central nervous system (CNS), intimately interact with
neurons physically and through soluble factors that can affect microglial activation state and neuronal
survival and physiology. We report here a new mechanism of interaction between these cells,
provided by the formation of gap junctions composed of connexin (Cx) 36. Among eight Cxs tested,
expression of Cx36 mRNA and protein was found in microglial cultures prepared from human and
mouse, and Cx45 mRNA was found in mouse microglial cultures. Electrophysiological
measurements found coupling between one-third of human or mouse microglial pairs that averaged
below 30 pico-Siemens and displayed electrical properties consistent with Cx36 gap junctions.
Importantly, similar frequency of low-strength electrical coupling was also obtained between
microglia and neurons in cocultures prepared from neocortical or hippocampal rodent tissue. Lucifer
yellow dye coupling between neurons and microglia was observed in 4% of pairs tested, consistent
with the low strength and incidence of electrical coupling. Cx36 expression level and/or the degree
of coupling between microglia did not significantly change in the presence of activating agents,
including lipopolysaccharide, granulocyte-macrophage colony-stimulating factor, interferon-γ, and
tumor necrosis factor-α, except for some reduction of Cx36 protein when exposed to the latter two
agents. Our findings that intercellular coupling occurs between neuronal and microglial populations
through Cx36 gap junctions have potentially important implications for normal neural physiology
and microglial responses in neuronopathology in the mammalian CNS.
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Microglia are relatives of the hematopoietic lineage of cells and an important arm of the
immune system within the CNS. Present throughout the parenchyma, microglia reside in
several cytoarchitectonic positions, including positions intimately adjacent to neuronal cell
bodies and in longitudinal arrays in white matter. These close physical arrangements might
contribute to the fact that microglia are sensitive and rapid indicators of CNS pathology.
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Neuronal compromise can lead to myriad microglial changes, such as up-regulation of
immunoregulatory molecules, release of neuroactive compounds, and enhanced motility and
phagocytotic activity, some of which are evident within hours of the insult (Streit et al.,
1999; Nelson et al., 2002). The mechanisms by which neurons might directly initiate these
microglial responses are not fully understood but could include soluble ligand stimulation of
fractalkine and purinergic receptors found on microglia (Cotter et al., 2002; Inoue, 2002). The
degree of microglial ‘‘activation’’ has in turn been implicated as a determinant of neuronal
death vs. survival and of neurite regeneration following neuronal injury (Streit et al., 1999;
Batchelor et al., 2002; Schwarz, 2003). Various agents released by microglia that may act on
neurons include nitric oxide, superoxide radical, prostanoids, cytokines, neurotrophins, and
other neurotoxic and trophic compounds (Aloisi, 2001; Hanisch, 2002). Thus, a clear
understanding of the mechanisms by which neurons and microglia interact is of considerable
clinical interest. In addition, there is growing recognition that neuronal-microglial interactions
are important in CNS development (Cuadros and Navascues, 1998; Marin-Teva et al., 2004).

One means of rapid intercellular signal transmission is through gap junctions present in
apposing membranes of neighboring cells. These channels allow the bidirectional exchange of
ions and small molecules (up to 900 Da) between the cytosols of coupled cells. Gap junction
channels are formed by two hemichannels (connexons) each composed of six subunits, known
as connexins (Cxs). These channels are typically formed between cells of the same type and
involve relatively cell-specific connexins. Within the nervous system, gap junctions have been
found between neurons, astrocytes, oligodendrocytes, and leptomeningeal cells and formed by
connexins, including Cx26, Cx30, Cx32, Cx36, Cx43, Cx45, and Cx47 (Dermietzel et al.,
2000; Nagy and Rash, 2000; Rozental et al., 2000; Bennett and Zukin, 2004; Nagy et al.,
2004). Possible microglial connexins have been less well investigated. Cx43 expression was
reported in microglia activated by interferon-γ (IFNγ) plus lipopolysaccharide (LPS) or tumor
necrosis factor-α (TNF-γ; Eugenin et al., 2001) but was undetectable in microglia cocultured
with astrocytes, which expressed Cx43 (Roach et al., 2002; Faustmann et al., 2003). After our
initial studies on Cx36 reported in abstract form (Scemes et al., 2000; Chang et al., 2000),
another group found Cx36 mRNA and immunocytochemical evidence of Cx36 protein in rat
microglial cultures (Parenti et al., 2002).

We report here that cultured mouse and human microglial cells express Cx36 mRNA and
protein and that coupling between these microglia is consistent with properties of channels
formed of Cx36. In addition, mRNA for Cx45 is detectable in mouse but not human microglia.
Given previous studies on Cx43 expression upon activation of microglia, we further
investigated the effects of treatment with activating factors and did not find significant changes
in Cx36 expression levels or microglial coupling. Verification of functional Cx36 protein in
microglia was of particular interest, because, aside from possible expression in immature
oligodendrocytes (Parenti et al., 2002), Cx36 within the CNS has been thought to be largely
limited to neurons (Condorelli et al., 1998; Sohl et al., 1998; Nagy et al., 2004). This raised
the important possibility that gap junctions might form between microglia and neurons, and
we show for the first time evidence that functional Cx36 channels do form between these two
cell types.

MATERIALS AND METHODS
Cell Culture Preparations

Purified cultures of murine microglia were prepared as previously described (Dobrenis,
1998) from neocortex or hippocampus of 2-day postnatal C57Bl/6J mice. Briefly, selected
brain tissue was stripped of meninges and superficial vasculature and chopped into finer pieces,
and tissue fragments were put through three consecutive rounds of digestion with 0.1% trypsin
(Invitrogen-Life Technologies, La Jolla, CA) in the presence of 0.05% DNase I (Sigma, St.
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Louis, MO) at 37°C with shaking (75 strokes/min). Dissociated cells released during mincing
and the first round of digestion were discarded to deplete the preparation of peripheral blood
cells and nonparenchymal macrophages. Cells from the next two rounds were collected, and
remaining tissue was further dissociated by trituration in the presence of DNase I. After
centrifugation through 4% bovine serum albumin to remove debris, cells were plated at high
density to generate mixed glial cell-type cultures. Cultures were maintained in ‘‘OAM,’’ which
consists of basal medium Eagle’s (BME), glucose (6 g/liter), glutamine (1 g/liter), and 15%
fetal bovine serum (FBS). After 2 weeks or more in vitro, loosely adherent microglia from
overconfluent cultures were selectively recovered by gently tapping culture vessels for 15 sec
and added to new tissue culture plates for 20 min to limit attachment to microglia. The new
vessels were then repeatedly washed to remove any remaining unattached nonmicroglial cells.
With these methods, microglial cultures are essentially pure (> 99%) as assessed by cell-type
specific markers (F4/80 antibody, MAC-1 antibody, and DiI-acetylated LDL binding and
uptake; Dobrenis, 1998). Purified microglia were maintained in OAM supplemented with 10
ng/ml recombinant mouse granulocyte-macrophage colony-stimulating factor (GM-CSF;
catalog No. 415-ml; R&D, Minneapolis, MN).

Human fetal microglial cell cultures were prepared as described previously (Lee et al., 1992).
Collection of human tissue was approved by the Albert Einstein College of Medicine
(AECOM) Institutional Review Board. Fetal brain tissue was obtained through the AECOM
Human Fetal Tissue Repository at the time of elective termination of pregnancy from normal
women. Briefly, cerebral tissues were freed from meninges, minced, and digested in HBSS
containing 0.05% trypsin and DNase for 45 min at 37°C by gentle shaking. After addition of
10% fetal calf serum (FCS), the digest was passed through 230- and 130-μm nylon meshes,
washed twice, and resuspended in DMEM containing 10% FCS, 100 U/ml penicillin, and 100
μg/ml streptomycin (Gibco, Grand Island, NY). Cells were seeded at 4 × 107/75 cm2 tissue
culture flask and kept at 37°C in a 5% CO2 humidified incubator. The cells were washed and
fed with fresh medium on day 7. On day 14, flasks were gently tapped, and floating microglia
were harvested, counted, and reseeded at 1–2 × 106 cells/10-cm-diameter plate. Microglial
cultures were washed twice with fresh media after 1 hr. Purity of cultures is greater than 99%
as verified by immunocytochemistry using antibodies to CD68 (EBM-11; Dako, Carpinteria,
CA) to identify microglia (Lee et al., 1992). Both the mouse- and the human-derived cultures
used contained microglia that displayed primarily round or flattened amoeboid-like
phenotypes. For activation studies, LPS (catalog No. L-2880; Escherichia coli serotype
055:B5) and recombinant mouse TNF-α (catalog No. T-7539) and IFNγ (catalog No. I-4777)
were obtained from Sigma.

Long-term dissociated cultures of neurons were prepared from embryonic day 15 mouse
(C57Bl/6J) neocortex or hippocampus or from embryonic day 17/18 rat (Sprague-Dawley)
hippocampus. Tissue was isolated as described for mouse microglia; digested in 0.05% trypsin,
0.05% DNase (4 min, 37°C); and mechanically dissociated through a 60-mesh filter screen.
Cells were plated on poly-D-lysine-coated Assistent-brand glass coverslips at 4–5 × 104 cells/
cm2 in DMEM supplemented with B27 (Invitrogen-Life Technologies), 6 g/liter glucose, 110
mg/ml sodium pyruvate, and 10% FBS. In the first feeding, cultures were switched to
Neurobasal medium (Invitrogen-Life Technologies) supplemented with B27, glucose (6 gm/
liter), 4 mM glutamine, and 2.5% FBS and maintained without antibiotics. The use of animals
and methods of euthanasia were approved by IACUC, the Albert Einstein College of Medicine
committee on animal research.

Cocultures of Neurons and Microglial Cells
For electrophysiology and dye-coupling studies, isolated microglia were added to neuronal
cultures to achieve a density equivalent to 10–20% confluence. To facilitate live microglial
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identification, microglia cultures were labeled in advance by incubation with DiI (10 μg/ml, 3
hr; Molecular Probes, Eugene, OR), a lipophilic fluorescent dye that inserts into the
plasmalemma. Medium with some floating microglia was removed, cultures were washed, and
medium was centrifuged to return collected microglia to the original cultures in fresh medium.
Cultures were maintained for ≥1 week with additional feeding prior to cell transfer, further
removing any free DiI. Then, floating labeled microglia from overconfluent cultures were
harvested, centrifuged, and resuspended in neuronal culture medium and added to neuronal
cultures of 7–103 days in vitro age. Cocultures were maintained ≥1 day before performing
experiments. Microglia remained strongly labeled with DiI and were identified by using
epifluorescence microscopy.

RT-PCR
Total RNA was extracted from confluent microglial cultures using Trizol reagent (Gibco) and
then treated with RNase-free DNase I (Boehringer Mannheim and Roche) to eliminate
contamination with genomic DNA. Reverse transcription (RT) was performed with 2 μg RNA
using random hexamer primers. Thirty-five cycles of PCR were then performed on samples
containing first-strand cDNA with the sense- and antisense-specific primers (Table I) for the
mouse and human Cx26, Cx30, Cx32, Cx36, Cx37, Cx40, Cx43, and Cx45 (all of which, except
for human Cx30, previously validated by Srinivas et al., 1999;Urban et al., 1999; Dermeitzel
et al., 2000; Rozental et al., 2001;Suadicani et al., 2004), using a PTC-100 Thermocycler (M.J.
Research Inc.) by denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec, and extension
at 72°C for 30 sec each. The last cycle was followed by a final extension cycle at 72°C for 8
min and a soak cycle at 4°C. Reaction products were analyzed by electrophoresis on 2.0%
agarose gels. For semiquantitative RT-PCR, primers for ribosomal 18S and competimers
(Ambion, Austin, TX) at 1:9 ratio were added to the samples and used as an invariant
endogenous control against which the products from the gene of interest were normalized.
Images of gels were taken on the Kodak EDAS 120 system (Invitrogen) and whole bands
quantified in Scion NIH Image software.

Immunoprecipitation and Western Blots
Confluent cultures of mouse and human microglial cells grown in 60- or 100-mm dishes were
washed twice in PBS, and 150 μl of lysate buffer (150 mM NaCl, 25 mM Tris-HCl, 5 mM
EDTA, 1% NP40, 0.25 mM deoxycholate, and 1 mM PMSF at pH 7.5) containing freshly
prepared 1% protease inhibitor cocktail (Sigma, catalog No. P2714) was added to each dish.
Cell lysates (2.0–3.0 μg/μl total protein) were incubated overnight at 4°C with 5 μl rabbit
polyclonal antibodies specific for Cx36 (Zymed, South San Francisco, CA; catalog No. 51-600)
and with 20 μl immobilized protein G (Pierce, Rockford, IL). After several washes,
immunocomplexes were eluted from the immobilized protein G with 50 mM Tris-HCl buffer
containing 2% sodium dodecyl sulfate (SDS), 10% glycerol, and dithiothreitol (DDT). Eluted
samples were separated by electrophoresis in a 10% SDS-polyacrylamide gel (Bio-Rad,
Hercules, CA). After electrophoretic transfer to a nitrocellulose membrane (Scheicher &
Schuell, Keene, NH), the membranes were incubated overnight at 4°C with BLOTTO (5% dry
nonfat milk in PBS) solution and then incubated with anti-Cx36 antibodies (1:500; Zymed;
catalog No. 51-6300) at room temperature for 1 hr. After several washes in PBS containing
0.05% Tween-20, the membranes were incubated with horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG (1:1,000; Vector, Burlingame, CA). Detection was performed on
X-ray film (Kodak) after incubation of the membranes with enhanced chemiluminescence
(ECL) reagents (Amersham, Arlington Heights, IL). A parental neuroblastoma cell line (N2A)
and a stable clone of Cx36 N2A transfectants were used as negative and positive controls for
expression of Cx36, respectively.
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In assays with growth factors and cytokines, microglial cultures were directly harvested and
centrifuged (1,000 rpm, 2 min). Cells were resuspended in PBS (pH 7.4) and centrifuged and
the pellets extracted with 300 μl lysate buffer plus 1% protease inhibitor cocktail (as described
above) for 45 min on ice. The resulting lysate was microcentrifuged (10,000 rpm, 10 min, 4°
C) and the supernatant collected and centrifuged to obtain a final supernatant for analysis.
Equivalent amounts of protein for each extract were loaded onto gels. Mouse monoclonal
antibodies used here for Western blotting were anti-Cx35/36 (MAB3045; Chemicon,
Temecula, CA), anti-Cx43 at 1:500 dilution (catalog No. 35-5000; Zymed) and anti-GAPDH
at 1:5,000 (clone 6C5; Research Diagnostics, Minneapolis, MN). For semiquantititative protein
analysis, entire bands were imaged in Western blots and quantified in Scion NIH Image. Mean
values for each Cx band were divided by the values from GAPDH bands serving as invariant
internal controls.

Electrical Coupling
Junctional conductance was characterized by using the dual whole-cell voltage clamp
technique (see Srinivas et al., 1999). Microglial cell pairs and neuronal-microglial pairs were
voltage clamped at holding potentials of 0 mV, and command ramps from –110 mV to +110
mV or from –100 mV to +100 mV were presented to one cell in Pclamp 6 software (Axon
Instruments). Junctional currents (Ij) were recorded in the unstepped cell; junctional
conductance (gj) was calculated as –Ij/V (Spray et al., 1981). Patch pipettes were filled with
140 mM CsCl, 10 mM EGTA, and 5 mM Mg2ATP (pH 7.25). Cells were bathed in a solution
containing 140 mM NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM BaCl2, 2 mM CsCl, 1 mM
MgCl2, and 5 mM HEPES (pH 7.2). Microgliamicroglial coupling was examined in purified
cultures at subconfluent density. Neuronal-microglial pairs were examined in cocultures in
which microglia were recognized by using epi-fluorescence microscopy to detect DiI labeling
(see above under Cocultures of neurons and microglial cells). Neurons were recognized by
their large, semirounded perikarya and large nuclei with prominent nucleoli and characteristic
tapering dendrites under phase-contrast microscopy. Then neuronal identity was further
confirmed by the presence of spontaneous synaptic currents and robust inward currents.
Recordings were performed from microglia adjacent to neuronal perikarya or proximal
neurites.

Dye Coupling
To assess dye coupling between neuron-microglial pairs, we elected to inject only neurons
because of the significantly larger neuronal volume relative to microglia. Because of the size
differential, loading of microglia could yield dye concentrations in coupled neurons insufficient
to detect in time and thus lead to false negatives. Lucifer yellow (5% w/v in 150 mM LiCl) or
Alexa Fluor 488 (1 mM; Molecular Probes, Eugene, OR) was iontophoretically injected, with
a brief overcompensation of the capacitance control on a WPI electrometer, into neuron cell
bodies until a strong fluorescent signal was obtained in perikarya and proximal processes. At
subsequent 1-min intervals, injected cells were examined on a Nikon Diaphot microscope
equipped with a xenon arc lamp and photographed with a Nikon Coolpix 950 camera.

RESULTS
Connexin Expression in Mouse and Human Microglial Cells

Primary human and mouse neocortical microglia were examined for the presence of mRNA
species corresponding to eight connexins: Cx26, Cx30, Cx32, Cx36, Cx37, Cx40, Cx43, and
Cx45. As shown in Figure 1A,B, both mouse and human microglia expressed Cx36 mRNA
and mouse microglia also expressed Cx45 mRNA. The lack of detectable mRNA for Cx32 and
Cx43, highly expressed in astrocytes and oligodendrocytes, argued that detected mRNA was
not attributable to trace contamination by these cell types. Presence of Cx36 protein was also
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detected by Western blot on purified mouse and human microglia cultures (Fig. 1C,D). In initial
Western blot analyses of whole-cell homogenates using rabbit antibodies to Cx36, bands were
barely detectable (not shown), suggesting low levels of Cx36 expression in microglia.
Subsequently, to facilitate detection and further verify presence of Cx36 protein, cell
homogenates were first immunoprecipitated with rabbit anti-Cx36 antibody to enrich the
protein and then Western blotting of the concentrated samples was performed with a second
rabbit antibody (see Materials and Methods), resulting in prominent bands (Fig. 1C,D).

Antibodies to Cx36 were also verified to be suitable for immunocytochemical staining using
N2A cells expressing Cx36-EGFP. However, at best, attempts at staining of microglia for Cx36
by immunofluorescence [indirect as well as three and four-step procedures (Molecular Probes;
catalog No. A-11053)] in purified cultures and in coculture with neurons produced very low
levels of detection above background (data not shown). It was not possible to obtain
unequivocal evidence of microglial gap junctional plaques by this method, which was not
surprising in light of the small number of channels involved as revealed by the experiments
described below.

Coupling Between Microglia
Approximately one-third of mouse microglial cell pairs (7 of 23) showed evidence of electrical
coupling in purified cultures from neocortex. Dual whole-cell voltage clamp recordings
measured low junctional conductance between microglia, averaging below 30 pico-Siemens
(pS; Fig. 2A). Similar results were obtained from pairs of human microglia (Fig. 2B).
Electrophysiological recordings revealed small junctional currents, with gj values typically 10–
15 pS. Infrequent transitions showed similar change in conductance. In addition, gj was only
weakly sensitive to transjunctional voltage, reflected by a lack of transition at high ±Vj (Fig.
2B). These channel properties of very small unitary conductance and very low voltage
sensitivity are characteristic of those previously shown for Cx36 junctions (Srinivas et al.,
1999;Teubner et al., 2000).

Coupling Between Microglia and Neurons
Gap junctional communication was examined in cocultures of microglia and neurons from the
neocortex and from the hippocampus. Electrophysiological recordings were performed on
fluorescently tagged microglia in contact with neurons. The latter were confirmed to display
characteristic neuronal properties, including spontaneous synaptic currents (Fig. 3B, right) and
strong inward currents (Fig. 3C, right). Input resistance measured at a holding potential of 0
mV was in excess of 200 MOhms. Among the 47 microglial-neuronal pairs analyzed,
heterocellular junctional coupling was found to be present in 15 cases, with junctional
conductance on the order of 15 pS for most of the coupled cell pairs (Fig. 3A). Heterocellular
coupling was found between mouse cortical microglia and rat hippocampal neurons (1 of 8
pairs), mouse hippocampal neurons and microglia (8 of 14), and mouse cortical neurons and
microglia (6 of 25). As with the homocellular channels, these heterocellular junctional channels
showed small unitary conductance and very low voltage sensitivity, again consistent with the
characteristics of Cx36 channels (see Fig. 3B, left, and C, left). There was no indication of
electrical rectification; junctional current in response to voltage ramps from +100 mV to –100
mV was generally linear (Fig. 3B, left, and C, left), and little voltage gating was seen in response
to high negative and high positive voltages (e.g., Fig. 3B, left).

Further support for heterocellular coupling was obtained from dye transfer assays in cocultures
of mouse hippocampal microglia and neurons. Using Lucifer yellow and Alexa Fluor 488
microinjections into neurons, the incidence of dye coupling with microglia was 3 of 70 (Fig.
4) and 2 of 52, respectively. These results are in agreement with the presence of relatively few
channels as indicated by the electrophysiological recordings.
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Connexin Expression and Coupling Between Microglia Exposed to Extrinsic Agents
Human microglial cultures were challenged for 4 and 16 hr with LPS (10 ng/ml), a commonly
used bacterial-derived agent that stimulates activation. This treatment did not lead to significant
changes in electrical coupling or in Cx36 mRNA expression levels. Similar to untreated
microglia, junctional conductance between coupled pairs remained low, generally 15 to 30 pS,
though there was a trend toward higher gj and more frequent coupling (Fig. 5A). By
semiquantitative RT-PCR, no statistically significant difference was found for Cx36 mRNA
levels between cultures treated for 16 hr. vs. parallel nontreated cultures (Fig. 5B,C).

Cx36 protein levels in mouse neocortical microglial cultures were assessed after 24 hr in 10
ng/ml GM-CSF, or 1 ng/ml IFNγ plus 1 ng/ml TNF-γ, or basal culture medium alone (Fig.
5D). Optical density measurement on Western blots from two experiments gave Cx36/GAPDH
band ratio values of 1.01 and 1.01 for control, 1.11 and 0.95 for GM-CSF, and 0.63 and 0.69
for IFNγ plus TNF-α conditions. A statistically significant difference was present between
IFNγ +TNF-α and control or GM-CSF conditions but not between control and GM-CSF
(ANOVA, P < 0.05; Tukey-Kramer post-hoc test, P < 0.05). Expression of Cx43 protein,
previously reported to be upregulated with the latter combination in rat microglia (Eugenin et
al., 2001), was undetectable in all three conditions (Fig. 5E).

DISCUSSION
In this study, we found that both mouse and human microglia in vitro express Cx36 mRNA
and protein, and mouse microglia also express Cx45 mRNA. Electrophysiological results
indicated the presence of gap junction channels between mouse microglia with low unitary
conductance (< 20 pS) and very low voltage sensitivity, properties that distinguish channels
formed by Cx36 from all other connexins (Srinivas et al., 1999; Teubner et al., 2000). Coupled
cells contained an approximate maximum of five open channels, suggesting that relatively
small junctional plaques were present. This likely explains the inability to clearly detect gap
junction plaques by immunocytochemistry in our study, a problem also encountered with small
Cx36 junctional plaques between some neuronal subtypes (see, e.g., Meier et al., 2002). Both
the incidence and the strength of coupling that we observed were consistent with the low levels
of Cx36 detected in Western blots. Most importantly, we found in cocultures that microglia
could also form functional gap junctions with neurons, providing a new mechanism for
microglial-neuronal interactions potentially relevant to neuronal physiology and microglial
responses in neuronopathology.

The identification of Cx36 protein expression in several mammalian species, in human and
mouse microglia in this study, and immunocytochemical evidence in cultures of rat microglia
(Parenti et al., 2002), supports the likelihood that it plays an important role in this cell type.
Another group attributed dye coupling between activated microglia primarily to junctions
composed of Cx43. However, a low incidence of dye coupling between microglia isolated from
Cx43 knockout mice was also noted (Eugenin et al., 2001), compatible with the low coupling
frequency that we obtained. Future experiments employing cells from available Cx36 knockout
mice harboring reporter genes (Deans et al., 2001; Degen et al., 2004), and potentially from
Cx36/Cx43 double-knockout mice generated by cross-breeding, would be useful in further
verifying the components responsible for junctional coupling between microglia. The LacZ
reporter present might further assist in identifying individual cells that would otherwise express
Cx36. Although we also detected low amounts of Cx45 at the mRNA level in mouse microglia,
we found no biophysical evidence for functional Cx45 gap junction channels, which exhibit
strong voltage sensitivity and larger unitary conductances (see Moreno et al., 1995) than we
obtained here. Our results do not exclude the possibility that Cx45 protein expression and gap
junction formation might occur under extrinsic conditions not tested here, and this deserves
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further study in that Cx45 may be expressed by some neurons (Condorelli et al., 2003; Maxeiner
et al., 2003).

It was of interest to investigate whether factors known to activate microglia might increase
Cx36 levels or coupling, insofar as reactive microglia show up-regulated expression of
numerous macrophage-like properties (Flaris et al., 1993; Streit et al., 1999; Nelson et al.,
2002; Guillemin and Brew, 2004) and of Cx43 (Eugenin et al., 2001). However, we found no
significant evidence of such increases under the conditions tested, which included treatment
of mouse microglia with a combination of IFNγ and TNF-γ. We found that this condition also
did not elicit detectable Cx43 protein expression, although it did increase levels in studies with
rat microglia cultures (Eugenin et al., 2001). It is possible that this discrepancy arises from
differences between animal species used or the precise method of preparation of microglia or
culture maintenance conditions between the two studies, in that even serum lots and routine
basal medium components can affect microglial phenotype (Gebicke-Harter et al., 1989;
Tanaka et al., 1998). Two other groups also reported no detectable Cx43 expression in rat
microglia, including activated-like cells, when cocultured with astrocytes (Rouach et al.,
2002; Faustmann et al., 2003). Cx43 expression has been found in numerous other
hematopoietically derived macrophages and other immune system cells (Rosendaal et al.,
1994; Eugenin et al., 2001, 2003; Oveido-Orta et al., 2004; Bodi et al., 2004) but apparently
was absent from F4/80-positive macrophages in bone marrow (Rosendaal et al., 1994).
Additional studies will be necessary to resolve Cx expression patterns in microglia fully.
Nevertheless, the evidence of Cx36 expression in microglia, which as yet has not been found
in other macrophages, contributes to the view that microglia are relatively unique, displaying
some properties (Giulian and Baker, 1986; Norenberg et al., 1994; Guilian et al., 1995; Wilms
et al., 1999) that distinguish these cells from other macrophages of myelomonocytic origin.

The finding that neurons and microglia can couple through gap junctions has potential
significance to neuropathology. It is well known that microglia are rapid and highly sensitive
responders to neuronal compromise, and the extent of microglial activation is thought to be a
key determinant of neuronal survival resulting from a differential balance of microglial release
of neurotoxic and neurotrophic factors (Streit et al., 1999; Hanisch, 2002; Inoue, 2002;
Schwarz, 2003). Neuronal-microglial coupling may play a role in initiating sensitive microglial
responses and/or subsequent modulation of neuronal physiology. For example, elevation of
basal intracellular calcium in coupled microglia from neuronal insult could lead to or contribute
to an activated state that produces release of nitric oxide, cytokines, and chemokines (Hoffmann
et al., 2003). Although our findings clearly demonstrate the capacity for neuronal-microglial
coupling, in vivo studies are needed in which neuronal and microglial Cx36 expression levels
and frequency and strength of coupling may be different from the case in vitro. Furthermore,
comparative studies employing Cx36 knockout mice (Deans et al., 2001; Degen et al., 2004)
could prove useful in assessing the functional significance of such coupling.

Studies in vivo should also resolve how microglial state of activation affects Cx expression
and gap junctional coupling. Our results do not suggest that activation leads to increases, and
other studies on Cx43 and microglial coupling demonstrated that only very specific
combinations of activating agents could elicit an increase (Eugenin et al., 2001). It may be
worth considering another perspective, that coupling might be highest in resting ramified
microglia. Although extrinsic agents have been tested to promote activation, the procedure of
culturing microglia itself produces some degree of activation, and generation of genuine
‘‘resting’’ microglia is not readily attained in vitro (Dobrenis, 1998; Sievers et al., 1998; Tanaka
et al., 1998). Therefore, the studies to date cannot be considered to have adequately evaluated
resting microglia. Indeed, resting cells would arguably have a greater possibility of establishing
stable gap junctions than reactive microglia, which are highly migratory (Rieske et al., 1989;
Chen et al., 2000; Nelson et al., 2002). Compatible with the hypothesis is our observation of
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reduced expression of Cx36 protein upon exposure to TNF-α and IFNγ. Furthermore, in the
normal brain, in regions such as the neocortex or hippocampus, microglia are intimately
wrapped over neuronal cell bodies and proximal dendrites (Rio Hortega, 1932; Peters et al.,
1991), providing opportunities for extensive junctional communication.

Gap junctions are found largely between cells of the same type, and it has been argued that
glia and neurons remain segregated in this pathway of communication (see Rash et al., 2000;
Nagy et al., 2004). However, contrary examples, such as evidence for functional gap junction
coupling between neurons and astrocytes in dissociated cell cultures and slices from rat brain
(Froes et al., 1999; Alvarez-Maubecin et al., 2000) and in human fetal cell cultures (Rozental
et al., 2001), have been reported. Our study with microglia now provides important evidence
of a different type of heterocellular coupling involving neurons. Continued investigations of
Cx36 expression in microglia and the functional consequences of coupling with neurons are
warranted and will add to this new insight on neuronal-microglial interactions.
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Fig. 1.
Analysis of connexin mRNA and protein expression in purified microglia. Agarose gel
electrophoresis of PCR with Cx-specific primers on RT-PCR product from human (A) and
mouse (B) microglial cultures. Lanes corresponding to Cx26, Cx30, Cx32, Cx36, Cx37, Cx40,
Cx43, and Cx45 specific reaction samples are labeled. Arrows indicate bands consistent with
the expected amplicons for human and mouse Cx36 (195 bp) and mouse Cx45 (313 bp). Similar
results were obtained for three separate preparations of mouse and human microglia. Western
blot analysis of immunoprecipitated proteins showing Cx36 expression in human (C) and
mouse (D) microglia. In both cases, Cx36 is present in microglial immunoprecipitated extracts
(last lane), and negative (parental, nontransfected N2A cells; first lane) and positive (N2A
clone stably transfected with Cx36) controls prepared in the same manner are shown.
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Fig. 2.
Electrophysiology shows functional coupling between pairs of microglia consistent with the
properties of Cx36 channels. A: Summary of junctional conductance (gj) measurements
obtained in 23 pairs of mouse neocortical microglial cells. Seven of twenty-three pairs were
measurably coupled; although gj was generally quite low, it exceeded 5 nS in two cell pairs
(not illustrated). B: Transjunctional currents recorded between pairs of human microglial cells
in response to voltage ramps ±100 mV. Junctional currents were small, corresponding to
junctional conductances of 10–15 pS. In addition, transitions were occasionally seen,
corresponding to similar change in conductance. Junctional conductance was only very poorly
voltage dependent, as indicated by the lack of transition at high positive or negative Vj values.
Arrows indicate Cx36-like channel activity.
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Fig. 3.
Frequency and electrophysiological properties of neuronal-microglial gap junctional coupling.
A: In total 47 neuron-microglial pairs were examined and 15 showed coupling. B,C: Two
examples of coupling between pairs of neurons and microglial cells. In both examples, voltage
ramps ±100 mV were applied to neurons, and junctional currents were recorded in microglia
as shown at left. For the pair shown in B, currents corresponded to junctional conductances of
10–20 pS, with few openings or closures. In C, from a different cell pair, initial currents
corresponded to junctional conductances of 15–20 pS, with occasional transitions of similar
conductance (arrows). Note absence of appreciable voltage sensitivity of gating of these
channels, which is a characteristic feature of Cx36 channels. B: Right panel shows spontaneous
activity revealed in neuronal current recording during the voltage clamp. C: Right panel shows
inward and outward currents evoked in neuron held at –80 mV in response to voltage steps
from –60 to +60 mV in 20-mV increments.
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Fig. 4.
Dye transfer between mouse hippocampal neurons and microglia. A: Phase-contrast
photograph of cocultured hippocampal neurons (e.g., right arrow) and microglia (e.g., left
arrow). B: Epifluorescence photomicrograph of same field as A, revealing DiI-labeled
microglia. C–E: Epi-fluorescence photomicrographs showing gradual Lucifer yellow transfer
from a neuron (C; corresponding to right arrow in A,B) to a microglia cell (D,E; corresponding
to left arrow in A,B).
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Fig. 5.
Evaluation of connexin expression and coupling in microglial cultures treated with activating
agents/growth factors. A: Junctional conductance measurements in pairs of untreated human
microglia and in pairs after 4 or 16 hr of exposure to LPS. In untreated microglia, 2 of 7 pairs
were electrically coupled; after 4 hr of treatment, 5 of 11 were coupled; and, after 16 hr of
treatment, 5 of 9 pairs were coupled. In all cases, junctional conductance was low, generally
10–30 pS, indicating the presence of only one to three junctional channels. No statistically
significant difference was found either between LPS treatment period and no treatment in the
proportion of cells coupled (Fisher’s exact test, two-sided; P > 0.05) or in the mean conductance
of coupled cells (Student’s t-test, unpaired, two-sided; P > 0.05). B: Electrophoresis of RT-
PCR for Cx36 along with 18S ribosomal RNA to normalize shows no apparent difference
between human microglia not treated (ctrl) and treated for 16 hr with LPS (L16h). C:
Semiquantification of RT-PCR results verifies no statistically significant difference (Student’s
t-test) between treatments. D: Western blot assessment of Cx36 protein in mouse neocortical
microglial cultures in basal medium only (A), or with addition of GM-CSF (B), or with
IFNγ plus TNF-α (C) for 24 hr. E: Western blot assessment for Cx43 protein in extracts from
the same cultures described in D. Heart and liver extracts were run as positive and negative
controls, respectively. Note that Cx43 protein was undetectable in all culture extracts. The
experiment was repeated, and again no Cx43 was detected in cultures (not shown).
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TABLE I
Primer Pairs Used for PCR to Detect Connexins*

Connexin Sense primer Antisense primer Size (bp)

mCx26 TTCCCCATCTCTCACATCC GCAGAATGCAAATTCCAGAC 409
hCx26 AATACAGACTGGATGTACCACC AAAATTGGAGGCTGAAGG 300
M&hCx30 CTACAGACATGAAACTGCCC CCTCGAAATGAAGCAGTCC 262
mCx32 GAAGAGGTAAAGAGACACAAGG ACGTTGAGGATAATGCAGATG 266
hCx32 AAGGTTACTGGGAGTGTG CTGCTCCAACTTATCTGC 351
m&hCx36 GAGCAAACGAGAAGATAAGAAG TGGATGATGTAGAAGCGG 195
mCx37 GGCTGGACCATGGAGCCGGT CCATAACGAACCTGGATGAAAC 421
hCx37 GCAAGTTGTTCTTGAACAC GTCCTGTTTATTTCAGAAGC 379
mCx40 TTGTCACTGTGGTAGCCCTGAGG TTTGGCAAGTCACGGCAGGG 311
hCx40 GGGCTGGAAGAAGATCAGAC CCATAACGAACCTGGATGAAC 267
mCx43 TACCACGCCACCACTGGC AATCTCCAGGTCATCAGG 407
hCx43 GGATTGTCCTTAAGTCCCTG CACAAGTCCATTGACACCTG 100
mCx45 AAAGAGCAGAGCCAACCAAA GTCCCAAACCCTAAGTGAAGC 313
hCx45 CAGTCACCAAAACAACCC CATCCCCTGATTTGCTAC 101

*
m, mouse; h, human; bp, base pairs.
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