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Abstract

Thalamic relay neurons have homogeneous, adult-like firing properties and similar morphology by
12 days postnatally (PN 12). Parafascicular (Pf) neurons have a different morphology compared with
typical thalamic relay neurons, but the development of their electrophysiological properties is not
well studied. Intracellular recordings in PN 12-50 Pf neurons revealed several heterogeneous firing
patterns different from those in thalamic relay neurons. Two types of cells were identified: Type |
cells displayed a fast afterhyperpolarization (AHP) followed by a large-amplitude, slow AHP;
whereas Type Il cells had only a fast AHP. These cell types had overlapping membrane properties
but differences in excitability. Some properties of Pf neurons were adult-like by PN 12, but, unlike
thalamic relay neurons, there were significant maturational changes thereafter, including decreased
action potential (AP) duration, increased fast AHP amplitude and increased excitability. Pf neurons
did not exhibit rhythmic bursting and generally lacked low-threshold spike (LTS) responses that
characterize thalamic relay neurons. Pf neurons exhibited nonlinear 1-V relationships, and only a
third of the cells expressed the time and voltage-dependent hyperpolarization activated (Ih) current,
which declined with age. These results indicate that the morphological differences between Pf
neurons and typical thalamic relay neurons are paralleled by electrophysiological differences, and
that Pf membrane properties change during postnatal development.
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INTRODUCTION

The intralaminar thalamic nuclei are a collection of midline cells that have long been considered
the ‘non-specific’ arousal portion of the thalamus, based on their extensive input from the
ascending reticular activating system (RAS) and their diffuse projection to layer | in the cerebral
cortex (Jones, 1985). Classical anatomical studies established the presence of massive
projections from the reticular core to both rostral intralaminar nuclei, namely centrolateral
(CL)-paracentral (PC), and to the caudal intralaminar nuclei, namely parafascicular (Pf)-
centromedial (CM) regions (Pare et al., 1988). The pathway from the reticular core through
the CL-PC conveys midbrain reticular efferents presumably involved in synchronization of
fast rhythms during waking and rapid eye movement (REM) sleep to many areas of cortex
(Steriade and Glenn, 1982). This projection pattern differentiates these thalamic regions from
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the “specific’ projections of the thalamocortical relay nuclei that project to deeper layers of the
cortex. However, recent data indicates that individual intrathalamic nuclei have disparate
efferent projections, indicating the existence of more specificity within this system than thought
previously (Bentivoglio et al., 1991; Jones, 2002). In addition, many of the neurons in these
nuclei also project to subcortical targets including the striatum (Steriade and Glenn, 1982;
Jones, 1985; Sadikot et al., 1990; Sadikot et al., 1992; Bentivoglio et al., 1991; Lai et al.,
2000; Jones, 2002; Van der Werf et al., 2002). The functional heterogeneity in the intralaminar
thalamic nuclei is paralleled by an intranuclear heterogeneity of morphologically,
neurochemically and functionally-distinct cell types (Celio, 1990; Frassoni et al., 1991;
Resibois and Rogers, 1992; Arai et al., 1994; Anna et al., 1999; Guillazo-Blanch et al.,
1999; Vale-Martinez et al., 1999; Harte et al., 2000; Hermenegildo et al., 2000; Van der Werf
et al., 2002).

Cells in the “specific’ thalamic nuclei exhibit a similar morphology, regardless of the species
or nucleus, which includes radiating primary dendrites with compact bushy dendritic trees (Fig.
1B). These cells also exhibit a stereotypic discharge pattern that depends on membrane
potential. A ‘tonic” mode of continuous action potential firing occurs when cells are depolarized
from an already relatively depolarized membrane potential (as occurs during arousal states),
whereas a characteristic, rhythmic, slow oscillation (0.5-4 Hz) with low-threshold spike (LTS)
‘burst” mode of firing occurs, especially when they are depolarized from a relatively
hyperpolarized membrane potential (as occurs during drowsiness/slow wave sleep)
(McCormick and Bal, 1997;Steriade, 1999). Interactions between two voltage-dependent
currents, the hyperpolarization-activated cation current (Ih) and the low-threshold calcium
current (It) underlie the oscillatory burst mode of firing of these cells (Llinas, 1980).
Computational modeling studies indicate that slight changes in either the amplitude or the
voltage-dependence of these currents renders thalamic neurons incapable of generating the
rhythmic LTS spikes that underlie the slow membrane oscillations (McCormick and
Huguenard, 1992;Destexhe and Babloyantz, 1993;Destexhe et al., 1993a;Destexhe et al.,
1993b;Destexhe et al., 1998;Vasilyev and Barish, 2002). Typically, thalamic neurons exhibit
adult-like firing properties and similar morphology by 12 days postnatally (PN 12) (Warren
and Jones, 1997).

In contrast, anatomical studies have long recognized that many cells in the Pf have a distinct
morphology compared with thalamic relay nuclei (Hazlett et al., 1976; Hazlett and Hazlett,
1977; Pearson et al., 1984; Parent and Parent, 2005). Typically, they contain long unbranching
processes in their proximal dendritic trees. Because it has been assumed that the
electrophysiological properties of Pf and thalamic relay cells are similar, despite these
morphological differences, a comparable understanding of the firing patterns of intralaminar
neurons is lacking.

OBJECTIVE

Given that Pf neurons are morphologically different from thalamic relay neurons, this study
was designed to systematically explore the questions of whether Pf neurons as a class have
different membrane properties, and whether there are significant developmental changes in the
electrophysiological properties of Pf neurons beyond PN 12. Therefore, the ages studied (days
12-50) began when thalamic relay neurons are thought to be mature (PN 12) and coincided
with, and extended beyond, the well-described period of developmental decrease in REM sleep
in the rodent (10-30 days of age) beyond which an adult-like REM sleep pattern is established
(Jouvet-Mounier et al., 1970). We used parasagittal-slice preparations that allowed us to record
reliably from stable Pf neurons during early postnatal development. An oblique orientation of
this slice further enabled us to examine the ascending projections from the PPN to the
intralaminar thalamus. We previously reported on the ability of high-frequency stimulation of
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PPN to induce prolonged responses in CL and Pf neurons (Kobayashi et al., 2004b). In the
present study, we report the heterogeneity of electrophysiological properties of developing Pf
cells. We identified two types of Pf cells whose characteristics endured throughout
development, and describe several important developmental changes in intrinsic membrane
and firing properties that underlie the developmental increase in excitability that occurs in these
cells during the period studied. The identification of cell types within the intralaminar thalamus
that have intrinsic membrane properties that differ from classic thalamocortical relay cells is
a starting point from which to begin understanding the circuitry and function of this region in
general arousal and attention. It might also help our understanding of how the loss of Pf cells
in Alzheimer’s (Rub et al., 2002) and Parkinson’s (Henderson et al., 2000) diseases might
contribute to altered thalamic function. A preliminary report of some of these findings has been
published in abstract form (Phelan et al., 2002).

Slice preparation

Intracellular

Parasagittal slices of the rat thalamus were prepared from developing Sprague-Dawley rats
ranging in age from 12-50 PN (n = 80). The animals were anesthetized with ketamine (60 mg
kgL, 1.M.) until tail-pinch and corneal reflexes were absent, and then rapidly decapitated. The
brains were removed from the skull, hand blocked in cooled (4°C), oxygenated (95% 0,:5%
CO») artificial cerebrospinal fluid (aCSF) and glued to the stage of a Vibraslice (Campden
Instruments). Parasagittal slices were cut at a thickness of 500 um and allowed to equilibrate
at room temperature in oxygenated aCSF for at least 1 hour before recording. Individual slices
were transferred to a recording chamber where they were held submerged on a nylon mesh and
superfused continuously with oxygenated aCSF at 30-32°C. The gravity-fed flow of aCSF was
adjusted to 1-3 ml min~L. The aCSF consisted of (in mM): NaCl 122.8, KCI 5, CaCl, 2.5,
MgCl, 1.2, NaH,PO,4 1.2, NaHCO3 26 and D-glucose 10. In some cells, the Ih channel blocker
ZD-7288 was dissolved in aCSF at a final concentration of 30 uM and superfused into the
recording chamber. In some cases, the slices were prepared in an oblique parasagittal plane
that included the pedunculopontine nucleus (PPN), a major source of efferent RAS projections,
to examine ascending inputs to the Pf.

recording

Standard intracellular current-clamp recordings were obtained using glass micropipettes pulled
from borosilicate glass (with filament) on a Sutter PC-84 micropipette puller. The
microelectrodes were filled with 3 M potassium acetate and had final resistances of 60-90
MQ. Signals were amplified with an Axoclamp 2B amplifier (Axon Instruments) and voltages
recorded and analyzed off-line using a Power Macintosh G3 computer and Superscope 11
software (GWI Instruments). Neurons were impaled and allowed to stabilize a few minutes
before testing. Only cells with a stable resting membrane potential (RMP) were included in
the analysis. The RMP was verified after withdrawal of the electrode and adjusted according
to the offset (usually 1-2 mV). A series of depolarizing and hyperpolarizing current steps (0.1-
1.0 nA; 300 ms) were applied in the bridge mode to determine intrinsic membrane properties
of Pf cells [i.e. RMP, input resistance (Rin) and membrane time constant]. Current-voltage (I-
V) relationships were obtained by holding cells just below the threshold for firing. The
properties of action potentials (APs) were analyzed using isolated APs elicited by threshold
depolarizing pulses. The expression of putative voltage-dependent currents (such as the
transient potassium (la), the hyperpolarization-activated (lh) and the transient calcium (It)
current underlying LTS spikes) were determined from the -V relationships as well as
comparisons of responses obtained at holding potentials of —60 mV and —80 mV. Longer
duration hyperpolarizing current pulses (up to 600 ms) were tested routinely but failed to reveal
differences compared with the standard 300 ms test pulses. In this study, we only considered
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a cell to express the Ih current when at least three hyperpolarizing steps elicited a time-
dependent sag in the voltage recording and at least one of these was 2 mV or more in amplitude.

Stimulation of the PPN

In the parasagittal oblique slices, concentric bipolar tungsten stimulating electrodes were
placed in the PPN and varying voltages (10-80 V) applied singly or at 10-90 Hz for 1-3
seconds. Synaptic responses were identified by their graded response to increasing voltage
application.

Biocytin injections

Biocytin (1%) was included in some of the recording electrodes to inject Pf cells and confirm
recording location, general cell morphology and somatodendritic integrity. The cells were
injected with biocytin at the end of the recording session by passing 500-ms depolarizing pulses
(~0.5-1.0 nA) at a frequency of 1 Hz for 5-10 minutes. Slices were then removed from the
recording chamber and immersion fixed in 4% paraformaldehyde in phosphate buffer
overnight. The slices were reglued to the cutting stage of a Vibraslice and serially sectioned
into 50-60-um thick sections. The sections were then processed for biocytin visualization using
avidin-biotin histochemistry (Kawaguchi, 1993).

Statistical analysis

All measurements are reported as mean + s.e.m. Student’s t-test was used to compare a single
property of two cell groups. Comparisons of properties between different age groups and cell
types were assessed for statistical significance using one way analysis of variance (ANOVA)
with the Bonferroni post-hoc test. Statistical differences in variances were determined using
the F-test. All differences were considered significant at P < 0.05, regardless of the statistical
procedure. Developmental trends in data and correlations between different sets of data were
analyzed using regression slopes and corresponding R? values.

RESULTS

Parasagittal brain slices were used to record a total of 181 Pf cells ranging in age from PN 12
to PN 50, although 90% of the cells (n = 163) were recorded during the developmental decrease
in REM sleep (12-30 days). The primary recording site was restricted to a region caudal to the
fasciculus retroflexus (FR) within the area constituting the anterior two-thirds of the area
between the FR and the rostral part of the medial medullary lamina (see dotted outline in Fig.
1A). Six cellsimmediately anterior to the FR displayed identical properties to the more caudally
located cells, and were grouped together with the remaining cells for analysis. In our
parasagittally cut slices, this caudal region of Pf represents ‘medial Pf’, whereas in the
parasagittal oblique-oriented slices this region encroaches on “lateral Pf’. In rodents, the medial
and lateral parts of Pf are generally considered the equivalents of the primate Pf and CM nuclei,
respectively (Jones, 1985). An approximately equal number of Pf neurons were sampled in
each type of slice preparation. There was no apparent difference between these cells, therefore,
they were pooled for analysis. Stimulation of the PPN resulted in orthodromic excitatory
(EPSP) and, less often, inhibitory (IPSP) postsynaptic potentials in Pf cells. High-frequency
stimulation of PPN resulted in a prolonged responses in ~20% of Pf cells (11 out of 56 tested),
as we reported previously (Kobayashi et al., 2004b) (see also Fig. 13B). Biocytin injections
confirmed that the Pf cells recorded in this study exhibited a dendritic-tree branching pattern
that was distinct from that of neighboring thalamic relay neurons (Fig. 1B-D). The long,
unramifying, primary and secondary dendrites of Pf cells were preferentially oriented parallel
to the dorsoventral orientation of the FR. The axons of labeled Pf cells exited the dendritic
fields of the cells in a rostral direction and did not appear to give rise to any intrinsic axon
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collaterals within Pf, consistent with the projection neuron nature of rat Pf cells. A detailed
morphological analysis of Pf cell morphology was not undertaken.

Differences in AP AHP

Pf cells exhibited a uniform pattern of spontaneous firing consisting of slow irregular firing
(~3-5 Hz) when depolarized to firing threshold. However, the population of Pf cells as a whole
exhibited heterogeneous intrinsic membrane and firing properties different from the fairly
uniform properties of neighboring thalamic neurons. Separate types of Pf neurons did not
appear to be defined by specific firing properties. Therefore, for the purposes of description,
we defined two types of Pf cell, based on the shape of the AHP following either spontaneous
or evoked APs (Fig. 2A). This distinction was paralleled by differences in excitability between
these two cell types described below in detail, but was the main enduring characteristic across
the developmental period studied. One population of cells (28%, n = 51) exhibited a prominent
‘notch’ between an early fast AHP that immediately followed the AP and a large amplitude
slow AHP that peaked later than the fast AHP. We classified these cells as Type I neurons (Fig.
2A, top). The remainder of the Pf cells (72%, n = 130) were classified as Type 1l cells and
exhibited APs followed by the initial fast AHP but lacked the later peaking slow AHP (Fig.
2A, bottom). Some Type Il cells exhibited evidence of a dual component decay following the
fast AHP, but we did not attempt to pharmacologically dissect the various AHP components.
The distribution of Type I and Type Il cells as a function of postnatal age indicated that this
distinction was present at PN 12 and continued throughout postnatal development. Our limited
biocytin injections were insufficient to discern any morphological distinction between Type |
and Type Il cells.

We compared the amplitudes of the fast and slow AHPs in Pf cells as a function of postnatal
age (Fig. 2B, C). The mean amplitude of the fast AHP in all cells was 13.7 £ 0.5 mV (n = 92).
There was no statistically significant difference in the mean amplitude of the fast AHP in Type
I versus Type Il cells (14.4 £ 0.8 mV and 13.1 + 0.7 mV, respectively; ANOVA df =1, F =
1.43). However, a plot of the amplitude of the fast AHPs as a function of postnatal age revealed
a developmental increase in the early postnatal period (regression slope, 0.27; R2, 0.16) (Fig.
2B). This appeared to be caused primarily by an increase in the amplitude of the fast AHP in
Type I cells (regression slopes were 0.51 versus 0.19 for Type | and Type |1 cells, respectively).
By contrast, the overall mean amplitude of the slow AHP in Type I cells was 15.7 + 0.8 mV
(n = 36). There was no comparably clear change in the amplitude of the slow AHP with age
(regression slope, 0.03) (Fig. 2C). Although the mean ratio of the amplitude of the two AHPs
(fast AHP:slow AHP) in individual Type I cells was 1.01 £+ 0.08, two-thirds (23/34) exhibited
ratios predominated by larger amplitude slow AHPs. A plot of the fast and slow AHP amplitude
ratio in individual Type I cells as a function of postnatal age revealed a shift in this ratio during
development (Fig. 2D) (regression slope, 0.03; R2, 0.2). A significant percentage of cells older
than PN 20 exhibited a fast AHP that was higher in amplitude than that of the slow AHP.

To better compare the development of these properties, we grouped the early postnatal data
into three separate time periods (PN 12-17, PN 18-23 and PN 24-30) (Fig. 2E). These age-
groups were chosen because they bracket the period during which there is the most dramatic
decrease in REM sleep during development (Jouvet-Mounier et al., 1970). The mean fast:slow
AHP amplitude ratio did not differ between cells in the PN 12-17 (0.61 £ 0.12) and PN 18—
23 (0.85 £ 0.05) age groups (ANOVA, df = 2, F = 1.6). However, each of these ratios was
statistically different from the mean ratio of cells in the PN 24-30 (1.36 + 0.18) age group
(ANOVA, df=2,F=7.62; P <0.01 and P <0.05, respectively) because of the shift in direction
of the fast AHP:slow AHP amplitude ratio. Further distinctions in the AP properties and
excitability of Type | and Type Il cells are provided in detail below.
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Intrinsic membrane properties

Table 1 provides the mean values for the intrinsic membrane properties of developing Pf
neurons as a whole and as a function of cell type and age. The mean RMP of Pf cells over the
entire developmental period studied was —55.2 £ 0.5 mV (n = 172). The mean Rin, measured
during the initial linear portion of the 1-V relationship, was 107.8 + 4.3 MQ (n = 152). The
mean membrane time constant measured in response to a 0.3 nA step in current was 9.3+ 0.5
ms (n = 135). These three intrinsic membrane properties are plotted as a function of postnatal
age and cell type in Fig. 3. The distribution of the total population of cells revealed minimal
changes in any of these three properties with age. The only significant difference among the
three defined age groups was a slight increase in the mean RMP value in the PN 24-30 age
group compared with the PN 18-23 age group (ANOVA, df =2, F =5.9; P < 0.01) (Table 1).

A comparison of these three intrinsic membrane properties in all Type I versus Type Il Pf cells
indicated no difference in the mean RMP values (ANOVA, df = 1, F = 0.18) (Fig. 3, Table 1).
However, there were statistically significant differences in the mean Rin (ANOVA df =1, F
=4.13; P < 0.05) and time-constant values between the two cell types (ANOVA df =1, F =
6.71; P <0.05). Specifically, Type | cells exhibited higher mean Rin and time constant values
compared with Type 1l cells (~20% and 30% larger, respectively). However, there were
significant changes in the RMP values within each cell type in the PN 23-30 age group
compared with the PN 17-23 age group. In addition, the time-constant values in Type 11 cells
was significantly different between each of the oldest two defined age groups and the youngest
group (ANOVA df =2, F=6.8; P < 0.01) (Table 1). There were no statistically significant
differences in any of these properties between Type | and Type Il cells when comparing cells
in the three defined age groups individually (Table I). Nevertheless, the mean Rin values of
Type Il cells were numerically lower than Type I cells in each of the three comparable age
groups. Similarly, although the time-constant values of Type | and Type Il cells were nearly
identical in the PN 12-17 age group, the time constant values in Type 11 cells were numerically
lower in the older two age groups compared with Type I cells.

Ih current expression

The 1-V relationships of developing Pf cells exhibited distinct non-linearities indicative of
membrane rectifications (Fig. 4A, B). The most prominent of these was the anomalous time-
dependent inward rectifier or Ih current responsible for the slowly developing depolarizing
‘sag’ in the voltage recordings following hyperpolarizing current steps (Fig. 4, open circles).
This was evident in 34% of the cells (61/181). The current underlying this voltage deflection
was identified as lh because of its selective blockade with the drug ZD7288 (30 uM, n = 5)
(Fig. 4C). The membrane ‘sag’ typically appeared as hyperpolarizations reached membrane
potentials greater than —80 mV, although it could be seen in some cells at more depolarized
levels. About a third of the Ih cells exhibited only a small amplitude (2-3 mV) change in
membrane potential that once present did not vary despite increased membrane
hyperpolarization (n = 19). In another third of the cells, the amplitude of the ‘sag’ steadily
increased until it reached an initial peak and then did not exhibit an additional voltage-
dependent increase in response to further membrane hyperpolarization (n = 20). Some of these
cells even exhibited a decrease in Ih amplitude at the most negative hyperpolarizing potentials
tested (0.7-0.9 nA currents steps). The remaining third of Ih-expressing cells exhibited a typical
pattern of voltage dependency in which the amplitude of the 1h deflection steadily increased
as a function of the current step (n = 21).

Examination of the voltage dependence of the Ih in the latter group of cells indicated slopes

that ranged from —5-—45 mV nA~1 with the overall mean slope of the voltage deflection as a
function of current step measuring —17.2 #2.3 mV nA™1 (n = 21). A comparison of these data
within the three defined age groups (Fig. 5A) revealed a trend for a developmental decrease in
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the mean slope of 1h voltage deflection with a significant decline occurring between the PN
12-17 and PN 18-23 age groups (ANOVA df = 2, F = 6.89, P < 0.01). The corresponding
mean slope values were —23.9+ 4.0 mV nA1 (n=9), 9.5+ 2.1 mV nA1 (n=4)and -13.1
+2.1mV nA™1 (n = 6) for the PN 12-17, PN 18-23 and PN 24-30 age groups, respectively.

By contrast, the mean maximal amplitude of the voltage deflection measured at the end of the
voltage response to the 0.9 nA hyperpolarizing current step in the entire population of Ih
expressing cells was 5.8 £ 0.5 mV (n = 49). A plot of the maximal amplitude across age for
the entire cell population revealed a regression slope of —0.08, indicating little change in this
parameter during postnatal development. The average maximal amplitudes in the three defined
age groups were 7.1 £ 0.7mV (n=17),4.7+0.8mV (n=19) and 5.8 + 1.0 mV (n = 13),
respectively (Fig. 5B).

Although only a third of Pf cells expressed Ih, Type | cells were more likely to express lh
compared with Type Il cells (46% vs 29%, respectively) (Fig. 5C). There was a slight decrease
in the percentage of cells expressing Ih as a function of age during the early postnatal period
since the linear regression fit of all of the data from PN 12 through PN 50 indicated a slope of
—0.69. A plot of the percentage of Ih expressing cells within each cell type as a function of age
revealed that this developmental decline primarily reflected a selective decrease in the presence
of Ih in Type I cells between the first and second age groups (Fig. 5D).

Inward rectifying current expression

Almost one third of the Pf cells (27%) displayed a fast voltage-dependent membrane
rectification that was distinct from the ITh membrane rectification (Fig. 4A, B, solid circles).
This inward rectification appeared as a decrease in the initial peak membrane hyperpolarization
with increasing hyperpolarizing current steps, and typically appeared at membrane potentials
below —80 mV (Fig. 4B). It was not affected by ZD 7288 (30 uM) at the same time that the
drug completely blocked Ih (Fig. 4C). This type of inward rectification could be seen in both
Ih and non-1h expressing cells (Fig. 4). There was a significant difference in the Rin of cells
with and without this inward rectification. The average Rin for cells without rectification was
101.8 + 5.2 MQ (n = 102), whereas the average Rin in rectifying cells measured in the linear
part of the I-V relationship before the appearance of the membrane rectification was 122 + 6.7
MQ (n = 46) (ANOVA df =1, F=5.01, P < 0.05).

Types of rebound response patterns

There were differences in the type of rebound response patterns expressed by developing Pf
cells in response to the application of a series of 300 ms membrane hyperpolarization current
steps of increasing magnitude when held at a membrane potential of —60 mV. We categorized
these response patterns into three groups based on the presence of specific cell firing properties
(Fig. 6A). The response pattern of these cells did not change when longer duration
hyperpolarization pulses were tested. More than one half of the Pf cells (59%, n = 106) exhibited
either a simple decay back to the baseline, or a partial decay followed by a subsequent low
amplitude, long duration membrane hyperpolarization (Fig. 6A, B; see also bottom recording
in Fig. 7F). These cells did not exhibit any rebound AP regardless of the amplitude or duration
of the hyperpolarizing pulse or changes in holding potential. Another 19% (n = 34) of the Pf
cells exhibited either a low threshold spike (LTS)-like response (Fig. 6A, B; see also Fig. 9D).
These LTS-like responses had amplitudes <20 mV and, typically, only evoked 1 or 2 APs
positioned on the rising phase (compared with the large amplitude LTS with multiple APs that
can be elicited from neighboring classical thalamic relay neurons) (Fig. 1B). The remainder of
the Pf cells (23%, n = 41) exhibited a rebound response that consisted of a small amplitude,
non-LTS membrane depolarization that included single or multiple APs (Fig. 6A, B; see also
Fig. 4C). This rebound spiking persisted at hyper-polarized membrane potentials >-80 mV, at
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which Ih channels but not T-channels MIGHT contribute to the spiking since the negative
holding potential lies outside of the range of T-channel activation.

Interestingly, Ih-expressing cells were distributed unequally within the three groups. Only 21%
(n = 22) of the cells that expressed a decay to baseline with no spiking or LTS-like response
were lh-expressing cells. In contrast, 50% (n = 17) of the LTS-like cells and 54% (n = 22) of
the Non-LTS Spiking cells were Ih expressing cells. Nearly 64% (n = 39) of lh-expressing
cells exhibited some sort of rebound depolarizing response compared with ~30% of non-lh-
expressing cells. These data indicate that Ih-expressing cells are more than twice as likely to
exhibit rebound spiking than non-1h-expressing cells, which is consistent with the reported role
of residual Ih currents underlying rebound depolarizations. In fact, ZD-7288 reduced non-LTS
rebound firing in conjunction with blockade of 1h (Fig. 4C). The majority of the cells in the
No Spike group were Type Il cells with Type I cells constituting only 19% (n = 20) of these
cells. In contrast, Type I cells constituted 38% (n = 13) and 42% (n = 17) of the cell populations
in the other two groups of rebound patterns, respectively (Fig. 6A). These numbers are
consistent with the overall distribution of Type I cells in the general population.

Each of the three types of rebound response was evident throughout early postnatal
development. There was no significant difference in the distribution of these three rebound
response types as a function of postnatal age (the mean ages were 22.0 £ 0.9 days, 23.7 + 1.6
days and 23.0 + 1.2 days, respectively). A plot of the three rebound response types as a
percentage of cells in each of the three defined age groups is shown in Fig. 6C. The percentage
of cells expressing a LTS-like rebound response remained relatively stable at 16-18%
throughout this time period. In contrast, there was a greater than two-fold increase in the
percentage of cells showing the Non-LTS rebound response from an average of 18% for the
first two age groups to nearly 38% for the PN 24-30 age group. In addition, there was a
concurrent reduction in the percentage of cells in the “‘No Spike’ response group from about
65% to 47% during the same time period. Type I cells appeared to be primarily responsible for
this switch.

Transient potassium (la-like) current expression

The transient potassium la current contributes to the regulation of AP firing and its presence
in neurons is typically reflected as a significant and persistent delay to AP during application
of increasing depolarizing current steps. Pf cells had a mean delay to first AP of 71.3 + 6.8 ms
(n = 66) when depolarized from a holding potential of =60 mV (Fig. 7A). The nature of the
channel responsible for this la-like delay to AP initiation was not tested pharmacologically and
is referred to as la-like. This delay to AP decreased with increases in depolarizing current steps
such that none of the Pf cells had a significant la-like induced delay that persisted with increased
current steps. There was a statistically significant difference between the delay to AP times in
Type I and Type Il cells, with Type | cells having twice as long delays (93.8 £ 9.3 ms, n = 34)
versus 47.5 + 8.1 ms, n = 32), respectively) (ANOVA df =1, F = 13.73, P < 0.01). These
differences appeared to persist throughout postnatal development (Fig. 7A, B). The duration
of the delay to first AP appeared to remain unchanged in Type | cells across the three defined
age groups. However, there was a slight decrease in the corresponding values in Type |1 cells
from the PN 12-17 to PN 18-23 age groups (Fig. 7B), although this was not statistically
significant (ANOVA df = 2, F = 3.1). In addition to the difference in delay to AP, it typically
required higher amplitude current steps to evoke the first AP in Type Il compared with Type
I cells (0.2 £0.02 nA versus 0.15 + 0.02 nA, respectively) (ANOVA df =1, F=4.41, P <0.05).
This 40% increase in required current step could have reflected the lower Rin of Type I cells.

The la current is also responsible for the significant delay in a rebound AP that follows a
hyperpolarizing current pulse since hyperpolarization deinactivates la channels, thereby
allowing their subsequent activation during the rebound phase of the response. We compared
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the delay measured from the end of a 0.5 nA current step application to the return to RMP
because this method allowed us to include in our analysis those cells that did not fire an AP
during the rebound response. On the basis of the distribution of these values, we identified
three populations of neurons indicated by three, non-overlapping, linear regions (Fig. 7C).
There was no correlation between the observed delay values and either RMP, Rin or the
expression of 1h. Over one half of the cells (51%, n = 56) had delays <30 ms with a mean delay
of 16.6 = 1.0 ms and represented cells lacking la (Fig. 7C, D). The duration of the delay in this
population of cells was positively correlated with the amplitude of the membrane time constant.
Nearly one third of the cells (31%, n = 28) had delays that fell in the 35-70 ms range with a
mean delay of 51.0 = 1.9 ms, and presumably represented la expressing cells (Fig. 7C, D). The
remainder of the cells (17%, n = 11) had delays of >100 ms with a mean of 234.5 = 17.2 ms.
Most of these cells displayed a long membrane hyperpolarization as part of the rebound
response (Fig. 7F). There was no correlation between time constant and the duration of the
delay in either of the latter two populations of cells, indicating the presence of an additional
voltage-dependent current responsible for the delay. A plot of these three populations as a
function of age indicated that all three types were present throughout postnatal development
(Fig. 7E). However, the percentage of cells lacking la-like delays (<30 ms group) increased
from an initial value of 55% in the PN 12-17 age group to 58% and 63% for the older age
groups, respectively. There was a corresponding decrease in the percent of cells expressing la-
like delays (35-70 ms group) from an initial value of 36% in the PN 12-17 age group to 25%
and 19% for the PN 18-23 and PN 24-30 age groups, respectively. Finally, the percent of cells
exhibiting the long delay increased from 9% in the PN 12-17 age group to 17% and 19% in
the PN 18-23 and PN 24-30 age groups, respectively. For cells older than PN 30, there was
an obvious decrease in the overall percentage of the cells with the long delay, along with a
concomitant increase in the percent of cells with la-like delays (now 47%), and a concomitant
decrease of cells lacking la-like delays to 40%. This suggests that perhaps la-like cells are
unmasked in some cells during development with the loss of the rebound hyperpolarization.

Comparison of the rebound delay in Type I and Type Il cells indicated that, although both cell
types contributed to each response pattern, there were developmental differences. The mean

delay for the entire population of Type I cells (75.5 £ 16.0 ms; n = 29) was 1.7 fold longer than
that seen in Type Il cells (42.8 £ 6.9 ms; n = 74), although this was not statistically significant.
The mean delay in the 35-70 ms group of Type I cells (50.0 + 3.7 ms; n = 12) was similar to
that in Type Il cells (46.7 £ 2.4; n = 22).

AP properties

In addition to the changes in AHPs described previously, Pf cells exhibited significant
developmental changes in the properties of APs (Table 2). The mean AP threshold for the entire
population of Pf cells was —42.7 £ 0.6 mV (n = 99). The mean AP amplitude (measured from
AP threshold) was 47.3 £ 0.9 mV (n = 97), while the mean AP duration measured at half-
amplitude (from AP threshold to AP peak) was 0.93 £ 0.04 ms (n = 96). The individual values
for these three AP properties are plotted as a function of postnatal age and cell type in Fig. 8.
A comparison of the mean values for each of these three AP properties across the three age
groups indicated that there was no statistically significant change in the mean AP threshold
(combined PN 12-30 regression slope of —0.25, R2 = 0.03) (Fig. 8A). There was a slight
increase in the AP amplitude that occurred between the first and third age groups (ANOVA df
=2,F=4.2,P <0.05) (combined PN 12—30; regression slope, 0.38, R?, 0.04) (Fig. 8B). In
addition, a significant decrease in mean AP duration occurred between cells in the PN 12-17
and PN 18-23 age groups but did not decrease further (ANOVA df = 2, F =29.9, P <0.01)
(PN 12-30 regression slope of —0.05, R? = 0.31) (Fig. 8C). A comparison of these AP properties
in the entire population of Type I versus Type Il cells indicated no statistically significant
difference in any AP parameter between the two cell types (ns) (Table 2). A similar comparison
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within the three defined age groups indicated that Type Il cells had nearly a 50% longer AP
duration compared with Type | cells during the PN 12-17 age group but not in the later age
groups (ANOVA, df =5, F = 15.7, P < 0.01). The AP duration declined in both cell types
during the PN 12-30 time-period with Type 11 cells exhibiting the greatest decrease (regression
slopes were —0.03 (R2, 0.20) and —0.06 (R2, 0.44). Most of this decrease occurred between the
first two defined age groups. Although there were no significant differences in mean AP
threshold or amplitude between Type | and Type 1 cells in any age group, there was a
significant increase in AP amplitude between the first and third age groups in Type |1 cells
(ANOVA df =5, F = 2.53, P < 0.05).

Firing patterns

We identified three main types of firing patterns in Pf cells in response to a series of
depolarizing current steps applied from a holding potential of —60 mV (Fig. 9). Although the
majority of cells could be classified into one of these three groups (67%, n = 120), the remaining
cells displayed mixed patterns of firing that likely reflected cells undergoing a developmental
transition between firing patterns (see below). A minority of the cells (20%, n = 24) fired a
single AP at the beginning of the current step and then failed to fire additional APs despite
increases in currents step applied (Fig. 9A, B; see also Fig. 10C). Nevertheless, the delay to
first AP decreased in these cells with increasing current application. Three-quarters of these
single AP-firing cells were Type Il cells. Almost a third of the Pf cells (32%, n = 38) fired an
initial series of APs but then accommodated or ceased firing during the current step (Fig. 9A,
B). This AP accommodation pattern persisted at all levels of membrane depolarization. Some
of these cells exhibited an initial period of burst-like firing and the later occurring APs often
had lower amplitudes and were of longer duration compared with the earliest evoked APs. The
majority of these cells were Type Il cells (84%) (e.g. Fig. 12). Many of these accommodating
cells also displayed a hyperpolarizing membrane rectification during the depolarizing current
steps that might have contributed to the AP accommodation. This hyperpolarization typically
was ~4 mV in amplitude as measured from the end of AP firing to the end of the current step.
The presence of this feature did not appear to be correlated with either postnatal age or cell
type, and the cells appeared healthy in all other respects (i.e. RMP, Rin, time constant, AP,
etc). This hyperpolarization was not significantly different when the cell was held at -80 mV
compared with —60 mV (e.g. Fig. 9C). The third and most common type of firing pattern
exhibited by Pf cells (48%, n = 58) was a continuous train of APs with the number of APs
increasing as a function of current step (Fig. 9A, B). Over one half of these repetitively firing
cells were Type I cells (53%, n = 31) (e.g. Fig. 11). Many of the cells fired a burst of APs
during the initial part of the response and then attained a plateau rate of firing. Those cells
which could not be easily be categorized in one of these three groups often displayed a
predominant pattern of decrementing or repetitive spike firing at the initial depolarizing current
steps but changed their firing pattern at more depolarizing steps.

A plot of the distribution of these three distinct firing patterns as a function of developmental
age indicated that all three types of firing patterns could be found throughout the developmental
period studied (Fig. 9C). However, there was a clear developmental decline in the overall
percentage of single AP-firing cells during early postnatal development with a concomitant
increase in the percentage of repetitive firing cells. Early in development (PN 12-17 age group),
Type Il cells were nearly as likely to display any of the three firing patterns, while the majority
of Type I cells displayed the accommodating firing pattern. Later in development (PN 24-30
age group), the firing patterns of the majority of the Type | and Type Il cells segregated into
the repetitive and accommodating patterns, respectively (Fig. 9C).
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Voltage-dependent firing patterns of Pf cells

One prominent characteristic of classical thalamic relay neurons is the voltage-dependent
change in the firing pattern of cells from a repetitive firing mode to a LTS burst firing mode
as the cells are hyperpolarized. A comparison of the firing properties of Pf cells at =60 mV
and —80 mV indicated that the majority of cells failed to display significant changes in firing
properties. None of the cells displayed rhythmic LTS-like burst firing, such as that underlying
slow oscillations in thalamic neurons triggered by hyperpolarizing current pulses or occurring
spontaneously (Steriade et al., 1993), at any membrane potential. The slow membrane
oscillations that are common in thalamic relay neurons (Steriade et al., 1993) were present in
only a few Pf cells (Fig. 10). Representative recordings from a repetitive firing and an
accommodating cell are shown in Fig. 12 and Fig. 13, respectively. In each example, although
the rate of AP firing decreased with comparable current steps after membrane
hyperpolarization, the overall pattern of repetitive and accommodating AP firing was not
altered significantly by changes in the holding potential. In some cells, a relatively small
amplitude LTS-like response (Fig. 12B, arrow) was apparent at —80 mV but not at —60 mV
during depolarizing steps. This LTS-like response appeared to underlie the generation of 2-4
APs during the initial part of the depolarization especially at more depolarized current steps.
Interestingly, because these cells typically exhibited a similar burst of high frequency firing
during the initial part of the depolarizing response when held at -60 mV, the presence of the
LTS-like response at —80 mV did little to change the overall firing pattern.

Frequency-response profile of Pf cells

The 1-V relationship of AP firing of Pf cells revealed that the frequency of firing increased
linearly with increasing current step. The frequency response profiles of a repetitively firing
Type | and an accommaodating Type |1 cell are shown in Fig. 12 and Fig. 13, respectively. In
general, Type | cells had flatter instantaneous frequency-current (f-1) plots compared with the
steep f-1 plots that characterized Type Il cells regardless of whether the cells displayed a
repetitive or accommodating firing pattern. An analysis of the instantaneous firing frequency
for the first interspike interval (ISI) revealed an average frequency of 24.7 £ 1.2 Hz/0.1 nA
(n=67). A comparison of the instantaneous firing frequency profiles of Type | versus Type Il
cells is shown in Fig. 11. Type I cells typically exhibited lower firing frequencies (mean 18.6
+ 1.2 Hz/0.1 nA; n = 32) compared with Type 1l cells (mean 30.5 + 1.8 Hz/0.1 nA; n = 34)
(ANOVA df =1, F=30.8, P <0.01) (Fig. 11A). A plot of the mean slope of the instantaneous
firing frequency for the first ISI as a function of age revealed a clear developmental increase
of AP firing frequency during the early postnatal period (combined regression slope, 0.94;
R2, 0.13 for all cells shown in Fig. 11B) (n = 66). The mean slope of Type | versus Type II
cells were essentially parallel during this time period [regression slopes of 0.96 (R?, 0.09)
versus 1.00 (R?, 0.20), respectively] (Fig. 11B). However, the average slope of Type Il cells
was shifted to the left compared with Type | cells, which reflects their relatively higher basal
firing rate and their shorter duration AHP (Fig. 11B). Analysis of the mean instantaneous firing
frequency for all I1SIs revealed an average frequency of 15.19 + 0.95 Hz/0.1 nA (n = 62) for
the entire cell population (Fig. 11D). This value was lower than that seen for the first IS,
reflecting the fact that firing frequency decreased during a depolarizing step in all cells
examined.

Comparison of the mean instantaneous firing frequency profiles of Type I versus Type 11 cells
as a function of current step exhibited a similar linear relationship as that seen for the first ISI
(Fig. 11C). The mean instantaneous firing frequency of Type Il cells (16.7 £ 1.5 Hz/0.1 nA,
n = 30) was slightly higher than that of Type I cells (13.8 £ 1.1 Hz/0.1 nA, n = 32), although
this difference was not statistically significant (ANOVA df, 1; F, 2.5). The mean instantaneous
firing frequency as a function of age indicated a similar, although lower, developmental
increase of mean firing frequency during the early postnatal period (combined regression slope,
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0.48; R2, 0.15 for all cells shown in Fig. 11D). The mean slope of Type I cells was 0.45 (R,
0.14) whereas the mean slope of Type Il cells was 0.55 (R?, 0.18) (PN 12-36) (Fig. 11D). Even
steeper regression slopes were evident during the earlier PN 12—24 time period indicating that
steady increases occurred in these values during this postnatal period.

Because we previously reported a relationship between Ih expression and cell excitability in
the PPN (Kobayashi et al., 2004), we further examined the first ISI and mean ISl firing
frequency data to determine the relationship between lh expression and cell excitability. In
each case, cells without Ih exhibited ~50% higher excitability. The mean slope of the
instantaneous firing frequency for the first ISI in all 1h expressing cells (26.7 + 3.0 Hz/0.1 nA,
n = 26) was significantly lower than that of cells lacking Ih (36.3 £ 2.4 Hz/0.1 nA, n = 38)

(P <0.01). Measurement of these values as a function of postnatal age indicated that a similar
developmental increase in excitability occurred regardless of Ih expression pattern (each
regression slope, 0.8; R2, 0.09). Similarly, the mean slope of the instantaneous firing frequency
for all ISIs in all cells expressing Ih (12.8 + 1.1 Hz/0.1 nA, n = 25) was significantly lower
than that of cells lacking Ih (16.8 £ 1.4 Hz/0.1 nA, n = 37) (P < 0.05). Although there was a
developmental increase in excitability in non-1h expressing cells (regression slope, 0.61; R?,
0.18), the Ih expressing cells exhibited significantly less age-dependent increases (regression
slope, 0.16; R?, 0.03).

To determine if there was a cell type difference in excitability in Ih expressing cells, we
compared the corresponding mean ISI firing frequency values in Type | versus Type Il cells.
The mean slope of the instantaneous firing frequency for the first ISI in Type I cells with Ih
(25.3 £ 4.3 Hz/0.1 nA, n = 14) was lower than that seen in Type | cells lacking Ih (33.8 + 3.9
Hz/0.1 nA, n =18) (P < 0.05). Similarly, the mean slope of the instantaneous firing frequency
for the first ISI in Type Il cells with Ih (28.3 £ 4.3 Hz/0.1 nA, n = 12) was also lower than Type
Il cells without Ih (38.6 £ 2.8 Hz/0.1 nA, n = 20) (P < 0.05). However, there was no statistically
significant difference in these values when comparing lh expressing or non-expressing cells
in the Type | and Type Il population of cells (ANOVA, df = 3, F = 2.5, P > 0.05). These
comparisons indicated a clear developmental increase in excitability (as measured by the
instantaneous firing frequency of the first I1SI) in each cell type regardless of Ih expression,
especially during the initial PN 12—26 time period. The mean slope of the instantaneous firing
frequency for all 1SIs in Type | cells with Ih (13.3 £ 1.5 Hz/0.1 nA, n = 14) was similar to that
in Type | cells without 1h (14.1 + 1.6 Hz/0.1 nA, n = 18). However, the mean instantaneous
firing frequency for all ISIs in Type Il cells without Ih (20.0 + 2.0 Hz/0.1 nA, n = 20) was
>50% higher compared with Type Il cells with Ih (12.0 + 1.4 Hz/0.1 nA, n = 12) (P < 0.05).
However, there was no significant difference in these values between Type | and Type Il cells
regardless of lh expression pattern (P > 0.05). Therefore, these comparisons indicate a clear
developmental increase in excitability (as measured by the instantaneous firing frequency of
all 1SlIs) regardless of cell type or h expression.

Depolarization-induced AHPs and afterdepolarizations (ADPS)

A significant population of Pf cells (~25%, n = 45) displayed prominent AHPs following the
end of depolarizing current steps. In the majority of these cells, the amplitude of this AHP
varied as a function of the depolarizing current step with an average amplitude of 5.7 + 0.4
mV. These cells were nearly twice as likely to be Type | cells compared with Type 11 cells
(62% Type I; 38% Type I1). About one half of these cells had an Ih current (53%, n = 24),
whereas only 24% (n = 11) exhibited a LTS-like response.

Fewer Pf cells (n = 7) displayed a prominent afterdepolarization (ADP) that followed a short
duration AHP at the end of depolarizing current steps (Fig. 14A). The amplitude of this ADP
varied as a function of the preceding depolarizing current step and averaged 3.6 + 2.5 mV and
the duration generally lasted several seconds. Typically, the amplitude of the preceding AHP
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did not decrease as the amplitude of the ADP increased. Interestingly, all of the cells expressing
an ADP were Type | cells older than PN 18. Over 50% expressed a prominent Ih (4/7), but
none expressed a LTS. A prolonged response similar to the ADP can be elicited in Pf cells
following high frequency stimulation of the PPN (Kobayashi et al., 2004b). In the PN 17 Pf
cell in Fig. 14B, high-frequency stimulation of the PPN for 1 sec at 60 Hz induced a prolonged
low-amplitude response that elicited APs when stimulation increased to 100 Hz.

CONCLUSIONS

Heterogeneity of electrophysiological properties of Pf neurons

We concentrated our recordings on cells in the caudal part of Pf situated immediately posterior
to the FR because this region can be identified easily in parasagittal slices. We found no obvious
differences between cells in the medial Pf recorded in strict parasagittal slices and those cells
encroaching upon the lateral Pf recorded in oblique parasagittal slices. However, we cannot
exclude the possibility that there might be subtle differences between the two regions,
especially because the lateral Pfin rodents appears to be homologous to the primate CM nucleus
(Jones, 1985). Our data indicate heterogeneity in the electrophysiological properties of Pf
neurons. For purposes of description, we defined two types of Pf cells that could be
distinguished by the type of AHP seen following individual APs. Type | cells exhibited a
pronounced two component AHP with an early fast AHP separated from a later slow AHP by
a distinct ‘notch’. Type Il cells exhibited the fast AHP but lacked the large amplitude slow
AHP. These two cell types exhibited considerable overlap in their intrinsic membrane, but each
had their own predominant set of cellular characteristics contributing to differences in
excitability. They also appeared to differ in maturation because the characteristics of thalamic
relay neurons are fairly mature by PN 12, whereas some characteristics of Pf cells kept
developing, at least through PN 30.

The morphology of the biocytin-labeled Pf cells sampled in this study matched that previously
reported for Pf cells in rodents and other species using various single cell labeling techniques
(Hazlett et al., 1976; Sugiyama et al., 1992b; Fenelon et al., 1994; Deschenes et al., 1995;
Deschenes et al., 1996; Vercelli et al., 2003; Parent and Parent, 2005). Specifically, Pf cells
exhibited long, unramifying primary dendrites unlike the compact, bushy dendritic trees which
characterize neighboring thalamic relay neurons in the rat (Harris, 1986; Sawyer et al., 1989;
Bartlett and Smith, 1999; Li et al., 2003). We did not conduct a detailed morphological analysis
of Pf cells and therefore cannot comment on any potential correlation between
electrophysiological and morphological properties in Type | and Type I cells.

From a functional standpoint, is important to determine if the two general Pf cell types
identified in this study receive different afferent inputs and/or project to distinct efferent targets.
In this regard, previous electrophysiological studies have documented the heterogeneity of
cells in the Pf nucleus based on differences in their responsiveness to different sensory afferent
inputs (Matsumoto et al., 2001; Minamimoto and Kimura, 2002). A further differentiation
between ‘noxious-on’ and ‘noxious-off’ cell types has been reported in rat Pf (Liu et al.,
1993). A differential role of specific Pf cell types in nociception might explain how ablation
of Pf in humans results in a selective reduction in the emotional (affective) component of pain
(Uematsu et al., 1974; Whittle and Jenkinson, 1995; Young et al., 1995a; Young et al.,
1995b) whereas high-frequency stimulation of Pf induces intense pain (Sano et al., 1966;
Velasco et al., 1998). However, any distinction between the functional role of Type | and Type
I1 Pf cells awaits further characterization of their anatomical connectivity and pharmacological
response profile. Furthermore, it is unclear how the two Pf cell types described here correspond
to the various Pf cell types defined using extracellular recording methods (Andersen and Dafny,
1983).
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Developmental changes in intrinsic membrane and AP properties

The RMP, Rin and time-constant values of Pf cells as a whole were already established at
approximately adult levels by PN 12. There were only minor changes evident in these
characteristics during the PN 12—30 period that primarily reflected an apparent decrease in the
variances around the means, especially after the first postnatal period studied (PN 12-17). Most
of these changes appeared to reflect developmental changes in Type Il cells, supporting the
fact that Type | neurons appeared to be more developmentally mature than Type I cells. In
addition, Type I cells had significantly higher Rin and time constant values compared with
Type 1l cells, which indicates that they may be larger. Moreover, the overall RMP, Rin and
time-constant values in Pf cells were not remarkably different than those reported for neurons
in thalamic nuclei of other rodents (Avanzini et al., 1989; Hernandez-Cruz and Pape, 1989;
Goaillard and Vincent, 1992; Velazquez and Carlen, 1996; Macleod et al., 1997; Warren and
Jones, 1997; Perez Tennigkeit et al., 1998; Li et al., 2003) or Pf in adult guinea pig (Jahnsen
and Llinas, 1984a; Jahnsen and Llinas, 1984b; Sugiyama et al., 1992a).

In parallel with the modest changes observed in the passive membrane properties of Pf cells,
we found substantial developmental changes in AP properties during the developmental period
studied. Although the threshold for AP generation did not appear to change significantly in
either cell type, there were prominent changes in the AP amplitude and duration, especially in
Type Il cells. The most significant change was in the mean AP duration of Type Il cells, in
which the duration was reduced by nearly 50% during PN 12-30 period, with the greatest
decline occurring during the first week studied. This developmental decline in AP duration
might partly reflect the concomitant increase in the amplitude of the fast AHP that occurred in
Pf cells during the same period. These changes in AP properties are likely to contribute to the
developmental increase in firing frequency that we observed in Pf cells. It has been reported
that, in other thalamic nuclei, these AP properties are relatively adult-like at PN 12-14 (Perez
Velazquez and Carlen, 1996; Warren and Jones, 1997; Tennigkeit et al., 1998) but the same
properties in mouse lateral geniculate neurons only reach the adult pattern by ~PN 21 (Macleod
etal., 1997). Our data, thus, indicate that the development of AP properties in Pf exhibited a
significant developmental delay compared with neighboring thalamic nuclei in rodents.

Developmental changes in firing pattern and frequency

We identified three main AP patterns of firing for Pf cells in response to depolarizing step
pulses: single AP firing; repetitive AP firing (non-accommodating); and a decrementing
(accommodating) pattern of APs. These three patterns were not restricted to a particular cell
type or postnatal age. However, the single AP and decrementing AP patterns were primarily
evident in Type Il cells, whereas the majority of Type I cells exhibited the repetitive firing
pattern. Furthermore, the single AP and decrementing AP patterns were most prominent during
the early PN 12-17 time period studied, whereas in the older PN 18-30 time period, the
repetitive firing pattern was the dominant pattern and the single AP pattern was greatly reduced.
These changes might reflect the maturation of voltage-dependent conductances underlying AP
generation and/or a corresponding developmental change in the afferent input to Pf cells. For
example, AP-frequency accommodation mediated by calcium-activated potassium
conductances can be blocked by activation of different neurotransmitter receptors, including
acetylcholine, serotonin, norepinephrine and metabotropic glutamate receptors (Malenka et
al., 1986; Andrade and Nicoll, 1987; McCormick et al., 1991; Davies et al., 1995).
Developmental changes in neurotransmitter-specific afferent inputs to Pf during this early
postnatal period, especially as it relates to modulation of cell firing, remains an unexplored
area of research. Regardless of the underlying mechanism for the observed changes in firing
patterns, these changes reflect the substantial developmental increase in excitability that Pf
cells exhibit during the period sampled.
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The majority of Pf cells fired a series of APs during depolarizing current-pulse application and,
as expected, the frequency of this firing increased as a function of applied current step.
Although we observed a developmental increase in the amplitude of the fast AHP that normally
regulates firing frequency, we found no corresponding developmental decline in firing
frequency. On the contrary, we found additional evidence for a developmental increase in the
excitability of Pf cells during PN 12-30. For example, the slope of the instantaneous firing
frequency during the initial ISI, as well as the slope of the mean instantaneous firing frequency
during the entire depolarizing pulse, both increased in parallel with the postnatal age of the
animal regardless of cell type. The underlying ionic mechanism that is responsible for these
changes remains to be determined, but is likely to involve an interplay between several voltage-
dependent currents.

Developmental changes in voltage-gated currents

We obtained evidence indicating that several different voltage-dependent currents are
expressed by Pf cells, including the hyperpolarization-activated cation mediated Ih current, a
transient potassium-mediated la-like current, the low-threshold calcium-mediated It current,
and other rectifying membrane currents. The precise contribution of each of these currents to
the excitability of Pf cells remains to be determined through selective pharmacological
blockade. However, we did find evidence that Ih contributes to a postrebound excitation in Pf
cells. Interestingly, the overall percentage of Ih-expressing Pf cells decreased with age, along
with a corresponding decrease in the voltage-dependent slope of the amplitude of Ih. This
indicates that the contribution of Ih to overall Pf cell excitability might decline with postnatal
age (especially in Type | compared with Type 1l Ih expressing cells). Differential, age-
dependent expression of lh occurs during development in the CNS (Bender et al., 2001).
Furthermore, in some CNS neurons, there is an unequal distribution of Ih channels along the
somatodendritic tree such that distal regions of the dendritic tree have higher densities of Ih
compared with the soma and proximal dendrites (Berger et al., 2001; Lorincz et al., 2002).
Such unequal distribution along the growing dendrites of Pf cells, given the long unramifying
nature of the primary dendrites, potentially accounts for the developmental decline in the
expression and amplitude of the Ih mediated ‘sag’ in membrane potential that we observed
using sharp electrode intracellular current clamp recordings. Resolution of this issue awaits
voltage-clamp recordings, especially from the dendrites of developing Pf cells.

The developmental change in Ih expression in Pf cells was not surprising given similar
developmental changes in neuronal Ih expression elsewhere in the CNS. For example, we
reported previously that there is a developmental increase and then decrease in the percentage
of PPN cells expressing Ih over the same period (Kobayashi et al., 2004a). The functional
significance of these developmental changes in Ih-expression patterns is an area that deserves
further attention, especially in light of the diverse roles of 1h channels in regulating the
integrative and firing properties of neurons (Luthi et al., 1998; Magee, 1998; Chen et al.,
2002; Robinson and Siegelbaum, 2003). In the PPN, for example, we found that there was a
correlation between Ih expression and firing frequency such that those cells with Ih exhibited
higher mean depolarization induced firing frequencies compared with non-lh-expressing cells
(Kobayashi et al., 2004a). In the present study, we found essentially the opposite correlation,
thus, cells with Ih had significantly lower mean firing frequencies. This is consistent with the
reported role of dendritic Ih in dampening excitability. Although the overall excitability of Pf
cells increased with age, the presence of Ih did not appear to alter this general developmental
pattern. The mechanism by which Ih alters the firing frequency of Pf cells remains unknown.
The interplay between Ih channels and other voltage-dependent channels offers a number of
possibilities that must be explored. Particularly important from the aspect of thalamic function
is the reported role of Ih in preferentially regulating synchronization of fast and slow activity
(Migliore and Ferrante, 2004).
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Although we identified a significant population of Pf cells with an apparent la current, there
was no evidence of any significant developmental change in its expression with postnatal age.
The presence of la contributes to a delay in the first AP evoked during a depolarizing current
step as well as a delay in return to baseline after sufficient amplitude hyperpolarization
(Huguenard et al., 1991; McCormick and Huguenard, 1992). We found that an la-like current
was expressed in both Pf cell types, but a higher percentage of Type I cells exhibited an la-like
current compared with Type Il cells. In the population of Pf cells as a whole, the delay to first
AP during a depolarizing current step at threshold was nearly twice as long in Type | compared
with Type Il cells. This difference was most apparent when the cells were hyperpolarized to a
holding potential of —80 mV, at which la-type currents are deinactivated enabling them to be
activated to a greater degree during the subsequent membrane depolarizing test pulse
(Huguenardetal., 1991). The more noticeable presence of an la-like currentin Type | compared
with Type Il cells might be important in the differential regulation of AP firing during brief
depolarizations in the two cell types, as expected during fast excitatory synaptic responses.

Our analysis of the firing patterns of Pf cells included an investigation of developmental
differences in the rebound response patterns. We identified three patterns: cells that did not
exhibit rebound spiking (‘No Spike’ cells); cells that exhibited a rebound LTS-like response;
and cells that exhibited a non-L TS rebound spiking response. There was a developmental
change from “No Spike’ cells to ‘non-LTS spiking’ cells during the early portion of the period
studied. Our data indicates that the non-L TS spiking response might be driven by residual Ih
currents during the rebound depolarization. Similar contributions of Ih to rebound responses
are described elsewhere in the CNS (Foehring and Waters, 1991; Rekling et al., 1996; Koch
and Grothe, 2003). The developmental shift in firing patterns that we observed might simply
reflect maturation of conductances underlying AP generation, or an increase in Rin because
we saw no corresponding increase in Ih expression. In contrast to the Ih-driven, non-LTS-
induced rebound response, thalamic relay neurons typically exhibit a noticeable LTS
component of the rebound response that drives slow rhythmic oscillations (Huguenard et al.,
1991; McCormick and Huguenard, 1992). It is reported that thalamic relay neurons have an
adult-like expression of It by PN 14 and so are capable of repetitive oscillations early in
postnatal development (Hernandez-Cruz and Pape, 1989; Perez Velazquez and Carlen, 1996;
Warren and Jones, 1997; Tennigkeit et al., 1998). In the intralaminar Pf nucleus, however, we
found that the It current that underlies the LTS response was present in a minority of cells,
regardless of postnatal age. Furthermore, the amplitude of these LTS responses was usually
lower than that in neighboring thalamic relay nuclei. In most cells, the LTS only evoked a few
APs, whereas in some cells it failed to evoke any APs. Similar failures have been noted in early
developing thalamic neurons and even in some adult neurons (Warren and Jones, 1997). The
lower amplitude of the LTS in Pf cells likely underlies the reduced number of APs given the
known relationship between LTS amplitude and AP number in thalamic neurons (Zhan et
al., 2000). It is not known if there is a difference in the density, conductance or isoforms of It
channels in Pf cells compared with other thalamic relay neurons.

The reduced amplitude of the LTS might also reflect the long unramifying nature of the
proximal dendritic tree of Pf cells. If, for example, It channels in Pf cells are distributed
primarily distally within the region of terminal dendritic branching, then the amplitude of such
conductances would necessarily appear lower in amplitude in our somatic recordings. By
contrast, a similar distribution in thalamic relay neurons might result in a higher conductance
measured at the soma because of the more compact nature of the bushy dendritic trees of these
neurons. Future experiments to define the distribution of voltage-gated channels along the
somatodendritic trees of Pf cells will help resolve this issue. The degree to which Pf cells
express la might also be important in this regard because dendritic la reduces It (Pape et al.,
1994). Pharmacological studies using specific channel blockers are needed to explore this
possibility.
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DISCUSSION

Lack of bipotential firing in Pf cells
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In the classic description of the properties of thalamic neurons, nearly all of the 650 cells
recorded in guinea pig thalamus (21 of which were in Pf or neighboring parts of the caudal
thalamus) exhibited a similar ‘bipotential firing pattern’ characterized by the presence of
prominent low-threshold calcium spike (LTS)-mediated burst firing (Jahnsen and Llinas,
1984a; Jahnsen and Llinas, 1984b; Jahnsen and Llinas, 1984c). That is, the cells fired in a tonic
mode at depolarized levels and a burst mode at hyperpolarized membrane potentials. However,
two of the 650 cells reported in that study lacked this distinct firing pattern, had no LTS and
exhibited AP accommodation. These two cells were located in the posterior thalamus and in
the lateral nucleus. The majority of Pf cells in our study exhibited firing properties similar to
these two ‘atypical’ thalamic neurons in that they lacked prominent bipotential firing patterns.
Even in the minority of Pf cells that did have an LTS-like response, the amplitude of this
response was lower than in neighboring regions of the thalamus and only supported the
generation of few APs. Changes in the holding potential of Pf cells did little to alter the overall
firing pattern of the cells. Not surprisingly, therefore, none of our Pf cells displayed repetitive
slow oscillations and they lacked the prominent plateau potentials that characterize classic
thalamic relay neurons (Jahnsen and Llinas, 1984a; Jahnsen and Llinas, 1984b; Jahnsen and
Llinas, 1984c). This indicates that cells in Pf have different firing properties than cells in
neighboring regions of the intralaminar thalamus that do express rhythmic high frequency
bursting behaviors (Steriade et al., 1993).

This finding, coupled with the apparent maturational delay in Pf intrinsic membrane and AP
properties, raises significant questions as to the exact role that the Pf plays in the development
of overall thalamic function given that synchronous thalamic oscillations appear to develop
soon after the second week postnatally (Mares et al., 1982). There are several potential reasons
that should be considered when trying to explain these differences in oscillatory potential of
Pf cells compared with thalamocortical relay cells. First, we used a parasagittal slice
preparation rather than transversely cut slices typically used in most studies. It is important to
note that the somatodendritic morphology of the biocytin labeled Pf cells appeared relatively
intact in our parasagittal slices. This indicates that the unique electrophysiological properties
reported here do not reflect an artifact due to significant loss of dendritic arbors as a
consequence of the parasagittal plane of sectioning. Second, although unlikely, we cannot rule
out the possibility that the unique firing properties of Pf cells in this study reflected a loss of
some intrinsic circuitry that is absent in our parasagittal slice preparation. For example, the
reticular thalamus-Pf reciprocal circuitry is not likely to be retained in our slice preparation
(especially in the parasagittal oblique oriented slices). It has been reported that reticular
thalamic lesions in vivo result in significant decreases in Pf firing properties measured using
extracellular recording techniques (Pollin et al., 1997). Moreover, spindle oscillations are
abolished in thalamic neurons disconnected from the reticular thalamus (Steriade et al.,
1985). Although the intracellular correlates of these changes in firing rates are unknown, it
could underlie some of the differences we observed in this study, particularly with respect to
the absence of repetitive oscillations. Third, our study concentrated on characterizing the
postnatal development of Pf cells after thalamic relay neurons were mature. Unlike other
thalamic nuclei cells that have been reported to be relatively mature by PN 14, we found that
the postnatal development of Pf cells lagged behind (especially in Type 1 cells). The AP firing
properties of Pf cells were still maturing up to the end of the first postnatal month, coinciding
with the end of REM sleep development. However, it is unlikely that significant changes
occurred after that time period since even those Pf cells that we recorded up to age PN 50
displayed the same type of general pattern of electrophysiological properties as cells at PN 30.
Finally, it could simply be that the caudal region of medial Pf sampled in the present study
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represents a functionally unique part of the intralaminar thalamus that possesses cells with
distinct electrophysiological properties compared with other thalamocortical relay neurons.
Interestingly, some of the properties of Pf cells are remarkably similar to those of thalamic
interneurons including prominent AP accommodation, reduced It and slow ADPs (Pape and
McCormick, 1995; Williams et al., 1996; Zhu et al., 1999). A difference in the
electrophysiological properties of intralaminar Pf cells would not be unusual compared with
thalamic relay neurons because higher-order thalamic neurons in the rat exhibit distinct
properties compared with first order relay cells (Li et al., 2003).

Functional significance

The most intriguing finding of this study is that cells in the Pf represent a unique set of
intralaminar neurons that differ dramatically from thalamic relay cells. Thus, the long
recognized difference between the somatodendritic morphology of Pf and thalamic relay
neurons might also extend to differences in their electrophysiological properties. One of the
most prominent differences is the absence of rhythmic oscillatory firing in the Pf cells recorded
in this study. This might be a reflection of the reduced or absent It current in Pf versus thalamic
relay neurons. In addition, we found a reduced expression and apparent developmental decline
in the manifestation of Ih in the same cells. The interplay between these two conductances
underlies slow oscillations in thalamic relay neurons (Llinas, 1980; Huguenard and
McCormick, 1992; McCormick and Huguenard, 1992). It is tempting to speculate that perhaps
the contribution of It and Ih conductances to Pf cell physiology may change in certain disease
states. Several studies have reported changes in the firing properties of Pf cells after
deafferentation, such as the loss of intrathalamic and ascending sensory projections (Rinaldi
etal., 1991; Pollin et al., 1997; Vaculin et al., 2000). It would be interesting if there were
increases in both the expression and/or efficacy of It and Ih channels in Pf cells after
deafferentation, or in certain disease pathologies or aberrant developmental paradigms, such
that a switch occurs in the electrophysiological properties of these cells results in the expression
of a more classic oscillatory thalamic neuron physiology. Interestingly, it has been reported
that cells in Pf exhibited a bursting pattern after lesions of the thalamic reticular nucleus, while
control cells did not exhibit the same pattern (Pollin et al., 1997). Unfortunately, the
intracellular correlates of such changes in firing pattern have not been investigated. It is possible
that the contributions of It and Ih channels to Pf cellular physiology may be altered in response
to developmental or state-dependent differences in afferent inputs since both channels are
regulated by various neurotransmitters. Of particular importance in this regard will be the
effects of the cholinergic inputs to the Pf from the PPN nucleus.

The caudal intralaminar thalamic nuclei, including Pf and CL, represent the main thalamic
target of the brainstem PPN nucleus (Steriade and Genn, 1982; Sugimoto and Hattori, 1984;
Sofroniew et al., 1985; Scarnati et al., 1987; Hallanger and Wainer, 1988; Grunwerg et al.,
1992; Erro et al., 1999; Oakman et al., 1999; Capozzo et al., 2003). These two nuclei, in turn,
project to the cerebral cortex and basal ganglia structures (Steriade and Glenn, 1982; Jones,
1985; Sadikot et al., 1990; Bentivolgio et al., 1991; Sadikot et al., 1992; Otake and Nakamura,
1998; Rudkin and Sadikot, 1999; Erro et al., 1999; Lai et al., 2000; Jones, 2002; van der Werf
et al., 2002). As such, ascending PPN inputs to these regions are likely to play an important
role in regulating the sleep/wake cycle and in coordinating motor activity. In this regard, we
have previously demonstrated that stimulation of the PPN elicits a prolonged response in cells
in both of these regions (Kobayashi et al., 2004a). However, differences in the frequency
dependence of firing induced by different trains of PPN stimuli (10 vs 60 vs 90 Hz) in these
two nuclei indicate that they differ in the manner in which they relay PPN information to the
cortex and basal ganglia (Kobayashi et al., 2004a).
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This study represents a comprehensive study of the changes in electrophysiological properties
of cells in the rat Pf intralaminar thalamic nucleus from the age at which thalamic relay neurons
appear to reach maturity to the period during and after the developmental decrease in REM
sleep. It has been suggested that REM sleep has the biological function of serving to direct the
course of brain maturation (Marks et al., 1995). This is in keeping with evidence that indicates
that activity-dependent development might be a widespread mechanism that directs neural
connectivity throughout the brain (Llinas, 1984; Marks et al., 1995). Under this hypothesis,
REM sleep could provide endogenous stimulation at a time when the brain has little or no
exogenous input. Brainstem activation could contribute to the maturation of thalamocortical
pathways. Therefore, the characteristics of electro-physiological properties of Pf neurons
during this time are important to the understanding of REM sleep development.

In the rat, the critical period during early postnatal development in which the duration of REM
sleep decreases corresponds to the PN 10-30 period (Jouvet-Mounier et al., 1970). We have
previously demonstrated that PPN neurons undergo dramatic differences in responsiveness to
various neurotransmitters such as kainate, NMDA and serotonin, as well as intrinsic membrane
properties during this time (Kobayashi et al., 2003; Kobayashi et al., 2004a; Kobayashi et
al., 2004b). The results of the present study indicate that neurons in the intralaminar Pf also
undergo significant changes in excitability and AP properties during the same critical period.
Just how the PPN-Pf pathway participates in the regulation of waking and REM sleep remains
to be determined. It will be interesting to determine, for example, if the PPN projects to different
populations of Pf cells. All Pf neurons in the rat represent projection neurons (Benson et al.,
1992), but there is a distinct topographical organization of the projection of medial versus
lateral Pf cells (Feger et al., 1994; Vercelli et al., 2003; Yasukawa et al., 2004). However, we
do not know if the activity of Type I and Type Il cells affect different forebrain targets. The
apparent earlier maturation of Type | cells may indicate that they subserve some earlier
maturing function, while Type Il cells may play a larger role in later maturing events. It will
be important to know how these properties change in various disease processes and perhaps
contribute to the dysregulation of the sleep/wake cycle (Llinas et al., 1999; Llinas et al.,
2001; Llinas and Ribary, 2001).

Thalamocortical dysrhythmia (TCD) appears to be the source for a number of neurological and
psychiatric conditions, including neurogenic pain, tinnitus depression and Parkinson’s Disease
(Llinas et al., 2001). The primary factor for the generation of TCD may be prolonged
hyperpolarization due to disfacilitation (Curro Dossi et al., 1992) or over-inhibition of thalamic
neurons (Jeanmonod et al., 2001). This state is characterized by the production of excessive
LTS bursting in humans, not in anterodorsal or ventroposterior thalamus (Radhakrishnan et
al., 1999), but rather in the posterior Pf and CM (Jeanmonod et al., 2001). This region, as
described above, appears to be equivalent to the medial and lateral Pf in the rat (Jones, 1985),
the same region sampled in the present studies. This is precisely the region to which small
stereotaxic lesions are directed in order to alleviate the symptoms of these disorders
(Jeanmonod et al., 2001). Our results indicate that, for TCD to occur, the firing properties of
Pf neurons must undergo marked changes, given the paucity of LTS-like bursting observed in
intact animals. Further studies will be required to identify the potential mechanisms underlying
such changes under pathological conditions, studies which will depend greatly on the
descriptions of intact Pf neurons reported herein.
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Thalamic Relay Neuron

Pf neuron  40um Pf neuron

Fig. 1. Recording location and Pf cell morphology

(A) Photomicrograph of the parasagittal slice used to record Pf neurons, as viewed under a
dissecting microscope. Recordings were restricted to within the confines of the dotted outline
surrounding the fasciculus retroflexus (FR). (mml, medial medullary lamina). (B) Example of
a biocytin labeled thalamic relay cell located rostral to Pf in the parasagittal slice. The inset
shows the large amplitude LTS that characterize such cells. (C, D) Two biocytin-injected cells
with the long unramified dendrites of Pf cells compared with the compact bushy dendritic trees
typical of neighboring thalamic relay neurons (as in B). Calibration bars: A, 500 um (inset:
vertical 40 mV; horizontal 100 ms); B-D, 40 pum).
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(A, B) Shape of action potentials (APs) exhibited by representative Type | (A) and Type Il (B)
cells. Each cell type had a fast AP AHP, but only Type | cells exhibited a prominent slow AHP.
Calibration bars: vertical 30 mV; horizontal 30 ms. (C) Fast AHP amplitude plotted as a
function of age and cell type. Type | cells (open circles), Type 11 cells (filled circles) in this
and subsequent figures. (D) Slow AHP amplitude of Type I cells plotted as a function of age.
(E) Fast AHP:slow AHP amplitude in individual Type I cells plotted as a function of age. The
solid line represents the regression line. (F) Comparison of the mean AHP amplitude ratio (fast
AHP:slow AHP) in early postnatal Type I cells grouped into six postnatal day periods (mean

+S.E., *P <0.05, **P < 0.01).
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Fig. 3. Developmental changes in the intrinsic membrane properties of Pf cells

The (A) resting membrane potential (RMP), (B) input resistance (Rin), and (C) membrane time
constant are plotted as a function of age and cell type. Note overlapping properties and
consistency across development.
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Fig. 4. Non-linearity in the current-voltage (I-V) relationship of Pf cells

(A) Representative current-clamp recordings from a PN 12 Pf neuron in response to a series
of hyperpolarizing current pulses (0.1-0.9 nA). This cell exhibited a prominent
hyperpolarization-activated (Ih) current reflected as a depolarizing ‘sag’ in the membrane
potential (left side). The voltage-dependence of Ih is reflected by the difference between the
peak (solid circle) and plateau (open circle), I-V plots for this cell are shown on the right. (B)
Representative recordings from a PN 18 Pf cell that lacked an Ih current (left side). Note the
absence of any difference in the peak and plateau, which is reflected in the 1-V plot on the
right side. The cells in A and B have a non-1h inward membrane rectification reflected by the
deviation of the peak (solid circle) in the I-V plots at hyperpolarized membrane potentials
compared with the linear portion of the I-V plot shown by the dotted line. Calibration bars:
vertical 40 mV; horizontal 150 ms. (C) The late developing inward rectifying Ih current in this
PN 15 Pf cell (left side) was blocked by ZD-7288 (30 uM) (right side) indicating that it
represented an Ih current. Note the absence of rebound depolarizing action potentials once the
Ih current had been blocked (compare left vs right arrows). Calibration bars: vertical 20 mV;
horizontal 100 ms.

Thalamus Relat Syst. Author manuscript; available in PMC 2009 March 19.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

PHELAN et al.

Page 30

PNI12-17 PNI18-23 PN24-30

|

Mean Ih slope i(imV/nA)

Percent Cells with 1h

All cells Typel Type 1l

[] Type 1 cells
; y B 1ype 1l cells

Percent Ih Expressing Cells

Ih amplitude (mV) (0.9 nA step)

PN12-17 PNI8-23 PN24-30 PN12:17 PN18-23 PN24-30

Fig. 5. Developmental changes in hyperpolarization-activated (1h) currents in Pf cells

(A) Mean slope of the Ih voltage deflection plotted as a function of age group (mean £S.E.).
(B) Comparison of the percent of Ih-expressing cells in the total Pf population compared with
the percentage in Type | and Type Il cells. (C) Maximum Ih amplitude measured in response
to a 0.9 nA current step plotted as a function of age group (mean £S.E.). (D) Percent of Type
I and Type Il cells expressing Ih plotted as a function of age group.
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Fig. 6. Developmental changes in the rebound firing patterns displayed by Pf cells

(A) Examples of the three types of rebound responses seen in Pf cells: No spike (top); low-
threshold spike (LTS)-like spiking (middle); and non-LTS spiking (bottom). (B) Distribution
of Type I and Type |1 cells with respect to the rebound response pattern. (C) Developmental
changes in rebound response pattern plotted as a function of age group. LTS (filled bars), non-
LTS spiking (shaded bars) and no spike (open bars). Note developmental decrease in no spike
cells.
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Fig. 7. Transient potassium (la-like) current expression in developing Pf cells

(A) Delay to first spike (la-like current effect) plotted as a function of postnatal age and cell
type. The delay was measured in response to threshold depolarizing current steps from a
holding potential of —60 mV. (B) Comparison of the mean delay to first spike in Type I and
Type 1l cells plotted as a function of age group. (C) Sorted graph of the delay step to the return
to baseline membrane potential following a 0.5 nA hyperpolarizing current step in cells held
at —60 mV. Three groups [short delay, open circles; medium delay, filled circles; and long
delay, open squares) could be discerned on the basis of population regression lines. See text
for description of the three delay groups. Points at the intersections have been deleted for clarity.
(D) Percent distribution of Type | and Type Il cells plotted as a function of the three different
return to baseline delay groups. Inset: The contribution of Type | and Type I cells to each
delay group. (E) Distribution of cells in the three different return to baseline delay groups
plotted as a function of age. (F) Representative examples of the three different return to baseline
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delay patterns in Pf cells. Short delay, PN 19 cell, top recording; medium delay, PN 12 cell,

middle recording; long delay, PN 33 cell, bottom recording. Arrows mark the point of return
to baseline. Calibration bars: vertical 20 mV; horizontal 100 ms.
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Fig. 8. Developmental changes in the AP properties of Pf cells

The (A) AP threshold, (B) AP amplitude, and (C) half-amplitude AP duration are plotted as a

function of age and Pf cell type.
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Fig. 9. Developmental changes in depolarization-induced firing patterns in Pf cells
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(A) Examples of three types of firing patterns displayed by Pf cells: Single spike (SS) (top);
decrementing or accommodating spikes (DS) (middle); and repetitive spikes (RS) (bottom).
(B) Distribution of Type I and Type Il cells with respect to the pattern of depolarization induced
firing. (C) Distribution of Type I and Type Il cells as a percentage grouped by firing pattern.
The part of each bar above the horizontal line represents the contribution of Type | cells and
that below the line indicates Type Il cells. Single spike (SS, open bars); decrementing or

accommodating spike (DS, hatched bars); repetitive spikes (RS, shaded bars).
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Fig. 10. Voltage-dependence of cell firing in Pf cells

(A) Voltage-dependent changes in the firing pattern of a representative Type | repetitively
firing cell in response to a single depolarizing current step. Note the absence of any low
threshold calcium spike (LTS), the increase in delay to first spike, and the apparent decrease
in spike threshold as the membrane was hyperpolarized from —58 mV to —81 mV. (B) Voltage-
dependent changes in firing pattern of a representative Type Il cell. Note the slowing of cell
firing as the membrane was hyperpolarized from —48 mV to —80 mV. The burst firing seen at
the beginning of the step at —80 mV appears to be generated by a LTS-like response. (C)
Response of a PN 15 single spike firing Pf cell to changes in membrane potential from —60
mV to —81 mV. Note the absence of cell firing at —66 mV and it exhibited only a single spike
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when held at more hyperpolarized levels. The hyperpolarizing membrane rectification
observed during the depolarizing current step appeared to be largely voltage-independent. (D)
Voltage-dependence of the rebound response from a PN15 cell. Note the loss of the LTS-like
response at —61 mV as the membrane potential was hyperpolarized to —81 mV. Calibration
bars: vertical 40 mV; horizontal 300 ms.
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Fig. 11. Developmental changes in the voltage-dependence of cell firing in Pf cells

(A) Comparison of the instantaneous firing frequency for the initial interspike interval (I1SI)
plotted as a function of depolarizing current step in Type I and Type Il cells (mean = S.E.). (B)
Mean slope of the instantaneous firing frequency of the first ISI in Type I and Type |1 cells
plotted as a function of age. (C) Comparison of the mean instantaneous firing frequency for
all ISls plotted as a function of depolarizing current step in Type | and Type I cells. (D) Mean
slope of the instantaneous firing frequency for all 1Sls in Type | and Type |1 cells plotted as a
function of age.

Thalamus Relat Syst. Author manuscript; available in PMC 2009 March 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

PHELAN et al.

J,L,J,

W)

* )
I8

JJJJJ.U Y
JULLLLL o

) JJJJJJ
UJJJ

40

3

%
-

Instantaneous Firing
Frequency (Hz)
ot

o
.
.

*

-60 mV -80 mV
0L
JJ 0.6 nA (0) UJJ) LA /')1 0.6 nA )
] { \
\ 4 e e et
0.5nA &) ,UJJJJ_J/ 0.5nA ©
] M
LU
0.4 nA (o) / ”)J"/N‘ 0.4 nA (&)
\__,______M__. J
0.3 nA (a) /[ JJ\)\* 0.3nA ™
of
0.2nA @ P\) 0.2nA (@
| e R S ¥ \M—
Y
0.1 nA @) /‘\ﬁ__, 0.1 nA
|30m\'
100ms D
-4
s 9
£z
gL
4:? :".-:.a ,f; n.:“’;,e:xc.,.“( _=. : e " T —
Time (ms) Time (ms)

Page 39

Fig. 12. Voltage dependence of instantaneous firing frequency in a representative repetitively firing

Pf cell

(A, B) AP firing in response to increasing depolarizing current steps recorded at holding
potentials of —60 mV (A) and —80 mV (B). (C, D) Plots of the instantaneous firing frequency
taken from the recordings in A and B, respectively. This repetitively firing cell exhibited an
initial burst (top arrow) during the first 50 ms of the depolarizing current steps followed by a
sustained response regardless of the holding potential. Note the appearance of a LTS (bottom
arrow) with a significant delay at —80 mV compared with —60 mV. This cell was a Type | PN
25 neuron. Calibration bars: vertical 30 mV; horizontal 100 ms.
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Fig. 13. Voltage dependence of instantaneous firing frequency in a representative accommodating
Pf cell

(A, B) Action potential firing in response to increasing depolarizing current steps recorded at
holding potentials of —60 mV (A) and —80 mV (B). (C, D) Plots of the instantaneous firing
frequency taken from the recordings in A and B, respectively. Note the similar pattern of spike
accommodation in this cell regardless of the holding potential. This cell was a Type Il PN 25
neuron. Calibration bars: vertical 30 mV; horizontal 100 ms.
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Fig. 14. Depolarization induced ADPs following PPN-stimulation-evoked responses

(A) A representative, repetitively firing Type | PN 19 Pf cell exhibiting a depolarization
induced ADP. Note that the amplitude of the ADP increased slightly as a function of
depolarizing current step but was not sufficient to induce cell spiking. (B) A Type | PN 17 Pf
neuron in which stimulation of the PPN (80 V, 60 Hz, 1 sec) evoked a similar small amplitude
depolarization that could induce action potential firing when stimulated at higher frequency
(100 Hz). Calibration bars: vertical 40 mV; horizontal 200 ms.
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