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Summary

The caudal neurosecretory system (CNSS) of the
euryhaline flounder is involved in osmoregulatory
responses underlying adaptation to seawater and
freshwater. This study compared electrophysiological
activity and responses to cholinergic agonists in the
neuroendocrine Dahlgren cells in ann vitro preparation
taken from fully seawater- (SWA) or freshwater-adapted
(FWA) fish. Resting membrane and action potential
parameters showed few differences between SWA and
FWA cells. The hyperpolarisation-activated sag potential
and depolarising afterpotential were present under both
conditions; however, amplitude of the Ilatter was
significantly greater in SWA cells. The proportions of cells

within the population exhibiting different firing patterns
were similar in both adaptation states. However, bursting
parameters were more variable in FWA cells, suggesting
that bursting activity was less robust. The muscarinic
agonist, oxotremorine, was largely inhibitory in Dahlgren
cells, but increased activity in a non-Dahlgren cell
population, o neurons. Nicotine promoted bursting
activity in SWA Dahlgren cells, whereas it inhibited over
half of FWA cells.

Key words: flounder,Platichthys flesys neurosecretory system,
Dahlgren cell, acetylcholine, nicotine, oxotremorine,
electrophysiology, osmoregulation.

Introduction

The caudal neurosecretory system (CNSS) of teleost fish ike possibility that type 1 and type 2 cells represent different
located in the terminal vertebral segments of the spinal corfdinctional states of a common neuron type. Around 60% of
and comprises magnocellular neuroendocrine Dahlgren celtgpe 1 cells exhibit characteristic bursting activity (Brierley
together with a discrete neurohaemal release organ, tke al, 2001), reminiscent of that described for other
urophysis (Winter et al., 2000). There is evidence to supportmagnocellular neuroendocrine cells, such as mammalian
role for the major neuropeptide secretory products of thgasopressin neurons (Armstrong et, al994; Stern and
CNSS, urotensins | and Il (Ul and Ull), in osmoregulatoryArmstrong, 1995; Leng et.all999). Bursting activity has been
responses to altered external salinity and internal osmotieported to facilitate release of neuropeptide (Cazalis.et al
conditions (Bern et al., 1985; Lederis et 4085; Minnitiand  1985), suggesting that the pattern of electrical activity in these
Minniti, 1995; Winter et al., 2000). For the euryhaline floundercells may be at least as important as overall firing frequency
Platichthys flesyghis includes full adaptation to a wide rangein regulating release of neurohormone into the circulation.
of water salinities encountered during their circannual Using a homologous radioimmunoassay for flounder Ull,
migration between the open sea (ca. 10@smolt?) during  Winter et al. (1999) reported elevated levels of the peptide in
autumn/winter months and tidal estuarine and river water (gdasma taken from fully seawater-adapted (SWA) compared to
low as ImOsmoltY) in the spring and summer. freshwater-adapted (FWA) fish. This suggests that the activity

Using intracellular recording from an isolatedvitro CNSS  patterns of Dahlgren cells may differ between the two states
preparation, Hubbard et al. (1996a) identified two types obf adaptation, leading to raised Ull secretion in seawater
Dahlgren cell in the flounder, based on electrophysiologicatonditions. Such differences have not yet been investigated;
criteria. Type 1 cells were spontaneously active, whereas tyggevious electrophysiological studies in the flounder were
2 cells were less numerous, normally quiescent and relativebonfined to CNSS from SWA fish.
inexcitable. The two cell types have similar morphology Our electrophysiological studies of flounder CN8%itro
(Hubbard et aJ 1996a) and apparently both colocalise Ul andchave identified neuromodulators of Dahlgren cell activity,
Ull (A. Ashworth, unpublished observation; Yamada et al which probably arisein vivo from descending pathways.
1986; Larson et g11987; Ichikawa et a11988). This raised For example, superfusion with adrenergic agonists led to
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hyperpolarisation of type 1 and type 2 cells (Hubbard .et alfabricated using a one-stage pull on a Flaming—Brown type P-
1996b); type 1, but not type 2, cells were similarly inhibited97 micropipette puller (Sutter Instrument Co., CA, USA) and
by serotonin (Hubbard et .al1997). A further potential thin-walled, filamented, borosilicate glass (GC150F-10,
modulator of CNSS activity is acetylcholine (ACh). PandeyHarvard Apparatus, Kent, UK). The electrode was connected
(1981) reported the presence of acetylcholinesterase in CN$&an Axoclamp 2A amplifier (Axon Instruments, CA, USA),
from a number of freshwater teleost species and, in a studiata captured (sampling rate8 kHz) via a CED 1401
using H* choline uptake, Conlon and Balment (1996)interface (Cambridge Electronic Design, UK) and stored and
confirmed ACh synthesis within isolated trout CNSS, togetheanalysed (off-line) using CED Spike2 (v4.01) software. Once
with marked ACh release in response to a depolarising neuron had been penetrated, the electrode was bridge-
(high K*) stimulus. A preliminary electrophysiological study balanced (using 50@s, —0.3nA pulses at 0.81z) and the
(Brierley et al, 2000) demonstrated cholinergic excitation of acell's spontaneous electrical activity and resting membrane
sub-population of flounder type 1 Dahlgren cells; indeed, AClpotential were monitored for at least ®n. Cells with
is the only neurotransmitter so far shown to depolarise theseembrane potentials more negative than mb0 and that
neurons. This raises the possibility that ACh may play a rolgenerated the action potential waveform characteristic of
in regulating Dahlgren cell activity during the transition Dahlgren cells (Hubbard et a1996a) were considered viable.
between freshwater and seawater. Stable recordings of up tolBwere possible. Measurement
In this study we first aimed to compare electrophysiologicaprotocols for membrane parameters followed Hubbard et al.
properties and spontaneous activity patterns of Dahlgren ce$996a). For measurement of action potential duration
in CNSS taken from fully SWA and FWA flounders. We then(measured at half maximal height) only action potentials
tested the hypothesis that ACh modulates Dahlgren celthich were not preceded by another spike for $i@ere
activity and that its modulatory effects are related to thesampled, as Dahlgren cells exhibit frequency-dependent spike
adaptive state of the system. Both nicotinic and muscarinioroadening (Brierley et al2001).
effects were investigated, since mammalian vasopressin
neurons are modulated by both these pathways (Michels et al Extracellular recordings from the CNSS
1991; Renaud and Borque, 1991; Mori et al., 1994; Zaninetti Extracellular recordings were made from pre-terminal
et al., 2002). We used both intracellular and extracellulasegments 2—4 using a large (300-f@0 tip diameter) glass
(multi-unit) recordings from the isolated CNSS preparation. suction electrode, filled with Ringer. The electrode was placed
directly on the surface of the cord to record activity in nearby
neuronal somata and axonal tracts. Signals were recorded
Materials and methods differentially and amplified X10K) using a Neurolog AC
Adult flounder Platichthys flesusL. (300-800g) were NL104 amplifier (Digitimer, UK) and filtered (AC NL125;
caught in Morecambe Bay (Ulverston channel) and houseslHz and 1.&Hz cut-off frequencies plus a 5 notch filter).
under a 1h:12h light:.dark cycle in seawater (SW) A CED converter and Spike2 (v4.01) software were used for
(860—1000mOsmoltY) or freshwater (FW) (0-B1Osmolt2) data storage (sampling rate 8-Kt2z) and analysis. Stable
at 8-12°C. Fish were kept in either SW or FW for a minimunrecordings of up to 8 were possible. Recordings were
of 14 days to allow full osmotic adaptation beforeanalysed off-line using CED Spike2 software to separate out
experimentation. Fish were killed using a standard protocdctivity of up to eight individual units. Briefly, the software
detailed under UK licence procedures (Home Office Schedulgenerates an action potential template for each unit and scans
1). The caudal 8-9 segments of the spinal cord and attachtttk recording for similar waveforms (60—-90% fit required).
urophysis were dissected out and the outer connective shea&htivity from Dahlgren cells was positively identified by their
removed with fine forceps. The CNSS was placed in a coolddng duration (4—8ns), triphasic action potential waveform.
(8-12°C) interface recording chamber and continuouslynits were selected randomly but only included in the final
superfused at mlminl with aerated flounder Ringer analysis when >90% (estimated empirically) of activity was
(composition in mmol—L; for SW: K;HPQy 1.0, KCI 0.5, NaCl  successfully extracted from the original recording. Action
160, CaCl 2.12, MgSQ 1.0, p-glucose 5.56, Hepes 10, pH potentials from separated units are illustrated as event marks
7.7; for FW: KkHPQOs 1.0, KCI 0.5, NaCl 134, Cagl2.12, using the Spike2 software option. Estimation of overall activity
MgSOQs 1.0, p-glucose 5.56, Hepes 10, pH 7.7); theseduring extracellular recordings was achieved using the channel
compositions represent the osmolality and ionic compositioprocess option, in which waveforms are rectified (all negative
measured in plasma from SWA and FWA fish (Bond et al.yalues replaced by positive values) and then integradeitie
2002). The preparation was allowed to equilibrate forsmooth function (time constants).
30-6Cmin before recording.
Pharmacological experiments
Intracellular recordings from Dahlgren cells Drugs (ACh, Sigma-Aldrich, UK; nicotine, RBI, UK;
Intracellular recordings were made from individual oxotremorine M, Tocris Cookson, UK) (1@@noll-1 in
Dahlgren cells using glass microelectrodes (40M8Dwhen  appropriate Ringer) were cooled to 8-12°C prior to bath
filled with 3moll-1 potassium acetate). Electrodes weresuperfusion over the CNSS. Drugs were superfused fonii0
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Tablel. Membrane and action potential parameters of type 1 and type 2 Dahlgren cells from seawater- and freshwater-adapted

caudal neurosecretory systems

Type 1 Dahlgren cells

Type 2 Dahlgren cells

SWA FWA SWA FWA

Membrane parameters

Resting membrane potential (mV) —61.4+1.5 (25) —60.8+1.5 (18) —60.3%£1.6 (7) —62.3+2.8 (3)

Input resistance (K2) 25.6+1.9 (12) 32.1+3.9 (15) 24.1+1.6 (7) 21.1+3.1 (3)
Action potential parameters

Threshold (mV) —49.7+1.8 (12) —48.2+1.3 (18) —44.2+1.1 (7) —45.9+0.5 (3)

Amplitude (mV) 89.9+2.0 (21) 92.0+1.8 (18) 68.6+2.71(7) 75.0+1.0 (3§11

Duration (ms) 4.310.1 (9) 3.540.2 (6)* 4.5+0.2 (7) 3.4+0.1 (3)*

Afterhyperpolarisation amplitude (mV) 11.9+0.9 (21) 12.7+0.5 (18 7.520%6 (7) 8.70. 6 (3jTT

Afterhyperpolarisation duration (ms) 209.8+20.0 (21) 217.6+19.2 (18) 36.6+255 (7) 32.0+2.5 (31T

SWA, seawater adapted; FWA, freshwater adapted.

Values are meanssEe.M. (number of cells).

Only spike duration was significantly different between SWA and FWA cells.
*Significant differences between type 1 or type 2 cells from $}8usFWA preparations; P<0.02.
TSignificant differences between type 1 and type 2 cells from the same adaptatidP<sta@2,1P=0.01,111P<0.01.

followed by a return to normal Ringer. There was a minimunsignificantly greater in type 1 compared to type 2 cells, as were

of 20min between successive drug applications.

Data analysis

using Graphpad Prism (v3.0).

Results

Intracellular recording from Dahlgren cells

amplitude and duration of spike afterhyperpolarisation (AHP).

In particular, AHP duration was about 5 times greater in type
1 compared to type 2 cells (Tadle Fig.1Ai). Similar

Data are presented as meas.&M., except for burst data differences were found between the two cell types from FWA
(Table2), which are presented ass. to allow assessment of preparations (Tabl&, Fig.1Aii). There were no differences in
the variability in durations of different phases of activity. membrane and action potential parameters of the same cell
Statistical analysis (student’s two tailetest) was carried out type from SWA compared to FWA CNSS, with one exception.
Action potential duration in type 1 and type 2 cells (measured
at half maximal amplitude) was significantly longer in SWA
compared to FWA preparations (Talie

Type 1 cells from SWA CNSS exhibit a ‘sag’ potential in

response to a hyperpolarising injected current pulse, which is

Tablel presents resting membrane and action potentiahore pronounced at depolarised membrane potentials (Brierley
parameters of type 1 and type 2 Dahlgren cells from SWA aret al, 2001). In this study, we found similar sag potentials in
FWA fish. For SWA cells, these data agree with those reportdgipe 1 cells from FWA CNSS (Fid). Furthermore, as for
by Hubbard et al. (1996a); action potential amplitude wa$SWA cells (Brierley et a] 2001), the sag potential in FWA

Fig.1. Responses to depolarising
hyperpolarising current pulses in type 1
type 2 Dahlgren cells recorded intracellul:
from SWA and FWA preparatior
(Aiii) Both SWA (i) and FWA (ii) cells fir
in response to a depolarising current p
(+0.9nA, 30Cms) and on the rebou
following a hyperpolarising (-0.8A,
300ms) pulse. (B) Voltage-dependent
potentials (dotted lines) and depolariz
afterpotentials (DAP, arrow) recorded fr
a type 1 FWA cell in response
hyperpolarising square-wave current injec
(-1.2nA, 30Cms). The membrane poten
was held at three levels [-50, —60 (RMP) ......

Ai
Typel Typel Type2

SWA
— =

Ali
Typel
FWA
— L

I

i
e

300 ms

50 mv I

—70mV] by constant current injection. At the more depolarised potential, the DAP triggered an action potential. RMP, restiagemembr

potential.
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cells was voltage-dependent. This is illustrated in H8y. current pulse in both SWA (FidgA; Brierley et al, 2001) and
which shows responses to an injected hyperpolarising curreRWA (Fig. 1) cells. Like the sag potential, this DAP is voltage-
pulse (-1.2hA) in a FWA type 1 Dahlgren cell, measured dependent. At RMP and more negative potentials, DAP
at three levels of membrane potential (resting membranamplitude was <thV and not significantly different between
potential, RMP=—68nV, and RMPx1nV). The degree of SWA (N=10) and FWA K=6) cells £>0.5). However, at
sag (measured as the difference in membrane potential betwetbe depolarised membrane potential (RMP#IN) DAP
the initial peak deflection and that at pulse termination) foemplitude was significantly greateP<0.005) than at more
RMP+1CmV (6.0£2.1mV) was significantly greateP€0.05, negative potentials, sometimes causing the cell to overshoot
N=10 cells) than that measured at RMP (1.72#0\)  threshold and fire (FidB). In addition, DAPs evoked in
and RMP-10nV (0.4£0.2mV). There was no significant depolarised SWA type 1 cells were significantly larger than in
difference between sag potentials in FWA compared to SWAepolarised FWA type 1 cells (SWA=7.0+0nk/, N=10;
cells at RMP or at RMP+£1@\V. FWA=3.6+0.5mV, N=6; P=0.005).
The sag potential is followed by a depolarising after- Recordings from type 2 cells (SWA 8 cells; FWA 3 cells;
potential (DAP) immediately following termination of the not shown) revealed the presence of both sag potentials
and DAP, suggesting similar membrane properties in
A spontaneously active type 1 and in the relatively inexcitable
Dahligrencell m type 2 Dahlgren cells. Sag potentials (can\ at RMP) and
DAPs (ca. 2.5nV) were not significantly different between
SWA and FWA type 2 cells.
J\/\WW J S0 Since type 2 cells are not spontaneously active, and therefore
10ms not recorded extracellularly, the remaining analyses described
in this paper were confined to type 1 Dahlgren cells.

Extracellular recording from CNSS
100 v In some preparationsNE8) a type 1 Dahlgren cell was
recorded simultaneously both intracellularly, from the more
rostral soma, and extracellularly from the descending axon
300s tract. This allowed measurement of axonal conduction velocity
Bii _l“'"mmw (0.73+0.16ms™}), which indicates, as suggested by previous
histochemical evidence (Pandey, 1981), that the Dahlgren cell

axons are unmyelinated. Extracellular recording revealed

Bi

Biii typical long-duration action potentials (4% when recorded
extracellularly) characteristic of Dahlgren cells (F24). It
Biv WMW H ' I Im also revealed the presence of electrical activity from another,
I unidentified, neuron type with much shorter duration action
B \ potentials (<Ims), indicating the presence of non-Dahlgren
v mwm\ mww cells (here termedx neurons; Fig2A) within the CNSS.

) - Spontaneous heuron activity was more commonly recorded
Ci Cii Ciii from FWA (ca. 50% of recordings) than from SWA (ca. 20%
of recordings) preparations but was always triggered following

muscarinic activation (see below).
Suction electrode recording allowed us to monitor
‘ the activity of several Dahlgren cells in the same
i “ ! \40,“\/ preparation. Fig2B shows an example of a SWA

recording analysed using Spike2 to separate out activity
30s 500 s 1000 s of individual units. Typically between 2 and 6 units

were analysed in this way in each preparation. Cells
Fig.2. (A) Extracellular recordings of action potentials from CNSS.from SWA (N=40 from 8 fish) and FWAN=40 from
Dahlgren cell shows a triphasic, long-duration (cans3 action potential 12 fish) preparations were recorded fon@@. Activity
waveform. An unidentified cell type&y neuron, generates a short duration was classified as: ‘bursting’, comprising discrete action

1 i ial. (B) Multiuni llul i i) of . -
(<1ms) action potential. (B) Multiunit extracellular recording (i) o otential bursts of >28 separated by periods of >20

spontaneously firing Dahlgren cells in SWA CNSS, analysed off-line usin o . - T g o
Spike2 to distinguish activity (action potentials displayed by the software d3aCtVIty; ph‘fﬂls'C, consisting of irregular activity
event marks) in four separate units (ii—v). Three different firing patterns af@cluding periods of higher frequency (typically
seen: tonic (ii), phasic (i) and bursting activity (iv,v). (C) Intracellular 1-3Hz), lower frequency (<Hz) and no firing; ‘tonic’
recordings from three type 1 Dahlgren cells, illustrating spontaneous toniith continuous activity of ca. iz and few or no silent
(i), phasic (ii) and bursting activity patterns (iii). periods; ‘silent’, cells whose presence only became
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apparent when the cell became spontaneously active during the Table2. Spontaneous activity patterns in seawater- and
recording period. Similar activity patterns were also freshwater-adapted type 1 Dahlgren cells (extracellular
distinguished from intracellular recordings (FAf). Table2 recordings)

summarises the firing activity of bursting, phasic and tonically
active Dahlgren cells from SWA and FWA CNSS (silent cells

Dahlgren cells

could not be included in this analysis). The proportions of celldyPe of neurons SWA FWA
displaying different classes of activity pattern did not differTonically active

between SWA and FWA preparations. Furthermore, there % of total 20 15

was no significant difference in firing frequencies (mean or Mean spike frequency (Hz) 0.84+0.61  0.99+0.64
maximum), or of burst duration or cycle period in burstingpnasically active

cells. However, FWA bursting cells were more variable in o4 of total 20 20

terms of burst duration and cycle period compared to SWA, as Mean spike frequency (Hz) 0.27+0.2 0.11+0.1
shown by the larges.n. for these parameters for FWA cells. Maximum spike frequency (Hz) 1.56+0.68 3.7+1.41
This greater variation was mainly accounted for by a Ionge,gursting

deceleration phase for FWA bursts. The minimum burst o of total 60 65
duration from FWA and SWA cells was similar (84nd 4% Cycle period (s) 747.10+277.6 831.0+467.3
respectively), as was the mean acceleration phase duration (i.eBurst duration (s) 131.90+69.3 181.40+255.1

time from the onset of a burst to peak spike frequency). Mean spike frequency (per &in) 0.13+0.1 2.10£1.3
However, although the mean deceleration phase duration was (Hz)

not significantly differentR>0.5), the coefficients of variation =~ Maximum frequency/burst (Hz) 1.82£1.17  1.31+0.4
for this parameter were very different at 49% for SWA and Mean frequency/burst (Hz) 1.15£0.7 ~ 1.14%0.5
91% for FWA, suggesting a difference in the mechanisms Burst acceleration phase duration 57.70+£33.9 54.50+39.5

: o )
underlying SWA and FWA burst termination. Burst deceleration phase duration 98.40+48.4 122.10+110.6

(s)

Transitions between firing patterns in individual Dahlgren

. . cells _ ' . SWA, seawater adapted; FWA, freshwater adapted.
During the 60min extracellular recording period, some units  values are meanssp.; N=40 for both adaptation states.

underwent a spontaneous transition between one type of firingParameters were similar for SWA and FWA neurons, but burst

pattern and another (Fig), supporting our view that different activity in FWA cells exhibited greater variability.

classes of activity do not represent different classes of

Dahlgren cell, but rather that the same cell type may fire in

different ways. contrast to the SWA observations, 36% of the transitions
Spontaneous transitions occurred in 7/40 (17.5%) SWA anitdvolved a change to bursting activity (F&B) and there was

11/40 (27.5%) FWA Dahlgren cells. All of the transitions ina single observation of a regularly bursting neuron becoming

SWA Dabhlgren cells involved tonic activity. The majority were phasic.

between tonic activity and silence (5/7 cells: 71%; Bij).and

two (29%) involved tonic—phasic transitions. There were no Responses to acetylcholine and ACh receptor agonists

transitions to or from bursting activity in SWA Dabhlgren cells. In a preliminary study, Brierley et al. (2000) observed both

FWA cells underwent a greater variety of transitions (B8). = depolarising and hyperpolarising responses to acetylcholine in

Tonically active FWA cells underwent transitions to all otherDahlgren cells and, in a subset of cells, no response at all. In

firing patterns (one became bursting, one phasic and two silerib)is study, superfusion with ACh (1@@nol -1 elicited

and two silent cells became active (one tonic, one bursting). imilar inconsistent responses in cells recorded extracellularly,

Fig. 3. Spontaneous  transitions

A B
. between different activity patterns in
[ ' single units identified from multiunit
JSOHV J50HV recordings from CNSS. (A) SWA

5005 recording (i) in which two tonically
600s active Dahlgren cells become silent
i ||||ﬂ||\|\l||||l||-|- (ii,iv) and a quiescent cell becomes
iii -““.um I"I“”I’ switches spontaneously from phasic to
tonic activity (ii), one from tonic to

tonically active (iii). (B) FWA
I THTET phasic activity (i) and a third,
A i

recording (i) in which one cell
v quiescent, cell becomes bursting (iv).
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; - f N |20mv
CNSS &H-TW
50 pv
600's
B

W ‘20 mv
RIT

o R cNss

Fig. 4. Responses of Dahlgren cells to superfusion with acetylcho 50 puV
(L00umol I-1, 60Cs; solid horizontal bar, onset shown by dotte
line) in a SWA CNSS preparation. The activity of four units (ii-v) 600 s

separated from the original multiunit recording (i) and shows a rai
of responses, including a change from bursting to phasic activity

short-term inhibition (iii)), and increased firing frequency in C
phasically active cell (v).
RIT 20 mv

from SWA (N=3 preparations) (Figt) and FWA N=3) CNSS.
In the example shown in Fig. cells were excited (Figv),
inhibited (Fig.4iii) and/or altered their firing pattern (Fij,
bursting to phasic). This range of responses sugge: 600 s
differential ACh receptor (AChR) expression in individual

Fig. 5. Superfusion of SWA CNSS with oxotremorine (1060l I-1,

neurons. The contribution of ionotropic and metabotropic - _ _ e
600s; solid horizontal bars) increased activity @fneurons but

AChR was assessed using the agonists nicotine ar .~ )
. . 9 9 inhibited Dahlgren cell activity, recorded extracellularly. Upward
oxotremorine, respectively.

. . deflections in rectified integrated (RIT) traces reflect an increase in
In both SWA and FWA p!’e_paratlons_, superfusion _Oftotal activity in the CNSS. (A) No spontaneous Dahlgren cett or
the broad-spectrum muscarinic agonist, 0XOtremoriNgeyron activity is recorded; oxotremorine activatedheurons, as

(100umol I-1, 600s) led to an increase in overall activity in shown in both RIT and voltage (CNSS) traces. (B,C) Several

the CNSS. However, this was largely due to excitation of spontaneously active Dahlgren cells are inhibited by oxotremorine.

neurons, seen as a marked increase in frequency of shHowever, an upward deflection in the RIT trace reflects an increase

duration (<Ims) action potentials (Fi$A). The effects of in overall activity due ta neuron spikes.

oxotremorine ona neurons occurred within 39 of onset

of superfusion and typically washed out within 200

Extracellular recording sites varied in their access tq26/28 cells from 9 fish) ceased firing following the onset of

Dahlgren cell andx neurons. Some recordings had little or superfusion (Fig6A,B). Following washout with normal

no Dahlgren cell activity (FigbA), whereas others contained Ringer, 68% of SWA and 33% of FWA cells resumed their

activity from >4 Dabhlgren cells (FigB,C). In the latterg previous activity pattern. The remaining cells generated a new

neuron activity often became apparent only after furthepattern of activity or remained silent.

analysis (e.g. FighB) as the small-amplituder neuron The inhibitory effect of oxotremorine was examined further

signal (<20pV) was obscured. However, rectification using intracellular recordings. In FWA type 1 Dahlgren cells,

and integration (RIT) of the raw data signal to enableoxotremorine induced hyperpolarisation in 4/6 cells (three

quantification of total activity, highlighted underlying tonically and one phasically active) (F&C) leading to

excitation by oxotremorine (Fi%B). cessation of activity for up to 1230 Peak hyperpolarisation
The effect of oxotremorine on Dahlgren cells was largely(20.5+5.2mV) was reached within 20§ after which, even in

inhibitory, leading to cessation of activity followed by the continued presence of the agonist, membrane potential

recovery after 10-2fin washout (FigéB,C, 6A,B). All  began to repolarise towards RMP (F8¢.). The two non-

FWA type 1 cells (18 units from 7 fish) and 93% of SWA cellsinhibited neurons (one silent, one bursting) were both

CNSS 50 pV
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FWA SVVA
| 50 v 50pV
600s 600s
i IIHHEII i i —i—
i - j i IIHMIIHWIIIIIIWNI—O—H—HH
iv H 1V R+ 1+
v IR 1 Vo -
C D -3
i Hz
Lo
50 mVv

600s 300s

Fig. 6. Effects of oxotremorine (1Q@mol I-1, 60Cs; horizontal bars) on FWA and SWA Dahlgren cells. (A,B) Activity of individual Dahlgren
cells (ii—v) extracted from multiunit recordings (i) from FWA (A) and SWA (B; same recording as@igCNSS. In both recordings, bursting
and phasically active Dahlgren cells ceased firing, at least for the duration of the superfusion period. (C) Intracetlitgr oEEOVA type 1
Dahlgren cell, showing hyperpolarisation of membrane potential (cenV}0in response to oxotremorine. Repolarisation (broken line)
occurred in the continuing presence of the agonist. (D) Instantaneous firing frequency (top), and voltage recording (bottosihdie,
tonically active, SWA Dahlgren cell, showing a slow onset increase in firing frequency (from Hzjoir3 response to oxotremorine,
accompanied by a reduction in spike amplitude (between horizontal dotted lines).

transiently and weakly depolarized, by arouneh\s, during  neuron activity (not shown) in either SWA or FWA CNSS
the superfusion period only. Three SWA type 1 Dahlgren cell{data from 10 fish).
recorded intracellularly (two tonically active and one bursting)
were superfused with oxotremorine. One of the tonically active
neurons showed no response, the second was depolarized Discussion
(Fig. 6D), eliciting an increase (from 1 toHg) in firing rate. The membrane and action potential parameters, as well as
The bursting neuron was transiently hyperpolarized, by abotiring and bursting patterns, of SWA Dahlgren cells reported
20mV, followed by membrane repolarisation as describedhere compare well with those described earlier (Hubbard, et al
above for FWA cells. 1996a; Brierley et al2001). Perhaps surprisingly, recordings
Superfusion with nicotine (10@molI-1, 600s) induced of the same parameters from FWA cells showed few
bursting activity in previously non-bursting SWA Dahlgren differences. Resting membrane and action potential parameters
cells (N=8/18 (44%) non-bursting cells) recorded intra-were largely the same, suggesting that there are few, if any,
(Fig. 7A) or extracellularly (not shown). However, nicotine intrinsic differences between Dahlgren cells under different
had no effect on SWA neurons showing ongoing burst patterrsmotic adaptation states. Spike width was greater in somata
(N=11 spontaneously bursting cells; Fi@). A much smaller of types 1 and 2 cells from SWA compared to FWA fish. If
proportion of non-bursting FWA Dabhlgren cells responded tdhis is also true at the terminals, it could lead to increased
nicotine in this way, with only 3/21 cells (14%) cells neurohormone release per action potential. Furthermore, the
generating burst patterns. For both SWA and FWA cells, thpotential for action potential broadening during each burst
transition to bursting typically took >3@0to occur after the (Brierley et al, 2001), possibly leading to enhanced
initial onset of nicotine superfusion. neuropeptide release as proposed by Cazalis et al. (1985) for
No SWA Dahlgren cells were inhibited by nicotine, but 57%oxytocin neurons, might be greater in SWA cells with their
(13/23 cells) of FWA cells were. This is illustrated in Fg.,  intrinsically longer duration action potentials.
in which three FWA bursting cells were inhibited during or The sag potential and depolarising after-potential (DAP)
following superfusion with nicotine. Nicotine did not evake have been suggested as a mechanism to facilitate repetitive
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Not only were similar patterns of activity recorded from

A —
SWA and FWA Dabhlgren cells, but also the proportions of
-_N_L.__lu" cells showing these patterns of activity were not different. This
J S0mv was unexpected bearing in mind the known involvement of the

300's CNSS and the urotensins in osmoregulatory adaptation (for a
review, see Winter et al., 2000). There are several possible
explanations for this. The first is the absence of extrinsic input

to the CNSS in thén vitro, isolated preparation used here.
J so0pv  Studies using a range of species have identified descending
300 s neuromodulatory input to the CNSS, including monoaminergic
pathways (Audet and Chevalier, 1981; Miller and Kriebel,

1986; McKeon et al 1988; Yulis et al 1990; Oka et a| 1997;

Hubbard et aJ 1996b, 1997). It is possible that differences in

Dahlgren cell activity following SW—FW adaptation depend

on ongoing descending input and are thus not retained

vitro. Secondly, any link between electrical activity of the
neuroendocrine cells and neuropeptide release from their

B I

40 terminals is unlikely to be straightforward. The amount of
600 s peptide released from the storage organ (urophysis) in response
i il L | to depolarisation may depend more on the level of peptide
i I » available for release; we previously showed that the amount of
stored peptide in the urophysis is significantly greater in fully
iv § | B SWA compared to FWA flounder (Winter et,d999). Local

control of release at the level of the terminals is also a
Fig.7. (A,B) Superfusion with nicotine (1Q@moll-}, 60Cs;  possibility; this would not necessarily be reflected by changes
horizontal bars) promotes bursting activity in SWA Dahlgren cellsin Dahlgren cell activity. However, this raises the question of
(A) Nicotine induces a transition from tonic to bursting activity in athe function of patterned, and especially bursting, activity in
Dahlgren cell recorded intracellularly. (B) Extracellular recordingthese cells.
shows no change in ongoing bursting activity in at least three gjnca pahigren cells were often seen to change their activity
Dahlgren cells in response to nicotine. (C) Superfusion with ”'COt'”%attern from one type to another (‘transitions’), it is proposed

1 L L .
(200pumol =%, 60Cs; horizontal bar) inhibits Dahlgren cells in FWA at they represent a fairly homogeneous population in which

CNSS. Three bursting units extracted from an extracellular recordirﬁ . f individual h . |
become silent following application of nicotine; only one resume e activity of individuals can change over time. It was

firing after 15min washout. assumed that extracellular recordings included only type 1
neurons, since type 2 are quiescent, relatively inexcitable and
show pronounced spike frequency accommodation when

firing (bursting) in Dahlgren cells (Brierley et al., 2001). DAPsinduced to fire (Hubbard et.al1996a). However, type 1

occur following the action potential afterhyperpolarisationneurons too may often be silent (16% of SWA cells; Brierley

(AHP), taking the membrane potential towards threshold foet al., 2001). It was not possible using extracellular recording

the next spike. Although the ion channel activation underlyingo quantify the proportion of silent type 1 cells in SWA and

this response has yet to be characterised in these cells, itH8/A preparations so there remains the possibility that more
reminiscent of the excitatory hyperpolarisation-activatectcells are quiescent in FWA fish, leading to reduced peptide
cation currently) described for other rhythmic neuronal andrelease.

cardiac pacemaker cells (Irisawa, 1987; Erickson.el993; Transitions between activity patterns showed some

Vasilyev and Barish, 2002). Voltage-dependent sag potentiatiifferences between SWA and FWA preparations.

during hyperpolarising current injection were observed irSpecifically, spontaneous transitions in SWA Dabhlgren cells

FWA as well as SWA cells, especially when held atnever involved bursting activity, whereas transitions to or

depolarised membrane potentials. However, the DAP wasom bursting activity were common in FWA cells. This

significantly larger in SWA compared to FWA cells, which suggests that bursting activity may be more stable in SW than
might be expected to lead to more effective maintenance @i FW conditions. Further evidence for this is the greater
ongoing firing activity in the former. However, this was notvariability of burst cycle period and duration observed in

reflected in a difference in burst parameters between SWA afdWA compared to SWA cells. Differences in the robustness

FWA cells. Although type 2 cells are usually relatively of bursting activity could result from the greater variability in

inexcitable, they do appear to generate a sag potential responsgmoregulatory state of individual fish in FW. Although

reinforcing the hypothesis that type 2 and type 1 Dahlgren celf[gasma osmolality is tightly maintained by SWA fish (ca.
may represent different activity states within a single neuron&24mOsmolkg1 H2O; Bond et al 2002) osmolality in FWA
population. fish is much more variable, as indicated by significantly



Effect of cholinergic agonists on flounder neurct319

greaters.n. (H. Bond, personal communication), suggesting This work was supported by research grants from the
that individual fish cope with low salinity media with differing NERC and BBSRC, UK.
degrees of precision.
The effects of ACh and agonists reported here support the
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