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Abstract

The supraoptic nucleus (SON) is part of the central osmotic circuitry that synthesises the hormone vasopressin (Avp) and

transports it to terminals in the posterior lobe of the pituitary. Following osmotic stress such as dehydration, this tissue

undergoes morphological, electrical and transcriptional changes to facilitate the appropriate regulation and release of Avp into

the circulation where it conserves water at the level of the kidney. Here, the organisation of the whole transcriptome following

dehydration is modelled to fit Zipf’s law, a natural power law that holds true for all natural languages, that states if the frequency

of word usage is plotted against its rank, then the log linear regression of this is ––1. We have applied this model to our

previously published euhydrated and dehydrated SON data to observe this trend and how it changes following dehydration. In

accordance with other studies, our whole transcriptome data fit well with this model in the euhydrated SON microarrays, but

interestingly, fit better in the dehydrated arrays. This trend was observed in a subset of differentially regulated genes and also

following network reconstruction using a third-party database that mines public data. We make use of language as a metaphor

that helps us philosophise about the role of the whole transcriptome in providing a suitable environment for the delivery of Avp

following a survival threat like dehydration.
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Introduction

‘‘Minimum Effort, Maximum Grace’’ Brian Goodwin
1931-2009

The hypothalamo-neurohypophysial system (HNS)

consists of the large peptidergic magnocellular neurons

(MCNs) of the hypothalamic supraoptic nucleus (SON)

and paraventricular nucleus (PVN), the axons of which

course through the internal zone of the median eminence

(ME) and terminate on blood capillaries of the posterior

lobe of the pituitary gland (PP) (1). The HNS is the source

of the major neuropeptide antidiuretic hormone vasopres-

sin (VP) (2), which is synthesised from a prepropeptide

precursor that is processed during anterograde axonal

transportation to terminals in the PP (3). Here, biologically

active VP is stored until mobilised for secretion into the

circulation by MCN electrical activities evoked by physio-

logical cues, resulting in the massive hormone release that

is a characteristic of dehydration. VP is crucially involved in

the maintenance of osmotic stability (4). Following dehy-

dration, a rise in plasma osmolality is detected by intrinsic

MCN osmoreceptor mechanisms (5-8) and by specialised

osmoreceptive neurons in the circumventricular organs

that project to the MCNs (5,6,9,10) that provide direct

glutamatergic and GABAergic receptor-mediated inputs

(11-13) that shape the firing activity of magnocellular

neuroendocrine cells (14,15) for hormone secretion

(16,17). Upon release, VP travels through the blood stream

to specific receptor targets located in the kidney where it

increases the permeability of the collecting ducts to water,

reducing the renal excretion of water, thus promoting water

conservation. Both dehydration stress and lactation evoke

a remodeling of the HNS (18-20). A plethora of activity-

dependent changes in the morphology have been docu-

mented (19-26). The response of the HNS to dehydration

represents a unique and tractable model for understanding
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the processes whereby changes in gene expression

mediate neuronal plasticity (18), but the molecular

mechanics of these processes remain to be elucidated.

We have previously interrogated Affymetrix rat 230 2.0

Genome Chips, which consist of 31,000 oligonucleotide

probe sets representing 30,000 transcripts encoded by

28,000 genes, with targets derived from the SON of

euhydrated male rats and 3-day dehydrated male rats

(27). We described the transcriptome of the SON and

revealed lists of genes that are considered to be present

in this tissue and how these genes responded to the

physiological state. The challenge of making the most of

such comprehensive data has been met through conven-

tional molecular analysis (28), comparative studies

(29,30), and using network reconstruction strategies

(Jahans-Price T, Greenwood M, Campbell C, Murphy D,

Hindmarch CCT,in preparation). As part of these analyses

we hypothesised that the plasticity of this structure was

dependent on global patterns in gene expression and we

have tried to find ways to explore such patterns.

Zipf’s law is a self-scaling natural power law that

describes many types of data including word frequency in

language (31) and city size (32). The frequency of the

words in a text or the size of a city in a country is inversely

proportional to its rank as a function of all words or cities.

For example, there are very few words that are used with

the greatest frequency: e.g., ‘the’, ‘of’ and ‘and’ and a

great number of words used infrequently: e.g., ‘skedaddle’

and ‘crapulence’. With respect to city size, a country has

only a handful of ‘mega’ cities, and a great number of

villages and towns. Zipf’s law also holds true for several

types of data, including internet search patterns (33) and

family names (34). Each of these data approximately

scales to the same law when counted regardless of the

number of data points plotted. When the frequencies of

these data points are plotted against their rank in the

frequency table, and a log-log plot is resolved, the slope of

this relationship is at, or near ––1. Transcriptome data from

a variety of microarrays correspond to Zipf’s law (35-38)

and the distribution across human chromosomes has also

been modeled (39).

Here, we take our previously published male (27) and

female (29) SON microarray data from both euhydrated

and dehydrated states and determine that when we rank

each gene according to the magnitude of expression and

plot the resulting log-expression against the log rank we

see a Zipf-like distribution as previously reported. Impor-

tantly, when we compute the slope of the euhydrated data

and compare this to the slope of the dehydrated data, we

see that under physiological stress the slope is closer to

Zipf’s exponent of ––1 than it is under the euhydrated con-

ditions. Finally, we demonstrate that this Zipf-like distribu-

tion is self scaling, and fits to both subsets of these data

and to a network assembled using publicly sourced data.

Methods and Results

Animals
All animal study complied with the Home Office

Animals (Scientific Procedures) Act 1986. Full protocols

for tissue extraction and experimental design and micro-

array hybridisation have been previously published

(27,29). Briefly, following 72 h of total water deprivation,

rats were sacrificed (between 11:00 and 13:00) and the

tissue was isolated and processed as described below.

Euhydrated controls were handled in the same manner.

Rats were stunned and decapitated with a small animal

guillotine (Harvard Apparatus, USA), the brain was removed

and sections of <1 mm in thickness taken (using the optic

chiasm as a landmark). The SON was carefully dissected

with the visual aid of a dissecting microscope. Each

Affymetrix 230 2.0 microarray represented 5 individual

animals and 5 microarrays were used for each condition

except for the female euhydrated rat, where n=4.

Data analysis
Raw data files from previously described microarray

experiments (27,29) were imported into spreadsheets and

filtered according to Present flags in all microarray chips

in both the euhydrated and dehydrated groups. Male and

female data were handled separately for lists of genes

considered Present, and the arbitrary cutoff for differen-

tial regulation was 1.5-fold (Welch ANOVA, P,0.05,

Benjamini and Hochberg multiple testing correction).

The median expression value was then calculated for all

samples and used to set the experiment rank that would

help normalise the experiment. For each microarray and

for the mean expression per group, the log expression

(either Present or 1.5-fold regulated) was then plotted

against the log median rank so that the slope, intercept,

linear regression (least squares), and Pearson’s correla-

tion coefficients could be calculated per array (Table 1)

and for the mean expression (Figure 1, all Present genes;

Figure 2, 1.5-fold regulated genes). Finally, the top 200

upregulated and top 200 downregulated genes in the male

dataset were filtered and the gene symbols extracted and

presented to the free Internet-based program GeneMANIA

(www.genemania.org). Of these 400 genes, GeneMANIA

identified 19 unrecognised gene symbols and 16 duplicates,

leaving 365 targets with which the algorithm could search

interactions to generate a network (Figure 3A). The

interaction table (Supplementary Table S1) lists pairwise

interactions (with corroboratory information about the data

from which the interaction was mined). We combined these

two columns to identify the frequency with which each

networked gene appeared as part of a rule and ranked

those frequencies in order to identify whether Zipf’s law held

true. Figure 3B shows the network frequency regression

against rank, which has an exponent close to ––1.
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Discussion

The SON is a structure whose central role in the

osmotic feedback loop is well established (4-6,10,16).

Circumventricular organs capable of detecting changes in

plasma osmolality and volume communicate threats to

water balance to the MCN of the PVN and SON. In turn,

these nuclei respond with an increased production,

transport and release of VP from the posterior lobe of

the pituitary with the aim to conserve water at the level of

the kidney. We have shown previously (27) that the

transcriptome of both these nuclei is responsive to

dehydration and hypothesised that whole transcriptome

distribution might differ between these two physiological

Table 1. Slope, intercept and Pearson’s correlation coefficients calculated for individual micrarrays that represent the present

transcriptome from either euhydrated (EU) or dehydrated (DH) female or male rat supraoptic nucleus.

Figure 1. Raw microarray data from the supraop-

tic nucleus, considered Present in either the

euhydrated (EU) or dehydrated (DH) state, were

used. Male and female data were handled

separately. The median expression value calcu-

lated for all samples set the experiment log rank

against which the log expression per condition

was then plotted. Slope, intercept and linear

regression (least squares) were then calculated.

The slope is closer to Zipf’s exponent of ––1

following DH compared to the EU arrays.
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states and the response to a survival threat in this tissue is

a global effort rather than the contribution of a handful of

genes that directly relate to VP synthesis; e.g., the entire

transcriptome favors a molecular environment within

which the synthesis and release of vasopressin is

appropriate.

We were concerned that the changes in slope repre-

sented some technical aspect of the experiments and feel

this concern is worth discussion in this paper. Because the

Affymetrix microarrays display remarkably low chip-chip

variation as a consequence of their manufacturing and

were hybridised at the same time, we would expect such

variation to be random rather than specific to one group or

other. In the absence of any global normalisation, the rank

axis was calculated according to the median of each gene

using the signal for all samples (euhydrated and dehy-

drated) ensuring that this axis was compatible; group-to-

group variability was not responsible for the different slopes

shown in our experiment. The second possibility for the

change in slope may have arisen as a consequence of the

Figure 3. A, The top 200 upregulated and top 200 downregulated genes in the male dataset were filtered and the gene symbols

extracted and presented to the free internet-based program GeneMANIA (www.genemania.org). B, When the frequency of gene

appearance was ranked and used to construct the log rank-log expression graph, the exponent was close to ––1.

Figure 2. The list of probes used to construct the

log rank-log expression was attenuated to only

include those probes that were significantly regu-

lated by dehydration. The slope is closer to Zipf’s

exponent of ––1 following dehydration (DH) com-

pared to the euhydrated (EU) arrays.
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hypertrophy of magnocellular cells and subsequent

increase in transcription or the retraction of glial processes

that characterises this nucleus following dehydration

(19,20). While we cannot adequately control for this

variable, it is definitive of the dehydrated state that is under

scrutiny here.

Many efforts have been made by mathematicians to

understand the mechanisms by which power laws hold true

for so many kinds of uncorrelated data (34,37,40). The

remainder of thismanuscript will, however, discuss the data in

philosophical rather than mathematical terms. We would like

to refer to Zipf’s original interpretation that dealt with language

and explore whether language is a useful metaphor for the

exploration or discussion of transcriptomic networks. We are

critically aware that this metaphor is imperfect, not least

because the relationship between word frequency and rank is

completely unrelated to gene expression and rank.

Nevertheless, we are interested in using this common

relationship as a vehicle for the better understanding of

whole transcriptome expression and how this distribution

changes following a survival threat like dehydration.

To think of the transcriptome as a language should not

stretch the imagination too far; the genome codes for a

rich biological story that belies the relatively small number

of gene words available for use. Words in a text are not in

isolation; however, they are placed into context by the

other words in a sentence, paragraph, chapter or book;

the coordinated and appropriate choice of words gives

greater meaning than the sum provided by the individual

units. Like biological systems, natural languages are evolved

and self-organising rather than designed, and therefore

they have the capacity to resolve changes and new

additions (often from other languages or from made up

terms like brand names) without altering the underlying

structure of the language (41). A network of words will

resolve itself according to the relative emphasis that is put

on the costs. If there is little importance in how a feature

expresses itself, the information cost will be minimised and

there will be a highly variable anarchic system in which the

behaviour of elements pays no attention to other elements.

If it is crucial how order is interpreted for other parts of the

system, then the signification cost will be minimised and

there will be a highly deterministic system in which each

element has a fixed meaning. This is machine language

that requires precision but allows no creative sensitivity to

context. Zipf’s law shows how language evolved as the

result of these two pressures (42).

While no conversation exists in the data we present

here, we do see that the same phenomenon that exists for

natural languages also exists in the transcriptome (Table 1).

Our examination of microarray data from the rat SON fits

with the evidence from other authors (35-38) that tran-

scriptome data exhibit a power-law distribution with an

exponent close to ––1 (i.e., obeys Zipf’s law). We have also

been interested to notice that the slope for the dehydrated

microarrays is consistently closer to Zipf’s ideal ––1 slope

than it is in the euhydrated microarrays, a pattern noticed in

both male and female rats in data representing the entire

catalogue of Present genes in the SON (Figure 1) and a

sub-catalogue of regulated genes that were plotted as a

function of expression against log (Figure 2).

Finally, we wanted to visualise the Zipfian power law in

a manner independent of the numeric values of our data.

We extracted the Gene symbols from the top 200 ‘UP’ and

bottom 200 ‘DOWN’ regulated genes and presented them

to GeneMANIA (www.genemania.org), a free internet

software that looks for positive associations (using

Pearson’s correlation coefficients) of input gene lists

within microarray datasets that have been presented to

a public database such as the Gene Expression Omnibus

(GEO; http://www.ncbi.nlm.nih.gov/geo/) to resolve a

network of genes that putatively interact. When we ranked

the frequency of these interactions and plotted the log-

frequency against log-rank, we were satisfied to see a

correlation that fitted to a Zipf distribution.

In the same way that the lexicon of language allows a

coherent message to be resolved based on the appro-

priate choice of word assignments, the genomic lexicon

allows a coherent biological message or outcome to be

delivered based on the choice of gene assignments that

are appropriate to the situation. For example, under non-

stressed social circumstances, the conversationalist can

adopt a more loose and relaxed vocabulary than would be

chosen in a debate where the room for ambiguity would

be low and the requirement for organised argument would

be necessary. Following dehydration, the status of the

animal represents one that has a tightly regulated and

prioritised behavioural and hormonal agenda that is under

transcriptomic control; the message is by vital necessity

unambiguous and organised. The transcriptional environ-

ment within the SON is necessarily optimal for creative

responses to a broad and overlapping range of environ-

ments and disturbances acting on a temporal scale; e.g.,

the capacity to mount a slightly different but nonetheless

appropriate response to physiological stimulation by

dehydration or salt-loading and to discriminate an appro-

priate response of either stimulus to 6- or 72-h dehydration.

We have applied themetaphor of language to biological

organisation in an effort to help us to better understand

how informational resources are applied dynamically to

meet physiological circumstance with significant adaptive

response. We have enjoyed modelling our ideas about

how the whole transcriptome is capable of responding to a

stimulus like dehydration in a modulated and plastic

manner against that of how natural languages behave

and are now intrigued as to how the organisation of the

transcriptome might respond or change under pathologi-

cal conditions or following gene manipulation. Following

dehydration, we can conclude that an optimal and

unambiguous message is delivered by the whole SON

transcriptome rather than just vasopressin and genes

directly linked to vasopressin.
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