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Abstract The primo-vascular (Bonghan) tissue has been
identified in most tissues in the body, but its structure and
functions are not yet well understood. We characterized
electrophysiological properties of the cells of the primo-
nodes (PN) on the surface of abdominal organs using a slice
patch clamp technique. The most abundant were small round
cells (~ 10 pm) without processes. These PN cells exhibited
low resting membrane potential (—36 mV) and did not fire
action potentials. On the basis of the current—voltage (I-V)
relationships and kinetics of outward currents, the PN cells
can be grouped into four types. Among these, type I cells
were the majority (69%); they showed strong outward rec-
tification in I-V relations. The outward current was activated
rapidly and sustained without decay. Tetraethylammonium
(TEA) dose-dependently blocked both outward and inward
current (ICsg, 4.3 mM at 60 mV). In current clamp con-
ditions, TEA dose-dependently depolarized the membrane
potential (18.5 mV at 30 mM) with increase in input resis-
tance. The tail current following a depolarizing voltage step
was reversed at —27 mV, and transient outward current like
A-type K™ current was not expressed at holding potential of
—80 mV. Taken together, the results demonstrate for the
first time that the small round PN cells are heterogenous, and
that, in type I cells, TEA-sensitive current with limited
selectivity to K* contributed to resting membrane potential
of these cells.
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The primo-vascular system (Bonghan system) is a net-
work of novel threadlike tissues claimed as acupuncture
meridians in the 1960s. It has been identified in many
parts of the body including the surface of internal organs,
the skin, the lymphatic vessels, blood vessels, the omen-
tum, the central nervous system, and adipose tissues (see
Soh 2009 for a review). The primo-vascular system is
composed of the primo-vessels (PV) that connect the
primo-nodes (PN), and primo-liquid that flows though the
PVs (Soh 2009). PVs have bundle structures composed of
10-um-thick subducts that are clearly different from blood
or lymphatic capillaries (Lee et al. 2007; Ogay et al.
2009). Spherical DNA containing granules, so-called
primo-micro cells 1.7-2.5 pm in diameter, flow through
the ducts (Ogay et al. 2006).

Until now, understanding the anatomical and histologi-
cal properties of these structures was the mainstay of
primo-research, but their functions are not well understood.
PNs (the Bonghan corpuscles) are reported to contain
immune cells such as macrophages, mast cells, eosinophils,
and basophils (Lee et al. 2007), suggesting an immune
function for the primo-vascular system. The primo-vascu-
lar system also demonstrated a flow of dye to a distance up
to 12 cm at 0.3 mm/s flow speed (Sung et al. 2008), a flow
of cancer cells as a novel pathway for cancer metastasis
(Yoo et al. 2009), and a flow of Alcian blue dye injected at
the acupoint BL23 to the surface of abdominal organs (Han
et al. 2009). In addition, proteomic analysis of tissues and
liquid from PVs showed, by analyzing gene ontology to
other proteins, that primo-vascular tissues were associated
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with stem cells, especially mesenchymal stem cells, cancer
cells, and myeloid cells (Lee et al. 2008). The primo-vas-
cular system may represent niches for mesenchymal stem
cells of macrophages in adipose tissues (Lee et al. 2009).
These results imply that the primo-vascular system may
play a role as a circulatory or conductive channel.

It has been reported that there were three types of
spontaneous electrical activities in the primo-vascular tis-
sues (Kim 1963). In a previous study, we also found that
the cells in the PVs of organ surface primo-vascular tissues
had a resting membrane potential (RMP) of —40 mV and
spontaneous electrical activities (Park et al. 2009). How-
ever, little is known about the electrophysiological prop-
erties of the PN cells. In this study, we developed a slice
preparation procedure for PNs and characterized the basic
electrophysiological properties of the cells in the PN slices.

Methods and Materials
Animal Preparation and Surgical Procedure

Male and female Sprague-Dawley rats weighing 200—400 g
were purchased from Orient Bio (Kyunggi-do, Korea). The
rats were housed in a temperature-controlled (24-26°C)
room under a 12-h light/dark cycle (light on at 9:00 A.M.).
The animals had free access to food and water. All animal
experiments were carried out in agreement with the guide-
lines of the Laboratory Animal Care Advisory Committee of
Seoul National University.

The rats were anesthetized with an anesthetic cocktail
(ketamine 75 mg/kg and xylazine 10 mg/kg) administered
intramuscularly to their right femoral regions. All surgical
operations were performed under general anesthesia. Under
deep anesthesia, after abdominal hair was removed with a
razor, and the abdomen was incised along the linea alba.
The observations of PVs and PNs were performed above
the internal organs under a stereomicroscope (OSM-1;
Dongwon, Korea). In situ and in vivo stereomicroscopic
images of PVs and PNs were recorded from the surface of
the organs with a digital camera (Olympus, Japan).

Slice Preparation of PNs

The isolated PNs were kept in ice-cold (4°C) Ca’"-free
Krebs solution and continuously oxygenated with gas (95%
0,, 5% CO,). A 4% low-melting agarose (SeaPlaque;
Lonza, Basel, Switzerland) was dissolved at 70°C and
poured into a cubic frame (25 x 25 x 25 mm). The iso-
lated BHC tissues were embedded in this cubic frame at
35°C and then rapidly chilled on ice. After the agarose had
solidified, the agarose block was fixed onto a slicing
chamber with adhesive. Slices of 200-pm thickness were
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sectioned with a vibrating tissue slicer (Vibratome 1000
Plus; Vibratome, St. Louis, MO). The slices were imme-
diately moved into an incubating chamber containing
oxygenated Krebs solution at 31°C (Pillekamp et al. 2005).
The composition of the Krebs solution was (in mM): NaCl,
120.35; KCl, 5.9; NaHCOs;, 15.5; NaH,POy,, 1.2; MgSOy,,
1.2; CaCl,, 2.5; and glucose, 11.5 (Spencer et al. 2005).

Electrophysiological Recording

For slice patch recording, a PN slice was transferred to a
recording chamber (0.7 ml) and fixed by means of a grid of
nylon stocking threads supported by an O-shaped silver wire
weight while being continuously perfused (3 ml/min) with
oxygenated (95% O,, 5% CO,) Krebs solution at 30-33°C.
Patch pipettes were pulled from borosilicate glass capillaries
of 1.7-mm diameter and 0.5-mm wall thickness. The pipette
internal solution contained (in mM) 135 K-gluconate, 5 KCl,
20 HEPES, 0.5 CaCl,, 5 EGTA, and 5 Mg ATP (Han et al.
2010). The pH was adjusted to 7.2 with KOH. For Krebs
solution containing tetracthylammonium chloride (TEA),
NaCl was replaced with equimolar TEA. Individual PN cells
were identified using a light microscope with differential
interference contrast (BX50WI, Olympus, Tokyo, Japan) for
the whole-cell patch recording. After the target PN cell was
selected for recording, the approach of the patch electrode
was guided by a three-dimensional micromanipulator (MP-
225; Sutter Instruments, Novato, CA). The open resistance of
the pipette ranged from 3 to 6 MQ, and the seal resistances
ranged from 1 to 3 Q. Electrical signals were recorded using
an Axoclamp 2B amplifier (Axon Instruments, Foster City,
CA). The signals were filtered at 1 kHz and digitized at
10 kHz with an analog-digital converter (Digidata 1320A)
and the pClamp program (version 7.0, Axon). RMPs were
corrected for the liquid junction potential (~ 14.3 mV) in
current clamp experiments. The membrane input resistance
was calculated by the potential changes (mV) with applied
hyperpolarizing current pulses (—60 pA). In voltage clamp
recording to classify cell type, currents were activated by a
series of depolarizing voltage commands (from —80 mV to
+80 mV, in 10-mV increments). The images of PN cells in
slice were visualized using a microscope (BX50WI) equip-
ped with CCD camera (VPC-170IR, Japan).

Data Analysis

Experimental data values were expressed as means +
standard errors of the mean (SEM), and error bars are
plotted as SEM. Statistical analysis was performed by
Student’s r-test. Further statistical differences among the
four groups were investigated with one-way ANOVA and
the post hoc Tukey HSD test. P values of less than 0.05 and
0.01 were considered statistically significant.
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Results

Figure la illustrates a typical example of an isolated PN
attached to one end of a rat PV (Shin et al. 2005). The primo-
vascular tissue was identified in about 70% of the rats used in
this study (71 of 101 rats, 68% male and 74% female). The
majority of the primo-vascular tissues were observed on the
surface of the small and large intestines (77.2%), and the rest
were on the surface of the liver (10.5%), spleen (8.8%), and
urinary bladder (3.5%). The size of PNs used in this study
was 1.53 £ 0.11 x 0.8 £ 0.03 mm (n = 57, mean *+ SE).
Under the optical microscope (x200 to x600), most cells in
the PN slices were round-shaped cells without obvious
processes, as shown in Fig. 1b. Some cells were smaller or
had the appearance of red blood cells (marked by arrows),
and others were larger (marked by asterisks); we did not
record these cells. In this study, we focused on the round cells
with diameter of ~ 10 pm, which were the most abundant.
The mean size of PN cells analyzed in this study was
9.82 + 0.12 x 8.29 £ 0.09 um (n = 81, mean + SEM).

Passive Membrane Property of PN Cells

The PN cells recorded in this work did not show any sig-
nificant spontaneous activity at rest; nor did they show
action potentials in response to depolarizing current pulses
(Fig. 2). The voltage responses were much faster in the PN
cells than in the neurons in the hypothalamic paraventric-
ular nucleus (Fig. 2b). The time constant of the voltage
response to a hyperpolarizing current pulse was smaller
than that of the hypothalamic neuron (3.31 vs. 29.81 ms).
The RMP, measured from 39 cells under the whole cell
patch clamp configuration, varied widely, from —50 to
—10 mV (mean: —36.2 + 1.68 mV). We did not detect
any remarkable correlation between RMP and membrane
input capacitance (Fig. 3a), or between RMP and mem-
brane input resistance of these cells (Fig. 3b). In contrast,
the input resistances of the PN cells tended to be reduced
with the increase in the membrane capacitances (Fig. 3c).

Fig. 1 Preparation of an organ surface primo-vascular tissue for
electrophysiological experiment. a Isolated PN attached with one end
of PV in Krebs solution. Scale bar is 1.0 mm. b Cells in a slice
(200 pm) of PN for whole-cell recording. Scale bar is 10 pm. Most
PN cells are round in shape and ~ 10 um in size, but there were other
cells with diameters larger (asterisk) or smaller (arrows) than 10 pm
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Fig. 2 Representative voltage responses of a PN cell in slice
preparation recorded with a patch electrode. Voltage responses of a
PN cell (a) and hypothalamic neuron (b). Current steps applied are
shown in insets. RMPs were —32 mV (PN cell) and —50 mV
(hypothalamic paraventricular neuron). No action potentials were
induced in the PN cells

Apparently the round PN cells in the slice appeared similar
to the cells in the brain slice. When compared with round
hypothalamic neurons in the slice preparation, the RMP
and input capacitances of PN cells were significantly
smaller than those of neurons (n = 3), respectively
(P < 0.001, Fig. 3d).

Electrophysiological Classification of PN Cells

The data in Fig. 2 indicate that the PN cells are nonexcit-
able cells. Consistent with this observation, the PN cells in
the Krebs solution did not induce any action currents in
response to a large depolarizing voltage step (up to
150 mV) in the voltage clamp experiments. On the basis of
the current—voltage relations and the presence of time-
dependent current as illustrated in Fig 4, the PN cells could
be further divided into four types (types I to IV).

Type I PN cells showed large outward current in
response to a depolarizing voltage command of 80 mV but
very small inward current in response to hyperpolarizing
voltage commands of —80 mV from holding potentials of
—30 or —40 mV (Fig. 4a). The resulting current—voltage
relations show strong outward rectification. Both inward
and outward currents were immediately activated in
response to the hyperpolarizing and depolarizing voltage
commands, respectively. There was no obvious time-
dependent activation or inactivation in the current during a
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Fig. 4 Four types of current-voltage (I-V) relations recorded from
cells in PN slices. I-V curves were obtained by depolarizing step
pulses from —80 to 80 mV. a Type II-V relations showing an
outward rectification. Note that the I-V relations measured at 50 ms
(solid square) and 550 ms of the 600 ms current pulse (open circle)
are identical. b Type III-V relations showing an outward rectification
with a time-dependent activation of outward current. ¢ Type III I-V
relations showing an outward rectification with a time-dependent and

voltage command of 600 ms. The type I cells were the

majority of PN cells recorded (69%, 45 of 65 cells).
Type II PN cells showed a strong outward rectification

in their current—voltage relationships, as in type I cells, but
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linearly activated outward current. Note lower current density in this
cell. d Type IV I-V relations showing an outward rectification with a
time-dependent and hyperbolic increase in outward current. Insets
show the current traces for the I-V relations in (a—d). Holding
potential is —30 (a) and —40 mV (b-d). The largest outward tail
current is seen in current traces of type IV cell. Scale bars for insets
are 10 pm

the current decreased by about 36% with time during a
voltage step of 600 ms (Fig. 4b). The time-dependent
inactivation of outward current was more pronounced with
increasing depolarizing voltage command. The type II cells
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accounted for 15% of the PN cells recorded (10 of 65
cells).

Type III PN cells were different from type I and type II
PN cells: they showed a time-dependent activation of the
outward current, which increased more than twofold by the
end of a 600-ms voltage command at +80 mV (Fig. 4c).
The current density appeared smaller for the type III PN
cells than for other cell types (Table 1). Type III PN cells
showed a weak outwardly rectifying current—voltage rela-
tionship and accounted for 15% of PN cells recorded (10 of
65 cells).

Type IV PN cells (Fig. 4d) were similar to type III PN
cells in their outwardly rectifying current—voltage rela-
tionship and their time-dependent activation of the outward
current. The unique feature of type IV PN cells was in their
hyperbolic activation kinetics, which is distinct from that
observed in type III cells, which showed a linear activation
kinetics in outward current. The activation time constant
(t) of the outward current was obtained by fitting the
current traces with the two exponential functions:
f(t) = Aexp(—t/Teas) + Asexp(—t/Tgow). Ap and A, are
the amplitudes, and T, and 74, are the activation time
constants. (Hassfurth et al. 2009). The calculated fast (tg,q)
and slow time constants (74) of the outward current in
type IV cells were 204 + 31.0 ms and 67 £ 36.6 ms
(n = 4, mean = SE) in the outward current induced by the
voltage command to 440 mV. Another unique feature of
the type IV cells was its significant outward tail current.
Type IV PN cells were least frequently observed (6%, 4 of
65 cells).

Table 1 summarizes the basic electrophysiological
parameters of the four types of PN cells. When passive
membrane properties were compared, the cells in different
types were similar in RMP and input capacitance but dif-
ferent in the input resistance. The input resistance was
significantly larger for type II cells (1075 MQ) than for
type I (680 MQ, P < 0.05) and type IV cells (484 MQ,
P < 0.05). Because all types of PN cells showed some
degree of outward rectification in the current—voltage
relationship measured at the end of a 600-ms voltage

command, we calculated the amplitude ratio of outward
current to inward current induced by the voltage commands
of £40 or £50 mV from holding potentials, then compared
the resulting extent of outward rectifications among the
four PN cell types. As shown in Table 1, the rectification
ratio was significantly larger for type II cells than for the
other three cell types (P < 0.001 vs. type I, II, and III). In
addition, type III cells showed a significantly lower current
density, measured from the current induced by the voltage
command to +40 mV, than did type I cells (P < 0.05).

Effects of TEA on Membrane Current of Type I PN
Cells

Next, we examined the effects of TEA, a nonselective K+
channel blocker, on the type I PN cells, which were most
frequently recorded in the PN slices. As shown in Fig. 5,
TEA dose-dependently blocked the whole-cell current of
type I cells, and this effect was independent of the mem-
brane potential. At 30 mM, TEA remarkably reduced both
inward and outward currents induced by step voltage
commands from —80 to +80 mV (Fig. 5a). Figure 5b
compares the current—voltage relationships for membrane
currents that were sensitive and insensitive to TEA. In
seven cells tested, the TEA-sensitive current accounted for
about 75%, whereas TEA-insensitive current (the current
remaining in 30 mM TEA) was about 25% of the outward
current (Fig. 5b). Figure 5c illustrates the whole-cell cur-
rent at £60 mV in response to cumulative application of
TEA (0-30 mM). The effect of TEA was reversible, and
the current was partially recovered during washout period
(~ 10 min, indicated by dotted lines in Fig. 5c¢). Figure 5d
summarizes the inhibitory effect of TEA on both outward
and inward currents at 460 and —60 mV, respectively. The
inhibitory effects of TEA were similar on inward and
outward currents. The concentration of TEA at half inhi-
bition (ICs0) of the current was 4.3 + 1.71 mM for the
outward currents recorded at +60 mV and 4.4 &+ 1.92 mM
for the inward current recorded at —60 mV (n =5,
mean &= SEM, P > 0.05).

Table 1 Comparison of basic electrophysiological properties of 4 types of PN cells (mean &= SEM)

Cell type (n) RMP (mV) Input resistance (MQ) Input capacitance (pF) Rectification ratio Current density (pA/pF)
1(45) —37.7 £ 1.52 680 + 53* 20.1 + 1.17 2.1 +£0.15* 19.73 £ 1.9*

11 (10) —38.5 +£3.17 1075 £+ 106™° 17.6 + 1.77 4.02 + 0.62%0° 18.97 £+ 2.83

111 (6) —26.0 £ 5.90 990 £ 185 20.1 + 2.95 131 £0.18° 4.65 + 0.58%

vV 4) —30.2 £ 1.98 484 + 126° 17.5 + 0.57 1.52 4+ 0.23¢ 6.15 + 4.48

One-way ANOVA and post hoc Tukey HSD test revealed that input resistance is significantly different between type I and type I (*P < 0.05)
and between type Il and type IV (°P < 0.05), and that the rectification ratio is significantly different between type I and type I (*P < 0.001), type
IT and type IIT (°P < 0.001), and type II and type IV (°P < 0.01). The current density (at +40 mV) is significantly different between type I and

type III (°P < 0.05)
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Fig. 5 TEA-induced block of whole-cell current in type I cells.
a Typical example of the effect of TEA (30 mM) on the whole-cell
currents induced by voltage commands from —80 mV to +80 mV in
10-mV increments for 600 ms at holding potential of —30 mV. Scale
bars are 100 ms and 200 pA. b I-V curves for TEA-sensitive and
TEA-insensitive currents measured at 550 ms (solid circles in a).
Each point represents means == SEM from seven cells. The I-V curve
for TEA-sensitive current (solid squares; difference currents) was
obtained by subtracting the current under the action of 30 mM TEA

Effects of TEA on Membrane Potential of Type I PN
Cells

To determine whether TEA affected the RMP of type I PN
cells, we applied TEA to PN cells in current clamp con-
ditions. As shown in Fig. 6a, application of TEA (30 mM)
depolarized the membrane potential that was linked with
increased membrane resistance. Within about 1 min after
bath application of TEA, the membrane potential started to
depolarize, and the voltage responses to hyperpolarizing
current pulses started to increase as a result of an increase
in the membrane input resistance. The effects of TEA on
both membrane potential and resistance started to decrease
simultaneously, in less than 30 s, after switching to normal
Krebs solution. In the washout period, the membrane
potential was fully recovered in about 5 min, but the
membrane resistance was not fully recovered by the end of
the recording (for about 10 min). Figure 6b summarizes
the effects of TEA (1, 3, 10, and 30 mM) on the membrane
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(TEA-insensitive current, open circles) from the control currents.
¢ Superimposed outward and inward currents in the presence of TEA
(0-30 mM). Note a partial recovery marked by dotted line and
arrows. The test current was induced by to 600-ms voltage commands
to £60 mV from a holding potential of —30 mV. d Summary graph
showing concentration-dependent blockade of the outward and
inward currents by TEA. The inward and outward currents measured
at 550 ms (solid circle in ¢) were normalized to the control current
amplitudes. The each point shows the mean + SEM from five cells

potential, input resistance, and capacitance, which were
calculated from the same individual recordings. TEA dose-
dependently depolarized the membrane potential (Fig. 6b),
and this depolarization was closely correlated with the
increase in the membrane input resistances (Fig. 6c).
However, the TEA-induced changes in the membrane input
capacitances maintained relatively stable (Fig. 6d).

Reversal Potential of Tail Currents of Type I PN cells

The data in Figs. 5 and 6 show that a large proportion of
the membrane current in type I cells was blocked by TEA,
and that TEA-sensitive conductances contributed to the
RMP. To check whether any transient current, such as
A-type K current, existed, we compared the whole-cell
current induced at holding potentials at —80 mV and
—40 mV. As shown in Fig. 7a, no additional current was
activated at —80 mV, and the whole-cell current was
reversed at —23 mV. To identify whether the outward
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Fig. 6 TEA induced

A TEA30 mM

depolarization of the RMP (Vm)
measured by whole-cell current
clamp recording. a Bath

perfusion of TEA (30 mM)

reversibly depolarized the

membrane potential from —32

to —23 mV. TEA also increased
membrane voltage responses to
hyperpolarizing current pulses

(200 ms, —0.1 nA at every

10 s). a—c Typical examples for
downward voltage deflections to
hyperpolarizing current pulses

before (a), during (b), and after

(c) application of TEA. Scale B
bars are 10 mV and 1 min for
A, and 20 mV and 0.2 s for the
voltage responses (inset).
Membrane potential and
membrane resistance rapidly
recovered upon washout of
TEA. *P < 0.05; **P < 0.01;
P < 0.001
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Fig. 7 Reversal potentials of whole-cell current in type I cells.
a Current—voltage relationships of whole-cell currents (insef) induced
at holding potentials of —40 and —80 mV in a type I cell. The current
amplitudes were measured at the points marked by solid squares and
open circles, respectively. Note the lack of transient outward current
at depolarizing voltages from —80 mV and its reversal at —23 mV.

membrane currents activated at depolarized potentials were
mediated by K" -selective channels, we determined the
reversal potential of the outward currents (Fig. 7b). In this
cell, the tail currents were also reversed at —24 mV
(Fig. 7b). In five type I PN cells tested, mean reversal
potential of the outward current was —27.0 £ 3.17 mV,
which is different from the expected Nernst potential for
K", =93 mV.

d

(L

\
o EERE G |

D 30 - . .x.x
251 & L
20 A

15

Cinpu (PF)

10 4

0 1 3 10 30 0 1 3 10 30
TEA (mM) TEA (mM)

}

500 -

400 1 =

300

Current (pA)
[~)
o
o
AN

-100

T

-80 -60 -40 -20 0 20 40 60 8C
V, (mV)

Scale bars are 100 ms and 400 pA. b Current—voltage relationships of
the tail currents following a voltage step to +80 mV. The tail current
was reversed at —24 mV. Current traces and voltage command
protocol between —60 to +60 mV (inset). Scale bars are 100 ms and
100 p Ape I and type III (P = 0.018)

Discussion

The major findings of this study can be summarized as
follows: (1) the cells in the PN slices were composed
mainly of small and round cells with low RMPs; (2) the PN
cells can be grouped into four different types (type I to IV)
on the basis of the current—voltage relationships and
kinetics of outward current; (3) type I cells, which were
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most abundant in the PN slices, expressed a TEA-sensitive
current that contributed to its RMP (—36 mV); and (4) the
outward current of type I cells was reversed at —27 mV
and did not express A-type KV current. The results
revealed that the PN cells of similar morphology were
highly heterogenous in their basic electrophysiological
properties. The RMP of the PN in this study (—36 mV) was
smaller than those of hypothalamic neurons (—62 mV; Han
et al. 2010), retinal neurons (—55 mV for “off” cells and
—67 mV for “on” cells; Coleman and Miller 1989), but
similar to vascular smooth muscle cells (—34 mV, Guan
et al. 2007) recorded using the patch pipettes filled with
high K* and low Cl™ internal solution. Moreover, this
value is similar to the RMP of the PV cells recorded with
sharp electrodes (—39 mV; Park et al. 2009). The cells
recorded in the present work are similar to the round or
oval cells of ~10 pm with small cytoplasm (Sung et al.
2010). We found that under our experimental conditions,
the cells recorded were slightly oval, and their long and
short axes were 9.8 and 8.2 pm, respectively. Assuming the
cells were spherical, one could estimate the diameter (r) as
12.6 um by the following relation: r = [C/(4*7*C,))] "2,
where C; and C,, are the membrane input (20 pF from
Table 1) and specific capacitances (0.01 pF/um?), respec-
tively (Kandel et al. 2000). The measured diameter is
comparable to the estimated values but smaller than the
estimated diameter. The discrepancy might be due to the
irregular morphology or the errors in measurement with
the light microscope. In addition to the small cells recor-
ded, there are cells with diameters larger than 10 um
(Fig. 1), which is also consistent with the previous report
by Sung et al. (2010).

The results of the present study also indicate that a
significant proportion (~75%) of whole-cell current was
TEA sensitive (Fig. 5), and that these currents contributed
to maintaining the RMP in type I cells (Fig. 6). TEA is a
nonselective blocker of K* channels including voltage-
dependent, Ca2+—activated, ATP-sensitive, and G-protein-
activated K* channels (Mathie et al. 1998; Eder 1998;
Hille 2001). In view of this fact, one would expect a sig-
nificant expression of K" channel current in type I cells.
However, the our results did not support this expectation
because the tail currents following the outward current
evoked by voltage step to +80 mV were reversed at
potentials different from the Nernst potential for K™,
—93 mV. The RMP (—36 mV) was also away from the
Nernst potential for K*, —93 mV. Another observation
supporting this conclusion was that the effect of TEA was
voltage independent (Fig. 5d). If TEA-sensitive current
represented a family of voltage-dependent K™ currents, the
effects of TEA should have been more pronounced at the
voltages that activate K current at depolarizing voltages.
In addition to voltage-dependent K* current, TEA is also

@ Springer

known to block swelling-activated C1~ and Kt conduc-
tances (Barriére et al. 2003) as well as voltage-dependent
proton channels (Eder and DeCoursey 2001). It is also of
note that the kinetics of whole-cell currents in type I cells
were similar to the currents reported in these studies.
Additional work is needed to gain further understanding of
the electrophysiological and molecular properties of TEA-
sensitive channels in type I cells.

The PN cells recorded in this study were round in shape
(~10 pm) and low in RMPs (Table 1) without action
potentials. The function of these PN cells is as yet
unknown. Previous studies showed the presence of mono-
cytes, granulocytes, and small and large lymphocytes in the
PN (Lee et al. 2007). The round/oval cells are small in size
and are cytoplasm, and hence they are considered to pos-
sibly be small lymphocytes or eosinophils (Sung et al.
2010). All these facts strongly suggest that the PN cells
recorded in this study are similar to the cells found in the
blood.

The proteomics study on the primo-vascular tissues
showed that metabolic processes, especially carbohydrate-
based ones, were prominent in the primo-vascular tissue.
The primo-vascular tissues appear to be equipped with the
proteins for an efficient energy supply, which is similar to
the findings of proteomic analyses of stem cells, cancer
cells, and differentiated myeloid cells that show vigorous
proliferation or differentiation (Lee et al. 2008). RMP is
known to be smaller in developing, cancerous, or prolif-
erating cells than in developed somatic cells or nonprolif-
erating quiescent cells (see Sundelacruz et al. 2009 for
review). Further study is needed to understand whether the
active proliferation or maturation of cells occurs in the PN,
as suggested by Kim (1965).

In this study, the cells studied were relatively homoge-
nous in morphology: round cells of ~10 pm in size. They
shared the following electrophysiological properties: the
RMPs are around —30 mV, and the [-V relationships are
outwardly rectifying. In contrast, they were highly heter-
ogenous and could be grouped into four types on the basis
of the I-V relationships and the kinetics of the outward
current. Presently, it is unknown whether the different
types of PN cells represent the different stages of one type
of cells under proliferation/maturation (Deng et al. 2007),
or whether they are different types of mature cells.

In conclusion, the results of this study showed, for the
first time, the basic electrophysiological properties of the
small round cells found in PN slices. The PN cells were
highly heterogenous in their current-voltage relations and
kinetics of outward currents. Our results also indicated that
the TEA-sensitive current contributed the RMP in type 1
cells, but the channels mediating the TEA-sensitive cur-
rents appeared different from the most K currents The
identification and electrophysiological characterization of
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different PN cells could be a fundamental step in further
understanding the properties of the primo-vascular system.
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