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Differences in Response to Serotonergic
Activation between First and Higher Order
Thalamic Nuclei

Two types of thalamic nuclei have been recognized: first order,
which relay information from subcortical sources, and higher order,
which may relay information from one cortical area to another. We
have recently shown that muscarinic agonists depolarize all first
order and most higher order relay cells but hyperpolarize
a significant proportion of higher order relay cells. We now extend
this result to serotonergic agonists, using rat thalamic brain slices
and whole-cell, current- and voltage-clamp recordings from relay
cells in various first order (the lateral geniculate nucleus, the
ventral posterior nucleus, and the ventral portion of the medial
geniculate body) and higher order nuclei (the lateral posterior, the
posterior medial nucleus, and the dorsal portion of the medial
geniculate body). Similar to the effects of muscarinic agonists, we
found that first and most higher order relay cells were depolarized
by serotonergic agonists, but 15% of higher order relay cells
responded with hyperpolarization. Thus different subsets of higher
order relay cells are hyperpolarized by these modulatory systems,
which could have implications for the transfer of information
between cortical areas.
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Introduction

Thalamic relay nuclei have been divided into first and higher
order (Guillery 1995; Fig. 1A4). First order nuclei relay
information from the periphery to cortex (e.g., the lateral
geniculate nucleus, which relays retinal input), whereas higher
order nuclei may relay information already in cortex from one
area to another (e.g., the pulvinar, which appears to be part of
a cortico-thalamo-cortical circuit emanating from layer 5 of the
source cortical area). The first order nuclei include the lateral
geniculate nucleus, the ventral posterior nucleus, and the
ventral portion of the medial geniculate body; the higher order
nuclei include the lateral posterior nucleus, the posterior
medial nucleus, and the dorsal portion of the medial geniculate
body. For details of these and other examples, see Guillery
(1995) and Guillery and Sherman (2002).

In addition to the main input to be transmitted to cortex, relay
cells in both first and higher order nuclei receive a large number
of afferents known as modulators, which operate to affect the
nature or amount of information relayed to cortex (Sherman and
Guillery 1998, 2005). Examples of modulators are the glutama-
tergic layer 6 feedback from cortex, cholinergic, noradrenergic,
and serotonergic inputs from brainstem, and histaminergic
inputs from the hypothalamus (Guillery and Sherman 2002).
Evidence of differences between first and higher order nuclei
has been accumulating, and many of these relate to modulatory
inputs. For instance, there is evidence that higher order nuclei
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receive a higher percentage of synapses from modulatory inputs
than do first order nuclei (Wang et al. 2002; Van Horn and
Sherman 2007), the zona incerta and anterior pretectal nucleus
provide inputs using y-aminobutyric acid (GABA) as a neuro-
transmitter to higher order relay cells but little or no innervation
to first order relays (Bartho et al. 2002; Bokor et al. 2005),
dopaminergic inputs appear to target higher order relays fairly
selectively in the monkey (Sinchez-Gonzilez et al. 2005), and
activation of muscarinic receptors depolarizes all first order relay
cells but hyperpolarizes a significant group of higher order relay
cells (Mooney et al. 2004; Varela and Sherman 2007).

Interestingly, activation of serotonergic receptors in vitro
has been reported to either hyperpolarize or depolarize relay
cells in different thalamic nuclei, but the extent to which these
results correlate with the first and higher order nature of the
relays has not been explored. The serotonergic afferents to the
thalamus originate in the medial and lateral divisions of the
dorsal raphé nucleus (De Lima and Singer 1987; Vertes 1991;
Gonzalo-Ruiz et al. 1995; Kirifides et al. 2001) and in the
median raphé nucleus (Vertes et al. 1999; Gonzalo-Ruiz et al.
1995). The function of serotonergic projections to the
thalamus is far from understood. Serotonergic centers have
been implicated in a variety of functions, including a role in
anxiety-related behaviors (Hornung 2003, Abrams et al. 2004)
and, in coordination with other modulatory systems of the
brainstem, they are important in generating the various stages
of the sleep-wake cycle (Steriade and McCarley 2005).

The most extensive study to date on the effects of serotonin
(5-HT) across thalamic nuclei suggests that higher order relays
may be primarily hyperpolarized by 5-HT (Monckton and
McCormick 2002; in ferrets), but the sample sizes were limited
in first order nuclei. We sought to determine the effect of 5-HT
in first and higher order thalamic nuclei and to compare it with
the effect of muscarinic agonists.

Methods

Preparation of Slices

All of our procedures followed the animal care guidelines of The
University of Chicago. Brain slices were prepared from Sprague-Dawley
rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN) of (in most cases)
11-18 days postnatal age; this age range optimizes the visualization of
cells for the patch-clamp recordings and ensures functional properties
similar to the adult rat (Ramoa and McCormick 1994). Animals were
anesthetized within a few seconds by being placed in a glass chamber
with a gauze soaked in isofluorane (AErrane, from Baxter Pharmaceu-
tical, Inc., Deerfield, IL). Once the hind limb withdrawal reflex was
absent, the animal was decapitated and the head submerged into an icy
solution of artificial cerebrospinal fluid (ACSF, composed of, in mM: 126
NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH,POy, 2 MgCl,, 2 CaCl,, and 10
glucose). The brain was removed in about 40s, blocked into a cube
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Figure 1. (A) Schematic representation of thalamocortical driver connections (black arrows) and 2 brainstem modulatory thalamic afferents (colored arrows) for first order (FO)
and higher order (HO) thalamic relays. Brainstem cholinergic (ACh) and serotonergic (5-HT) centers are schematically indicated. (B) Niss! stain of typical coronal slices used in our
experiments. Top, slice including auditory thalamus with expanded: MGBd, dorsal portion of the medial geniculate body; MGBv, ventral portion of the medial geniculate body.
Bottom, slice including visual and somatosensory thalamus with expanded inset: LGN, (dorsal) lateral geniculate nucleus; LP, lateral posterior nucleus; POm, posterior medial

nucleus; VP, ventral posterior nucleus.

containing the thalamus, and glued (with instant Krazy Glue) onto the
platform of a motorized vibratome (from WPI, Inc., Sarasota, FL); the
platform was submerged into icy ACSF (continuously bubbled with
a mixture of 95% O, and 5% CO,), and 4-8, 400-um-thick coronal slices
with the nuclei of interest were obtained. The slices stayed in a beaker
containing bubbled (95% O, and 5% CO,) ACSF at 30 °C for about 30
min, then were kept at room temperature for the duration of the
experiment. Individual slices were transferred to the recording
chamber when needed.

Several experiments were performed in older animals (5-7 weeks).
Given the technical difficulties associated with patch-clamp recordings
in rats older than about 2 or 3 weeks (e.g., slow brain removal which
can decrease cell quality, impaired cell visualization), some modifica-
tions were adopted in order to preserve cell quality and visibility in
these experiments. Older animals (5-7 weeks) were deeply anaesthe-
tized with a mixture of ketamine-xylazine (66 and 33 mg/kg,
respectively). The animals were then transcardially perfused with 3
mL of a chilled (4 °C) sucrose-ACSF solution, consisting of (in mM):
206 sucrose, 2.8 KCI, 1 MgCl,, 1 CaCl,, 2 MgSOy, NaH,PO,, NaHCO3, 10
glucose, and 0.4 ascorbic acid. The brain was then removed (the
perfusion plus removal of the brain were performed in 3-4 min) and
sectioned at 300 pm while submerged in oxygenated sucrose-ACSF.
The slices were obtained as described for the younger animals and
placed in a chamber with normal ACSF. The goal of the sucrose-ACSF
perfusion was 2-fold: perfusing the brain before slicing facilitated the
visual localization of cells under the microscope (likely because of the
clearance of the blood vessels). In addition, the substitution of NaCl for
sucrose in the solution has been suggested to prevent swelling and lysis
of brain cells during slice preparation (Aghajanian and Rasmussen
1989). The presences of ascorbic acid and of a low concentration of
calcium are additional measures intended to improve cell viability by
preventing oxidative damage and synaptic neurotransmitter release.

Intracellular Recordings
The data were gathered from current-clamp and continuous single
electrode voltage-clamp recordings obtained in the whole-cell config-
uration from thalamic relay cells in 6 nuclei: 3 first order (the lateral
geniculate nucleus, the ventral posterior nucleus, and the ventral
portion of the medial geniculate body) and 3 higher order (the lateral
posterior nucleus, the posterior medial nucleus, and the dorsal portion
of the medial geniculate body). The liquid junction potential has not
been subtracted from membrane potential values; it was calculated to
be 12.6 mV with the solutions used in our experiments based on the
junction potential calculator in Clampex (Molecular Devices).
Recordings were made in a standard visualized patch-clamp recording
rig using a Zeiss microscope to help patch cells from the target nuclei
(model Axioskop FS, Carl Zeiss, Inc., Thornwood, NY). A slice was kept in

a chamber (located in the light path of the microscope) that had a volume
of about 700 pL; the inflow rate of ACSF (warmed to 30 + 2 °C before
entering the chamber with a temperature controller from Warner
Instruments, Hamden, CT) was kept at about 2 mL/min. The whole-cell
configuration was achieved using glass micropipettes (pulled from
borosilicate glass from Garner Glass, Claremont, CA) with tip resistances
of 4-8 MQ. The micropipette solution contained (in mM): 117 KGluconate,
13 KCl, 10 (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid ) (HEPES),
2 Na,ATP, 04 NazGTP, 1 MgCl,, 0.07 CaCl,, and 0.1 ethylene glycol
tetraacetic acid (EGTA). Only one cell was recorded in each slice.

After achieving the whole-cell configuration, each cell was injected
with a set of negative and positive square current pulses of at least
400-ms duration and at different intensities. The recorded responses
were used to verify the viability of the cell. Unstable cells (e.g., with
shifting resting membrane potential) were discarded, as were cells with
input resistance lower than 100 MQ and cells with access resistance
higher than 30 MQ.

The recorded signals were amplified and filtered (30 kHz) with
a Multiclamp 700B amplifier (Axon Instruments, Union City, CA). Data
were acquired at 10 kHz, digitized using the AD converter Digidata
1440A from Axon Instruments, and recorded with software purchased
from Axon Instruments (Clampex 8.2). Clampfit 8.2 (Axon Instruments)
and Matlab (7.1 R14, The Mathworks, Inc., Natick, MA) were used for
quantification and statistical analysis. Sample size, mean, and standard
deviation were used to characterize each group of data. The underlying
distribution of the parameters quantified was frequently difficult to
determine, and nonparametric tests were chosen for sample compar-
isons: the y” test or the Fisher exact test (when the expected frequencies
for z* were less than 5) were used to compare the frequencies of
observed effects among nuclei; the 2-tailed Wilcoxon-Mann-Whitney
test, to compare the distributions of 2 unpaired samples; the 2-tailed
Wilcoxon signed rank test, for 2 sample paired comparisons; the Kruskal-
Wallis test was used when more than 2 groups were compared; and the
Brown-Forsythe, to test the homogeneity of group variances.

Pharmacological Agents

All drugs were bath applied. 5-Hydroxytryptamine hydrochloride (5-HT
at 100 uM) or acetyl-B-methylcholine (MCh, at 250 pM) were bath
applied for 20-40 s and the response recorded for 5-10 min (with a so-
called gap-free protocol in Clampex). When used, antagonists were
bath applied during at least 10 min previous to the application of the
agonist to ensure effective antagonism. Drugs were purchased from
Sigma-Aldrich (St Louis, MO): 5-hydroxytryptamine hydrochloride and
MCh and from Tocris (Ellisville, MO): Methysergide maleate. All drugs
were dissolved in deionized water to prepare stock solutions (stored
at -20 °C) and then diluted to the final concentrations in the ACSF
solution immediately before use.
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Histology

A Nissl stain was used to visualize the nuclei in coronal sections (Fig.
1B). Briefly, sections were obtained with a freezing microtome, dried
on subbed slides and hydrated through decreasing concentrations of
ethanol to distilled water. The sections were then submerged in cresyl
violet solution (0.5%) for 3 min, dehydrated and mounted. An Axiocam
digital color camera (Carl Zeiss, Inc.) and AxioVision software (Rel. 4.5,
Carl Zeiss, Inc.) were used to capture images of representative slices.

Results

A total of 160 thalamic relay cells with stable membrane
potential and voltage-dependent properties were used for this
study; because only one cell was recorded per slice (see
Methods), this means that the data were obtained from 160
separate slice preparations. Three cells (1 in the lateral
posterior nucleus, 1 in the posterior medial nucleus and 1 in
the dorsal portion of the medial geniculate body) were also
part of the data set reported in Varela and Sherman (2007); the
remaining data were assembled for this study. Eighteen of the
cells were recorded in older animals (5-7 weeks) and these
data will be described separately. Of the 142 cells recorded in
younger animals, there were 51 cells in first order nuclei,
which included 16 cells from the ventral portion of the medial
geniculate body, 20 from the (dorsal) lateral geniculate
nucleus, and 15 from the ventral posterior nucleus. The 91
cells in higher order nuclei of young rats included 22 from the
dorsal portion of the medial geniculate body, 35 from the
lateral posterior nucleus, and 34 from the posterior medial
nucleus. Figure 1B displays Nissl stains of coronal sections with
the thalamic nuclei used in our recordings. Some experiments
and analyses were only done in subsets of cells, and the
appropriate sample sizes for these are included in Table 1.

Overview of Effects
In 122 of the 142 cells from young animals (first and higher
order, independent of their response to 5-HT), direct current
(DC) injection was used to keep the cells at around -60 to -65
mV in order to minimize voltage-dependent effects in our
measures. A cell was considered to have a response to the bath
application of 5-HT (at 100 pM unless otherwise indicated)
whenever a change in membrane potential larger than 1 mV
occurred in the 2 min following the end of the agonist
application; the membrane potential of the cells showed an
average standard deviation of 0.512 £ 0.305 mV (measured in the
1 min before the start of the 5-HT application in 30 cells, 5 from
each nucleus), therefore, a change of 1 mV represents about
twice the standard deviation of the control membrane potential
of the cells. This occurred in 132 (93%) of the cells. Figure 24-C
displays representative examples of the responses. Figure 24
shows a current-clamp recording of a small depolarization that
we commonly observed in response to the application of 5-HT
to first order relay cells; in this case the example was from the
lateral geniculate nucleus. The downward deflections through
the recording were current pulses used to estimate input
resistance (see below). The insets below the main traces in
Figure 24-D show the response of the cell to a hyperpolarizing
and a depolarizing current pulse; the rebound activation of
a substantial Z; is typical of relay cells and distinguishes them
from interneurons (McCormick and Pape 1988).

To quantify the change in membrane potential caused by 5-
HT, we selected those cells in which the peak of the effect
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Table 1
Sample size and nucleus of origin for cells used on each experiment
First order Higher order
VP MGBv LGN POm MGBd  LP
5-HT effect 7M 6 8 18, THP, IM 12, 2HP 14, 4HP, 2M
Dose response 0 0 1 0 0 2, 2HP
Input resistance 4 6 4 10, 1 HP 9,2HP 7,3 HP
Low Ca Z* high Mg+ 3 2 6 3,1 HP 52HP 3, 3HP
5-HT versus MCh 6, INR 55NR 52NR 15, 1HP, 1M 6, 2HP 10, 3 HP, 2M
Methysergide 21M 1 1 THP THP THP

Note: Summary of sample sizes used for quantification in each of the indicated experiments
(rows; see text for details), origin of the cells in columns. HP = indicates a cell that was
hyperpolarized; M = serotonergic effect was mixed (hyperpolarization followed by
depolarization); NR = cell did not respond to 5-HT; if nothing is indicated the effect was
depolarization. Abbreviations: VP = ventral posterior nucleus; MGBv = ventral portion of the
medial geniculate body; LGN = lateral geniculate nucleus; POm = posterior medial nucleus;
MGBd = dorsal portion of the medial geniculate body; LP = lateral posterior nucleus.

could easily be identified during current-clamp recordings,
thus leaving out cells recorded only in voltage-clamp (for the
dose-response experiments below) and cells in which DC
injection was modified during the response in order to apply
current protocols (e.g., for input resistance measures, see
below); we also selected only those cells in which 5-HT was
applied during the first 30 min of recording. Cells meeting
these criteria in first order nuclei included 21 of the 41 cells
that were depolarized by 5-HT, and in higher order nuclei,
included 44 cells of the 74 depolarized and 7 of the 13
hyperpolarized by 5-HT. For these 21 first order cells, the
average depolarization at the peak of the response to 20-40 s
application of 5-HT was 4.84 * 3.82 mV (mean * SD here and
below), and the amplitude was not different among the 3 first
order nuclei (P > 0.1, Kruskal-Wallis).

Figure 2B,C show examples of responses from higher order
cells. Figure 2B illustrates a typical depolarizing response from
a lateral posterior nucleus relay cell, and the average de-
polarization for the 44 cells meeting the abovementioned
criteria was 11.52 + 7.13 mV. The size of the depolarizing
responses was significantly larger in higher than in first order
nuclei (P < 0.0001, Mann-Whitney). With the higher order
sample, the depolarizing responses were much smaller in the
14 cells from the posterior medial nucleus (7.88 * 5.97 mV)
compared with the 18 cells of the lateral posterior nucleus
(1297 £ 594 mV) and the 12 in the dorsal portion of the
medial geniculate body (15.3 * 7.89 mV; P < < 0.001, Kruskal-
Wallis). The depolarization was sometimes large enough to
evoke action potentials as shown in the example of Figure 2B
(the spikes have been truncated for presentation purposes); in
that same figure, the DC level was briefly adjusted (indicated
with an arrow here and below) to bring the membrane
potential to the control level in order to perform comparable
measurements of input resistance (see below); the upward
deflections in the last minutes of recording are due to partial
activation of Iy, which was occasionally partially de-inactivated
by the negative pulses used for testing input resistance,
although without evoking sodium spikes.

Figure 2C shows an example (taken from the lateral
posterior nucleus) of the second most frequent effect in
higher order cells: a hyperpolarizing response to 5-HT. The
hyperpolarization measured in the 7 higher order relay cells
meeting the abovementioned criteria was -11.46 £ 3.55 mV and
was followed by a small depolarization (245 * 0.77 mV).
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Figure 2. Effects of 5-HT on first and higher order relay cells. (A) Representative
example of a first order relay cell's response to 5-HT (100 puM, =30 s). Downward
deflections correspond to negative current pulses (—10 pA, 400 ms, 3-4 s between
pulses) used to measure input resistance. Below the right part of the voltage trace is
an inset showing the cell responses to steps of current injection, and similar insets

Strictly speaking this qualifies as a “mixed” response, however
we will use the term “hyperpolarizing” to refer to cells showing
an effect like that on Figure 2C, because the hyperpolarization
was clearly longer and larger than in the cells with “mixed”
response described below.

The fourth type of response (“mixed”) was observed in 4
cells, one first order from the ventral posterior nucleus and the
rest higher order from the posterior medial nucleus (1) and
lateral posterior nucleus (2), and an example is illustrated in
Figure 2D. Here, the response to 5-HT consisted of a small
hyperpolarization followed by a depolarization. In these cells,
the hyperpolarization was -4.74 * 4.32 mV, and the de-
polarization, 4.21 * 1.39 mV. This type of mixed response could
be clearly distinguished from the primarily hyperpolarizing
effect (followed by a small depolarization) described above:
first, the duration of the hyperpolarization was substantially
longer in “hyperpolarized” cells than in “mixed-response” cells
(258.84 £ 0.7 s vs. 52.61 * 244 s; P < 0.007); and, second, the
ratio of the amplitude of the second part of the response
(depolarization) to the amplitude of the initial hyperpolariza-
tion was also different (1.28 = 0.65 in mixed responses and
0.24 * 0.13 in hyperpolarized cells; P < 0.007).

Dose-Response Curves

For the examples shown in all the figures in this paper, and in
all the cells for which data have been further quantified, 5-HT
was used at a concentration of 100 uM. This was selected after
assessing the dose-response relationship to 5-HT application in
a subset of 5 cells (including first and higher order cells and
cells that either depolarized or hyperpolarized to 5-HT
application; see Table 1 for details). The cells were recorded
in continuous single electrode voltage-clamp (held at -60 mV),
and were exposed to decreasing concentrations of 5-HT, from
1 mM to 3 pM, bath applied to the cell. Not all the
concentrations were used in all the cells. The maximum
current evoked by each concentration was recorded and the
absolute maximum current for each cell was used to normalize
its responses. A semilogarithmic plot of these normalized data
is shown in Figure 2E. A concentration of 100 uM was chosen
routinely, because this was expected to evoke a substantial but
not saturating response in most cells.

Population Responses

Figure 3 summarizes the frequency of each of the responses for
the whole population in first and higher order nuclei (Fig. 34),
the difference in the size of the depolarization in first and
higher order nuclei (Fig. 3B), and the distribution of responses
in each individual nucleus (Fig. 3C). Of the 42 first order relay
cells that responded to 5-HT, 41 (97.0%) were purely
depolarized by the 5-HT application (Fig. 34), the other cell
showed a mixed response. The relative frequency of responses
was different in higher order nuclei. Of the 91 higher order
relay cells that responded to 5-HT, 74 (81.3%) showed a pure

are shown in (B)-(D). (B) Example representative of depolarizing responses observed
in higher order relay cells. The upward spikes are truncated action potentials. The
arrow here and in (C) indicates a period of adjustment of DC current injection. (C)
Example representative of hyperpolarizing responses observed in higher order relay
cells. (D) Example of a higher order cell showing a mixed response. (£) Dose-
response curves for 5 cells, and they are labeled regarding nucleus of origin and
response to 5-HT (DP, depolarizing; HP, hyperpolarizing). Abbreviations for nuclei as in
Figure 1.
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Figure 3. Population responses to 5-HT. (A) Frequency of the different effects of 5-
HT on first and higher order relay cells. (B) Size of the depolarizing effect in first order
and higher order nuclei. (C) Distribution of the effects in individual nuclei (first order in
left column and higher order in right column). Abbreviations for nuclei as in Figure 1.
Asterisks indicate significant difference.

depolarization, 13 showed a hyperpolarization (14.4%), and 3
showed a mixed response (3.3%). The frequency of the
hyperpolarizing response was significantly different between
first and higher order thalamic nuclei (P < 0.012, 4> test), and
the number of nonresponding cells was significantly greater
among the first order relay cells (P < 0.001, ;> test).

As noted above, another difference between first and higher
order nuclei was the size of the depolarizing response, which is
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summarized in Figure 3B. Evoked depolarizations were smaller
for 21 first order relay cells than for 44 higher order cells (4.84
3.82 mV vs. 11.52 £ 7.13 mV; P < 0.001 on a Mann-Whitney
U-test).

Regarding the types of responses in individual nuclei, the
most consistent effects in first order nuclei (Fig. 3C, left
column), were found in the ventral posterior nucleus, where
only one cell showed a mixed response and the remaining 14
were depolarized to 5-HT. The sample from the ventral portion
of the medial geniculate body included 10 cells (62.5%)
showing depolarization and 6 (37.5%) that did not respond.
Finally, the lateral geniculate nucleus sample included 17 cells
(85%) showing depolarization and 3 (15%) not responding.
Statistically, the ventral portion of the medial geniculate body
stands out as having significantly more nonresponsive cells than
the other first order nuclei (P = 0.02, Fisher exact test).

Among the higher order nuclei (Fig. 3¢, right), 31 of 34 relay
cells in the posterior medial nucleus were depolarized (91.2%),
2 were hyperpolarized (5.9%), and 1 showed a mixed response
(2.9%). In the dorsal division of the medial geniculate body 19
of 22 cells (86.4%) were depolarized and the remaining 3
(11.8%) showed hyperpolarizing responses. The lateral poste-
rior sample of 35 cells was the most heterogeneous among the
higher order nuclei, including 24 (68.6%) depolarizing cells, 8
hyperpolarizing (22.9%), 2 with mixed responses (5.7%), and 1
unresponsive (2.9%). Statistical analysis shows that the number
of hyperpolarizing cells is not significantly different across
higher order nuclei (P > 0.1, Fisher exact test).

In a previous report (Varela and Sherman 2007), we failed to
find morphological differences between cells in first and higher
order nuclei and anatomical features were not further explored
here. Comparing the resting membrane potential (measured
within a minute after achieving the whole-cell configuration)
across nuclei revealed some singularities. Overall, we found no
difference between the membrane potential values in the first
and higher order groups (P = 0.13, Brown-Forsythe; P = 0.90,
Mann-Whitney). The 42 first order relay cells in which we
measured this parameter had an average of -66.97 + 6.18 mV
compared with the -67.00 * 4.93 mV of 61 higher order cells.
Within first order nuclei, the 14 lateral geniculate cells were
significantly more hyperpolarized (-71.51 £ 5.57 mV; P = 0.004,
Kruskal-Wallis) than the sample of 14 cells from the ventral
posterior nucleus (-63.97 * 5.97 mV) or the 14 cells in the
ventral portion of the medial geniculate body (-65.43 * 4.40
mV). Among the nonhyperpolarizing higher order cells, the 17
relay cells that we measured from the dorsal portion of the
medial geniculate body had an average resting membrane
potential of -68.98 * 3.45 mV, significantly different (P = 0.01,
Mann-Whitney) than cells in 22 cells from the posterior medial
nucleus (-65.04 * 5.12 mV); the 22 cells measured in the lateral
posterior were at -67.44 * 5.18 mV on average. Cells hyper-
polarized by 5-HT did not differ in resting membrane potential
from the rest of higher order cells nor from the first order cells
(P = 043, Kruskal-Wallis).

In order to rule out the possibility that the hyperpolarizing
responses occur exclusively in young animals and disappear at
older developmental stages, or that, alternatively, they become
widespread occurring in both first and higher order nuclei, we
recorded from 18 first and higher order cells in older animals
(5-7 weeks). Of these 18 cells, 11 were in higher order nuclei
(6 in the posterior medial, 4 in the dorsal portion of the medial
geniculate body and one in the lateral posterior nucleus) and 7



were in first order nuclei (5 in the lateral geniculate, 1 in the
ventral portion of the medial geniculate body and 1 in the
ventral posterior nucleus). The recordings were done under
identical conditions to those described for the younger animals
(e.g, DC was adjusted in 16 of the 18 cells to hold them
around -60 to -65 mV, 5-HT was bath applied for 30-40 s and
the effect was recorded in current-clamp).

Two examples of typical responses from higher order relay
cells of older animals are shown in Figure 4A4,B. Figure 44
shows the depolarizing response of a cell from the lateral
posterior nucleus of a 5-week-old rat. Figure 4B shows
a hyperpolarizing response caused by 5-HT in a cell from the
dorsal portion of the medial geniculate body of a 7-week-old
rat. In the higher order sample from older animals, we found 2
cells (i.e, 18.18% of the higher order cells) that were
hyperpolarized by 5-HT (both were in the dorsal portion of
the medial geniculate body), 7 of the cells showed small
depolarizations, 1 cell in the posterior medial nucleus
presented a mixed response and another cell in the dorsal
medial geniculate body had no response to 5-HT application.
No hyperpolarizations were found in first order relay cells. Four
of the 7 first order cells recorded in older rats responded with
small depolarizations to the application of 5-HT, and the other
3 cells (2 in the lateral geniculate nucleus and one in the
ventral portion of the medial geniculate body) showed no
response. Therefore, the variety of 5-HT-mediated responses
observed in higher order relay cells of young animals exist also
in older animals in higher order nuclei and the hyperpolariza-
tions are not observed in first order nuclei.

Whole-cell patch-clamp recordings from rat slices older than
about 3 weeks pose a number of technical difficulties, among
them, achieving a proper seal between cell and micropipette
becomes more troublesome (because of the lack of visibility
through the slice) and there is an increased probability of cell
deterioration (given the longer time employed in brain
removal). Because of these technical problems, the controls
described below were only performed in young animals.

Further Analysis of Responses of Relay Cells to 5-HT

Determining the specific conductances involved in each of the
responses to serotonergic activation was beyond the scope of
this paper. However, by applying small negative current pulses
through the duration of the recording we were able to test for
general changes in input resistance. Similarly, by repeating the
application of the agonist during the blockade of synaptic
transmission, we were able to determine the existence of
a direct component of the responses. Table 1 reports the
number of cells from each nucleus used for these experiments.

Changes in Input Resistance

In order to estimate input resistance, a negative current pulse
of -10 pA and 400 ms was applied every 3 or 4 s during the
current-clamp recordings. Sometimes these pulses were
sufficiently long and hyperpolarizing to evoke rebound
activation of Ir; an example can be seen during the last
minutes of the recording in Figure 2B. Because the changes in
membrane potential evoked by the agonist could also affect
membrane resistance (e.g., by modifying voltage-dependent
conductances), in the subset of cells used to quantify changes
in input resistance, appropriate DC injection was used during
the peak of the effect to bring the membrane voltage back to

A Higher Order (LP), 5 weeks old

2 min

B Higher Order (MGBd), 7 weeks old

5-HT
ey

-58.5 mV,

10 mV

Figure 4. Effect of 5-HT in older animals. (4) Current-clamp recording showing the
effect of bath-applied 5-HT on a cell from the dorsal medial geniculate body of a 5-
week-old rat. (B) Current-clamp recording of the effect of bath-applied 5-HT on a cell
from the lateral posterior nucleus of a 7-week-old rat.

the initial baseline level (e.g., Fig. 54,B). The subset of cells for
which we made these measurements is provided in Table 1.

In these experiments, we observed no significant change in
input resistance in cells that were depolarized by 5-HT, neither
in first nor in higher order relay cells (Fig. 5C). The average
change in input resistance was an increase of 3.95 + 21.88% in
14 first order and 13.33 = 25.07% in 26 higher order cells (Fig.
5D) and the difference with the control input resistance was
not significant for either group (P > 0.9 for first order and P >
0.13 for higher order, Wilcoxon signed rank). This suggests that
the depolarizations might be mediated by both the opening and
closing of ion channels.

During hyperpolarizing responses in 6 higher order relay
cells, the input resistance was decreased an average of 39.6 *
14.84% (Fig. 5C,D), and the difference with control was
significant (P = 0.03, Wilcoxon signed rank). The reduction in
input resistance is in agreement with previously reported
results showing that the hyperpolarizing effect results from the
opening of K channels, thereby increasing membrane con-
ductance (Monckton and McCormick 2002).

A comparison of the initial (control) input resistance between
higher order relay cells hyperpolarized and depolarized by 5-HT
showed no significant difference (P = 0.23, Mann-Whitney). On
average, the 14 first order relay cells that depolarized to 5-HT
had input resistances of 305.08 * 101.84 MQ, 26 higher order
relay cells that were depolarized had input resistances of 285.51
132.3 MQ, and 6 higher order relay cells that were hyper-
polarized had input resistances of 330.68 * 47.13 MQ.

Evidence that Serotonergic Effects are Direct

To demonstrate that at least some of the 5-HT effects were
postsynaptic, resulting from direct activation of 5-HT receptors
on the recorded cells, we repeated the 5-HT application while
blocking synaptic transmission. Because neurotransmitter re-
lease from nerve terminals requires extracellular Ca®* (see
Oheim et al. 2006 for a review), and it is antagonized by
extracellular Mg>* (Douglas 1968) a bathing solution (ACSF)
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containing low Ca** (0.5 mM) and high Mg®>" (8 mM)
concentrations is often used to block synaptic release. A
potential concern when using a low Ca®" bathing solution is
the change in membrane excitability. Divalent cations can
influence gating and permeation in most voltage-dependent
channels by neutralizing the membrane negative surface
charge (Piccolino and Pignatelli 1996). However, all divalent
ions, including Mg®*, have these effects (Piccolino and
Pignatelli, 1996) and by using both a decreased concentration
of Ca** and an increased concentration of Mg>* synaptic release
can be blocked without modifying excitability.

Figure 64 illustrates the effect of 5-HT under the blockade of
synaptic release for a higher order relay cell in the dorsal medial
geniculate body; 5-HT application caused a depolarization that
persisted in low Ca** (0.5 mM) and high Mg>* ACSF. Figure 6B
shows the analogous result for a higher order relay cell from the
posterior medial nucleus for which the hyperpolarizing response
to 5-HT also persisted after blockade of synaptic transmission.
The insets below the traces in Figure 64,8 show a confirmation of
the effect of the low Ca** and high Mg** solution, namely, they
show that the low threshold Ca** spikes are gone in the presence
of low Ca®* and high Mg?" as the bathing solution.

Blocking synaptic transmission with low Ca®" and high Mg>" as
the bathing solution yielded similar results in the 28 relay cells
tested. The sample included 11 first order and 11 higher order
relay cells with depolarizing responses to 5-HT, and 6 higher
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order with hyperpolarizing responses (see Table 1 for specific
nuclei of origin). Given that cells with mixed response were rare
(2.3% of first order and 3.3% of higher order responsive cells) the
control was not performed on this group. The response
amplitude was reduced in the presence of low Ca*" and high
Mg** relative to control both in the first order group (P = 0.02,
Wilcoxon signed rank) and in the higher order cells that
depolarized in response to 5-HT (P = 0.007, Wilcoxon signed
rank). This was in contrast to the hyperpolarizing effect in higher
order cells, in which the response remained virtually the same
even during synaptic blockade (P = 0.84, Wilcoxon signed rank).

Figure 6C plots the maximum change in membrane potential
evoked by 5-HT in control ACSF versus in the low Ca®"high Mg**
condition for all cells tested. The average response change in the
low Ca** and high Mg** control was a decrease of 31.11 + 41.79%
for the 11 first order relay cells and 36.53 * 29.72% for the 11
higher order cells depolarized by 5-HT. The overall effect in the 6
cells hyperpolarized by 5-HT was a decrease of 4.55 + 22.3%. The
percentage of change in the response was not significantly
different across the 3 groups (first order, higher order depolariz-
ing and higher order hyperpolarizing; P = 0.05, Kruskal-Wallis).
The decrease in the amplitude of the depolarizing responses to 5-
HT when applied in the presence of the low Ca®" and high Mg
solution could be due to several factors. For example, 5-HT might
be activating presynaptic receptors on excitatory terminals in the
control situation; or Ca** could be contributing to the control
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response. The specific synaptic and ionic mechanisms of the
serotonergic responses requires further investigation. Nonethe-
less, the persistence of most of the serotonergic effect in the low
Ca®" and high Mg** solution lets us conclude that most or all of
the responses seen in our population of relay cells are caused by
the postsynaptic activation of serotonergic receptors on the
recorded relay cells.

A large number of serotonergic receptor types exist
(reviewed in Bockaert et al. 2006) and completely determining
the specific contributors for the observed responses is beyond
the scope of this study. Nevertheless, the partial serotonergic
antagonist methysergide (5 uM) was used in 8 cells (3 hyper-
polarized by 5-HT; see Table 1 for cell origins). Methysergide,
which appears to block 5-HT, 5-HT,, and 5-HT- receptors, was
continuously bath applied for at least 10 min before 5-HT was
tested. Six of the cells showed a decrease in the response in the
presence of the blocker (by 80 + 23.22%; P = 0.03, Wilcoxon
signed rank); however, one cell from the ventral posterior
nucleus and a hyperpolarizing cell from the dorsal medial
geniculate body did not change their response in the presence
of methysergide. An example of the effect of methysergide in
a cell recorded in the ventral posterior nucleus is shown in
Figure 74, and the results for all the cells tested are
summarized in Figure 7B. Of the receptors affected by
methysergide, 5-HT;, has been implicated in the hyperpolar-
ization of thalamic cells (Monckton and McCormick 2002); also,
5-HT- was reportedly responsible for the depolarization of cells
in the thalamic anterior dorsal nucleus by Chapin and Andrade
(2001a). Our results are in agreement with the results of
Monckton and McCormick (2002) and Chapin and Andrade
(2001a) and suggest that receptors other than 5-HT,, 5-HT,, and
5-HT- might be present in some cells.

Comparison of Serotonergic and Muscarinic Activation

We have recently reported similar effects to cholinergic
activation to those shown here: namely, that although all first
order and most higher order relay cells are depolarized by

muscarinic agonists, a subset of higher order relay cells are
hyperpolarized (Varela and Sherman 2007). To see if there are
correlations between the effects of the 2 modulatory systems,
we tested the activation of both muscarinic and serotonergic
receptors in a group of 24 first order and 40 higher order relay
cells. The results are displayed in Table 2.

We used the same methods as before (Varela and Sherman
2007), that is, a general muscarinic agonist, MCh (used at 250
UM) was bath applied and the response recorded in current-
clamp mode. Of the 24 first order cells, 17 were depolarized by
5-HT, and 15 of them were also depolarized by muscarinic
activation; the other 2 did not respond to MCh. Of the 7 cells
that did not respond to 5-HT, 5 were depolarized by MCh; one
showed a mixed response to MCh, and one did not respond.

Of the 40 higher order relay cells depolarized by 5-HT, 18
were depolarized by MCh, 6 were hyperpolarized, and 6
showed a mixed response. For the 3 cells with mixed response
to 5-HT, MCh depolarized 2 of them and evoked a hyper-
polarizing response in the other. Interestingly, the 6 cells that
were hyperpolarized by 5-HT or the 8 hyperpolarized by MCh
were commonly depolarized by the other agonist, and only in
one cell did the response have the same hyperpolarizing sign in
both applications. However, there was no statistical difference
between the frequency of cells that presented the same
response (hyperpolarization or depolarization) to both neuro-
transmitters and the frequency of those with opposite
responses (P > 0.56; Fisher exact test). In other words, no
significant correlation was found between the effects of the 2
neurotransmitters in our sample.

Discussion

Modulatory systems, such as those originating in cholinergic
and serotonergic brainstem centers, innervate both thalamic
nuclei that receive cortical drivers (higher order nuclei) and
those that do not (first order nuclei). We report that the effect
of 5-HT on membrane potential is different at the population
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level between first and higher order relay cells. We found that
depolarization was effectively the sole direct effect in first
order relay cells. Most higher order relay cells were also
depolarized by 5-HT, but the depolarizations were much larger.
In addition, the higher order nuclei included a significant
subset of cells (14.3%) that were hyperpolarized by 5-HT.
Furthermore, as expected by chance, this subset appeared to
be largely nonoverlapping with previously described higher
order relay cells that are hyperpolarized by activation of
muscarinic receptors (Varela and Sherman 2007).

Comparison with Previous Studies

Only a few studies (summarized in Table 3) have tested the
effect of 5-HT in several thalamic nuclei under the same
conditions. Our finding of hyperpolarizing cells in higher order
thalamic nuclei is in agreement with the extensive study by
Monckton and McCormick (2002) in ferret brain slices. This
included primarily nuclei that have been classified as higher
order (lateral posterior, lateral dorsal, pulvinar, mediodorsal)
and, in those, the common response to 5-HT was a hyperpolar-
ization. Our results extend the investigation of serotonergic
effects to a different species and demonstrate the existence of
different responses to 5-HT in first and higher order nuclei.

The sample of cells recorded by Monckton and McCormick
(2002) in first order nuclei (dorsal lateral geniculate nucleus,
ventral posterior and possibly the ventral portion of the medial
geniculate body) was much smaller; nevertheless, in these
nuclei, depolarizing responses to 5-HT were reported as
exceptional and, on average, the effect consisted of a small
(<1 mV) hyperpolarization.

It is not clear why the depolarizing responses commonly
found in first and higher order in our study were not found in the
ferret. Age differences appear to not be responsible for the
differences because we have not observed an increase in the
relative number of cells that are hyperpolarized by 5-HT in older
animals (similar in age to those recorded by Monckton and
McCormick 2002). Previous reports from the same group (Pape
and McCormick 1989; McCormick and Pape 1990) described
small depolarizing responses as the predominant effect on guinea
pig and cat lateral geniculate nucleus and medial geniculate body.
In rats, Chapin and Andrade (2001a) reported depolarizing
responses to 5-HT in the first order anterior dorsal nucleus that
were similar in amplitude to the ones we report here in higher
order nuclei. Altogether, the evidence suggests that there may be
species differences in terms of the first order responses and the
frequency of the hyperpolarizing cells in higher order nuclei; it
also raises the possibility that the existence of substantial
hyperpolarizing responses only on higher order nuclei has been
preserved even across mammalian orders.
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The larger depolarizations observed in higher order com-
pared with first order relay cells may arise from a number of
reasons (e.g., the existence of different types of serotonergic
receptors, the overall number of receptors present, the
sensitivity of the receptors, the level of activation of second
messenger cascades). Clearly, further experiments are needed
to find out the explanation for the larger depolarizations in
higher order relay cells.

Direct Effect and Mechanisms

Bath application of 5-HT can in principle affect a recorded relay
cell either directly (i.e., acting on postsynaptic receptors on the
recorded cell) or indirectly, by affecting its afferents. Pre-
synaptic effects on extra-thalamic neurons that innervate
thalamic relay cells, including cortical and brainstem, can be
ignored, because these cells are not included in our slices;
similarly, there are essentially no interneurons to innervate our
sample of relay cells outside of the lateral geniculate nucleus
(Arcelli et al. 1997). Nonetheless, 5-HT can affect presynaptic
terminals even when the soma of origin is not present.

The results of the experiments with low Ca** and high Mg**
ACSF indicate that the effects of serotonergic activation are
mostly evoked by activation of receptors on the relay cells. The
fact that the responses (particularly the depolarization) are
decreased (although not completely eliminated) in the
presence of low Ca®* and high Mg®>" ACSF suggests the
participation of presynaptic receptors. It is also possible that
Ca®* contributes to the current activated by serotonergic
receptors (e.g., through 4, channels; Pape and McCormick
1989; McCormick and Pape 1990; Chapin and Andrade 2001b),
which would explain why the responses are smaller when the
extracellular Ca** concentration is decreased. Further experi-
ments are needed to clarify the role of Ca** and presynaptic
activation on the responses to 5-HT.

The array of serotonergic receptors that could mediate the
responses is particularly broad; fifteen genes encoding func-
tional 5-HT receptors have been cloned in mammalian brain
(Bockaert et al. 2006). Of these, a few are reportedly expressed
in the thalamus (5-HT,, Pazos et al. 1987; Aznar et al. 2003; 5-
HT,c, Sharma et al. 1997; 5-HT¢, Roberts et al. 2002; 5-HT-,
Varnis et al. 2004), but most remain to be explored. The partial
blockade of the responses by the antagonist methysergide
indicates that multiple receptors are involved. 5-HT;, recep-
tors have been implicated in the hyperpolarizing response in
the thalamus by opening K™ channels (Monckton and McCor-
mick 2002). This is consistent with our finding of a decrease in
input resistance during the hyperporlarizing response. The
receptor mediating the depolarization could not be identified
in guinea pig and cat lateral geniculate nucleus and medial



geniculate body (McCormick and Pape 1990), whereas 5-HT-
was reported to mediate the depolarization in the rat anterior
dorsal nucleus (Chapin and Andrade 2001a). The receptor 5-
HT- is also present in the human thalamic anterior nuclei,
pulvinar and mediodorsal nucleus (Varnis et al. 2004) and
could thus mediate responses in other thalamic regions. Our
results are consistent with the involvement of 5-HT- receptors
as reported by Chapin and Andrade (2001a); on the other hand,
methysergide can also block the effect of 5-HT; and 5-HT,
receptors and, in addition, the responses were not always
completely blocked by methysergide, suggesting that yet other
receptors could participate. More data are needed regarding
the specific receptors involved in the various responses.

Functional Implications

First and Higher Order Classification

The results presented here add to the growing evidence of
differences in the modulatory systems that innervate first and
higher order nuclei, reinforcing this classification. The higher
order nuclei, but not the first order, are heterogeneous in terms
of their responses to both cholinergic (Varela and Sherman
2007) and serotonergic afferents. In particular, both modula-
tory systems contribute to hyperpolarize a substantial amount
of relay cells in higher order nuclei. More data are needed
regarding the role of other modulators to determine if all
modulatory systems have the ability to produce differential
effects in first and higher order nuclei. Further study of the

Table 2

MCh and 5-HT effect

N = 64 First order ~ 5-HT effect Higher order  5-HT effect

HP DP  Mixed NR HP DP  Mixed NR

MCh effect HP 0 0 0 0 HP 1 6 1 0
DP 0 15 0 5 DP 5 18 2 0
Mixed 0 0 0 1 Mixed 0 70 0
NR 0 2 0 1 NR 0 0 0 0

Note: Comparison of MCh and 5-HT effects in individual first and higher order relay cells. Rows
display effect of MCh, columns effect of 5-HT. HP = hyperpolarization; DP = depolarization;
NR = no response.

cells hyperpolarized by 5-HT and/or MCh would be of
particular interest, as only more evidence can determine the
extent to which these cells represent a unique class of relay
cell present only in higher order nuclei.

In addition, the thalamic reticular nucleus (TRN) provides
input to both first and higher order nuclei. Our results raise the
possibility that the effect of 5-HT may differ in the first and
higher order portions of TRN.

Relationship to Firing Mode

The fact that 2 modulatory systems can hyperpolarize a group
of higher order relay cells is interesting in the context of
certain intrinsic firing properties of thalamic relay cells. These
cells can respond to incoming input in one of 2 modes
depending on the activation state of an inward voltage-
dependent Ca** current (k). When relatively depolarized
beyond roughly -60 mV, F; is inactivated and the cell responds
in tonic mode. the response is a train of action potentials, the
number of which increases fairly linearly with increasing input
amplitude. If hyperpolarized beyond roughly -60 mV, I is
deinactivated, and the cell will respond to a sufficiently large
depolarization in burst mode: the response is a burst of action
potentials with a highly nonlinear input/output relationship
(Smith et al. 2000; Sherman 2001) but with an improved signal
to noise ratio thought to underlie better detectability (Guido
et al. 1995; Reinagel et al. 1999; Sherman 2001). The burst
mode of response is also particularly effective at activating
postsynaptic cortical cells (Swadlow and Gusev 2001).

By modifying the resting potential of relay cells, modulatory
inputs, such as cholinergic and serotonergic inputs, can
strongly influence response mode. Activity in cholinergic and
serotonergic brainstem centers that innervate thalamus
increases during awake states (Kayama et al. 1992; Steriade
and McCarley 2005). Our data predict that higher order
thalamic nuclei may have a subset of neurons that pre-
dominantly use burst mode of response during awake behavior,
a subset missing from first order nuclei. Thus, both cholinergic
and serotonergic afferents could be responsible for the higher
proportion of bursting found in recordings of spontaneous
activity of cells in several higher order thalamic nuclei in the
awake monkey (Ramcharan et al. 2005).

Table 3
Previous in vitro reports of serotonergic effect in the thalamus
Reference Species Age Nuclei (no. of cells) 5-HT effect
Monckton and Ferret 6-24 weeks Pulvinar (97) Lateral dorsal (9) Most common effect: hyperpolarization;
McCormick (2002) some depolarizations reported in the lateral geniculate
(% of cells not specified)
Lateral posterior (9) Anterior ventral (7)
Mediodorsal (6) Central lateral (13)
Lateral geniculate (7) Center median (10)
Medial geniculate (5)
Ventral posterior (4)
Pape and Guinea pig 200-300 g Lateral and medial geniculate (125 cells in guinea pig; 6 cells in cat) Depolarization (only effect reported)
McCormick (1989)
Cat (2 animals) ~ 2-12 months
McCormick and Guinea pig 200-300 g Lateral and medial geniculate (21) Depolarization (only effect reported)
Pape (1990)
Cat (4 animals) 2-12 months
Chapin and Rat P28-42 Anterior dorsal (123) 98.4% depolarized in anterior dorsal. Depolarization,

Andrade (2001a)

hyperpolarizations and no response reported for the anterior
ventral (% not specified)

Anterior ventral (10)

Note: Previous in vitro studies. Rows indicate previous in vitro reports that have tested the effect of 5-HT in several thalamic nuclei. Columns briefly summarize information that is relevant to compare

previous studies with the results presented here.
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